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PREFACE 

NATA i s  a cmpute r  program f o r  ca lcula t ing  steady, q ~ a s i -  
one-dimensional flow of a reac t ing  gas mixture i n  .? nczzle o r  

- rectangular channel, It a l s o  computes stagnztion-point coadi- 
t i o n s  on a:iisymmetric o r  two-dimensional models and the condj-- 
t i o n s  on t h e  f l a t  surface of a b lun t  wedge. The code's primary 
purpose is the  predic t ion  and i n t e r p r e t a t i m  of t e s t  condi t ions 
i n  arc-heated wind tunnels  used :or laboratory evaluation of 
thermal protect ion mater ia l s  f o r  reent ry  vehic les  such a s  the  
Space Shut t le  Orbi ter ,  The t'leory and analys is  underlying the  
operation of NATA have been documented i n  Volume I of t h i s  re- 
port.* The present  volume i s  a u s e r ' s  manual f o r  the  code. 
def ines  the  inputs  and outputs,  documents the  precoded da ta  OF 

gas species  and nozzle geometries, e q l a i n s  the  diagnost ic  out- 
puts ,  and includes i l l u s t r a t i v e  r e s u l t s  fro3 t e s t  problems. I n  
addi t ion,  t h i s  voluirne contains  a u s e r ' s  manual :or an a u x i l i a r y  
program (NOZFIT) which can be used t o  s e t  up nozzle p r o f i l e  
cu rve f i t s  of t3e form used i n  NATA. The programming of NATA and 
NOZFIT i s  documented i n  Volume III,** 

*vJ, L, Badc and J, JI. Yos, The NATA Code - Theory and Analysis, 
NASA CR-2 S 4 7 

*AN. I,. Bade a n d  J. fl. Yos, T1,e NATA Code - Progrann~cr's Elanual, 
KiiSA CK- 14 1744.  
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B y  I.J. L. Bade and J. Yos 
Pvco Systcms Div i s ion  

Wilmington, I . . l a s s a c h ~ ~ s e t t s  

Thc NliTA code i s  a computcr p r o g r ~ m  f o r  s o i v i n g  pro?jl-cms 
of  s t c a d y ,  quasi-onc-dimenxi on31 g a s  f low i n  n o z z l e s .  The code1 s 
c a p a b i l i t i e s ,  and t h c  t h e o r y  and a n a l y s i s  ur,c!erlying i t s  opera- 
t i o n ,  have been doc~m~nlented i n  t h e  f i r s t  v o l u i c  0.2 t h i s  r e p o r t  
( r e  1) . The p r e s c n t  v o l t ~ v c  i s  a u s c r l  s m;:nual f o r  t h e  code. 
Sect ioi l  2 i s  a comprchensivc d i s c u s s i o n  of N A T A 1 s  i n p u t s .  Sec- 
t i o n  3 d e l i n e s  t h e  normal o u t p u t s  ~vhich ? r e s e n t  t l lc r e s u l t s  oi 
t h e  f low c a l c u l a t i o n s  and t h e  c a l c u l a t i ~ n s  oE t e s t  c o n d i t i o n s  on 
models. Sec t ion  4 docuiients t h c  precodcd data  on g a s  models, 
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manu.al o r  the  XOZFIT code, r e l a t i1~c l .y  srnaJ-1. z.c::iliary pro~i-am 
f o r  s e t t i n g  up nozz le  p r o f i l c  c u r v e f i t s  o f  the .i-ol_lil requi rc i i  by 
NATA. 



2. INPUTS 

NATA employs a f l ex ib le ,  user-oriented input  system 
ca l led  "Namelist", which i s  a standard fez tu re  of the  Fortran 
I V  programming lanmage. The format requirements f o r  t h e  in- 
put  card deck a re  s-arized i n  Section 2.1. Section 2.2 dis-  
cusses the f e w  inputs  t h a t  a r e  required fo r  running most prob- 
lems of i n t e r e s t  t o  NASA/JSC. Section 2.3 i s  a complete l ist 
of the  de f in i t ions  02 a l l  input  va r i ab les  accepted by NATA, 
except those used t o  rezd i n  t h e  g ~ o p e r t i e s  of them..-cal species  
and the  r a t e s  of reactions.  Input of these types o f  gas d a t e  
is discussed i n  Section 2.4, I n  t h i s  discussion, t h e  reader i s  
assulned t o  be general ly  fami l ia r  wit11 NATA1 s c ~ p a 5 i l i t i c s  as 
summarized i n  the Introduction of Volume I ( ref ,  1). 

Examples of sets of NATA input  d a t a  f o r  var ious types of 
problem, together with port ions of t h e  output produce2 t.111en the 
code was rn with these da ta ,  a r e  presented i n  Appendix C. 

2.1 Format Requirements f o r  Input Cards 

The i ~ p u t  da ta  f o r  a MATE, code run a r e  punched on com- 
puter  cards. The data  f o r  each case i n  the run  require  a deck 
of a t  l e a s t  Zour cards, as explained below. decks Eor t h e  
cases a r e  stacked t o  obtain the  ini:ut decl--. Cor the  e n t i r e  run 
o r  jo5. The cases are run i n  t h e  order i n  tihich they aypear 
i n  the  job deck, from the  top doxn, Figure 1 i ! ~ q ~ ~ s t r a t e s  the  
i n p t  data :or a job consis t ing of three  cases. I n  t h i s  f ig-  
ure, the da ta  a re  wri t ten* on an EO-colum coding form. Each 
l i n e  oE the  form correspoilds t o  a card i n  the input  deck. 
Each column cor respo~ds  t o  onc 05 the  80 columns i n  which 
data  can be punched on a coxputer card, 

* 

*In f igure  1 ,  and i n  the  t z x t  of t h i s  repor t ,  t h e  l e t t e r  0 
is wri t tcn  j8 t o  d is t inguish  it f r o m  zcro (0 ) ,  and the  l e t t e r  
I is  wri t tcn wit11 scrizs t o  d is t inguish  it f ro in  t he  numeral 1. 
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The f i r s t  card i n  t h e  inpu t  deck i o r  each case may con- 
t a i n  any descr ip t ive  informatior1 des i red  by t h e  user,  This 
information i s  reproduced a t  the  head of the  p r in ted  output 
f o r  the case. This card may be l e f t  blank, if desired;  bu t  
it may not  be l e f t  out. 

The second card i n  t h e  dezk for each case must contain 
the  follcwing charac ters  : 

i n  columns 2-7,* 

The n-merical  input  d a t a  for t he  case begin on t h e  t h i r d  
card of the deck Zor t h e  case, As many add i t iona l  cards may - 
be used a s  necessary. The d a t a  are punched i n  t h e  form of 
equations: 

va r i ab le  name = value ( la )  

i or 
I 

a r r a y  name = l i s t  of values (fi) 

These equations a r e  separated by commas. Also, t h e  individ- 
u a l  values 02 z l i s t  being read i n t o  an a r r a y  a r e  separated 
by cormas. The admissible names f o r  input  va r i ab les  and 
ar rays  are l i s t e d  and defined i n  Sections 2.2 and 2.3, bc- 
lotv?. 

The following i s  a condensed summary of the  format re- 
quirements for the da ta  cards. A more complete discussion 
may be found i n  t h e  UNIVAC and IBM Fortran manua 1s ( re f s .  2,  
3 ) ,  under "Namelist". 

*\\%en the procjrarn i s  run  on an 113'4 360 systcm, t h e  $ is  re- 
placed by a n  EECDTC amgcrsand or a BCD + sign. 



(1) Tile da ta  must be punched i n  columns 2-80 of 
t h e  cards;  co1ur.m 1 should be blank, 

(2) Therc may be no embedded blanks within the  
fielcl occupied by a va r i ab le  name o r  a num- 
e r i c a l  value (including t h e  sign, i f  any). 
With t h i s  exception, blanks may be inse r t ed  
f r e e l y  t o  improve l e g i l ~ i l i t y  and thus f a c i l i -  
tate checking t h e  ca; ls. 

( 3 )  The l a s t  i t e m  on each da ta  card must be  a 
constant  (i.e., a value) £0110-wed by a comma. 
On t h e  l a s t  da ta  card Tor a case,  t h e  f i n a l  
coma is  opt ional .  

(4) The rider of values l i s t e d  f o r  an a r r a y  must 
be l e s s  t'nan or  equal  t o  t h e  "number of e n t r i e s "  
or t h e  product of dimensions given i n  Sect ions 
2.2 t o  2.4. 

(5) The value given f o r  any va r i ab le  (except a log- 
i c a l  vcr izble)  may be a number with o r  without 
a decimal point ,  o r  a nunber with a decimal 
followed by an exponent or' 10 expressed i n  "En 
notation. For example, 1.23 x 10'~ could be  
punched a s  1.23E-5, and 9.8 x 1~~~ ss  9.83+23 
or 9.8E23. For example, see  the  input  f o r  
T2RINTI i n  f igure  1. 

( 6 )  Tile typing of va r i ab les  a s  in tegz r  o r  r e a l  
(see Section 2.2) i s  determined by t h e  pro- 
gr~ml. If a number without decimal i s  pro- 
vided as input  t o  a r e a l  var iable ,  the  name- 
l i s t  input  system converts it t o  a r e a l  value 
bezore s to r ing  it. For example, i n  f igure  1, 
t h e  specification RXGLE = 10 has t h e  same 
ezfcct  as I m G X  = 10.0. I f  a decimal number 
i s  provlded a s  input  t o  an in tege r  va r i ab le ,  
t h e  s1-s t cn i  rounds it down t o  the  n e s t  smallest  



j : ~ t e g e r .  For example, NANGLE = 1.3 would be 
4 ~ u i v a l e n t  t o  NANGLE = 1; however, NANGLE = 5.0 
. - . igh t  have t h e  e f f e c t  of NANGLE = 4 on sone com- 
,.,uter systems where t he  5.0 i s  represented as 
4.999999.. . Thus, t h e  decimal should bc omit ted 
i n  i npu t  va lues  t o  i n t e g e r  va r i ab l e s .  

Note: Tlle remaining f e a t u r e s  (7-10) i n  t h e  p re sen t  l i s t  a r e  
noir needed f o r  s e t t i n g  up standard-type cases  us ing t h e  
iny lts of Sec t ion  2.2. 

(7) !?he inpu t  va lue  t o  a v a r i a b l e  typed " l o g i c a l "  ( s ee  
Sect ion 2.3) may be T f o r  " t r u e "  o r  F f o r  " f a l s e " .  
For example, s ee  t h e  i npu t  f o r  AAMS i n  f i g u r e  1. 

(8) f n  a n  input  of a r r a y  da t a  i n  t h e  form (Ib), i f  sev- 
e r a l  success ive  va lues  i n  t h e  l i s t  a r e  equa l  t o  t h e  
s a m e  va lue  v ,  t he se  values  can be given i n  t h e  Eorm 
n ' b ,  where n i s  t h e  number of  va lues  equa l  t o  v ,  

(9' I n  t h e  case  of a mul t ip ly  dimensioned a r r a y ,  t h z  
order  i n  which t h e  va lues  must be  l i s t e d  i s  de te r -  
!nincd by t h e  r u l e  t h a t  t he  left-most  index v a r i e s  
ito.;t rapia:.y and t h e  r ight-most  index l e a s t  rzp- 
S.d:Ly. I ur example, i n  ~1 doubly dimensioned a r r a y  
~ u z h  as ISELZI?E(J, M) , which i s  dimensioned (12 ,2) ,  
t h e  va l aes  must be  l i s t e d  i n  t h e  order  

ISfiWE ( 1,l) 
ISHAPE (2,l) 
ISELWE ( 3 , l )  

. 
ISIIAPE ( 12,l) 
ISlIAPE (1 ,2)  
XSJUVE (2,2) 

. 
ISIIAPE ( 12,2) 



It i s  no t  neccss3ry t o  s e t  a l l  of t h e  elcmcnts 
of an a r r a y  i n  t h e  input  list. However, t he  
l i s t  i n  equation (Ib) must  begin with t h e  first 
element and must include values fo r  a l l  elements 
up t o  the  l a s t  one t o  which a  value  i s  ass igned,  
For cxample, i n  a channel pro13 l c m  vr i  t h  four  sec- 
t i o n s  i n  each p r o f i l e ,  the inpu t  f o r  ISHAPE might 
b e  

ISHAPE = 1 ,2 ,2 ,1 ,  8*0,1,2,2,1,  

The e n t r y  8*0 f i l l s  up t h e  elcments ISHAPE(5,1), 
( I S W E  ( G ,  I), . . . , ISHAPE ( 1 2 , l )  , which zre n o t  
a c t u a l l y  t o  be used. This e n t r y  is requi red  t o  
p l ace  t h e  r ema inhg  d a t a  (1,2,2,L) i n t o  t h e  loca- 
t i o n s  IsHAPE(1,2] ,...., ISHkPE(4,2). I f  t h e  8*0 
e n t r y  were omitted,  t h c  second set of d a t a  (1 ,2 ,2 ,1 )  
would be loaded i n t o  ISIZPJE (5, I ) ,  . , . , ISHPJE ( 8 , l )  , 
ins tead .  Note t h a t  t he  elements ISI-USE ( 5 , 2 )  , . . . , 
ISIWPE(12,2) a r e  no t  referenced i n  t h e  above l i s t  
and a r e  n o t  requi ied .  

(10) A sincflc element of an a r r a y  can he set i n  t h e  form 
( l a ) ,  i f  t he  a r r a y  name i s  given with  i t s  numerical 
subsc r ip t s ;  e,g.,  T S H A P E ( ~ , ~ )  = 1. 

The L a s t  czrd i n  t h e  i n p u t  deck f o r  each case,  following t h e  
ca rds  containing t h e  d a t a ,  must be puncheci* 

in colunms 2-5. 

The Namelist i.nput system processes  t h c  i n p u t s  of t h e  form 
(1) onc a t  a  tiinc, a s  they a r e  encountcrcd i n  thz input deck. 
Thus, t h e  orclcr i n  which the inpu t  v?.ric-blcs arc rcfcrenccd is 
a r b i t r a r y ,  I f  a v a r i c i ~ l e  is sc.t morc t11211 vncc, t h e  lzst v a l u e  
read is used by tllc program. For esample, i l l  fi.gurc? 1, t he  pro- 
grain woul-d run wi th  C:il.bX;I = 45. I n p u t  v ; ~ r i ~ I ~ l . c s  V ? ~ I ~ . C ? I  a].-c 
n o t  rcfcrcncccl i.n .tile input-. clec?; t o  a case  ;:rc r,ot c::rrngcd; t h e  
progran runs wi.th t h e  v~Suc:; ;~J.~ra: :y :in s.tor;lcjc i n  tl lcsc locn- 
t i o n s .  For e>;;xmplc, i n  1;ilc second c;.,se of fi5jure 1, only Y L ~ W  

--*- 

*SF NATA S.s r u n  011 an TI>i.i 3 6 0 ,  tl?c $ i s  rcp2accci by G I ~  CBCIIIC 
;~mpcrs;~.;!cl o r  a 13CD + si y11. 



and TPRNTI a r e  d i f f e r e n t  from the  va lues  i n  the f i r s t  case. Most 
of the  input  var iables  i n  NATA are p r e s e t  t o  values which a r e  
e i t h e r  usual ly  s a t i s f a c t o r y  o r  f requent ly desired,  a s  indicated 
i n  Sections 2.2 and 2.3. I f  these var iables  are not  referenced 
a t  a l l  i n  t h e  input  t o  the  job, the  program runs with t h e  p r e s e t  
values. This f ea tu re  reduces t h e  amount of input  d a t a  required 
i n  most NATA runs by orders of magnitude. However, those var i -  
ab les  which are not  p r e s e t  (such a s  t h e  r e se rvo i r  pressure,  
PRESAI) must be set i n  t h e  input  t o  t h e  f i r s t  case  i n  every job; . 

otherwise, t h e  program would t r y  t o  run with garbage d a t a  l e f t  
i n  the  computer by t h e  preceding job, o r  with zero  i n  t h e  case of  - 

a computer i n  which core i s  cleared before each job. 

A few of the  input  var iables  can be  reset by operation of 
t h e  code using c e r t a i n  options. Such exceptions t o  t h e  r u l e  
t h a t  var iables  not  referenced i n  the  input  do no t  change from 
case t o  case w i l l  be pointed o u t  i n  Section 2.3, Examples in- 
clude E@zzLE, ATPI, ISHAPE, NPRFLS, and IGAS. Apart from changes 
i n  IGAS due t o  automatic a i r  model se lec t ion ,  these  exceptions do  
not  a r i s e  i n  jobs containing cases  with only a s i n g l e  type of geo- 
metry, i.e., channels o r  nozzles. 

2.2 Input f o r  Air Cases with a Standard Geonetry 

The NATA code contains  compiled-in da ta  on t h e  thermochem- 
i s t r y  and reac t ion  k i n e t i c s  of c e r t a i n  gas mixtures (including 
a i r )  and on the  geon~etr ies  of standard nozzles and channels i n  
use a t  NASA/JSC. These precoded gas model and geometry da ta  
allow the  NATA user  t o  run c e r t a i n  standard types of problems 
by providing i n w t  da ta  f o r  j u s t  a few var iables .  The present  
sec t ion  lists and defines  these  key inputs ,  under the  following 
assumptions: 

(1) t he  gas is  a i r ;  

(2) t h e  flow i s  copfined by one of  t h e  ava i l ab le  precoded 
standard nozzles o r  channels; and 

(3) the  reservoi r  conditions a r e  t o  be determined from 
data  on t h e  r e se rvo i r  pressure and t h e  t o t a l  mass flow. 

Sections 2.3 and 2.4 present  a more comprehensive discussion of 
NATA inputs  fo r  users  des i r ing  t o  run nonstandard type problems 
o r  t o  use s0rr.e of the  s p e c i a l  options which give the  code its 
Zlexibi l i t y .  



It is recommended t h a t  NATA use r s  employ the  input  lists 
given below and i n  Section 2.3 as check l i s t s  i n  s e t t i n g  up 
problems . 

The t & l e  below lists t h e  names and d e f i n i t i o n s  of t h e  I:ey 
input var i  'ikles. For each va r i ab le ,  the  "nwrber of e n t r i e s "  is  
the  number of numerical values which can be punched on t h e  r i g h t  
hand s ide  ~f the  input  equation (1). The p r e s e t  values are com- 
p i l ed  in tLd  the  program and w i l l  be used unless  ir d i f f e r e n t  value 
i s  supplie? i n  the  input deck. The abbreviations urder "Type" 
have the  following meanings: 

R - Real (number containing a decimal po in t )  

I - Integer  (number without a decimal po in t )  

Variable 'zumber P r e s e t  
N a m e  of Ent r ies  Va l~es_  Twe Defini t ion 

PRESAI 1 -.-- R Reservoir pressure ( a h ) -  

FL$W 1 --- R Tota lMass  flow (lb/sec). 

N@ZZLE 1 0 I Index of standard nozzles: 

1 - DCA nozzle with 1.905 cm 
(0.75 inch) t h r o a t  dia- 
meter 

2 - DCA nozzle with 3.81 c m  
(1.5 inch) t h r o a t  dia- 
meter 

3 - MRA nozzle w i t h  5.715 an 
(2.25 inch) t h r o a t  dia- 
meter 

4 - EIRh nozzle w i t h  2.S4 cm 
(1 inch) t h r o a t  d i a e t e r  

5 - EOS nozzle with 0.813 c m  
(0.32 inch) tllroat dia- 
meter 



V a r i a b l e  Number Prese t  
Name of Ent r ies  Value T m e  Defini t ion 

6 - EOS nozzle with 1.968 cm 
(0.775 inch) t h r o a t  dia- 
meter 

7 - MRA nozzle with 1.905 cm 
(0.75 inch) t h r o a t  dia- 
meter 

8 - MRA nozzle with 3.81 cm 
(1.5 inch) t h r o a t  dia- 
meter 

9 - 10 MJJ (Aerothem) nozzle 
with 5.715 cm (2.25 inch)  
t h r o a t  diameter 

10 - EOS nozzle with 2.761 cm 
(1.088 i ?h) t h r o a t  dia- 
meter 

Note: DCA, EOS, MRA, a d  10 MW a r e  designations f o r  e l ec t r i c -a rc  
gas hea te r s  i n  use a t  t h e  NASA/Johnson Space Center A r c  
Tunnel Fac i l i ty :  

DCA - Dual-Constrictor Arc 

EOS - Electro-Optical  Systems Heater 

MRA - Modified Ring Arc 

10 M.d - Aerotherm Heater 

ICHAN 1 0 I Index of standard rectangular  
channels : 

1 - channel with 2.54 x 5.08 cm 
( 1  x 2 inch) t h r o a t  f o r  DCA 
(use CXMAXI = 57. ) 

2 - channel with 5.C8 x 5.08 cm 
(2  x 2 inch) t h r o a t  (nominal 
geometry) f o r  10 blli hcatcr 
(use ~~X = 100.) 



Note: Only one of the inputs ,  NjZkZZLl3 and ICHAN, i s  used i n  a 
given case, For ICHAN = 0, t h e  flow geometry i s  determined by 
N@ZLE. For I C H A N > O ,  t h e  input  da ta  f o r  N$ZZLE are both ignored 
and overwrit ten,  and t h e  ilow geometry is  determined by ICHAN. 
I f  an axisymmetric flow problem Eolloris one o r  more channel prob- 
lems i n  t h e  same job, it is  necessary t o  input  ICHAN = 0 and 
NPRFLS = 1. 

Variab le N W e r  P rese t  
, N a m e  of En t r i e s  Values Tme Defini t ion 

CXMAXI 1 1.E5 R Maximum dis tance  beyond t h r o a t  
a t  which free-stream and model 
ca lcu la t ions  w i l l  be  done 
(inches).  Xf C Y i I  is  omit- 
ted ,  the  ca lcu la t ions  w i l l  
continue u n t i l  t h e  free-stream 
temperature drops t o  0.4 per- 
cent  of t h e  r e se rvo i r  t e m -  
perature ,  

TSDIAM (I) 20 

KDIM 

1.E20 R For nozzle flow problems , s p x -  
i f i e d  nozzle diameters a t  which 
s tagnat ion po in t  of model o r  
leading edge of wedge w i l l  Se 
placed f o r  ca lcula t ions  02 mod- 
e l  test  conditions.  For chan- 
n e l  problems, spec i f ied  chan- 
n e l  widths a t  which the free- 
stream flow and conditions on 
the channel wal l  w i l l  b e  cal- 
culated.  Values assumed t o  
be i n  inches. 

1 I 0 - two-djmensional model 
geometry 

1 - axisymmetric model geo- 
metry 

Note: The  following 5 inputs  a r e  needed only i f  wcdge ca lcu la t ions  - 
are desired.  Wedge c;l lculations cannot bc obtained i n  channel flow 
problems. 

-11- 
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1 Variable Number Prese t  
Name- of Ent r ies  Values Tme + Defini t ion . 

NANGLE 1 0 I Number of angles of a t t a c k  
f o r  wedge. 

ANGLE (I) 10 0. R Wedge angles of a t t a c k  (dey- 
rees)  in  ascending order .  

NRADLE 1 0 I Number of leading edge r:~Zii 
f o r  wedge. 

R m L E  (1) 5 0. R Wedge leading-edge radii- 
( inches) .  

WXI (1) 20 1.E30 R Distances from leading edge 
a t  which condit ions on wedge 
w i l l  be calculated (inches).  

I 0 suppresses frozen flow sol-  
ution. 

I 0 suppresses nonequilibrium 
flow solut ion.  

I 0 suppresses equilibrium £1017 
solut ion.  

I Must be  nonzero i f  another 
case follo\vs i n  t h e  job. Must 
be 0 f o r  l a s t  case. 

2.3 General Inputs  

The main inputs  t o  the NATA code a r e  rend i n  under the  Name- 
l i s t  name INPUT. A l l  of the  input  var iables  i n  t h i s  group are 
defined i n  the  present  section. Data f o r  new species  and reac t ions  
and t ranspor t  cross  sec t ion  da ta  are read i n  under o thcr  namelist  
names, a s  e:;plained i n  Section 2 .4  Problems i n  which t h e  precoded 
data  for  species and reac t ions  a rc  used require  only the  inputs  
discussed i n  the present  sect ion.  



I n  t h e  t a b l e  of de f in i t ions  below, tLa i: u t  var iables  a r e  

: I  arrsnged i n  ten  groups, a s  follows: 

(1) General con t ro l  va r i ab les  

(2) Output cont ro ls  

(3) Reservoir conditions 

(4) Geometry 

(5) Gas model 

(6) Test  model conditions 

(7) Wedge conditions 

(8) Controls f o r  the flow solu t ion  

(9)  Electronic  noncquilibri~un 

(10) C o n t ~ o l s  f o r  diagnost ic  dumps. 

: 1 The t a b l e  format i s  the  same as i n  t h e  preceding sect ion,  
except t h a t  the  a r ray  dimensions a r e  l i s t e d  i n  place of the  "num- 
ber of values". The type designations R f o r  r e a l  and I for  in tege r  
a r e  defined as before;  11 denotes l o g i c a l  var iables ,  whose admis- 
sibl.,? va1.ues a r e  T f o r  " t rue"  and F f o r  " fa lse" .  

Group 1: General Control Vari?l>lcs 

Variable Pre s e t  
Nan~e Dimensions Values Definitign. 

lSWlA 1 1 I Value 0 suppresses frozen 
solut ion.  

ISW2A 1 1 I Value 0 suppresses nonequi- 
l ibrium solut ion.  

ISW3A 1 1 I Value 0 suppresses equilibrium 
solution. 

ISlf4A 1 0 I Must be nonzero i f  another 
case follows i n  t h e  job. Must 
be 0 i n  l a s t  case. i .  



General Control  Var iables  (Cont'a) 

Vasiab le P r e s e t  
i 1 Name Dimensions Values TVPC Defini t ion 

If >0, only the  r e s e r v o i r  con- 
d i t i o n s  and t r a n s p o r t  proper- 
t ies i n  t h e  r e s e r v o i r  are ca l -  
cu la ted ,  For t h e  value 2, t h e  
r e s e r v o i r  t r a n s p a r t  p roper ty  
c a l c u l a t i o n s  a r e  omitted. If 
*< 0, t a b l e s  of spec ies  tnc'rrnal 
p r o p e r t i e s  a t  ternprc;t.~*'~.,: ~9 
t o  t he  r e s e r v o i r  temp a r e  
a r e  produced and .lo f ,. *:.rl- 
c u l a t i o n s  a r e  done. 

Note: ISWGA<O should be used toge ther  wi th  ISW2B = 1 and inpu t  of - 
CTAPI and PRESAI (see Group 3 below). 

1 0 I If > 0, an e d i t  of the s t e p s  
i n  rhe t r a n s p o r t  p roper ty  
c ros s  s e c t i o n  c a l c u l a t i o n s  i s  
produced be fo re  the  f l o w  so l -  
u t ions .  I f  <O, averaged t r r s -  
p o r t  c r o s s  s ec t ions  are a l s o  
pr intef i  f o r  temperztures up t o  
CTAPI and t h e  flow s o l u t i o n s  
a r e  no t  cor-puted. If = -1, 
these  c ros s  s ec t ion  d a t a  a r e  
a l s c  punched on cards.  

Note: For ISWlB<O, a l s o  set ISW2B = 1 and read i n  CTAPI and PRESAI - 
( see  Group 3 below) 

I If 0, boi~ndary l aye r  on nozzle 
w a l l  i s  omitled. 

R Nozzle wa 11 temperature (OK) 

L I£.TR'JE., a l l  t r a n s p o r t  prop- 
erty, bc ~ n d a r y  laycz-, h e a t  
f l ux ,  and wedge c a l c u l a t i o n s  
a r e  supprcsscd. 



Variable Prese t  
Name Dimensions Values 

T S T ~ P I  1 0. R Frec-stream temperature a t  
which t h e  flow solu t ions  w i l l  
be termi.rV~ted (OK) . Fc~r value 
O., t he  case i s  stopped a t  0.004 
times t h e  reservoi r  temperature. 

1. E5 R Distance beyond the t h r o a t  a t  
which the so lu t ions  w i l l  be  
stopped (inches) , 

Nate: The s o l - ~ t i o n s  a r e  stopped by e i t h e r  TSTPPI o r  C X W I ,  which- - 
ever condition As reached first. 

READG 1 .FALSE. L If .TRUE., data  on elements, 
species ,  and/or reac t ions  w i l l  
be rea2 i n  under the  namelist  
name ETNPUT. 

READXS 

I 

. FALSE. L I f  .'I'RUE., c ross  sect ion da ta  
f o r  t r anspor t  property calcu- 
l a t i o n s  w i l l  be read i n  under 
name l i s  t namc TINPUT. 

Group 2 : O L I ~  u t  Controls 

The inputs  i n  t h i s  group allow some user  cont ro l  of the  types 
and amount of pr in ted  o u t p i ~ t  produced by the  code. 

Variable Prese t  
Name Dimen:. lons Values Tvpe Defini t ion 

Value 0 suppresses o u t p ~ t  of 
species mole f rac t ions  i n  frcc- 
strcam and model poin t  outpvt. 
Pos i t ive  value g i t c s  rno1.c Crzc- 
t ion  output cvery IS!JGUtll l~rinti!cl  
step. NegtlCivc va l.uc al..-;o r;ivcs 
output oL react ion r n t c  d i l t ~ l  cv- 
c ry  IISVJGI~! t11 pri.ntcd stcp. 



OU~PU-: Controls  (Concl 'd l  

VaxiaSle P r e s e t  
A? cane Dimensions V a l t l c ~ s  T m e  D e f  in i t i .cn  

1 0 I Value > 0 g i v e s  ou tpu t  of  .--he 
b o u n d z y  la;rr;r p a r m e t e r s  l'=n 

XfR = "- n, 

TPRNTI 1 0.01 R The free-stream n m e q u i l i b r i ~ m  
s o l u t i o n  is p r i n t e d  o u t  a t  t e m -  
p e r a t u r e  i n t e r v a l s  g r e a t e r  t han  
o r  equal t o  TPRNTI t imes the 
r e s e r v o i r  temperature. For  
TPwi'I = O., every step is 
pr in ted .  

DATAPE 

m c o  

IRm 

1 .FALSE. L I f  .TRUE,, d a t a  are writken on to  
tape a for subsequent p l ~ t t i n g -  

0 I Number of records  a l r eady  on 
d a t a  t ape  a t  beginning of r7m. 

1 0 I Run Number  ( f o r  i d e n t i f i c a t i o n )  . 

G o  3 : Reservoir Coi~di Lions 

Tl~e varicaLles i n  t h i s  group c o n t r o l  t h e  cs- lcula t ion of t h e  gas 
state i n  t h e  upstream re se rvo i r ,  The methods used are explained i n  
Section 6.5 of Volume I (ref, 1 ) .  

V a r i a b  1e Preset 
I?~F.E - Dimensiol-?~ Values ? w e  De f i~! i t i o n  

ISPJ2B 1 . O  I IE G ,  r e s e r v c i r  temperature i s  
conputed from r e s e r v o i r  p re s su re  
(PREsAI) and m a s s  flow (EL@?). 
12 p o s i t i v e ,  r e s e r v o i r  tempera- 
ture (CTAPX) and pressure  (FREShI) 
are read in .  I f  negative, rcser -  
v o i r  temperature and pressure  
arc computed from m a s s  f lov: (PLg:.?) 
2nd s tagna t ion  cnthalpy (HSTAG). 

R Rcscrvoir  pressure (ah.). Rc- 
qu i r cd  i n  i npu t  i f  TSi\'2i3 2 0. 



Reservoir Conditions (cnnclad) 

Variable P rese t  
Name Dimensions Values 'I.'vpe Defin i t ion  

F 1 -- K Tota l  mass flow (lb/sec) i f  
JDnI = 1 (see under "~eometry")  ; 
mass flow p e r  inch (%/in-sec) i f  
JDIM =. 0. ( F W  is required i n  
the input  i f  ISW2BI0,) 

HSTAG 1 

R Reservoir temperature (OK) - (Re- 
quired i n  input  i f  I s W ~ B >  0.) 

R Stagnation enthalpy ( ~ t u / l b )  . 
(Required i n  input  i f  ISW2B < 0. ) 

I 0 value suppresses i t e r a t i o n  t o  
take displacement thickness  i n t o  
account i n  reservoi r  condition 
c a l c u l a t i ~ n s  based on m a s s  flow 
(ISW~B 2 0 ) -  

The geomz.try of a nozzle i s  s p e c i f i e d ,  i n  NATA, by descr jhing 
t h e  nozzle p r o f i l e .  The geometry of a rectangular  channel i s  spec- 
i f i e d  by giving two pro:files. There a r e  four opt ional  methods f o r  
dcr'il?ing t h c  flow geometry i n  t h c  input: 

(1)  S tzndard nozzle - ICEJPX rcust be 0 ,  NPRFLS mu: .... a e  1, 
NflZZLI;: must  be an in tegc r  i n  t h e  range from 1 t o  10 ,  
i n c l u s i v e ,  

(2) Standard channcl - ICHi-3 must  be 1 o r  2. 

(3) Nonstandzrd nozzle  - ICIDl? inust be 0, NPRFLS must be 1, 
NJdZZU must bc 0, and input  data m u s t  be provided f o r  
DIAI-!(I), hTSECTS(L,l), ISI-I/ 'J?E(J,l),  P P m I I ( ~ , ~ , l ) ,  A T P I ( J , ~ ) ,  
and ?lZER@I. 

(4)  Ronstandard c l ~ a n n e l  - ICKW m u s t  be 0, NPWLS must be 2 ,  
X ~ ~ Z Z I E ,  I;l?Rji&'I,(l), and NPR$PL(~) ik~ust be 0, and i n p u t  data 
musk be prci~idcd f o r  DIT~FI(PI) , L F ~ C T S  (L,fI) , 1SHIU.E (J,?.I) , 
PAxpLi',I.i:: (I<, J ,  14) , and ATPI (J , FI) f 01: 1.1 = 1 and 2 , and  for 
XZ32f i I  and NBL. 

Tllc c7cscrip.tion o l  nozz le  anct chal-mcl ~ c o m c t r i e s  i n  NATA i s  discussed 
i n  Scctions 4 .2  and  4 . 3  of Volwne I ( re f .  1 ) .  



I Variable Preset 
Name - Dimensions Values me - Defin i t ion  

N@ZLl3 1 0 I Index of standard nozzles: 

0 - nonstal~dard nozzle 

1 - DCA nozzle with 1,905 cm 
(0 -75  inch) t h r o a t  dia- 

m e t e r  

2 - DCA nozzle with 3.81 cm 
(1.5 inch) t h r o a t  dia- 
meter 

3 - MRA nozzle with 5,715 an 
(2.25 inch) t h r o a t  dia- 
meter 

4 - IiiiA nozzle with 2.54 cm 
( 1  inch) t h r o a t  diameter 

5 - EOS nozzle with 0.813 cm 
(0.32 inch) t h r o a t  d i m e t e r  

6 - EOS nozzle d t h  1.968 crn 
(0.775 inch) t h r o a t  ciiameter 

7 - MRA nozzle with 1.905 c m  
(0.75 inch) t h r o a t  diameter 

8 - EYRA nozzle with 3-81  cm 
(1.5 inch) t h r o a t  diameter 

9 - 10 MF.J (Aerotherm) nozzle 
with 5.715 c m  (2.25 inch) 
t h r o a t  cl; .meter 

10 - EOS nozzle with 2.764 c m  
(1.088 inch) t h r o a t  diameter 

Notes- K@ZZIX i s  ?.ltcrcd by input  of NPRflFi, o r  by esccution of a -- 
case involving ICI1RN> 0. In  cases with N@Z::LE = 0 ,  the f i r s ~  5 char- 

. acters on the d c s c r i p t i ~ n  card a t  the  head of  the j . n p t  data  are uscd 
a s  a f a c i l i t y  name. 



Geometry (Cont' d )  

V a r i a b l e  P r e s e t  
Name Dimensions Values Types Def in i t i on  

ICHAN 1 0 I Index o f  s tandard r ec t angu la r  
channels : 

0 - no t  a channel ,  or nonstan- 
dard  channel  

1 - channel  wi th  2.54 x 5 - 0 8  c m  
( 1  x 2 inch)  t h r o a t  f o r  
DCA. (Use cxI.4AXI = 57, ) 

2 - channel  w i t h  5.08 x 5-08 cm 
(2 x 2 inch)  t h r o a t  (nomi- 
n a l  gemtetry) Z a  10 MW 
h e a t e r  (Use C%UI = 100. ) 

Note: I n  channel  cases  w i t h  ICHAN = 0, t h e  second 4 c h a r a c t e r s  on - 
the desc r ip t ion  card a t  t h e  head of  t h e  i npu t  data are used a s  a 
channel  name, 

I 0 - two-dimensional nozzle 

1 - axisymmetric nozzle 

Note: A two-dimensional n o a l e  may be considered as  t h e  l i n i t i n g  - .- 
case o f  a rec tangula r  channel  when one of the channel  p r o f i l e s  is 
a t  an i n f i n i t e  d i s t a n c e  from the  channel  axis .  T ~ l i s  l i m i t  i s  of 
l i t t l e  p r a c t i c a l  i n t e r e s t ,  However, JDIM = 0 g i v e s  a convenient 
way of t r e a t i n g  t h e  flow i n  a channel  i n  which two of t h e  w a l l s  
a r e  s t r a i g h t  and p a r a l l e l ,  wher. t h e  boundary 'z~yer  i s  neglected 
(ISW~B = 0 ) .  

I N u m b e r  of p r o f i l e s :  

1 - nozzle 

2 - reckangular channel  

N o t e :  The  program s e t s  NPWLS =2 i f  ICIU- > 0. - 



Geometrv (conto d l  

Variable P rese t  
Name Dimensions _Values Type Defin i t ion  

NPR@FL(I) 2 0 I Indices  of p r o f i l e s  i n  a chan- 
n e l ;  NPR@EL( 1) is equivalent 
t o  N$ZZLE. 

0 - nonstandard p r o f i l e  

I. t o  10 - p r o f i l e s  F2r standard noz- 
z l e s  (see A q""' gLa,;.=L ' above) 

11 - p r o f i l e  1 f o r  T12 and T22 
channe Is 

12 - p r o f i l e  2  fo r  T12 channel 
(ICHAN = 1) 

13 - p r o f i l e  2  f o r  T22 channel 
(ICHAN = 2) 

NBL 
i 

1 --- I Index (1 o r  2) of t h e  p r o f i l e  
which diverges from the channel 
axis  l e a s t  r ap id ly  downstream 
of the  th roa t ,  

2 --- R For a  nozzle, D I A M ( ~ )  is  the  
t h r o a t  diameter ( inches) .  For 
a channel,DIAM(M) i s  the  t h r o a t  
diameter of the Mth p r o f i l e  f o r  
M = 1 and 2 (inches). 

NSECTs(L,M) 2 x 2 --- I NSECTS (1,M) = number of upstream 
sec t ions  i n  c u r v e f i t  for  Mth pro- 
f i l e ;  NSECTS ( 2 ,  M) = number of 
downstream sec t ions  i n  c u r v e f i t  
f o r  Mth p r o f i l e .  For a nozzle, 
M = 1; f o r  a  channel, M = 1,2. 



Geometrv Ccontnd) 

Variable Prese t  
Name Dimensions Values -2 Defini t ion 

ISHAPE(J,M) 12 x 2 --- I Shape index for J t h  sec t ion  of 
Mth p ro f i l e :  

I S W E  = 1 s t r a i g h t  sec t ion  

ISHAPE = 2 c i r c u l a r  sec t ion  
convex toward axis 

IZHAPE = 3 c i r c u l a l  sec t ion  
concave toward a x i s  

Note: ISHAPE is a l t e r e d  by use of NmZLE > O  o r  ICHAN7O. 
-LII 

PARAMI(K, J,M) 3 x 12 ;: 2 --- R Parameters f o r  p r o f i l e  c u r v e f i r  
sec t ions  ( lengths i n  centimeter 
u n i t s )  : 
F G ~  ISImE(J,M) = 1, equation of 
s t r a i g h t  p r o f i l e  is r (x) = 
PARAMI(l , J ,M) -t P W I I ( 2 , J , M )  *X 
For ISHAPE(J,M) = 2 or  3 ,  
PARA!!II(~, J,M) = dis tance  of cir- 
cle center from a x i s  
PWtAF4I (2,  J I M )  = X coordinate of 
c i r c l e  center  
PNLV4I (3 ,  J,M) = c i r c l e  r ad ius  

ATPI (J,M) 11 x 2 .-I- R Downstream boundaries of pro- 
f i l e  c u r v e f i t  sections, measured 
from th roa t  (cm). 

Note: ATPI ts altered by use oi' N$~zzIX> 0 o r  ICIl l iN>O.  
7 

XZERgI - 
A --- R Nozzle or channel i n l e t  pos i t ion  

at: vi)~icll boundriry layer i s  as- 
sumed t o  Ixgin  (ncgativa value, 
measured i n  incbes upstream froin 
t h  . th.8 o a t ) .  



Note: XZER@I i s  a l t e r e d  by use of NfiZIX > 0 o r  ICIIAN > 0. 
C-L 

Note: A separate  program (NoZFIT) i s  ava i l ab le  f o r  computing - 
t h e  i : ~ p u t s  PARAMI alld ATPI froln nozzle o r  channel design da ta  
such as dimensions, angles,  and r a d i i  02 curvature;  see Appen- 
d i x  d. 

Group 5: Gas Model. 

NATA provides th ree  methods f o r  input  spec i f ica t ions  of the 
cor . .~os i t i  JP , thermochcmistry 2nd 1:inetj.c~ of the  gas mixture : 

(1) Standard s2s models - invoked simply by s e t t i n g  IGAS 
t o  1, 2, 3 ,  4, 5, or 6 .  

( 2 )  Scandard q ~ t s  model.s 1 .'_th a l t e r e d  elemental composition - 
obtained by  s z t t i n g  TGL5 = -1, -2,  -5, o r  -6 and specify- 
ing the  mole f r ac t ions  of t h e  cold s p ~ ~ c i e ~  (QPJ; see 
Section 4.5). Using t h i s  opt ion,  ';he s tmdard  a i r  models s 
can 5e modified t o  oktain moiiels for  (nearly pure) oxygen . ,  . 

_ .  . . .  . 
or nitrogen by s e t t i n g  the  !nLle f r a c t i o n  f o r  t h e  o ther  . . 
cold species  (ni t rogen o r  (x-cycj~=n) t o  a small value, The 
proportions of C02, E l 2 ,  and P.r i n  the  planetary atmos- 
phere models can ? l so  he cI-?;?gc.l i n  t h i s  way. 

( 3 )  Nonstandard qas rncz,ig:s - speci f ied  by s e t t i n g  IGAS = 0 
and reading i n  NCS, GCS, QPJ, XSt21, I S S l ,  I S R I ,  i C 1 ,  I E ,  
I S ,  I R ,  J S A T ~ ~ I ~ ,  and IShi,@L. I f  spncies o r  reac t ions  ~ t h e r  
than  those conpilcd in+io the  code are desired,  they can  
a l s o  be i ead  i n  a s  c x ~ l a i n e d  i n  Sec+Sor, 2.4.  

The compiled-in species ,  reac t ions ,  and gas models nva.',labl.e i n  ETATA 
are f u l l y  described i n  Section 4. 

Variable Prese t  
Name Dimensions ,Values - Defini t ion 

IGAS 1 1 I Gas model index: 

0 - nonstandard gas mixture; 
NCS, J C S ,  QPJ, I S C I ,  ISSI ,  
XSRI,  ICX, IE, IS, IR, ISAT$:.! 
and ISLffiL must all bc spcci- 
f i ed  to t he  input.  

1 - high-tcnperature a i r  modcl 

ORIGINAU PkGa -m 
OF POOR QU- 2 - moc1cratc:-tcmpcraturc a i r  

mod c 1 



Gas Model ( ~ o n t ' d )  

Variable Preset 
Hame Dimensions Values M e  Defin i t ion  

9 - argon model including elec- 
t r o n i c  nonequilibrium 

4 - helium model including e l -  
ec t ron ic  nonequilibrium 

5 - planetary atmosphc.re model 
(75% C02 ,  20% Ar, 5% N2) 
f o r  use a t  r e se rvo i r  tem- 
pera tures  above 7000°K. 

6 - planetary  atmosphere model 
(75% C02, 20% Ar, 5% N2) 
f o r  use a t  r e se rvo i r  t e m -  
pera ture  below 7000°K 

Note: I f  a negative value of IGAS is  speci f ied ,  then I I G A S ~  is  - 
t he  index of a standard gas mixture f o r  which the  mole f r z c t i o n s  
of cold species  (QPJ)  are t o  be  provided i n  the  input. 

NCS 1 

1 , TRITE, L Control f o r  automatic a i r  model 
se lec t ion .  I f  IGAS = 1 o r  2 and 
AMIS = ,TRUE,, NATA r e s e t s  I G A S  
t o  1 o r  2 based on an entlralpy 
o r  temperature c r i t e r i o n  ; f GT 
AAMS = ,FALSE,, the I G A S  value 
speci f ied  i n  the  input  i s  used. 

JCS (I) 

--- I Number of cold species  i n  mix- 
t u r e  ( < 10) , 

--- I Indices of cold species  i n  the 
master l i s t  of species*. 

--- R Mole f r ac t ions  of cold species  
i n  the  sc7ine order as JCS (n~ust  
be providcd i f  IGAS ( 0 ) .  

- . .  

'kSec Section 4.2,  



G a s  Model (Cont'd) 

. I 
Variable P r e s e t  

Name Dimensions Values Type D e f i n i t i o n  

ISCI 1 --- I Number of chemical elements i n  
mixture, including e' i f  model 
con ta ins  i on  spec i e s  ( <  10). - 

ISSI 

ISRI 

ICI 

IE (1) 

I N u m b e r  of chemical spec i e s  i n  
mixture,  inc lud ing  e' i f  model 
con ta ins  ion  s p e c i e s  ( 2 20)- 

I Number of r e a c t i o n s  included 
i n  gas  model ( 564).  

I Number of i ons  i n  gas  model 
excluding e' , 

I Ind ices  of elements p r a s e n t  i n  
mixture, i n  master  l ist of e l e -  
ments;* i f  e l ec t ro i l s  a r e  p re sen t ,  
they  should be  thc  first element. 

I Ind ices  of s p e c i e s  p r e s e n t  i n  
mixture,  i n  master  l i s t  of spec- 
ies.**These spec i e s  must be 
l i s t e d  i n  t h e  following order :  

e' ( i f  p r e s e n t )  
Neut ra l  s p e c i e s  1hic:h are 
s t a b l e  a t  low tempe~:atures 

Other n e u t r a l  specias 

Ion spec i e s  

N ~ t e :  The f i r s t  I S C I  spec i e s  i n  t h i s  l i s t  must be l i n e a r l y  inde- 
pendent combinations 02 t h e  I S C I  chemical elemcnts. 

64 --- I Indices  of react:-ons i r~cluded,  
i n  mastzr l is t  of react ions .** 

*see S c c t i o n  4.1. 

**See S c c t i o n  4.2.  

*+:*See Scct ion 4.3. 



Gas Model (Conclt dl 

Note: I f  a nonequilibrium flow solu t ion  is  t o  be run with the  - 
I read-in gas model, t he re  must be (ISSI-ISCI) l i n e a r l y  independent 

reac t ions  i n  the  chemical k i n e t i c  model; Eee Section 7.3.4 of 
Volume I ( re f ,  1). The standard gas models a l l  s a t i s f y  t h i s  re- 
quirement, 

Variable Prese t  
Name Dimensions Values Tme Defini t ion 

ISATplM 1 --- I Index of atom used f o r  L e w i s  
number ca lcula t ions ,  i n  master 
l i s t  of species,  

1 --- I Index of molecule used f o r  
Lewis number ca lcula t ion ,  i n  
master l ist of s ~ z z i e s .  

1 5000. R Tmpzrature (OK) above which 
species  thermal p roper t i e s  a r e  
computed from the  thermo f i t  fo r  
those s2ec ies  f o r  which tllermo 
f i t s  a r e  supplied, 

0.0 R Constant i n  imperfect gas cor- 
r ec t ion ;  t h e  0 value suppresses 
the  correctj.on,which i s  negli-  
g i b l e  f o r  t h e  condi t ions i n  
which NATA i s  normally applied. 

I 0 - equilibrium molecular vib- 
r a t i o n  

1 - molecular v ib ra t ion  frozen 
a t  the  r e se rvo i r  tcmpcra- 
t u r e  

NATA provides ca lcula t ions  of t c s t  conditions on two types  of 
models: blunt bodies (s tagnr~t ion  point on1.y) ancl wcdges. A c in -  
g le  set of i n p u t s  (:-3vIp?D3?1, NJ~I)??UP'J.', !tl~DLiU.I) coll trols tllc po:;i tj.ons 
i n  the flax ;it which t e s t  conditions a r c  calculated for  both t y p s  
of model.. Tilcsc i . n p u t s  and thc. pclrcimctcrs cont ro l l ing  options i n  
thc  calculations for blunt motlcls arc: i n  tile present group. Thc 
wedge moclcl inputs arc i n  group 7. 



T e s t  Model (cont td)  

I n  the case of b l u n t  models, the t e s t  model pos i t ion  d e t e r d n e d  
by  the  inputs  i s  assumed t o  be the  locat ion of the  model stagnatic,n 
point ,  I n  the  case of wedge models, it i s  assumed t o  be t h e  loca- 
t i o n  of t h e  leadjng edge. There a r e  two opt ions f o r  specifying 
t he  test model posi t ions:  

(1) A geometric sequencs of d is tances  x downstream of 
the  t h r o a t  from x = x M ~ ~ D P L  t o  x = CXMFXI. 

(2) The pos i t ions  a t  which the  nozzle diameter i s  equal  
t o  t h e  input  values TSDIAM(1) , 

These two opt ions operate independently. I n  channel flow sol-  
u t ions ,  model condition ca lcula t ions  a r e  not  done b u t  ex t ra  poin ts  
i n  the f r e e  stream solu t ions  a r e  inser ted  a t  t h e  locat ions speci- 
Cied by XMgDPl, NlIgDPT, and TSDIMI, t o  provide r e s u l t s  for compar- 
ison with experimental da ta  from pressure taps and hea t  t r a n s f e r  
gages located a t  known pos i t ions  on the  channel wall .  

Regardless of t h e  model-position inputs ,  no model dr wedge 
ca lcula t ions  a re  done a t  pos i t ions  wl-,ere t h e  flow Mach number 
i s  less than 1.5. 

Variable Prese t  
. Name Dimensions Values m e  Defini t ion 

~ D P  1 1 1.E20 R I n i t i a l  x l o r  model condition 
ca lcula t ions ,  measured i n  inches 
downstrem of the  th roa t .  

1 N m e r  of model poin ts  t o  be 
placed i n  a  geometric progres- 
s ion from )LP.I@DPl t o  CXfilAXI; for  
Np.1#DPT --= 1, tlic mode 1 calculz- 
t i o n  is done a t  x = X~IflDPl. 

1,3220 Ii I n  nozzle flow pro?~lems, nozzle 
diameters specifying model pos- 
i t i o n s ;  i n  channcl prol~lems, 
spccif.icc1 channcl widths a t  
which c::i;?-? flow ca lcula t ions  
a r e  done (inches),  

. TRUE. L Value . PT:TJSJ~. s11y)prc sscs  s t i q -  

nat ion po in t  mode2 conciition 
cnlcul. ;~tions,  i f  only wcdgc 
condj t i o n s  are dcsil-cd. 



Tes t  Model (Contld) 

Variable P r e s e t  
Name D i m e n s i w  Yal-ues ?me Def in i t i on  

IZDIM 1 1 I I n d i c a t o r  f o r  blunt model 
geometry: 

0 - two-dimensional 
1 - axisymmetric 

FSTAG 

CATFAC 

R Cont ro l  f o r  normal shock cal -  
cu l a t i ons :  

Negative - f rozen shock 

Z e r o  - equi l ib r ium shock 

P o s i t i v e  - bo th  f rozen and 
. equi l ib r ium shock computed 

C a t a l y t i c  w a l l  p a r a ~ ~ e t e r  5 for 
s t agna t ion  p o i n t  h e a t  f l u x  ca l -  
c u l a t i o n s  ;* 0 f o r  nonca t a ly t i c  
mode J. su r f ace  ; t l i e o r e t i c a l  up- 
per l i m i t  i s  < 1. 

I Tzdicator  for use of Fay-Ridd211 
L e w i s  nuii:?,er f a c t o r  i n  stagna- 
t i o n  p o i n t  h e a t  flux calcula-  
t i o n s :  

1 - inc lude  Lewis no. f a c t o r  
2 - olnir Lcwis no. f a c t o r  

Note: IECVIS i s  no t  under i npu t  col l t rol  when a s tandard gas  model - 
i s  used. 

TI.@DE L 1 300. R Surfnce tempcraturc a t  s tagnn-  
0 t i o n  p o i n t  on model ! K), 

CCI- 

*See Scct ion 8.1.2 of V o l u x n e  I (rcf. 1). 



Test Model (Conc18dL) 
I 

Variable Preset 
I Name - Dimensions Values Twe  Defini t ion 

TP LATE 1 3 00, R Flat p l a t e  temperature f o r  cal-  
cu la t ions  of heat  flux t o  a f l a t  
p l a t e  1 ft f r o m  lcading edge (OK), 

,Group 7: Weds2 Models 

Wedge model. ca lcula t ions  a r e  done only i f  the  following condi- 
t ions  are s a t i s f i e d :  

(a) Model. pos i t ions  have been speci f ied  by input  cf 
S1PDP1 and CZ3~IzAX1, o r  of TSDITJiI (I) ; 

(b) The flow l.laf-h nuniber at. t h e  spec i f ied  model posi- 
t i o n s  is greater than 1.5; 

(c) Positj-vc values have been spec i f ied  f o r  both NIUTGLE 
a n d  NP3iDLE; and 

(d) Either  M a  > 0, or  a value has been spec i f ied  f o r  
rnrr (1). 

The pos i t ions  along the  surfsce of the  wedge a t  which the con- 
d i t i o l ~ s  a r e  c~lcu1at;ed can be specif ied 51 two wcys: 

(1) Uniform SC-!CIIICI~C~ - The inputs  V a l ,  DWX, and NIH iieter- 
mine a unizormly spaced sequcncc of d is tances  from the  
leading edqc. 

(2)  S!,:.-:%ficd C!.i.,:~'ia~c~~s - up -to 20  a r b i t r a r y  d is tances  
from tllc le~.c7.irig edge can be spcc i f ied  using thc input 
a]--ray IIXI. 

Bath options may he usad together, if des i red ,  I n  a l l  cases, t he  
spcciZied c i i  :;'i;mccs I z o m  thc leading eclgc arc ~~ieasu red  a l o n g  the  
sur:;?cc of tile  edge (~:;ithc~: than parnl l .c l  t o  t h e  dircct-.ion 0 2  the  
incident i J.w. ) 



V a r  i a b  lc Preset 
Name - D j.mcn s i on:s_ V a  J.IIC s T ' v p s  

ANGLE (I) 10 0.G R Angles of attclcl: of wcdgc: S U L - ~ ~ ~ C C  - 
relative t o  tllc c l i rect ion 0% i.1:- 

c i d e ~ z t  flow (dccjrecs) , i l l  ascc:,i1- 
ing  order. 

DWX 

0 1 b l ~ u ~ b e r  of -Icadinq edge r~~ci i j .  

0.0 R Radi i  of leading cdgc \inc:les).  

1.0 R Distancc 9: the first cc;niput;l.i;?o.: 
p o i n t  from t h e  1caclj.ric; ciiyc (ix- 
ches) . 

1.. 0 R D.'.stancc bctvreen cornputa-Lion 
p o i n t s  ( i nches ) .  

0 I Number o-Z colilp~ 1.;~: . . ?02 ilts j-11 

un!.Co.ml S d y U C i i ~  . 

1.E30 R Specificcl d i s t ances  o.? cc,m~:xi'-:1-- 
t i o ~ i  p05.31 !:s 2 r ~ 1 n  3 c2d.i >?cc ~r:i:;c 

(i.nchc s ) 

300. R Wedgc surf acc t c i ~ ~ p e ~ a t u ~ - c  (O!;) . 

--- ----. 
*SC<: SCC i;j.oil t ' .  ;?. 4 01 \'O].II.:~IC~ Y ( I T C ~ .  I.) 



Variable Prese t  
N,w,e - D i ~ e n s i o n s  Va l ~ c s  Defin i t ion  

With IS9 = I I S W ~ B ~  : 

IS9 = 1 - p r i n t  shock ord ina te  

y s  

IS9 = 2 - p r i i ~ t  nondimensional 
distance C from leac 
ing edge 

IS9 = 3 - p r i n t  both Y, b and < 

Group 8: Controls f o r  the  Plow Solutions 

The inputs  in t h i s  group are con t ro l  parameters f o r  the frozen, 
equilibrium and nonequilj-brivm C l ~ w  solutions.  n e y  alce a 11 preset 
t o  values xhich hakc proven sali2sCactory i n  p rac t i ce ,  and nee6 be 
varied only rz re ly ,  t o  treat cases i n  sd3ic'n t h e  code has f a i l e d  t o  
produce a sa t i s fzc to ry  solut ion i~hen r u n  with the  standard values,  

Variable Prese t  
N a m e  D i r?ns ionq  V?lucq Defini t ion 

1 3.0 R Parsnict~r cont ro l l ing  the averag- 
ing d is tance  for t h e  boundary 
lzyer  correlation parmlcter, n. 
I n s t a b i l i t y  due t o  cou?ling of 
the i nv i sc id  flax with tLc! houn- 
dzry layer  can be suppressed by 
reducing FISAVE." 

R Eoi~dinensional  temperature dec- 
rcrnent used i n  frozen and eyui- 
libriunl ca lcula t ions  and i n  
s t a r t i n g  the nonequilibriun sol- 
ution. 

R I n i t i a l  s t e p  s i z e  i n  X f o r  non- 
cqui l ibriuin integration (cm) 
(r,t;iy bc ovcrrulcd by code). 



s o n t r o l s  for  the Flow Solutions (Contmd) 

Variable P r e s e t  
Name - Dimcnsions yalues Type Defin i t ion  

CCHI 

NQSI 

TTEST 

GTEST 

HTEST 

TETEST 

QTEST 

1 0.1 R Cr i t e r ion  value Cz for switch 
from perturbat ion technique t o  
numerical in t eg ra t ion  i n  non- 
equilibrium solu t ion;  increase 
to switch f a r t h e r  downstream, 
decrease t o  switch f a r t h e r  up- 
stream." 

I Number of successful  in t eg ra t ion  
s t eps  before increasing s t e p  
s i z e  i n  t h e  nonequilibrium cal-  
culation. 

0.05 R ~aximum IAT/T\ i n  one s t e p  of 
t h e  nonequilibrium in tegra t ion ;  
decrease t o  force a smaller s t e p  
s ize.  

R M a x i r L ~ ~ n  IE l a t i v e  species concen- 
t r a t i o n  change i n  one integra-  
t i o n  s t ep ;  decrease t o  force a 
smaller s t e p  s ize.  

0.01 R Maxi~imu~ r e l a t i v e  change i n  t h e  
t o t a l  enthalpy (due t o  r ad ia t ive  
losses)  i n  an in teg ra t ion  step.  

0.05 R blaxinwn r e l a t i v e  change i n  t h e  
e lec t ron  temperature i n  an in- 
tegra t ion  stcp. 

0.1 R Cr i t e r ion  value Cor maximum 
allov?al3le change i n  the energy 
t r ans fe r  t o  the  e l ec t ron  gas 
during one in teg ra t ion  step. 

lon1* R Concentration (moles/g) below 
1d1ic1-1 a species  w i l l  be frozen 
i f  it decreases so rapid ly  t h a t  
it cont ro ls  the  in teg ra t ion  stcp 
size. 

*See Section 7.3.6 of V o l ~ m ~ e  I (ref. 1). 

-3 1- 



Sontro ls  20s t h e  F1.o~ Solutions &- . l 8 d )  

Variable Prese t  
, Name Dimensions Valucs m e  Defini t ion 

DCHLL 10'~ R Farameter l imi t ing  t h e  i n i t i a l  
in t eg ra t ion  s t e p  s i z e  t o  
0.01 id zii  in/^^^^^. 

DCHRAT 1 lon4 R Parameter con t ro l l ing  t h e  arti- 
f i c i a l  increase i n  reac t ion  r a t e s  
i n  the  per turba t ion  so lu t ion  t o  
avoid premature s t a r t u p  of the  
numerical in t eq ra t ion  : minimum 
allowable ~ d ~ ~ i ~ d  I ~ x ~ \ ~ ~ ~  
value . 

Group 9 : Electronic  Monequi lihrium 

The standard rnodels f o r  helium and argon include e l e c t r o n i c  
n o n e q u i l i b r i ~ r  eer'ects such as inequal i ty  of the  e l ec t ron  temperc- 
t u r e  znd gas tenperature and nonequilibriwn population of e l e c t r ~ n i c  
excited statcs, PIP-TA allows noi~standard gas models containinq t. lese 
features  t o  be set up by the  user. The inputs  i n  the  present  group 
provide t h e  e x t r a  g;;s model data required t o  spec i fy  these  effects. 

Variable P r e s  t 
N z m c  . D .l-r,~ension:s .: V a L ~ l e s  

INT 

ICTF ( IR) 

Defin i t ion  ---- 
1 0 I Indicator  for e l e c t r o n i c  non- 

equi l i b r  imi: 

0 - conventional one-temperature 
gas model 

Nonzero - two-temperature (elcc- 
t r o n i c  noncqui l iS r iun)  
mode I 

I Illdieator for  .-ornard rate con- 
s t a n t  kf f o r  IRth reac t ion  i n  
gas m o c l c l  



Elec t ron ic  Nonequilibritzm (Contad) 

V a r i a b l e  P r e s e t  
N,me Dimensions Values M e  Def in i t i on  

whchre T = gas temperature, 
T, -; e l e c t r o n  temperature,  
an2 the  func t iona l  ciependecce 
of kf i s  as given by equat ion 
(69) i n  Sect ion 2.3 of Volume 
I ( r e f .  1 )  

where 2 = b npR/No 

Note: I n  the standard gas  models (IGAS = 1 t o  6 ) ,  t h e  rate fomu- 
7- 

12s i nd i ca t ed  by k"TP - 3,  4, and 5 a r e  used only i n  t h c  argon model 
( I G A S  = 3). Note that f o r  KTF = 3, kF depends on bo th  T, and T, I n  
the formulas :or I(TF = 4, 5 ,  R denotes  t h e  l o c a l  nozzle r a d i u s  ( o r  
a corresponding e f f e c t i v e  value i n  t h e  case  of a channel) .  Also, 
n is the nuniber d e n s i t y  of the atomic spec i e s  appearing on the  pro- 
P duc t  s i d e  of t h e  reac t ion .  See Appendix A f o r  a d i scuss ion  of these  
rate formulas. 

i - 3 ~  ( IR) 25 ---. J Ind ica to r  f o r  r eve r se  r a t e  con- 
s t a n t  k, f o r  IRth r e a c t i o n  i n  
gas model: 



Electronic  Nonequi librium (Cont'd) 

I 
Variable P resc t  

Name  Dimen:; ions V a  Xuc s Tm-e Def i a i t i o n  

--- I Indica tor  of r u l e  f o r  pa r t i t ion -  
ing the  reac t ion  energy of the 
13th reac t ion;  values may be 1 
t o  6, 

Note- I n  t h e  d e f i n i t i o n s  l~elow, e f  and - Er denote the  energies _ *  

gained by the e lec t ron  gas i n  No reac t ions  i n  t h e  forward and re- 
verse d i rec t ions ,  respect ive ly ,  and q f ,  -qr denote t h e  correspond- 
ing energies  lost by radia t ion .  Also, NO = Avoyadro's number. The 
admissible values of ITR correspond t~ t he  following re la t ions :*  

ITR = 1 cf = - a R ~ T , ,  qf = Co - €f 

I T R  = 2 

I 
ITR = 3 

ITR = 4 

ITR = 5 

ITR = 6 

Tllc appl icat ion of these rcclction encrgy p a r t i t i o n  rules t o  reactio:ls  
i n  argon and helium i s  discussed i n  1'Ippcndix Ii. 

*The formulas Tor TTR = 2 arc? a special case 05 those for I T K  - 1. 
The rcasol~s  fo r  thi s Sol-n~ulation arc l ~ i s t o r i c a l  rather tlian logical .  



Electronic  Koncquilibrium (Concl' d)  -- 
Variable Prese t  

Name Dinlensions Values TVPc Defini t ion 

EPAR(I,IR) 2 x 25 -.-- R EPAR(~, IR) = parameter G O  f o r  
t h e  IRth reac t ion  i n  c a l  per  No 
reac t ions  ; EPAR (2 ,  I R )  = para- 
meter a f o r  the  IKth reac t ion  i f  
ITR(IR) = 1. 

BPAR 1 --- R Parameter b f o r  a l l  r eac t ions  
with KTF = 4. 

TLIST ( J) 30 --- R T e m p e r a t u r e v a l u e s f o r t a b l e o f  
e l a s t i c  c o l l i s i ~ n  cross  sec t ion  
(OK) 

p@M (J) 30 --- R 
va lue s 

Gioup 10: Controls f o r  Diasnostic Dumps  

NATA contains a nuniber of coded-in provis ions f o r  s p e c i a l  out- 
put  t o  facilitate t rac ing  the  operation of c e r t a i n  sec t ions  of t h e  
program These diagnost ic  dumps a r e  intended f o r  use by programmers 
i n  analyzing eauses o? code f a i l u r e .  Ordinary users  of NATA w i l l  
rarel.1 f ind occasion t o  invoke them. Tile input  var iables  control-  
l ing  these  diagnost ic  outputs are defined below. 

Variable Prese t  
Narw Dimensions Valucs ?me D e f i n i  t:&q 

ISW5A 1 0 I I f  nonzero, the  e s e c ~ ~ t i o n  of 
subroutine RESTIP is trzce6 by 
dunps. 

ISW4.B 1 0 I I f  >0, a la rge  dump is wr i t t en  
each time t h e  boundary layer  
rout ine BLAYER is ca l l ed ;  i 5  
(0, a onc-line d u ~ ~ p  i s  t ~ r i t t c n .  

ISIi15B 1 0 I I f  >0, la rge  dumps arc w r i i ' i c n  
each time tfrc subrou Line s C$:.li.;, 
EXACT, ml?T, PRTA arc  calloci an6 
a t  a po in t  i n  subroutine NQI:EQ. 

. If (0, thcsc diunps arc writ-tcn 



Controls  for Diacrnostic Dumps (Contld) 

1 Variable  P r e s e t  
Name .- Dimensions Values- Tvpe Def in i t i on  

every I I S W ~ B ~  t h  e n t r y  i n t o  
c ~ ~ M I Y z ,  and a one- o r  two-l ine  
dump i s  w r i t t e n  by NONEQ i n  every 
step. 

0 I I f  nonzero, d i agnos t i c  dumps a r e  
p r i n t e d  i n  t h e  t r a n s p o r t  prop- 
e r t y  rou t ines .  For ISWZB> 0, 
PU'IQIN dump is  produced every 
ISt78B t imes. For ISW8B 4 0, 
PUTQIN dump is suppressed. 

2.4 Input  of  G a s  Species and Reactions 

Elements, chemical spec i e s ,  and r e a c t i o n s  o the r  than those  avail- .  
a b l e  i n  the prccodcd data can be d e f i ~ l e d  and used i n  NATA f l o v ?  c a l -  
cu la t ions .  These a d d i t i o n a l  d a t a  a r e  read  i n  under t h e  namel is t  

, n m c  EINPUT. I? such da ta  a r e  t o  be provided,  t h e  i n p u t  v a r i a b l e  

I REhDG i n  the mail1 i n p u t  must be set t o  ,TRUE.. Then, imrtiediately 
follovring the  .$END card of t h e  main i ~ p u t ,  t h e r e  must be a card 
contcining 

i n  cohmns 2-8. This card i s  followed by t h e  ii1pu-c d a t a ,  d iscussed 
below, i n  the n m e l i s t  format described i l l  Sect ion 2.1, and tlie 
i npu t  d a t a  cards must be fol1ov:ed by another ca rd  wi th  $END i n  
columns 2-5, 

The input  v a r i a b l e s  f o r  de f in ing  chcmj-cal elements are REELS, 
a ten-entry array IEEP(I), and t c n  two-entry a r r a y s  EEY1, EEPZ,.,., 
EEP10. These v a r i a b l c s  a r e  dcfj.ncd i n  the following t a b l e .  None 
of thcm are preset. 



Variable 
Name Dimensions Tme Defini t ion 

NEELS 1 I Number of elements being defined ( < 10) . 
IEEP (I) 10 I Indices  assigned t o  t h e  defined elc-  

ments i n  the  master Lis t  of elements, 

EEPn (a) 2 R Data f o r  n th  defined element 

J = 1 atonic  number 
J - 2 atomic weight (g/mole) 

The e l e m n t s  ava i l ab le  i n  t h e  precoded da ta  and t h e i r  assigned pos- 
i t i o n s  i n  the  master l i s t  of elements a r e  spec i f ied  i n  Sect ion 4.1, 

The input  va r i ab les  f o r  def ining chemical species  a r e  SP1, 
SP2, ,.., SP30, each of which i s  a 43-entry array,  The number n 
i n  t h e  a r r a y  name SPn i s  the  i rdex  assigned t o  the  species  i n  t h e  
master list, The avai lab le  species ,  t h e i r  p roper t i e s ,  and t h e i r  
locat ions i n  t h e  master list a r e  a l l  spec i f ied  i n  Section 4.2, 
Data for any of the  standard species  can be  changed f o r  a par t icu-  
l a r  NATA run by reading !.n t h e  SPn a r ray  used t o  s t o r e  i t s  proper- 
t i e s .  

The da ta  i n  the  SPn a r rays  a r e  defined and discussed i n  d e t a i l  
i n  Section 4.2. The d e f i n i t i o n s  of t h e  SPn a r ray  e n t r i e s  a r e  sum- 
marized b r i e f l y  below f o r  convenient reference.  A l l  e n t r i e s  a r e  
r e a l ,  bu t  those with in teger  values may be punched without decimal 
po in t s ,  as the  Namelist input  system w i l l  supply the  decimals and 
NATA provides f o r  r e l i a b l e  roundingdown t o  the c o r r e c t  in t ege r  val- 
ues i n  cases where t h i s  is  required. 

SPn (1) Read i n  0. (Contains species  name i n  compiled-in 
da ta ;  t h e  code suppl ies  a name f o r  ident i fy ing  t h e  
species  i n  the  output. ) 

SPn ( 2 )  N W e r  of chemical elements i n  species  (1 3).  

~Pn(3-5)  Indices  of elements i n  the  master l i s t  of elements 
(as modified by input  d a t a  f o r  elements). 

S P ~  (6-8) N u m b e r s  of atoms of elements i n  a molecule of the  
species. 

S P ~  (9) The=mo-fit coef f ic ient*  r,. 

*See Section 2.2 of Volume I ( re f .  1) . 



SPn ( 10) 

SPn(11) 

SPn (12)  

s P ~  ( 13 ) 

S P ~  ( 14) 

S P ~  (15) 

SPn ( 16) 

S P ~  ( 17 ) 

SPn (18) 

SPn ( 19 ) 

Thermo-fit c o e f f i c i e n t  b- 

Thermo-fit c o e f f i c i e n t  c. 

Thermo-fit c o e f f i c i e n t  d. 

Thermo-fit c o e f f i c i e n t  e, 

Thenno-fit c o e f f i c i e n t  k- 

Formation enthalpy a t  O°K (cal/mole) . 
Number of a t m s  pe r  molecule*. 

Chemical constant,** 3. 

Charac te r i s t i c  v i b r a t i o n a l  temperature (OK),  

Number of e l e c t r o n i c  l e v e l s  ( 110) .  

SPn (2 0) 1 i f  t;.,ermo f i t  da ta  are used f o r  species ,  0 i f  not,  

S P ~  (21-30) Degeneracies of t h e  e l ec t ron ic  levels.  

SPn (31-40) Energies of the  e l e c t r o n i c  l eve l s  (cal/mole) . 
SPn(41-43) Vibrat ional  temperatnres f o r  t h e  second, t h i r d ,  and 

f ourtll v i b r a t i o n a l  modes ( t r i a t o n i c  species  only) 
(OK) . 

When a new species  model (as  defined by a n  SPn array)  i s  f i r s t  
s e t  up, it is advisable t o  make a preliminary run with ISW6A =-1 
(Section 2.3, Group 1) t o  p r i n t  a t a b l e  of species  p roper t i e s  a s  
calculated from t h e  xodel. Errors  i n  the species  inputs  can be 
detected more read i ly  i n  such a t a b l e  than i n  the  r e s u l t s  of flow 
ca lcula t ions ,  

*Input of SPn(1G) = 0 suppresses a l l  use of the  "physical  model" 
for ca lcula t ing  the  thermal p roper t i e s  of t h e  species ,  I n  t h i s  
case,  the proper t ies  a r e  calculated from t h e  thermo f i t  ~t a l l  
tempera turcs, and SPn (17-19) and ~Pn(21-43) a r e  n o t  used; SPn (20) 
must be equal t o  1 i n  t h i s  case. 

**See Section 2.2 of Volume I ( r c f .  1). 



The input  va r i ab les  f o r  def ining reac t ions  a r e  RP1, RP2,..., 
RP64, each of which i s  a 29-entry array.  The e n t r i e s  a r e  defined, 
and t h e  ava i l ab le  compiled-in reac t ions  a r e  spec i f ied ,  i n  Section 
4.3. The d e f i n i t i o n s  a r e  repeated here f o r  e a s e  of ie terence.  
A l l  of t h e  e n t r i e s  are r e a l ,  bu t  those with in tege r  vp-lues may 
be punched without the  decimal point .  

RPn (1) Constant A i n  r a t e  equation (sec-l,  crn3/mole-sec, 
or cm6/mole2-sec) . 

RPn (2) Exponent "2 i n  r a t e  constant  formula.* 

RPn(3) Activation energy Ea i n  r a t e  constant formula.* 

RPn (4) 1.0 i f  a l i s t  of third-body species  i s  provided 
i n  RPn (20-29) ; 0.0 i f  not  

RPn (5) Nuniber of reac tant  species  ( (_ 3). 

RPn (6) Number of product species  ( 5 3 ) .  

RPn (7-9) Indices of r eac tan t  spec ies  i n  t h e  master l i s t  of 
species,  a s  modified by t h e  input  da ta  f o r  species 
(if any) . 

FWn(l0-12) Indices  of product spccies  i n  t h e  master L i s t  of 
species. 

R P ~  (12-15) Numbers of molecules of reactants .  

RPn (16-18) Nurribers of molecules of products. 

RPn ( 19) Nuniber of t h i r d  bodies ( 510) . 
FWn(20-29) Indices of t.Lird body species  i n  master l i s t  02 

species.  

I f  any t r anspor t  property ca lcula t ions  a r e  t o  be done fo r  
new species  read i n  under EINPUT, it i s  a l s o  necessary t o  provide 
t r anspor t  cross  sec t ion  d a t a  f o r  t h e  species.  Hovever, i f  only 

*Equation ( G 9 )  i n  Section 2.3 cf Volume I ( r e f .  1); see a l s o  the  
d e f i n i t i o n  of KT?? ( I R )  undcr Group 9 i n  Section 2.3 above. 



invisc id  flow ca lcula t ions  a r e  des;red, the  code can be run with- 
ou t  cross  sec t ion  da ta  by s e t t i n g  the  con t ro l  va r i ab le  N$TRAN 

1 t o  .TRUE. i n  t h e  main input  (Section 2.3, Group 1); t h i s  suppres- 
ses a l l  t r anspor t  property,  boundary layer ,  h e a t  f l u ,  and wedge 
ca lcula t ions  everywhere i n  t h e  code. 

If t r anspor t  property calcula+..ions involving a new species  
a r e  require2, t h e  v7riabLe READXS i n  t h e  main input  must be  set 
t o  .TRUE., and the  cross  sec t ion  d a t a  f o r  t h e  spec ies  a r e  then 
read i n  under the  namelist  name TINPUT. The input  cards contain- 
ing these da ta  immediately follow t h e  deck of cards read under 
the name EINPUT, They begin with a card containing 

i n  columns 2-8. This card is  followed by the  cards containing 
the cross  sec t ion  input  da ta  i n  t h e  namelist  format described i n  
Section 2.1, The f i n a l  card of t h i s  group must contain $END i n  
columns 2-5. 

The t r anspor t  property. inputs  a r e  a s  follows: 

Variable 
Name Dimensions Tme Defini t ion 

NNYQ 1 I Nuniber of s t eps  i n  t h e  cross  sec t ion  
ca lcula t ion  f o r  which da ta  a r e  speci- 
Zied (including compiled-in da ta)  . 

I Index specifying the  option t o  be used 
i n  t h e  Nth s t e p  of the  cross  sect ion 
ca lcula t ions  (allowed values, 2 through 
14)- NXKQ values a r e  required. (The 
meaning of each of the  allowed KKQ val- 
ues i s  given i n  Section 4.6).  

T Number of p a i r s  of species  t o  which the  
cross  sec t ions  ca lcula ted  i n  the  Nth 
s t e p  a r e  t o  be applied. NNKQ values 
a r e  required. (NNQ (N)  (_ 5 )  . 



Variable 
Narne Dimensions W e  Defini t ions 

I n  (K) 5 I Indices  of t h e  species  t o  which t h e  
cross  sec t ions  calculated i n  t h e  Nth 

Jn (K) 5 I s t e p  a r e  t o  be applied,  r e fe r red  t o  the  
master species  l ist .  In  these  var iable  
names, n denotes an in teger  (equal t o  
N) which i s  p a r t  of each name. There 
a r e  100 a r rays  of each type, namely 
I l ( K ) ,  12(K),..., I l O O ( K ) ,  Jl[K)..., 
5100 (K) . There a r e  NNQ (N) p a i r s  of 
indices  In ,  J n  f o r  each s t e p  N. Only 
p a i r s  with In(K) S Jn(K) a r e  used irr 
the  t r anspor t  property calculat ions.  

R L i s t  of input  parameters f o r  the  Nth 
s t e p  of the  cross  sec t ion  ca lcula t ions .  
There are 100 of these  ar rays ,  V 1  ( K )  , 
V2 (K)  , , . . , ~ 1 0 0  (K) . The number of par- 
ameters required f o r  each option and 
t h e i r  d e f i n i t i o n s  a r e  discussed i n  Sec- 
t i o n  4.6. 

I Sequencing a r r a y  f o r  specifying the  or- 
de r  i n  which the  defined s teps  w i l l  be 
ca r r i ed  ou t  during t h e  cross  sec t ion  
calculat ions.  The index N i n  t h e  pre- 
ceding a r rays  i s  given by N = ISEQ(L) 
where L = 1, 2, 3,  4, .. . , NNKQ i s  t h e  
order i n  which t h e  s teps  a r e  executed.* 

TL 1000 R Additional s torage locat ions f o r  c ross  
@MEGAI 1000 R sec t ion  data .  The use of these ar rays  
ASTAR 1000 R i s  discussed i n  Section 4.6. 
BSTAR 1000 R 

Whenever a new s e t  of c ross  sec t ion  da ta  i s  used f o r  the  f i r s t  
time, it is advisable t o  check these inputs  by making a preliminary 
run with ISWLB s e t  equal  t o  -2 i n  the  main input  t o  invcke the  com- 
plete e d i t  of cross  sect ions.  !tl~is e d i t  cons i s t s  of th ree  par t s .  

*This input  allows s t eps  t o  be added t o  t h e  cross  sect ion calcu- 
l a t i o n  ( c . g . ,  fo r  new specics)  without s h i f t i n g  any of the  compilcd- 
i n  da ta  i n  thc  Ii, Ji, and V i  arrays.  



The f i r s t  p a r t  lists z11 of t h e  def ined  s t e p s  i n  t h e  c r o s s  sec- 
t i o n  c a l c u l a t i o n ,  fncluding these  compiled i n  f o r  corrlputing 
t h e  t r a n s p o r t  p r o p e r t i e s  of t h e  s tandard spec ies  and any s t e p s  
which have been added by inpu k. The s t e p s  a r e  l i s t e d  i n  t h  
o rder  i n  which they would be performed i f  t h e  c u r r e n t  g a s  model 
were t o  include a l l  of t h e  standard and def ined  species .  The 
second p a r t  of t h e  e d i t  l ists t h e  s t e p s  s e l ec t ed  by the t r a n s p o r t  
rou t ines  f o r  t he  c u r r e n t  gas  model. This l i s t  omits s t e p s  which 
a r e  required only  f o r  c a l c u l a t i n g  t h e  c r o s s  s e c t i o n s  of spec ies  
which a r e  no t  p re sen t  i n  t h e  gas  model, and inc ludes  s t e p s  which 
have been added by t h e  d e f a u l t  options.  This  second p a r t  of t h e  
e d i t  thus  shows how t h e  t r a n s p o r t  p r o p e r t i e s  w i l l  a c t u a l l y  be  
ca l cu l a t ed  i n  t h e  c u r r e n t  problem, The t h i r d  p a r t  of t h e  e d i t  
i s  a s e t  of t a b l e s  g iv ing  t h e  c r o s s  s e c t i o n s  f o r  each p a i r  of 
spec i e s  i n  t he  cu r r en t  gas  model as a func t ion  of temperature up 
t o  t h e  i npu t  r e s e r v o i r  temperature, CTAPI. 

The s imples t  method f o r  spec i fy ing  t h e  cross s e c t i c n s  f o r  
p a i r s  involving a new spec i e s  i s  t o  r e l y ,  t o  t h e  maximum ex ten t  
pos s ib l e ,  upon t h e  d e f a u l t  op t ions  i n  t h e  NATA t r a n s p o r t  p roper ty  
rou t ines ,  The inpu t s  requi red  may then  be summarized b r i e f l y  a s  
follows: 

(1)  I f  t he  new spec ies  i s  an ion ,  no c r o s s  s e c t i o n  in -  
p u t s  f o r  it a r e  requi red ,  provided the spec i e s  i s  
assigned a prev ious ly  unoccupied Location i n  t h e  
master list of spec ies ,  

I f  t h e  new spec ies  i s  n e u t r a l ,  one s t e p  must be  
added t o  t h e  transp0r. l  c r o s s  s ec t ion  c a l c u l a t i o n s  
t o  -0n1pute t h e  c r o s s  s e c t i o n s  f o r  i n t e r a c t i o n  of 
t h e  spec i e s  wi th  i t s e l f .  A l t e rna t ive ly ,  t h e  l i ke -  
l i k e  i n t e r a c t i o n  f o r  t h e  new spec i e s  can be added 
t o  an e x i s t i n g  s t e p  i n  t h e  c ros s  s e c t i o n  ca lcu la -  
t i o n  by increas ing  NNQ f o r  t h e  s t c p  by  1 and adding 
t h e  new spec ies  t o  t he  corresponding I n  and J n  l ists.  
3Cn t h e  absencc? of o the r  s p e c i f i c a t i o n s ,  a l l  of  t h e  
un l ike  p a i r  c ros s  s ec t ions  involving t h e  new spec i e s  
wil l .  automatic.al ly be  ca l cu l a t ed  us ing  a mixing r u l e  
(option KKQ = 1 0 ) -  

(3)  Adding a s t e p  t o  the c a l c u l a t i o q s  r e q u i r e s  t h e  fol -  
lowing changcs i n  t he  t r a n s p o r t  inputs :  

a. NNI<Q must be increased by 1 ( s e e  t r a n s p o r t  
bloclc data rou t ine  f o r  t h e  o r i g i n a l  va l ue )  , 



b. The option t o  he used i n  ca lcula t ing  the  
cross  sec t ions  f o r  .;he l ike- l ike interac-  
t i o n  of the  new s l s c i e ~  with i t s e l f  must 
be spec i f ied  i n  the form 

KKQ (n) = option nunber 

where n i s  the  numerical i n d e ~  (N) of a 
s t e p  which i s  not  a l ready used by t h e  
compiled-in data.  

c. The number of p a i r s  of species t o  which t.he 
nkw s tep  i s  applied i s  s e t  t o  unity:  

d. The indices of the  species  a r e  s e t :  

I n  = ind2x assigned to new species  

J n  = same index 

e. The parameters f o r  the  option a re  s e t  

Vn = l i s t  of values 

f. The ISEQ a r ray  must be modified t o  i n s e r t  
the  new s t e p  ahead of the  s t e p  in  which the 
mixing ru le  (option 10) is  exercised. The 
proper locat ion can be determined by examin- 
ing the  KKQ and ISEQ ar rays  i n  t ranspor t  block 
data.  This posi t ioning of t he  new s t e p  i s  re- 
quired t o  a l low appl ica t ion  of the mixing r u l e  
t o  the  like p a i r s  involving the new species. 

g. If t h e  option se lec ted  required addi t ion  of 
da ta  t o  the  TL, OMEGA1, ASTAR, and BSTAR 
ar rays ,  these data must be s e t .  This can 
be clone most con-~cnicnt ly  by reading i n  cach 
ar ray  ent ry  a s  a subscripted var iable ;  e.g., 

TL(k) - valuc,  TL(k + 1) = valuc, e t c .  



where k, k + 1, etc, are numerical index 
values of a r ray  elements which are not used 
by the compiled-in data ,  

If in fomat ion  i s  ava i l ab le  concerning the cross  sec t ions  
f o r  some oE the  unlike i n t e r a c t i o n s  involving the  new spsc ies ,  
t h e  accuracy of t h e  NATA t r anspor t  property ca lcu la t ions  can be 
inl,-roved by aciding a d d i t i o n ~ l  s t e p s  t o  ca lcu la te  these  c ross  sec- 
t i o ~ a ,  These steps,  l i k e  t h e  s t e p  f o r  t h e  l ike-like cross sec- 
t ions ,  shou;d be inser ted  ahead of t h e  s t e p  i n  which opt ioa  10 i s  
applied, 

2.5 Execution Time 

-9n estimate of execution time is normally required whenever 
a job i s  submitted fo r  running on a computer system, The per-case 
execution time of NATA can vary g r e a t l y  depending on t h e  types of 
so lu t ions  requested and the  gas models used. Typical tirr.es f o r  
t h e  various p a r t s  of t h e  ca lcula t ion  a r e  l i s t e d  below f o r  runs 
using the  stqndard a i r  models (IGAS = 1, 2). The times are roughly 
s imi lar  on the  UNNAC 1108 and t h e  IBM 360/75, 

(I) Reservoir ca lcula t ions  

Based on temperature and pressure: 1 sec 
Based on pressure and m a s s  r'low: 30 sec 
3ased on enthalpy and m a s s  flow: 60 sec 

(2) Prozen o r  equilibrium solution: l/3 t o  1/2 min 

(3) Nonequilibrium s o ~ ~ t i o n :  1 to 3 min 

(4) PIodel ca lcula t ions  (per ni.del point)  : 2 t o  3 sec  

The times a r e  somewhat g r e a t e r  (by up to a f a c t o r  s- two) when 
t h e  planetary atmosphere models ( IGAs = 5, 6 j  a r e  used. Non- 
equilibrium solut ions based on t h e  helium and argon models are 
i n  a c l a s s  by themselves; experience i s  l imited,  bu t  times of 
che order of an hour should be ant ic ipa ted ,  



N o r m a l  outputs produced i n  var ious types of NATA runs a r e  
described and discussed i n  t h e  present  section. Diagnostic mes- 
sages and dumps produced under abnormal circumstances are l i s t e d  
and explained i n  Appendix B. 

NATA outputs a r e  discussed i n  t h e  order i n  which they appear 
i n  a normal run i n  Sect ions 3.1 t o  3.8. The s p e c i a l  outputs  mak- 
ing  up t h e  t r rmsport  c ross  sec t ion  e d i t  and t h e  species  thermal 
property e d i t  a r e  described i n  Sections 3.9 and 3.10. 

3.1 L i s t ings  of Inpa t  Variables 

The output fo r  each NATA case begins w i t h  a complete l i s t i n g  
of the  input  va r i ab les  read i n  under namelist  INPUT (Section 2.3). 
The names and values of t h e  va r i ab les  a r e  pr in ted  i n  the  namelist  
format, equations (1) . The va r i ab les  a re  l i s t e d  i n  t h e  order  i n  
which they a r e  defined i n  Section 2.3, The pr in ted  arrangement 
of these da ta  d i f f e r s  between t h e  UNIVAC 1108 and t h e  IBM 360. 
The 1108 p r i n t s  each s ing le  va r i ab le  on a separate  l i n e ,  and each 
a r ray  i n  a separate  block. The 360 runs t h e  outputs of the form 
(1) together  to  make up l i n e s  running t h e  f u l l  width of t h e  page, 
The arrangement pzduced by t h e  360 i s  more compact b u t  more d i f -  
f i c u l t  t o  read. 

To provide i l l u s t r a t i o n s  of the various types of NATA output,  
a job consisti i lg of two cases  deal ing with a i r  flow i n  an axisym- 
metr ic  nozzle was run on an IBM 363/75. Figure 2 i s  a l i s t i n g  
of t h e  input  cards fo r  these  cases. Figure 3 shows the  l i s t i n g  
of input  var iables  produced by t h e  code f o r  t h e  f i r s t  case ( t o  
be refer red  t o  a s  Test  Problem No. 1). Apark from t h e  d i f f e r -  
ence i n  arrangement described above, the output shown i n  f igure  
3 d i f f e r s  from t h a t  which would be produced on a UNIVAC 1108 i n  
th ree  addi t ional  respects:  

(1) Variables which are not  referenced i n  the input  
da ta  ( f igure  2 ) ,  and which a r e  not  p r e s e t  i n  t h e  
coding, contain meaningless values l e f t  i n  the  
computer core by a previous j ~ 3 ,  Since t h e  1108 
c l e a r s  core before each job, suc5 va r i ab les  would 
be pr in ted  a s  zero i n  t h e  output from an 1108 run. 



1 t. PROBLEM NO* 1 - A i R  FLOW XN AN A X I S Y M M E T R I C  NOZZLE W I T H  MODEL AND WEDGE 

+ 1 NPUT 
f S Y 4 A = 1  r CXMAKI=SO. ISW28=-1.  FLOW=.OJr H S T I G = l O B B O r  N O Z Z L E = 1 3  r 
f S D I A M = 2 O r  25. KDIM=O. CATFAC=O. N A N G L E = l  r A N G L E = I S r  N R A D L E = l .  R A D L E = r  3 7 5 s  
NWX=8 r WX I = P e S e  4.5. I S W 9 8 = - 2  

+END 
TEST PROBLEM NO*  1 A  - OUTPUT CONTROLS 

+ I N P U T  
ISWaA=O. I S W 7 B = l .  I SW6B=-4. lSWIA=O.  I SW3A=3  

*END 

FIGURE 2 - LISTING OF INPUT CARDS FOR TEST PROBLEMS NO. 1 AND 1A 
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(2) NATA is run a s  a double-precision program on t h e  
I B M  360, Hence, t h e  exponent i n  floating-point 
numbers is  p r h t e d  a s  D in p lace  of E, and the  
-alues a r e  p r in ted  t o  16 d i g i t s .  

(3) Under t h e  I B M  360 operating system used i n  t h i s  
run,when a double prec is ion  va r i ab le  i s  set t o  
a single-precision value e i t h e r  by inpu t  or i n  
a d a t a  statement i n  the  program, only the  f i r s t  
s i x  s i g n i f i c a n t  f igures  are set correc t ly .  The 
t e n  t r a i l i n g  d i g i t s  a r e  usual ly  inaccurate  o r  
meaningless. 

I f  d a t a  descr ibing elements, speci e s ,  o r  r eac t ions  are 
read i n ,  the  l i s t i n g  of t h e  va r i ab les  i n  namelist  INPUT i s  
followed be- a l i s t i n g  of those i n  namelist  EINPUT (Section 
2.4). Also, i f  t r anspor t  c ross  sec t ion  da ta  are read i n ,  a 
l i s t i n g  of t h e  var iables  in namelist  TINPUT i s  produced, These 
l i s t i n g s  a r e  similar i n  format t o  t h e  INPUT l i s t i n g  i l l u s t r a t e d  
i n  f igure  3. 

3 -2  Problem Summary 

Immediately following t h e  l i s t i n g s  of program inputs ,  NATA 
produces a summary of the inpu t  spec i f i ca t ions  f o r  t h e  case. This 
output i s  headed by the  t i t l e  "NATA I11 Code Output". The problan 
summary f o r  Test  Problem No, 1 i s  shown i n  f i g u r e  4. I n  general ,  
t h e  summary contains  t h e  following information: 

(1) A l i n e  giving t h e  run number (IRUN) , t he  case 
number i n  the  current  job ( s e t  i n t e r n a l l y  by t h e  
code), and t h e  contents 05 the  descr ip t ion  card 
f o r  t h e  case, 

(2) A l i n e  s t a t i n g  t h e  input  spec i f i ca t ions  f o r  t h e  
r e se rvo i r  conditions. 

(3) A summary of the  nozzle o r  channel geometry, in- 
cluding a t a b l e  giving t h e  parameters of the  noz- 
z l e  p r o f i l e  c u r v e f i t  i n  centimeter uni t s .  This is  
omitted i n  subsequent cases  with t h e  same geometry. 

(4) A spec i f i ca t ion  02 the  gas  model as e i t h e r  a stan- 
dard gas o r  a nonstandard gas. 
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(5) A t a b l e  l i s t i n g  t h e  cold species  with t h e i r  
indices  i n  t h e  master l i s t  of species ,  mole 
f r ac t ions  i n  the  cold gas,  molecular weights 
and chemical formulas. The mean molecular 
weight of the  cold gas i s  then$ven. 

( 6 )  A t a b l e  yiving the  elemental composition of 
the gas; the  "atom f r a c t i o ~ "  i n  t h i s  t a b l e  
i s  t h e  nurr.'2er of atoms of a given element 
per  inolecule of t h e  cold gas. 

(7) A t a b l e  containing the  r a t e  d a t a  f o r  a l l  of 
t h e  chemical reac t ions  i n  the  cu r ren t  gas 
model. This t a b l e  includes the  c o e f f i c i e n t  , 
.A, t he  temperature exponent q ,  and t h e  ac- 
t i v a t i o n  energy Ea ( i n  cal/n~ole) i n  t h e  for- 
mula (63) of Volume I ( r e f .  1) f o r .  t h e  forward 
r a t e  constant. This t a b l e  a l s o  includes t h e  
c r i t e r i o n  value C z  f o r  the  switch from the  
perturbat ion so lu t ion  t o  t h e  nonequilibrium 
in tegra t ion .  Also, f o r  each reac t ion  with a 
third-body l is t ,  the  code p r i n t s  a s t r i n g  of 
zeros and ones containing a s  many charac ters  
as the re  a r e  species  i n  t h e  gas model. A 1 
ind ica tes  t h a t  the  corresponding species  is  a 
t h i r d  body i n  the  reac t ion ,  a 0 t h a t  i s  i s  not. 

(8) A t a b l e  l i s t i n g  the  chemical species  i n  the  
gas model, I n  t h i s  t a b l e ,  a 1 under ''thermal 
f i t  indica tor"  means t h a t  a thermo f i t  has been 
provided f o r  the  species ,  a 0 t h a t  no thermo 
f i t  has been specif ied.  Under "alpha matrix", 
t h e  number of atoms crf each chemical element i n  
a molecule of t h e  species i s  given. 

(9) A t a b l e  giving the  matrix v '  of the  s to ichi -  i d  ometric coe f f i c i en t s  o n t h c  p r  duct  s i d e  of the  
react ion.  Tllc en t ry  under each spec ies  i s  t h e  
nunber of molecules of the  s p e c i e s  appearing 
as a product of t h e  react ion,  

(10) A t a b l e  giving the  matrix V .  of t h e  s to ichi -  
ometric c o e f f i c i e n t s  on the  +dactant s i d e  of 
t h e  react ion.  



A t a b l e  containing d ~ t a  f o r  t h e  "physical  model" 
descr ip t ion  of the  thermal proper t ies  of the  
species. The columns of t h i s  t a b l e  contain the  
number of nucle i  i n  a molecule of t h e  species ,  
the  chemical constant  b ,  t h e  v i b r a t i o n a l  tem- 
perature Qv i n  degrees Kelvin, the  enthalpy of 
formation i n  cal/mole, and t h e  number of elec- 
t r o n i c  energy levels .  The degeneracies g and 
energy l e v e l s  E r e l a t i v e  t o  the s t a t e  of forma- 
t i o n  a r e  given i n  the  next t a b l e ,  l i s t e d  i n  p a i r s  
(g, E) across  the  page. The energies  a re  again 
i n  cal/mole. 

A t a b l e  l i s t i n g  the  therno f i t  da ta  f o r  the  species  
f o r  whic;. such a f i t  i s  provided. The t a b l e  includes 
t h e  c o e f f i c i e n t s  a ,  b, c ,  d,  e l  and k f o r  each spec- 
i e s ,  and t h e  enthalpy of formation i n  cal/mole ( a l so  
given i n  the  t a b l e  (11) f o r  the  phys ica l  model i n  
t h e  case of species  f o r  which both methods a r e  used). 
A l l  of t h e  t a b l e s  from (5) through (12) a re  omitted 
i n  subsequent cases  with t h e  same standard gas model. 

A statement of the  spec ies  p a i r  f o r  which the  Lewis 
number i s  calculated.  

A statement of  whether o r  not  boundary layer  e f f e c t s  
a r e  t o  be  included i n  the flow solut ions.  

A summary of input  da ta  f o r  ca lcula t ions  of condi- 
t i o n s  on models. 

A summary of input  da ta  f o r  ca lcula t ions  of condi- 
t i o n s  on wedge models. 

A timinq message giving t h e  elapsed times s ince  t h e  
beginning of  the run and s ince  the  l a s t  time mes -  
sags. Such timing messages appear a t  seve ra l  po in t s  
i n  the  output and allow t h e  user  t o  determine how 
much computer time i s  consumed i n  each major p a r t  
of the  ca lcula t ions .  

The value of  the  s p e c i f i c  hea t  of t h e  cold gas  mix- 
t u r e  a t  t h e  nozzle w a l l  temperature TIJALL. 



3.3 Defini t ions of Output I d e n t i f i e r s  

I n  the  f i r s t  case of each NATA run, the code next p r i n t s  
a l i s t  of de f in i t ions  of t h e  alphanumeric i d e n t i f i e r s  used t 
l a b e l  the  outputs of the  flow and model condition calculat ions.  
This l i s t  i s  shown i n  f igure  5. 

3.4 Reservoir Conditions 

Next appears a page of output summarizing t h e  ca lcula ted  
gas conditions i n  the  upstream reservoi r ,  a s  i l l u s t r a t e d  i n  
f igure  6. Since the  s m c  output format i s  a l s o  used f o r  the  
t h r o a t  conditions,  the  flow ve loc i ty  and mass f lux  a r e  included 
even though they a r e  always zero i n  the reservoir .  I n  Test  
Problem No. 1, the reservoi r  conditions were determined fro- mass 
flow and stagnation enthalpy inputs. Tine double itei:ation required 
i n  t h i s  ca lcula t ion  consumed over a minute 5f computer time, a s  
shown by the  timing message. 

3.5 Flow Solutions 

The nozzle flow solu t ions  are computed and p r in ted  i n  the  
order: frozen, equilibrium, nonequilibrium. The format i s  the  
same f o r  a l l  three  types of so lu t ion ,  bu t  v a r i e s  with t h e  type 
of problem being run. For example, if the  boundary layer  on t h e  
nozzle w e l l  i s  neglectea,  only a s ing le  a rea  r a t i o  i s  printed. and 
the  boundary layer q u a n t i t i e s  such a s  t h e  displacement thickness  
and the  Stanton number a r e  omitted. I n  a channel flow problem 
including the  boundary layer ,  tv~o complete s e t s  cf boundhry 
layer data a r e  pr in ted ,  one for  each p a i r  of channel faces.  In  
a problem involving an dectron '  c nonequilibrium gas moCal, the  
e lec t ron  temperature, t h e  radia t i v c  power loss ,  t h e  energy t rans-  
fer t o  the  electrons,  and t h e  l o c a l  stagnation cnthalpy a r e  added 
t o  the  output. 

The f i r s t  page of output from t h e  frozen so lu t ion  f o r  Test  
Problem No. 1 i s  shown ir, f igure  7. Thc output i d e n t i f i e r s  X,  
T, e tc . ,  a re  defined i n  f igure 5. The species mole f r ac t ions  a re  
not  included i n  the output fo r  the  frozen solut ion because they 
a re  constant a t  t h e i r  previously pr in ted  ( f igure  G )  values i n  t h e  
reservoir .  



F
I
G
U
R
E
 
5
 
- 

N
A
TP

. 
C

O
D

E
 
O
U
T
P
U
T
 
- 

D
E

F
IN

T
"'
O

N
S

 
S

F
 

3U
T

P
U

T
 

IC
E

N
T

IF
IL

H
S

 
(

F
ir

r
t 
P
a
g
e
)
 

O
E

F
I

N
I

T
I

O
N

S
 

S
Y

M
R

O
L

S
 

--
 

3
 

A
R

A
T

 
=

 
G

E
O

W
E

T
Q

lC
 

A
R

F
A

 
P

A
T

1
0

 

A
R

A
T

E
F

 
=

 
E

F
F

F
C

T
I

V
F

 
A

R
E

A
 

R
A

T
I

O
 

D
E

L
 R

E
F

 
= 

E
O

U
I

L
I

V
Q

~
U

U
 S

H
O

C
K

 
S

T
A

N
D

O
F

F
 

D
IS

T
A

N
C

F
 

O
N

 F
L

A
T

-F
A

C
F

D
 

M
O

D
E

L
. 

O
l

V
l

D
E

D
 B

Y
 M

O
D

F
L

 
N

O
S

E
 

R
A

D
IU

S
 

O
E

L
P

E
H

 
=

 
E

O
U

I
L

I
R

R
I

U
M

 
S

H
O

C
K

 
S

T
A

N
D

O
F

F
 

D
IS

T
A

N
C

E
 

O
N

 
H

E
M

IS
P

H
G

'I
C

A
L

 
M

O
D

E
L

. 
P

I
V

I
D

E
D

 B
Y

 
M

O
D

E
L

 
N

O
S

E
 

R
A

D
I

U
S

 
O

F
L

Q
F

F
 

=
 

F
W

0
7

E
N

 
S

H
7

tC
K

 
S

T
A

N
D

O
F

F
 

O
IS

T
A

N
C

F
 

O
N

 
F

L
A

T
-F

A
C

E
D

 
M

O
D

E
L

. 
D

I
V

I
D

E
D

 R
Y

 
M

O
D

E
L

 
N

O
S

E
 

R
A

D
IU

S
 

D
E

L
P

F
H

 
= 

F
Q

7
Z

E
W

 
S

H
O

C
K

 
S

T
A

N
D

C
F

F
 

D
lS

T
A

N
C

E
 

V
V

 
H

F
H

IS
P

H
F

R
IC

A
L

 
M

O
D

E
L

. 
D

I
V

I
D

E
D

 R
Y

 
M

O
D

F
L

 
N

O
S

E
 

R
A

D
IU

S
 

D
E

L
S

T
R

 
=

 
D

IS
P

L
A

C
E

M
E

N
T

 
T

H
IC

Z
N

C
S

S
 

O
F

 
B

O
O

N
P

A
R

" 
L

A
Y

E
R

 
O

N
 

N
C

lZ
Z

L
F

 
W

A
L

L
 

(
I

N
C

H
)

 
D

E
L

S
T

W
 

=
 

0
0

1
J

N
O

A
R

Y
 

L
A

Y
E

R
 

O
IS

P
L

A
C

C
M

F
N

T
 

T
H

IC
K

N
E

S
S

 
O

N
 

W
E

O
G

F
 

(
I

N
C

H
1

 

0
1

A
W

 
7
 

N
O

Z
T

L
E

 
3

lA
M

E
T

E
P

 
f 

IN
C

H
F

S
) 

E
P

S
L

E
 

= 
O

F
Y

S
IT

Y
 

R
A

T
I

O
 

A
C

R
O

S
S

 
F

O
'J

IL
ID

R
IU

M
 

N
O

R
M

A
L

 
S

H
O

C
K

 
E

P
S

L
F

 
=

 
9

E
u

S
lT

Y
 

R
A

T
I

O
 

A
C

R
O

S
S

 
F

R
O

Z
E

N
 

N
O

R
M

A
L

 
S

H
O

C
K

 

G
A

Y
Y

A
 

= 
F

R
O

Z
E

N
 

S
P

E
C

 I
F

IC
-H

E
A

' 
9

A
T

I
f

l 
I

N
 F

R
E

E
 

S
T

R
E

A
M

 
H

 
=

 
E

N
fH

A
L

P
Y

 
I

N
 F

U
E

F
 

S
T

R
E

A
V

 
(O

T
U

/L
O

) 
H

E
IG

H
T

 
=

 
S

E
C

O
Y

D
 

T
R

4
Y

S
V

F
R

S
E

 
P

1
M

E
P

:S
IO

N
 

O
F

 
C

H
A

N
N

E
L

 
(

IN
C

H
€

 ,
) 

W
R

 
= 

R
C

C
C

IV
F

E
Y

 
F

N
T

t1
A

L
P

Y
 

(
 B

T
U

/l
.A

 
I
 

: 
H

R
A

T
c!

 
=

 
R

A
T

1
3

 
C

F
 

0
1

 S
S

O
C

IA
T

IO
N

 E
N

'H
A

L
P

Y
 

T
O

 
(U

S
-H

W
) 

F
O

R
 

E
O

U
I

L
I

A
R

I
U

M
 

S
H

O
C

K
 

H
R

IT
' 

= 
R

A
T

I
D

 
O

F
 

O
I

S
S

D
C

lA
T

I
O

N
 

E
W

T
H

A
L

P
Y

 
T

O
 

(H
S

-H
W

) 
F

O
R

 
F

R
O

Z
E

N
 

S
H

O
C

K
 

H
S

 
= 

S
T

4
G

N
A

T
IO

N
 

F
N

T
W

A
L

P
Y

 
(

U
T

b
f

L
R

)
 

. 
K

 Z
P

F
E

 
=

 
S

P
O

C
 ;

-B
O

U
N

D
A

R
Y

 
L

A
Y

F
R

 
IN

T
E

R
A

C
T

 I
O

N
 P

A
R

A
M

E
T

E
R

 
P

E
R

 
F

O
O

T
 

F
O

R
 

F
O

U
I

L
I

A
R

I
U

M
 

S
H

O
C

K
 

K
2

P
F

F
 

= 
S

W
O

C
K

-R
O

U
N

D
A

H
Y

 
L

A
Y

E
P

 
IN

T
E

U
A

C
T

IO
N

 P
A

R
A

Y
E

T
E

R
 

P
E

R
 

F
O

O
T

 
F

O
R

 
F

R
O

Z
E

N
 

S
H

O
C

K
 

L
 t
F
 

= 
A

7
D

v
-

v
G

L
tC

U
C

E
 

L
F

U
I

S
 

N
U

P
R

F
R

 
A

T
 

S
T

A
G

N
A

T
IO

N
 

C
O

V
D

IT
IO

N
 

F
O

R
 

E
O

U
I

L
I

R
R

I
U

M
 

S
H

q
C

K
 

L
 E

F
 

= 
A

T
Il

h
!-

M
'2

L
F

C
V

L
E

 
L

F
 W

 1
 S

 
N

V
P

L
IE

R
 

A
T

 
S

T
A

C
N

A
T

IO
tl

 
C

O
N

D
IT

IO
N

 
F

C
IR

 
F

R
O

Z
F

N
 

S
H

O
C

K
 

4 
= 

M
A

C
- 

N
U

M
B

E
R

 
I

N
 F

R
E

E
 

S
T

R
F

A
W

 

M
 U

 
= 

V
I

 S
C

O
S

IT
Y

 
I

N
 F

R
F

F
 

S
T

R
F

-A
M

 
(L

B
/F

T
-S

E
C

 
M

U
T

2
C

 
=

 
V

IS
C

O
S

IT
Y

 
A

T
 

<
T

A
G

N
A

T
IO

N
 

C
C

N
3

1
T

IO
N

 
F

O
R

 
E

O
U

IL
 I

B
R

I
U

M
 

S
H

O
C

K
 

(L
B

/F
T

-S
E

C
) 

M
U

T
Z

F
 

= 
V

IS
C

'3
S

IT
Y

 
A

T
 

S
T

A
G

Y
A

T
IO

Y
 

C
C

..
S

IT
IC

N
 

F
C

IP
 

V
R

O
Z

F
N

 
S

H
O

C
K

 
(L

R
/F

T
-S

E
C

I 
M

U
 

=
 

M
C

L
E

C
O

L
A

R
 

r
E

I
G

H
T

 
I

N
 F

R
E

F
 

S
T

R
E

A
M

 
(G

Y
/H

C
)L

E
) 

M
W

T
Z

E
 

= 
M

C
L

F
C

U
L

A
R

 
Y;

 
IG

W
T

 
A

T
 

S
T

A
G

N
A

T
 I

O
N

 C
O

N
0

 1
 T

IO
N

 
F

O
R

 
E

O
U

I
L

 lt
3

R
lU

M
 

S
H

O
C

K
 

(G
M

/M
O

L
E

 
1 

. 
U

W
T

Z
F

 
=

 
Y

C
L

E
C

ll
L

A
R

 
W

F
IG

H
T

 
A

T
 

S
T

A
C

.N
A

T
IO

N
 

C
O

N
D

lT
IO

Y
 

F
O

R
 

F
R

O
Z

E
N

 
S

H
O

C
K

 
(C

.M
/M

O
L

E
I 

N
 

= 
S

C
U

N
D

A
Q

Y
-L

A
Y

fR
 

I'
P

E
S

S
U

R
F

-G
Q

A
O

IF
N

T
 

P
A

R
A

U
E

T
F

R
 

I
 P

 
= 

P
R

E
S

S
U

A
F

 
I

N
 F

R
F

F
 

S
T

F
E

A
M

 
(

A
T

M
I

 

YJ
 P

R
E

 
=

 
P

H
A

N
D

T
L

 
N

ll
'J

H
F

P
 

A
T

 
S

T
A

G
N

A
T

IO
N

 
C

O
N

D
l 
f 

I
O

N
 F

O
R

 
E

O
U

IL
1

3
R

IU
M

 
S

H
O

C
K

 
I 

P
R

F
 

- 
P

Q
A

N
q

T
L

 
N

U
'.

?
i'f

P
 

A
T

 
S

T
A

G
N

A
T

IO
N

 
T

O
"

D
1

 T
I

C
N

 F
O

R
 

F
R

O
Z

F
N

 
S

H
O

C
K

 

P
R

Q
~

F
 

= 
p

u
n

.
1

3
~

~
 

L
.U

Y
V

F
R

 
A

T
 

R
E

F
F

R
E

N
C

E
 

T
E

M
P

E
R

A
T

U
R

E
 

IN
 

R
O

U
Y

D
A

R
Y

 
L

A
Y

E
R

 

P
T

Z
E

 
= 

S
T

A
G

Y
A

T
IC

IV
 

P
C

F
S

S
U

U
E

 
F

O
R

 
F

O
U

IL
 r

B
R

I
U

Y
 

S
H

O
C

K
 

(
A

T
M

I
 

P
 7
2
F
 

=
 

S
T

A
S

Y
A

T
 1

C
:N

 
P

R
C

S
S

L
IP

F
 

F
n

R
 

F
P

O
Z

E
N

 
S

H
r)

C
K

 
( 

A
T

M
)

 

P
a

w
 

= 
S

U
P

F
A

C
ll

 
F

'F
F

S
S

U
P

F
 

O
N

 
A

 
W

F
D

G
E

 
M

O
D

E
L

 
(

A
T

Y
)

 

0
 E

F
 E

 
=

 
S

T
A

G
N

A
T

IO
V

-C
'3

Ih
T

 
W

F
A

T
 

F
L

U
X

 
T

I
M

E
S

 
S

O
Q

T
(R

I 
F

O
R

 
E

O
U

I
L

I
D

R
I

J
M

 
S

H
O

C
K

 
O

N
 

A
 

F
L

A
T

-F
A

C
E

D
 

M
O

D
E

L
 

W
I

T
H

 
A

N
 E

O
U

I
L

lb
R

I
U

M
 

B
O

U
N

D
A

R
Y

 L
A

Y
E

R
 

{
R

T
U

/S
O

 
F

T
-S

E
C

)F
T

*
*

9
.5

 
F

A
Y

 -R
 
I
 D

D
E

L
L

 

Q
E

F
F

 
=

 
S

T
A

G
~

A
T

IO
Y

-P
O

IN
T

 
H

E
A

T
 

F
L

U
X

 
T

~
H

E
S

 S
O

R
T

(R
) 

F
O

R
 

E
O

III
LI

R
R

IU
M

 
S

H
O

C
K

 
O

N
 

A
 

F
L

A
T

-F
A

C
E

D
 

M
O

O
C

L
 

W
I 

 
t
i 

A
 

F
R

O
Z

E
N

 
B

W
N

D
~

R
Y

 L
A

Y
E

P
 

(O
T

U
/S

O
 

F
T

-S
€

C
)F

T
*

*
0

.5
 

F
b

Y
 -R

 
I
 D

D
E

L
L

 

O
E

H
F

 
= 

S
T

A
C

N
~

T
ID

N
-

P
O

IN
T

 
H

F
A

 T
 

F
L

U
X

 
T

IM
E

S
 

S
O

O
T

(
R

I 
F

C
R

 
F

 W
 I

L
 I

R
R

IU
M

 
S

H
O

C
K

 
O

N
 

A
 

M
F

b
':

 
"

3
H

F
R

IC
A

L
 

.*
O

D
E

L
 

W
IT

H
 

A
N

 
E

O
U

1
L

I
B

R
lU

M
 B

3
V

N
O

A
R

Y
 

L
A

Y
F

R
 

(O
T

U
/S

O
 

F
T

-S
E

C
 

)F
T

*
*

C
.5

 
F

A
Y

-Q
ID

D
F

L
L

 

O
E

h
F

 
=

 
S

T
A

G
U

h
T

lO
Y

-
P

O
IN

T
 

H
F

A
T

 
F

L
U

X
 

T
I

Y
E

5
 

S
O

R
T

[-
) 

F
O

R
 

C
O

U
I

L
I

D
R

I
U

M
 

S
H

O
C

K
 

O
N

 
A

 
H

E
M

IS
P

H
E

R
T

C
A

L
 

M
O

D
F

C
 

W
I

T
H

 A
 

F
R

O
Z

E
N

 
8

3
U

N
D

A
R

Y
 

L
A

Y
E

R
 

(
8
 T
lJ

/S
O

 
F

T
-S

F
C

)F
T

*
*

3
.5

 
F

A
Y

-R
IO

D
E

L
L

 

O
E

L
E

T
 

= 
N

E
T

 
P

D
W

F
R

 
A

3
n

E
C

 
T

O
 

T
H

C
 

F
L

F
C

T
V

tl
N

 
G

A
S

 
(C

A
L

/C
U

 
C

M
-S

E
C

) 
O

F
S

'Z
I 

= 
S

T
A

G
N

IT
 [

O
W

-P
C

lh
iT

 
H

E
A

T
 

F
L

U
X

 
T

 I
M

F
S

 
S

O
R

T
( 

R
)

 
F

O
R

 
f 

O
U

IL
 I

R
R

IU
M

 
S

H
O

C
K

 
O

N
 

A
 

M
flD

E
L 

(R
T

U
/S

U
 

F
T

-S
E

C
)F

T
L

+
D

.S
 

S
R

I
 

F
O

R
:~

IJ
L

A
 

C
fF

F
: 

= 
5

1
 A

G
N

A
T

 1
3

~
-P

0
1

t;
7

 
H

~
A

 
1
 F

L
U

X
 

T
 I

M
~

 
S

 
S

O
U

T
(R

) 
F

V
R

 
F

P
O

T
T

N
 

S
H

O
C

K
 

O
N

 
A

 
F

L
A

T
-

F
IC

E
O

 
M

O
P

L
' 

N
I

T
H

 h
N

 E
O

U
I

L
I

O
R

I
U

M
 R

O
U

Y
D

A
R

l 
L

A
Y

E
R

 
(

q
T

U
/S

O
 

F
 T

-S
F

C
)F

T
+

*
0

.5
 

7
 X

Y
-R

I 
~

D
F

L
L

 
O

F
F

7
 

=
 

S
T

A
G

~
~

A
T

~
C

Y
-

P
P

I
N

~
 

H
~

A
T

 
r

~
u

x
 

T
~

V
C

~
 

S
O

Q
T

(Z
) 

F
~

Q
 

~
P

~
?

F
N

 
S

H
D

C
K

 
O

N
 

A
 

F
L

A
T

-F
A

C
F

D
 

M
O

D
F

L
 

h
,

‘
~

 A
 

F
R

O
Z

E
N

 
B

O
U

N
D

A
M

Y
 

L
A

Y
E

R
 

(
~

~
u

/
s

o
 

F
T

-
S

T
C

I
F

T
*

*
~

.
~

 
F

A
Y

-r
( 

1
O

P
rI

.L
 

O
F

b
F

 
= 

S
T

A
T

.Y
~

\T
IQ

V
- r- 
I
[
 .

T
 

H
E

A
T

 
F

1
:J

u
 

T
 :#

F
S

 
P

,
d

%
~

T
lw

)
 

F1
: 

< 
i

i
l

i
~

i
t

t
~

 
S

H
C

C
K

 
O

h
 A

 
H

E
Y

 I
S

P
k

C
G

IC
A

L
 

?
!Z

n
-L

 
W

lT
U

 
A

N
 

E
O

U
I

L
I

B
R

I
V

M
 

O
C

lC
Y

O
A

R
Y

 
L

A
Y

E
R

 
(

n
~

\
'
/
5

0
 F

T
-

S
~

C
 )

v
T

+
*

Q
.

~
 

F
A

Y
-R

1
9

D
C

L
L

 
O

F
H

F
 

= 
S

T
n

G
V

4
T

 ~
O

V
-

P
'

~
I

N
T

 
W

t-
 A

T
 

r 
L

U
X

 
T

I
Y

F
S

 
S

O
 <

T
(

Q
)

 
F

P
.1

 
F

R
q

7
f

N
 S

H
O

C
* 

C
I1

 
A

 
H

E
H

IS
P

H
E

R
IC

A
L

 
M

O
D

E
L

 
W

IT
H

 
A

 
F

Q
O

Z
E

N
 B

O
U

N
D

A
R

Y
 

L
A

Y
E

R
 

(F
?

T
U

/S
Q

 
F

T
-

S
F

(
 

lF
?

*
+

3
.5

 
F

A
Y

-R
 
I
 D

D
E

L
L

 

~
)

F
P

 
=

 
-

E
A

T
 

F
L

O
W

 
T

C
~

 A
 

$
1

 A
T

 
r

~
a

~
e

 
I
 

F
T

 
~

r
o

r
 

T
L

*E
 

'.
E

A
~

IN
~

; 
F

D
G

F
 

(R
T

U
/S

C
 

r
f
-
S

F
C

I
 

- 
C

T
C

.7
1

 
= 

5
T

4
,

~
V

A
T

l
l

Y
 
,
l 

,.
T

 
U

f
d

' 
F

L
'J

X
 

T
l

v
 

S
 

S
O

R
T

IQ
)

 
F

O
R

 
F

Q
?

lF
Y

 
S

H
O

C
K

 
O

N
 

W
D

O
E

L
 

(B
T

U
/5

'1
 

F
T

-S
E

C
lF

T
+

+
O

.5
 

S
R

1
 

F
O

Q
M

U
L

4
 

3
~
n
:
)
 

= 
~

i
\

~
,

r
i

\
r

c
o

 
v

n
fl

rr
' 

(C
A

L/
C

I.
, 

C
M

-
S

~
C

 1
 

(3
 d
 

1
 

-F
A

: 
c

C
'J

X
 

T
': 

\'(
':

7
L

E
 

k
A

L
L

 
('

1
T

:l
lS

Q
 

C
T

-<
'C

) 

S
U

*
 

1
 

c
r

t
b

 i
 

P
C

!;*
 

T
C

 
';0

;2
F

.I
C

F
 

"
F

 
h
 

w
r!

>:
;T

I 
V

r'
?

C
L

 
(n

T
1

1
/5

t>
 
f
 
T

-S
E

C
) 



R
 

R
E

P
F

 
R

E
f

H
 

R
E

T
H

T
R

 
R

 T
2

E
 

s S
IG

M
A

 
S

 l
G

T
Z

E
 

S
 I
 G

T
Z

F
 

S
T

I
N

T
N

 
S

T
2

F
 

S
T

P
F

 
T

 
T

 1
5

 
T

 2
F
 

T
 A

U
W

 
T

E
L

E
C

 
T

H
E

T
A

 
v w 

I
D

T
n

 
X

 X
 S

N
 

X
 w

 
Y

 s
 

Z
E

T
A

 

F
I
G
U
R
E
 
5
 
- N

A
T
A
 
C
O
D
E
 O
U
T
P
U
T
 
- D

EF
IN
T'
ZO
NS
 

O
F
 
O
U
T
P
U
T
 
I
D
E
N
T
I
F
I
E
R
S
 

(6
oc

on
d

 P
a
g
o
)
 

a
 

C 
T

Y
 

I
N

 F
R

E
E

 
S

T
R

E
A

M
 

fL
H

/C
U

 
f
l
)
 

r
 

Q
, 

- J
L

O
S

 
N

U
M

R
F

R
 

P
C

W
 

F
O

O
T

 
1

N
 F

Q
E

E
 

S
T

R
E

A
M

 
- 

= 
R

E
Y

N
O

L
D

S
 

N
U

M
iE

R
 

B
A

S
E

D
 O

N
 

M
O

M
E

N
T

U
M

 
T

H
IC

U
N

E
S

S
 

r
 

C
R

(T
 !

C
b

L
 

Q
F

Y
Y

O
L

C
S

 
N

U
M

B
E

R
 

(
0

4
S

C
D

 
O

N
 

M
O

M
C

N
T

U
M

 
T

H
IC

K
N

E
S

S
) 

F
O

R
 

H
O

U
N

O
A

4
V

 
L

A
Y

F
R

 
T 

R
A

N
S

lT
lO

N
 

= 
D

~
N

S
I

T
Y

 A
7

 
S

T
A

G
N

A
T

IO
N

 
C

O
N

D
I 

T
lO

N
 F

n
R

 
E

O
U

IL
IR

R
IU

'4
 

S
H

O
C

K
 

(L
B

/C
U

 
F

T
)

 
= 

E
N

T
R

O
m

Y
 

I
N

 F
X

C
E

 
S

T
R

E
A

P
 

(R
T

U
/L

Q
-D

E
G

 
R

)
 

= 
E

L
E

C
T

R
IC

A
L

 
C

O
Y

O
U

C
T

lV
lT

Y
 

I
N

 F
R

E
E

 
S

T
R

F
A

M
 

(M
H

O
/C

M
) 

= 
E

L
F

C
T

Q
IC

A
L

 
C

O
N

D
U

C
~

IV
IT

Y
 

A
T

 
S

T
A

G
N

A
T

IO
N

 
C

O
N

D
IT

IO
N

 
F

O
R

 
E

O
U

IL
 

IO
R

IU
M

 
S

n
a

c
K

 
~MM

OICM
) 

= 
E

L
E

C
T

P
IC

A
L

 
C

O
N

O
U

C
T

 I
V

l
T

Y
 

A
T

 
S

T
A

G
N

A
T

 I
O

N
 C

O
N

0
1

 T
lC

lN
 

F
O

R
 

F
R

O
Z

E
N

 
S

H
O

C
K

 
fM

U
O

/C
M

 l
 

= 
S

T
A

N
T

O
N

 
N

U
M

B
F

R
 

R
A

S
F

O
 

O
N

 T
O

T
A

L
 

E
N

T
H

A
1

.P
Y

 
= 

E
N

T
Q

O
P

Y
 

A
T

 
S

T
A

G
C

lA
T

l 
O

N
 

C
O

R
D

1
 T

I
D

N
 F

C
)R

 
C

O
'J

!L
 

IE
IH

IU
W

 
S

W
O

C
K

 
(O

T
U

/L
H

-O
R

6
 

R
)

 
= 

E
N

T
R

O
P

Y
 

A
T

 
S

T
A

G
N

A
T

IO
N

 
C

O
N

D
IT

IO
N

 F
O

R
 

F
R

O
Z

E
N

 
S

H
O

C
K

 
tB

T
U

/L
B

-O
E

G
 

R
)

 
= 

T
f 

V
o

F
G

A
T

U
R

C
 

I
N

 F
R

E
E

 
S

T
R

E
A

M
 

(3
E

G
 

U
)

 
= 

T
F

H
P

F
R

A
T

U
R

E
 

A
T

 
S

T
A

G
N

A
T

IO
N

 C
O

N
D

IT
IO

N
 F

O
R

 
E

O
U

IL
If

3
Q

IU
M

 
S

H
O

C
K

 
iD

E
G

 
K

l
 

= 
T

E
M

P
E

R
A

T
U

R
F

 
A

T
 

S
T

A
C

N
A

T
IC

N
 

C
O

N
D

IT
IO

N
 F

O
R

 
F

R
O

L
E

N
 

S
H

O
C

K
 

f 
O

E
G

 
K

)
 

= 
S

H
E

A
P

 
S

T
k

F
S

S
 

A
T

 
N

0
3

Z
L

F
 

W
A

L
L

 
(

L
B

r
/

S
O

 
F

T
)

 
3
 

E
L

E
C

T
R

O
N

 
T

C
W

P
F

R
A

T
U

P
E

 
(

M
C

 K
)

 
= 

Y
O

W
E

N
T

U
M

 
T

H
IC

K
N

E
S

S
 

O
F

 
H

n
U

N
O

A
R

V
 

L
A

Y
E

R
 

O
N

 
N

O
Z

Z
L

E
 

W
A

L
L

 
4 

IN
C

H
) 

= 
V

E
L

O
C

IT
Y

 
O

f
 

F
R

F
F

 
S

T
R

F
A

M
 

(F
T

/S
E

C
) 

= 
F

 I
R

S
T

 
T

R
A

Y
S

V
E

R
S

E
 

D
l

 M
F

N
S

IO
N

 
O

F
 

C
I1

4
N

N
F

L
 

f 
IN

C
H

F
S

l 
= 

A
X

IA
L

 
D

l
 S

T
A

N
C

E
 

f,
L

O
N

G
 

N
O

Z
Z

L
E

*
 

W
S

A
S

U
R

E
D

 
F

R
O

M
 

T
H

R
O

A
T

 
A

N
0

 
P

O
S

I
T

I
V

F
 

C
O

Y
N

b
T

R
E

A
M

 
(I

N
C

H
I?

s
) 

r
 

N
 

A
vE

R
A

I.F
O

 
0

vT
.I

) 
S

E
V

E
R

A
L

 
P

R
E

C
E

O
IN

G
 

P
O

IN
T

S
 O

F
 

T
H

E
 

S
O

L
U

T
IO

N
 

= 
D

l
 S

T
A

N
C

E
 

F
R

O
M

 
L

F
A

D
IN

G
 

E
D

G
E

 
O

F
 

W
F

D
G

E
 9

 
M

E
4

S
U

R
E

O
 

A
L

O
N

G
 

W
'D

G
C

 
S

U
R

F
A

C
E

 
(I

N
C

H
E

S
) 

= 
0

2
D

(N
A

T
E

 
O

F
 

S
H

O
C

K
 

F
R

O
M

 L
 l

N
E

 
P

A
R

A
L

L
E

L
 

T
O

 F
R

E
E

 
S

T
R

E
A

b
 

L
O

W
- 

P
A

S
S

IN
G

 
T

H
R

O
U

G
H

 
L

E
A

O
lN

G
 

W
E

D
G

E
 

( 
IN

C
H

E
S

) 
=

 N
O

N
D

IM
E

N
S

 IO
N

A
I.

 
S

T
R

F
A

M
W

lS
F

r 
C

O
O

R
O

!N
A

T
E

 
I

N
 B

L
U

N
T

 
W

E
O

G
E

 
A

N
A

L
Y

S
IS

 



F
IG

U
R

E
 

6 
- N

A
TA

 
C

O
D

E 
O

U
T

PU
T

 
- R

ES
' 

"O
IR

 
C

O
N

D
IT

IO
N

S 
FO

R
 

T
E

S
T

 P
R

O
BL

EM
 

N
O

. 
1
 

G
4

S
 

F
L

O
W

 
H

A
T

E
 

= 
0

.0
3

0
 

N
O

Z
Z

L
E

 
- 

E
O
S
 

I 
o

P
R

H
 

P
Q

E
S

S
U

R
E

 
= 

0
.5

R
l 

T
E

M
P

€
 $

24
 T

U
R

E
 

= 
6

7
3

5
. 

E
N

T
H

A
L

P
Y

 
= 

1
0

8
7

5
. 

E
N

T
A

S
P

Y
 

- - 
3

.3
5

 
D

E
N

S
1

 T
Y

 
- - 

0
.O

C
1

2
0

 
V

E
L

O
C

IT
Y

 
- - 

3.
 

M
A

S
S

 
F

L
U

X
 

- - 
0

.0
 

C
O

M
P

U
T

E
D

 
F

L
O

W
 

= 
0
.
0
3
0
 

. 
G

A
M

M
A

 
r(
 

l.
h

O
6

 
M

O
L

E
C

U
L

A
R

 
W
E
I
G
H
T
 

1
 R

e
7

3
 

E
L

E
C

T
R

O
N

 D
E

N
S

IT
Y

 
= 

3
.5

8
0

 
1

4
 

L
H

/S
E

C
 

!N
C

H
 

T
H

R
O

A
T

 
D

X
A

M
E

T
E

R
 

A
T

M
 

D
E

G
 

K
 

B
T

U
/L

B
 

O
T

U
/L

A
-D

E
G

 
Q

 
L

f3
/C

U
 

F
T

 
F

 T
/S

E
C

 
L

B
/S

O
 

F
T

-S
E

C
 

L
B

/S
E

C
 

G
M

/M
O

L
 E

 
F

L
E

C
 T

R
O

N
S

/C
C

 

S
P

E
C

IE
S

 
M

O
L

E
 

F
R

A
C

T
IO

N
S

 

c;l W
**

**
**

**
**

E
L

A
P

S
E

D
 

T
IM

E
"

 
1

.1
6

 
M

IN
U

T
E

S
 

S
IN

C
E

 
S

T
A

R
T

 
O

F
 

R
U

N
. 

6
7

. 
S

E
C

O
N

D
S

 
S

IN
C

E
 L

A
S

T
 

P
R

tN
T

tD
 

T
fM

E
 

I
 R

E
S

E
R

V
O

IR
 

T
R

A
N

S
P

O
R

T
 

P
R

O
P

E
R

T
 I

E
S

 

V
IS

C
O

S
l T

Y
 

- - 
1

.2
0

0
-0

4
 

L
B

M
/F

T
-S

E
C

 

P
H

A
N

D
T

L
 

N
U

M
S

F
R

 
= 

0
.6

7
0

1
C

 
S

IG
M

A
 

- - 
3

.1
9

0
 

0
0

 
M

H
O

/C
M

 

L
E

w
 l

s
 N

U
M

B
E

R
 

- - 
0

.7
7

9
 



n  o o  
0 0 0  

A I - O O  
N O O ~  
b 4 0 N  
.-a . .-. - 0  - n - o  

N 

0 00 + 0 o @  
I + I 

0 0 0 0  n - o n  a 0 - 0 0  

( Y e o w  : g y : : :  
- . ( U ( U .  + 0 . N O .  

4 
r r r r r  2 

a 
* e  C 
L s s x 
Z U > C  * r a w  

a v t n t a  

- * N  
0 0 0  
I I 

E n 8 2  
* * ) D Q  
O e r e .  
.n e n  n - 4 -  

3 B W  
a a r o a  = 

W z N z 
el- 0 a C 
t z  a * z 
W a  Y L' a 

S X C  S I C  
I Z I C M  I I I t M  

* 
0 

0 
0 Q Q  
N O W  
F O Q  . . m .  . 

b r  - 0 0  
r - 0 - 1  
9 Q 
9 - 

r 

o n 0  
m - N  
N O 0  . . 9 . .  

Q b  0 0 0  
O V N  1 
m P 
9 N 



Figure 8 shows the  f i r s t  page of output f o r  t h e  equilibrium 
solut ion.  Here, t h e  mole f r ac t ions  are included because they 

I vary along the flow, When t h e  gas includes f r e e  e lec t rons ,  t h e  
e l ec t ron  dens i ty  i n  w3 is pr in ted  i n  place of the e lec t ron  mole 
f rac t ion ,  

In t h e  nonequilibrium so lu t i an ,  t h e  s t e p  s i z e  i s  o f k n  q u i t e  
small, To avoid excessive output,  t h e  flow condit ions a r e  p r in ted  
a t  i n t e r v a l s  i n  t h e  f r e e  stream temperature cont ro l led  by t h e  in- 
pu t  TPRNTI (Section 2.3, Group 2) , The number of in teg ra t ion  
s t e p s  between successive p r i n t o u t s  of the  flow condit ions i s  s t a t e d  
i n  tlie l i n e  of a s t e r i s k s  which separa tes  the  output f o r  d i f f e r e n t  
flow poin ts ,  as i l l u s t r a t e d  i n  f igure  9, which shows t h e  f i r s t  page 
of output from the nonequi librium solu t ion  f o r  Test  Problen NO. 1. 
The method of ca lcula t ion  used i n  obtaining t h e  condi t ions a t  t h e  
cu r ren t  flow po in t  i s  a l s o  given by p r i n t i n g  t h e  value of the  i n -  
d ica to r ,  INEQ, which is 0 i n  the  per turbat ion so lu t ion  and 1 i n  
t h e  nonequ i l ib r im in tegra t ion ,  

When NATA is run with t h e  p r e s e t  value ISW6B=l, o r  with 
ISW6B= -1, t h e  output  includes t h e  species  mole f r a c t i o n s  i n  
every pr in ted  s t e p  as i l l u s t r a t e d  i n  f igure  9. I f  IISWGB\ is 
g r e a t e r  than 1, t h e  mole f r a c t i o n s  a r e  pr in ted  only every ~ I S F V ~ B ~  t h  
p r in ted  step.  Also, i f  ISWGB i s  negative,  t h e  output of mole 
f r ac t ions  i s  followed by a summary of reac t ion  r a t e  da ta  as shown 
i n  f igure  10, I n  t h i s  r a t e  output,  P I  denotes t h e  quan t i ty  Pi i n  
equation (288) of Volume I; C H I  i s  X i  of equation (289); PICHI 
i s  Pig Xi; and DLG i s  d In y./dx, where Y .  is  t h e  concenrd t ion  
of t h e  j t h  species  i n  moles/a. The quant i$ies  Pi, Xi and Pi ti 
a r e  l i s t e d  f o r  a l l  of t h e  r eac t ions  (i = 1 t o  r ) ,  together  wlth 
t h e  react ion index i. The quan t i ty  d ln Y. /dx is l i s t e d  fo r  a l l  

3 t h e  species  together  with t h e  species  names. 

3.6 Model and Wedge Conditions 

The conditions on models a t  a spec i f ied  model po in t  a r e  
pr in ted  immediately rollowing t h e  flow condftions a t  the  model 
poin t ,  a s  i l l u s t r a t e d  i n  f igure  11. I f  both equilibrium and 
frozen shock ca lcula t ions  have been requested (FSTAG >0.), t hc  
model conditions f o r  t h e  case of the  equilibrium shock a r e  pr in ted  
f i r s t .  The species  mole f r ac t ions  a t  the s tagnat ion poin t  i n  the  
ex te rna l  flow over  the  model a r e  then tabulated,  and a r e  followed 
by t h e  modal conditions f o r  the  case of a frozen shock. Thc out- 
put  iden t iE ic r s  f o r  the  model conditions a r e  defined i n  f igure  5. 
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I f  c a l c u l a t i o n s  of condi t ions  on wedge models have been speci-  
f i e d  i n  t h e  i npu t ,  t h e  wedge r e s u l t s  fol low those  f o r  t h e  stag- 
na t ion  p o i n t ,  as shown i n  f i gu re  11. The message about  merging 
e f f e c t s  r e f e r s  t o  equat ion (510a) i n  Volume I ( r e f .  1). The 
r e s u l t s  given under "modified Cheng-Kemp theory" are based on t h e  
formulas of Sect ion 8.2.4 i n  Volume I. I n  p a r t i c u l a r ,  " c a p i t a l  
gamma" is r as def ined by equat ion (501) i n  Volume I, and "omega" 
is  a s  given by (502:. The output  q u a n t i t i e s  XW, PWW, QWW, 
etc., i n  t h e  t a b l e  a r e  def ined i n  f i g u r e  5. The wedge r e s u l t s  
given under "unmodified Cheng-Kemp Theory" are based on t h e  for-  
mulas of Sect ion 8.2.3 i n  Volume I, The message r e f e r r i n g  t o  t h e  
s t rong- in te rac t ion  approximation i s  based on equa t ion  (510b) of 
Volume I. 

3.7 Throat  Condit ions 

Immediately fo l lo~v ing  t h e  f rozen s o l u t i o n  i s  a page of  out- 
p u t  sumrL~arizing t h e  son ic  condi t ions  i n  t h e  so lu t ion .  The format 
i s  s i m i l a r  t o  t h a t  used i n  t h e  ou tpu t  of r e s e r v o i r  condi t ions ,  
except t h a t  t he  t r a n s p o r t  p r o p e r t i e s  a r e  omitted. A s i m i l a r  
page giving the  son ic  condi t ions  i n  t h e  equi l ib r ium flow solu- 
t i o n  follows t h a t  s o l u t i o n  ( f i g u r e  12) . Since t h e  equi l ibr ium 
sonic  condi t ions  a r e  needed f o r  s t a r t i n g  t h e  nonequil ibrium sol-  
u t i on ,  they a r e  computed and p r i n t e d  even when t h e  equi l ibr ium 
so lu t ion  i s  suppresseu ?-, s e t t i n g  ISW3A = 0, i f  t he  nonequilibrium 
so lu t ion  has been zequestea (ISW2A # 0). The page conta in ing  the  
equi l ibr ium sonic  condi t ions  a l s o  g ives  t h e  c o e f f i c i e n t s  a and C 
i n  t h e  a n a l y t i c a l  area-densi ty  r e l a t i o n  (equat ion (383) of Vol- 
ume I) used i n  t h e  upstream nonequilibrium s o l u t i o n  by the in- 
ve r se  method. 

3.8 Informative Messages 

The normal forms of ou tpu t ,  i l l u s t r a t e d  and d i scussed  above, 
a r e  sometimes in t e r rup ted  w i t h  messages conta in ing  information 
of poss ib l e  i f i t e r e s t  t o  t h e  cods user .  For example, dur ing t h e  
so lu t ion  by t h e  pe r tu rba t ion  method, one l i n e  of  a d d i t i o n a l  out- 
p u t  i s  p r in t ed  f o r  each s t e p ,  g iv ing  t h e  sma l l e s t  \ &  xi( (DCIMM) 
t h e  l o r ~ e s t  (DCHMAX), and t h e  index IMN( of t he  l a r g e s t  ) ~ , . . ~ l  
( see  Sect ion 7.3 of Volume I ( r e f .  1)). This type  of output  1s 
i l l u s t r a t e d  i n  f i g u r e  9. 

When the  ~ v i t c h  from t h e  inverse  rn~thod t o  d i r e c t  nun~c r i ca l  
i n t e g r a t i o n  i s  made (Scct ion 7.4,  Volume I ( r c f ,  1) ) , subrout ine  
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THR$AT i s  ca l l ed  t o  r e sca le  the  nozzle geometry so  a s  t o  pro- 
vide cont inui ty  of e f f e c t i v e  flow a rea  between t h e  two solu- 
t ions .  THR@AT p r i n t s  a two-line message a s  i l l u s t r a t e d  i n  f ig-  
ure 13. The po in t  a t  which t h i s  output i s  p r o d x e d  i s  ne i the r  
t h e  geometric t h r o a t  nor the  sonic poin t ,  b u t  a locat ion d is -  
t i n c t l y  downstream of both. The va r i ab les  given i n  t h i s  output 
a r e  as follows: 

CX Axial coordinate i n  nozzle (an) 

AMACH Mach number 

V 

Arm Effec t ive  area r a t i o ,  A,, based on t h e  inverse 
method 

S 1  Effec t ive  area r a t i o ,  A,, based cn the  nozzle 
geometry and boundary layer  displacement thick- 
ness 

J 

RSA Area resca l ing  fac to r ,  Ra = Ae/Ae 

DELBL Nondimensional displacement thickness,  $*/R~ 
(two values i n  t h e  case of a channel) 

During the  nonequilibrium in tegra t ion ,  under c e r t a i n  cir- 
cumstances, t h e  code may "freeze" a species  of very low concen- 
t r a t i o n  which i s  decreasing so rapid ly  t h a t  it cont ro ls  the  s t e p  
s i ze ,  by switching off  311 of the  reac t ions  i n  which i t  appears 
(Section 7.5.3 of Volme I) . When t h i s  occurs, a message such 
a s  the  one a p p ~ a r i n g  a t  thn bottom of f igure  14 i s  produced. 

The switch from the  perturbat ion metho< t o  the  nonequilibrium 
in tegra t ion  normally occurs where t h e  l a r g e s t  \Axil i s  about 0.1. 
If onc of the  16Xii i s  vcry much l a rge r  than somc of the o thers ,  
it can cause the in tegra t ion  t o  s t a r t  a t  a poin t  where somc of 
the  react ions a r e  very close t o  equilibrium. Should tnis occur, 
the  s t ep  s i z e  required for  s t a b i l i t y  of the  f i n i t e  d i f ference  
equations would be too small t o  allow s i g n i f i c a n t  progress i n  
the  solution. Undcr c e r t a i n  circumstances (Section 7.3.7 i n  Vol- 
ume I ) ,  NATA prevents such a premature s t a r t u p  of the numerical 
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in tegra t ion  by a r t i f i c i a l l y  increasing the  r a t e  c o n s k n t  f o r  the  
react ion with the  l a rges t  )SXi(, f o r  the  durat ion of thc  per tur-  
batio,,  solution. When t h i s  occurs, the  code p r i n t s  a  message 
such a s  tbe  one i l l u s t r a t e d  i n  f igure  15 ( f o r  a problem involv- 
ing t h e  IGAS = 5 planetary atmosphere model). 

3 . 9  Transport Lross Section Ed i t  

Figures 16, 1 7  and 18 i l l u s t r a t e  the threc  p a r t s  of the 
t ranspor t  cross  sect ion e d i t ,  whizh i s  invoked b y  s e t t i n g  ISWZ 
equal  t o  - 2 ,  l'lgure 16 sho1,~s the  e d i t  of precoded cr0s.c Jcc t icn  
da ta  f a r  a l l  species. I n  t h i s  t a b l e ,  STEP i s  t h ~  counter f o r  tile 
s t eps  of the cross  sect ion cz lcula t ion  i n  the  urder i n  n i c h  tl-cy 
a re  car r ied  out ,  tvl~ile INDEX i s  the  index of the s t eps  i n  a r ray  
storage. For the precoded dat-., these two indices  a re  equal  f o r  
a l l  steps.  However, i f  new s teps  were adcied b y  input ,  t h i s  equal- 
i t y  might no longer hold. oPTIPN i s  the  i r d e ~ :  of the  option used 
t o  ca lcula te  the  cross  sec t ion  generated i n  each s t e p  ( s c c  sec t ion  
4 ) .  The q u a n t i t i e s  ~ ( 1 )  t o  W(5)  a r e  p a r ~ n e t e r  values fo r  the  
steps.  U r l d e ~  IXTZF&CTIC?:, t k c  p a i r s  of species to which each 
cross  sect ion appl ies  a re  l i s t e d .  

Figurc 17 shows the  f i r s t  page of the second p a r t  of the  
cross  sect ion e d i t ,  which summarizes the s t eps  o i  the  zross  sec- 
t ion calculat ion f o r  the  current  gas model. The ~ d i t  s?lohn i n  
the  f igure i s  f o r  the large standard a i r  model (IGAS = 1). T11e 
format i s  s imi lar  t c  t h a t  in  f igure  16. 

Figcre 18 shows the  f i r s t  page oi-' the  t h i r d  p a r t  of the 
cross  sect ion e d i t ,  t he  tabula t ion  of: average?. p a i r  c ross  sec- 
t i o n s  a s  functions of temperature. The t e m p c r ~ t u r e  is g i v ~ n  i n  
degrees Kelvin a t  LOO0 degree i n t e r v a l s  up t o  CTAPI. The th ree  
tabulated cross  sec t ions  a r e  

(where tha notat ion i s  defined i n  Section 3.1 of Volumc I ) ,  
and a r c  given i n  square Angstroms ( u n i t s  of 10-1': ? )  . Tlic 
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indices  pr inted r e f e r  t o  the  list of species  f o r  the  current  
gas  model, a s   give:^ i n  t h e  problem summary (Section 3.2 above). 

3.10 Species Thermal Propert ies  

Output from the  e d i t  of species  thermal p roper t i e s  (invoked 
by input  of a negative value f o r  ISIVGA) i s  i l l u s t r a t e d  by f igurcs  
i n  Section 4 below. In  these  f igures  HOO denotes t h e  species  for- 
mation enthalpy, bWO t h e  che.nical p o t e n t i a l  z t  standard pressure 
(1 a h ) ,  3 the  enthalpy, CP t h e  s p e c i f i c  hea t ,  and S O  t h e  entropy 
a t  standard pressure,  The l e f t  ha l f  of the  output gives the  prop- 
e r t i e s  a s  c a l c u l ~ t c 2  from t h e  physical  model, and the r i g h t  ha l f  
gives  values based on the  thermo f i t  (see Section 2.2 of Volume I) .  
The r i g h t  half  i s  leg+; blank fo r  species  f o r  which no thermo f i t  
has been supplied. I n  t h e  case of a nonstandard species  f o r  which 
no physical  model d a t a  a r e  provided, t h e  l e f t  h a l i  of t h e  t a b l e  
i s  f i l l e d  with zeros. 



PRECODED DATA 

I To reduce t h e  q u a n t i t y  o f  i npu t  d a t a  requi red  f o r  use of t h e  
code, NATA conta ins  precodcd d a t a  on t h e  p r o p e r t i e s  of elements 
and chemical spec ies ,  on r eac t ion  r a t e s  and e l e ~ t r o n i c  nonequi- 
libriwn processes ,  on standard gas  models, and on t h e  geometries 
of nozzles and channels i n  use a t  t h e  XA~A/Jolmson Space Center  
A r c  Tur~nel  F a c i l i t y .  This information i s  ccmpiled i n t o  t h e  
code by means of d a t a  statements.  I n  t h e  p r e s e n t  s ec t ion ,  t h e s e  
precodcd da t a  a r e  bo th  summarized and, bhere  app l i cab le ,  docu- 
mented as t o  source. Sect ion 4 .1  u e a l s  wi th  t h e  d a t a  f o r  e l e -  
ments, Sect ion 4 .2  wi th  t h c  thermochemica; p r o p e r t i e s  of spec i e s ,  
S e c t i ~ , l  4.3 wi th  r eac t ion  r a t e s ,  and Sect ion 4.4 wi th  e l e c t r o n i c  
nonequilibrium processes.  Sect ion 4.5 summarizes tile s i x  s tan-  
dard gas  models a v a i l a k l e  i n  NATA. Sect ion 4.6 reviews t h e  t rans-  
p o r t  c ros s  s ec t ion  d a t a  f o r  a l l  of t h e  s tandard species .  F j c a l l y ,  
Section 4.7 d i szusses  t h e  s tandard nozzle and channel geometries. 

4 .1  Elements 

Thc only da t a  requi red  f o r  t h e  chemical elements are t h e  
a t o m i ~  wsights ( i n  normal u n i t s  of g/mole) and t h e  chemical sym- 
bols .  These d l t a  a r e  compiled i n t o  t h e  p r e s e n t  vers ion  oL t h e  
co?e fo r  s i x  elements, a s  follows: 

Index (IE) E lemen t 

This l i s t  ~;lill be r c f e r r e d  t o  a s  t n e  "master l i s t  of elcmcnts" . 
??lc d a t a  f o r  clcmcn-l-s a r c  s to red  i n  an a r r a y  IIPRI? (I ,  I E )  , 

cont;lincd i n  common block /r~rZT~i/. This a r r a y  i s  d.imcnsioncd 
(2,10) . T?lc c n t r i c s  i n  t h i s  a r r ay  arc dcf incd as fol lows,  f o r  



the element w i th  index I E  i n  t h e  master  l i s t :  

EPRP(I,IE) I = 1 Name of  element 
I = 2 Atomic weight 

For convenience i n  adding t o  o r  a l t e r i n g  t h e  compiled-in da t a ,  
EPRP is equivalenced t c  t e n  singly dimensioned arrays of dimen- 
s ion  (2 ) ,  as follows: 

E P ~ ( I )  Equivalent  tc EPRP (I, 1) . 

EP1O ( I )  

. . 
Eduivalent  t o  EPRP (I, 10) 

The d a t a  provided f o r  elements i n  t h e  c u r r e n t  code vers ion  a r e  
summarized i n  Table I. 

DATA FOR ELEPEhTI'S 

D a t a  for  thc folloi.inc,r chemical spec ies  ;:re colnpilcd i n t o  
thc c u r r e n t  vers ion  c2 NATTIi: 

IE 

1 

3 

4 

5 

6 

7 

Name 

E- 

HE 

C 

N 

9 

AR 

Atomic Weiqht 

5,48597 x lo-4 

4.0026 

12.0111 

14.007 

16.000 

39.948 
- 

t 



,Index (IS) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

13 

20 

A r  (ground state) 

He (ground s t a ~ e )  

~e' (ground state) 



Index ( IS )  

2 1  

22 

23 

24 

25 

26 

27 

23 

Species  

H e  ( 3 ~  metastable  s t a t e )  

H e  (IS metastzble  s t a t e )  

A r  (?p2 and 3 ~ 0  metas table  s t a t e s )  

3 A r  ( P1 and 'pl resonant  s t a t e s )  

+ 
~ r ~ +  (2 zU molecular  ion)  

This i s  t h e  "master l i s t  of specjes" .  The helium and argon spec- 
i e s  i n  s p e c i f i e d  e l e c t r o n i c  s t a t e s  are used i n  t h e  e l e c t r o n i c  
nonequi l ibr ium mode Is. 

The thermochemical d a t a  f o r  t h e  above spec ies  a r e  s to red  
i n  an a r r a y  SPRP(I,IS), contained i n  common block /SPEC/. Th is  
a r r a y  i s  dimensioned (43,30).  The e n t r i e s  i n  t h i s  a r r a y  are de- 
f ined a s  f o l l o ~ v s ,  f o r  t h e  spec i e s  wi th  index I S  i n  t h e  master 
list of species :  

SPRP (1,Is) 1 = 1  Namc of spec i e s  

J:I = L Number of elements i n  spec i e s  

( 5 3 )  

*j: = 3-5 Tndices of elements i n  master  
l ist  of elements 

I = 6-8 N ~ u n b c r s  of atoms cf elements 

*Al.l values  i n  t h e  a r r a y  2 re  r e a l .  The  va lucs  i n d i r a t e d  by 
nc;terisks arc convcrte2 by  the program i n t o  i n t c g ~ r s .  To  cn- 
.;arc rounding clov~n t o  the c o r r c c t  ~ ~ c l l u c ,  tllc s to red  va lucs  have 
bcc:l incrcascd by 0.1. 



Thermo-f it 
parameters* 

k 'omation enthalpy (cal/mole) 

r ,  i-.wr&er of atoms i n  a mole- 
cule of t h e  spec ies  

5, chemical consfant** 

8 , ,  v i b r a t i o n a l  temperature (OK) 

IGM, number of e l e c t r o n i c  lev- 
els ( (10) 

I G J ,  1 i f  thermo f i t  i s  used 
0 i f  no t  

gm, dcgcneracies c f  e l e c t r o n i c  
l eve  1s 

Em, energ ies  of e l e c t r o n i c  
l e v e l s  (cal/mole above ground 
s t a t e )  

Second, t h i r a ,  and fou r th  vib- 
r a t i o n a l  t c m p e r a t u r ~ s  fr71- tri- 
atomic spec ies  

*Scc c q u a t i ~ n s  ( 3 3 ) ,  (34)  i n  Volume I ( r 2 f .  1). 

* .~SCC ec~ua t io r~  (51) i n  Volume I. 

***All v~ 11.1~s i n  the array a r e  ~ : c n l .  Thc v a l u c s  i!-~dicatcd by 
astcr.i:;I:s arc c o n v c r t c d  b y  t h c  ~ L ' O ~ J T L U I L  i n t e  intccjcrs.  To ensure 
r o u ~ ~ c l i n c j  clown t o  t h c  c o r r e c t  vaiclc, tlic s to red  val-ucs hnvc b,-c.l?n 
incrcnscd 1,y 0. I.. 



For convenience i n  adding t o  o r  a l t e r i n g  t h e  compiled-in d a t a ,  
SPRP i s  equivalenced t o  30 s i n g l y  dimensioned a r r a y s  of dimen- 
s ion  (43) ,  a s  follows: 

s P ~  (I) Equivalent  t o  SPRP (I, 1 )  

Equivalent  t o  SPRP (1,30) 

The spec i e s  thermochemical da t a  compiled i n t o  t h e  c u r r e n t  
vers ion  of NATA a r e  swz,ar ized i n  Tables I f  through V I .  The d a t a  
a r c  l i s t e d .  i n  t h i s  s e r i e s  of t a b l z s , i n  t h e  order  i n  which they 
appear i n  t h e  SPRP a r r ay ,  except t h a t  t h e  spec ies  name i s  re-  
peated i n  each t ab i z .  Table 11 shows how p o s i t i v e l y  charged 
i o n i c  spec ies  a r e  represented as containing a negat ive  nunibsr 3f 
e lec t rons .  The thermo f i t s  given i n  Table 111 are  from r e f e r -  
ence 4 ,  p. 131-132, except those  f o r  N2', 02', CO, CN, and CO', 
which a r e  based upon unpublished Avco ca l cu l a t i ons .  The forma- 
t i o n  enthalpy values  H ~ O  i n  Tdbln IV are Lased on da t a  i n  t h e  
JANAF t a b l e s  ( r e f .  S ) ,  NBS Ci rcu la r  467 ( r e f .  b ) ,  t he  Handbook + of Chemistry and Physics (N2+ 2124 02 ) ( r e f .  7 )  , Herzberrj (re:. 
8) and a paper by Gin4:er a~:c? Ernvm ( r e f .  5 . The  electrc_n.ic 
s t a t e s  f o r  monatomic spec i e s  i n  Tables V and VI a r e  from NBS 
C i r cu l a r  467. Some of tile s t e t c s  l i s t e d  a r e  combinations of 
two o r  more a c t u a l  s t a t e s  wi th  nca r ly  t h e  same energy. Thc 
degeneracics g f o r  t he  atoms and atomic ions  were ca l cu l a t ed  
from t h e  t o t a l  angular  momentum quantum number J, i h i c h  i s  a l s o  
given i c  - ?cu la r  467, using t h e  r e l a t i o n  

The e l e c t r o n i c  energy s t a t e s ,  dcrjel:cracies, v i b r a t i o n a l  ternpcrz- 
t u r e s  Qv, and r o t a t i o n a l  temperatures er foz t h e  diatomic spcc- 
i3.s were ok4:c7ined f ram the  spcc t r o s c ~ p i c  d a t a  summarized i n  Table 
V T I .  The sources of t l ; ~  d a t a  a r e  indicatec! i n  t h e  : a s t  column 
of t h i s  t a b l c .  The s t a t e s  of NO'"O no t  appear t o  be  very w c l l  
known. Rota t iona l  anci v i b r a t i o n a l  c o n ~ t . a n t s  a r c  cj-ivcn i n  Tab1 c 
V I I  only f o r  t he  ground s t a t c  of each rnolcculc, because t h e  phy-- 
s i c a l  111ocle1 i n  NATA assumes ( a s  an  npprox:i.~nation) t h a t  t he se  
cons tan ts  arc the  same i o r  a l l  of t h c  c l c c t r o n i c  s t a t c s  ~f cacll 
molcculc. Tllc chcmicnl cons tan ts  h anc3 v i I~ra t i .ona1  tcrnpcrilturc!~ 
€3, i n  Tablc I V  wcrc ci~lcuLatcd F~:oin t h c  da t a  of Table V I I  us ing 



TABLE I1 

COMPOSITICN DATA FOR SPECIES 



THERMO FIT DATA* 

*The thermo-fit technique is not used for monatomic 
species, for the helium and argon molecular species, 
or for carbon dioxide. 
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-1,OOQ281 

-0,361152 

-1,107704 

-0.21145 

-0.97275 
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-0.23789 

-0,13605 
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Narc L TFP. lo4 . PFB 
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lo8 x TFC 

-4.251428 
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-2,639548 
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-5.20841 
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-3.93346 
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TABLE N 

DATA FOR PHYSICAL MODEL 

*These formation enthalpies fo r  the carls~n-containing species are 
based on C02 a s  the  reference s t a t e  fo r  carbon. They a r e  93970 
cal/mole higher than the  JANAF values, which a r e  based on graphite  
as the reference s t a t c .  

**The other three vibra t ional  temperatures fo r  C02 a r e  960, 960, 
and 33800K. 
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equations (38), (40b), (51b), and (45) of Volume 1, i - e , ,  

i n  which W denotes t h e  molecular weight and n t h e  number of atoms 
per  molecule ( f o r  monatomic and diatomic spec ies) ,  Thc degen- 
e r a c i e s  g f o r  the molecular states i n  T a b l e  V wcre obtained from 
t h e  s t a t e  symbols using t h e  following r u l e ,  based on Herzberg 
(ref. 8): 

"C states g = n  

"V , , etc. 

Figures 19 through 46* are t a b l e s  of thermal f o r  the  
compiled-in species ,  computed by NATA from t h e  precoded da ta ,  
under the  option ISWGA = - 1. For each species ,  the  p roper t i e s  
calculated from t h e  phys ica l  model a r e  given f o r  temperatures 
up t o  30,000°K. For t h e  molecular species  f o r  which the  thermo 
f i t  i s  used, corresponding r e s u l t s  based on t h e  thermo f i t  a r e  
given f o r  comparison. A t  t h e  normal switchover temperature, 
CTMXX = 5000°K, t h e  r e s u l t s  from .the two techniques a r e  seen t o  
be i n  reasonably good agreement. Above about 15,000°~, the prop- 
e r t i e s  calculated from the thermo f i t s  become very inaccurate  i n  
a l l  cases. This behavior r e s u l t s  from t h e  i n a b i l i t y  of t h e  poly- 
nomial form used i n  t h e  thermo f i t  t o  represent  t h e  a c t u a l  prop- 
e r t y  va r i a t ions  over excessively wide temperature ranges. This 
is not  considered t o  be a ser ious  problem because, a t  tempera- 
t u r e s  of 1500O0~ and higher ,  the  mole f r a c t i o n s  of t h e  molecular 
species  ( f o r  which t h e  thermo f i t  i s  used) a r e  q u i t e  small, s o  
t h a t  e r r o r s  i n  the  thermal p roper t i e s  of these  species  have only 
very minor e f f e c t s  upon t h e  p roper t i e s  of t h e  gas mixture. How- 
ever,  a t  temperatures above about 20,000°K, the  p roper t i e s  con- 
puted from the  thermo f i t  show wild va r i a t ions  which could lead 

*The equipment used t o  produce these  f igures  pr in ted  the  BCD "t" 
sign appearing in some of the  species  names a s  a n  ampersand. 



F
IV

n
lE

 
1
9
 

T
H

E
R

M
A

L
 

P
R

O
P

E
R

T
IE

S
 O

F
 

E-
 

0
 9

 
0

.0
 

K
C

A
L

/M
O

L
F

) 

S
O

 
C

A
L
/M

O
L
 E

-D
E

G
 

-0
 0

4
4

0
 

3
.0

0
 

3
 

5
.0

1
8

 
6

.4
4

7
 

7
.5

5
5

 
8

.4
6

1
 

9
.2

2
7

 
9

.8
3

0
 

1
0

.4
7

6
 

1
0

.9
9

9
 

1
1

 0
9

0
5

 
1

2
.6

7
1

 
1

3
.3

3
4

 
1

3
.9

1
9

 
1

4
.4

4
3

 
1

4
.9

1
6

 
1

5
.3

4
8

 
1

5
.7

4
6

 
1

6
.1

 
1
4
 

1
6

.4
5

7
 

1
7

.2
2

3
 

1
7

.8
8

6
 

1
8

.4
7

1
 

1
8

.9
9

5
 

1
9

.4
6

8
 

1
9

.9
6

0
 

2
0

.2
9

8
 

2
0

.6
6

6
 

2 
1

.0
0

9
 

2
1

.3
3

0
 

2
1

.6
3

1
 

2
1

.9
1

5
 

2
2

.1
8

3
 

2
2

.4
3

8
 

2
2

.9
1

 
2
 

2
3

.3
4

4
 

2
3

.7
4

2
 

2
4

0
1

1
0

 
2

4
.4

5
3

 
2

4
.7

7
3

 
2

5
.0

7
4

 
2

5
. 

3
5

8
 

2
5

.6
2

7
 

2
5

 
8

8
2

 
2

6
.3

5
5

 
2

6
.7

0
8

 
2

7
.1

8
5

 
2

7
.5

5
3

 
2

7
.8

9
6

 



F
I'

-"
E

 
20

 
T
H

E
R

M
A

L
 
P
R
O
P
E
R
T
I
E
S
 
O
F
 

N
 

lo
=

 
1

1
2

.5
2

0
 

K
C

A
L

/M
O

L
E

) 

( 
M

U
O

-H
O

O
 
)
/
H
T
 

H
-H

O
O

 
K

C
 A

L
/M

O
L
E

 
0

.4
9

7
 

0
.9

9
4

 
1

.4
9

0
 

1
.9

8
7

 
2
.4

 
8

4
 

2
.9

8
1

 
3

.4
7

8
 

3
.9

7
4

 
4

.4
7

1
 

4
.9

6
8

 
5

.9
6

2
 

6
.9

5
5

 
7

.9
4

9
 

8
.9

4
2

 
9

.9
3

6
 

1
 0

.9
3

0
 

1
1

.9
2

5
 

1
2

.9
2

0
 

1
3

.9
1

7
 

1
4

.9
1

8
 

1
7

.4
4

0
 

2
0

.0
1

2
 

2
2

.6
8

1
 

2
5

.4
0

9
 

2
8

.2
7

3
 

3
1

.2
6

0
 

3
4

.3
7

2
 

3
7

.6
0

 
1

 
4

0
.9

3
7

 
4

4
.3

6
4

 
4

7
.8

6
6

 
5

1
.4

2
6

 
5

5
.0

2
9

 
5

8
0

 6
6

0
 

6
5

.3
5

7
 

7
3

.2
4

0
 

8
0

.4
6

1
 

8
7

.5
9

5
 

9
4

.6
3

8
 

1
0

1
.5

3
3

 
1

C
0

.4
7

1
 

1
1

 5
.2

8
4

 
1

2
2

.0
4

7
 

1
2

8
.7

7
2

 
1

4
2

.1
5

1
 

1
5

5
.4

8
4

 
1

6
8

.8
0

8
 

1
8

2
.1

3
6

 
1

9
5

.4
6

4
 



T
U

E
R

M
A

L
 

P
R

O
P

E
R

T
IE

S
 

O
F

 
0
 

( 
M

U
O

-H
C

O
 
)
 /R

T
 

H
-H

O
O

 
K

C
A

L
/M

O
L

E
 

0
.5

2
7

 
l
o

o
a

s
 

1
.6

1
 7

 
2

.1
3

5
 

2
.6

4
6

 
3

.1
5

2
 

3
.6

5
6

 
4

.1
5

8
 

4
.6

5
9

 
5

.1
5

9
 

6
.1

 5
8

 
7

.1
5

5
 

8
.1

5
2

 
9

.1
4

7
 

1
0

.1
4

3
 

1
1

.1
3

0
 

1
2

.1
3

5
 

1
3

.1
3

1
 

1
0

.1
 2

9
 

1
5

.1
2

9
 

1
7

.6
4

3
 

2
0

.1
 7

2
 

2
2

.7
3

2
 

2
5

.3
2

2
 

2
7

.9
4

2
 

3
0

.5
9

0
 

3
3

.2
6

4
 

9
5

.9
6

1
 

3
8

.6
7

6
 

4
1

.0
'3

7
 

4
4

.1
 s

o 
4

6
.9

C
3

 
4

9
.6

6
3

 
5

2
.4

2
9

 
5

7
.9

7
3

 
6

3
.5

2
d

 
6

9
.0

 9
3

 
7

4
.6

7
2

 
8

0
.2

7
1

 
8

5
.8

9
9

 
9

1
.5

6
5

 
9

7
.2

7
7

 
1

0
3

.0
4

4
 

1
0

8
.8

7
3

 
1

2
0

.7
3

5
 

1
3

2
.8

8
6

 
1

4
5

.3
2

6
 

1
5

8
.0

3
5

 
1

7
0

.9
7

8
 



F
T
c
U
R
E
 

2
2

 
T

H
E

R
M

A
L

 
P

R
O

P
F

R
T

IE
S

 O
F

 
A

R
 

iO
O

=
 

0
.0

 
K

C
A

L
/I

.O
L

E
; 

so
 

C
A

L
 /M

O
L

 E
-D

E
 

G
 

3
 1

.5
5

5
 

3
4

.9
9

9
 

3
7

.0
1

 3
 

3
8

.4
4

2
 

3
9

.5
5

1
 

4
0

.4
5

7
 

4
1

.2
2

2
 

4
1

 -
8

8
6

 
4

2
.4

7
1

 
4

2
.9

9
4

 
4

3
.9

0
0

 
4

4
.6

6
6

 
4

5
.3

2
9

 
4

5
.9

1
 5

 
4

6
.4

3
8

 
4

6
.9

1
 1

 
4

7
.3

4
4

 
4

1
.7

4
1

 
4

8
.1

1
0

 
4

8
.4

5
2

 
4

9
. 

'1
8

 
4

9
.9

8
2

 
5

0
.4

6
7

 
5

0
.9

9
0

 
5

1
 -

4
6

4
 

5
i.

a
q

6
 

5
2

.2
3

4
 

5
2

.8
6

2
 

5
3

.0
0

4
 

5
3

.3
2

5
 

5
3

.6
2

6
 

5
3

.7
1

0
 

5
4

.1
7

9
 

5
4

.4
3

4
 

5
4

.9
0

7
 

5
5

.3
3

9
 

5
5

.7
3

7
 

5
6

.1
0

5
 

5
6

.4
4

 R
 

5
6

 
7

6
9

 
5

7
.C

7
0

 
5

7
.3

5
4

 
5

7
.6

2
2

 
5

7
.8

7
7

 
5

3
.3

5
1

 
5

8
.7

0
3

 
5

9
.1

8
1

 
5

9
0

5
4

9
 

5
9

.n
0

2
 



F
-
 

T
H

E
R

M
A

L
 

P
R

O
P

E
R

T
IE

S
 

O
F

 
N

2
 

-
.
 

+
*+

**
+

**
**

+
*+

**
+

**
**

P
H

Y
S

IC
A

L
 

M
O

O
E

L
+

**
+

**
+

*+
**

**
+

*+
+

t*
**

**
 

t M
U

O
-M

O
O

 
1 /

R
T

 



F
I
c

lm
 

2
4

 
T
H

E
R

M
A

L
 

P
R

O
P

E
R

T
IE

S
 
O

F
 

0
2

 
0

0
1

 
0
.0

 
K

C
A

L
/M

O
L

F
) 

1
0

0
. 

2
0

 0
. 

3
C

O
. 

4
0

 0
 

5
8

0
. 

6
0

0
. 

7
0

0
. 

8C
 3

0
 

9
n

o
. 

lo
c

o
. 

1
2

9
0

. 
1

4
0

0
. 

1
6
C

O
. 

1
P

C
C

. 
2

b
-'

0
. 

2
2
C

O
. 

2
4

0
0

. 
2

6
3

0
. 

2
R

C
C

. 
3
O

C
O

. 
3
5
C

O
. 

4
0

'2
0

. 
4
5
C

O
. 

S
C

C
C

. 
I 

5
5

0
0

. 

0
 

6
0

0
0

. 
6
5
C

O
. 

7
0
C

 0
 

7
5
C

O
. 

9O
C

O
 i
 

8
5
'i
C

. 
9

0
0

 9
 

9
5
C

 9.
 

1
0
G

J
O

. 
1

1
0

0
0

. 
1

2
0

0
0

. 
1

3
0

0
0

. 
1
4
C

O
O

. 
1
5
0
C

O
. 

1
6

0
r?

0
. 

1
7

0
C

0
1

 
18

O
C

 0
. 

1
9

9
C

3
0

 
2

0
0

0
0

. 
2

2
0

0
0

. 
2

r
0

0
0

. 
2

b
0

5
0

. 
2

3
0

3
9

. 
3

0
0

C
9

e
 

*+
+

**
**

**
*+

*+
**

*+
*+

*P
H

Y
S

fC
A

L
 

M
O

D
E

L
+

+
**

**
+

+
+

+
**

+
+

**
**

I*
 

(H
U

O
-H

O
O

)/
R

T
 

H
-H

O
O

 
C

P
 

s C
 

K
C

A
L

/M
O

L
E

 
C

A
L

/M
O

L
E

-D
E

G
 

C
A

L
/M

O
L

E
-D

E
G

 
-1

7
.3

3
1

 
0

.6
9

6
 

6.
 

9
5

5
 

4
1

.3
9

5
 

-1
9

.7
5

7
 

1
 
3

9
1

 
6
. 

9
5

9
 

4
6

.2
1

6
 

-2
1

. 
I
7

6
 

2
.0

8
9

 
7

.0
1

9
 

4
9

rC
4

6
 

-2
2

.1
 

e
6

 
2

.7
9

9
 

7
. 

1
9

8
 

5
1

.0
8

6
 

-2
2

.9
7

5
 

3.
 
5

2
9

 
7

.4
1

8
 

5
2

.7
1

4
 

-2
3

.6
2

6
 

4
.2

8
2

 
7

.6
5

1
 

5
4

.0
8

7
 

-2
0

 .
1

 P
3
 

5
.C

5
9
 

7.
 
8

5
7

 
5

5
.2

8
2

 
-2

4
.6

7
2

 
5
. 

8
5

3
 

8
. 

0
3

0
 

5
6

.3
4

3
 

-2
5

.1
 

C
8
 

6
.6

6
3

 
8

.1
7

1
 

5
7

.2
9

7
 

-2
5

.5
0

2
 

7
.4

 
9

6
 

8
.2

8
7

 
5

8
.1

6
5

 
-2

6
.1

9
6

 
9

.1
6

2
 

8
.4

6
3

 
5

9
.6

9
2

 
-2

6
.7

9
3

 
1

0
1

8
6

8
 

8
.5

9
4

 
6

1
 -0

0
7

 
-2

7
.3

1
9

 
1

2
.5

9
8

 
8.

 
7

0
2

 
6

2
.1

6
1

 
-2

7
.7

8
8

 
1

4
.3

4
9

 
8

.3
0

1
 

6
3

.1
9

2
 

-2
8

.2
1

3
 

1
6

.1
1

8
 

8
. 

A
9
5
 

6
4

.1
2

4
 

-2
R

.6
C

2
 

1
7

.9
0

7
 

8
. 

9
8

7
 

6
4

.9
7

7
 

-2
9

.9
6

0
 

1
9

.7
1

3
 

9
.0

7
5

 
6

5
.7

6
2

 
-2

Q
.2

c
2

 
2

1
.5

3
7

 
9

.1
6

0
 

6
6

.4
9

2
 

-2
9

.5
3

2
 

2
3

.3
7

7
 

9
.2

4
0

 
6

7
.1

7
4

 
-2

9
.8

9
3

 
2

3
.2

3
2

 
9

.3
1

4
 

6
7

.8
1

4
 

-3
0

.5
5

1
 

2
9
.C

3
0
 

9
.4

7
1

 
6

9
.2

6
2

 
-3

1
.1

3
0

 
3

4
.6

9
6

 
9

.5
R

6
 

7
 0

 -
5

3
5

 
-
3

1
 -

6
4

7
 

3
9

.5
1

0
 

9
.6

6
4

 
7

 1
 0

6
6

9
 

-3
2

.1
1

5
 

4
4

.3
5

5
 

9
-7

1
.'

 
7

2
.6

9
0

 
-3

2
.5

4
2

 
4

9
.2

1
8

 
9

.7
3

8
 

7
3

.6
1

7
 

-3
2

.9
3

5
 

5
4

.0
9

0
 

9
.7

4
9

 
7

4
 0

4
6

4
 

-3
3

.3
6

3
 

5
8

.9
6

6
 

9
.7

5
2

 
7

5
.2

4
5

 
-3

3
.6

3
7

 
6

3
.8

4
2

 
9

.7
5

1
 

7
5

.9
6

8
 

-3
3

.9
5

6
 

6
8

.7
1

7
 

9
. 

7
5

0
 

7
6

.6
4

0
 

-3
4

.2
5

5
 

7
3

.5
9

2
 

9
.7

5
0

 
7

7
.2

7
0

 
-3

4
.5

3
6

 
7

8
.4

6
7

 
9

-7
5

?
 

7
7

.8
6

1
 

-3
4

.0
(1

2
 

8
3

.3
4

4
 

9
.7

5
7

 
7

8
.4

1
 8

 
-3

5
.0

5
4

 
9

8
.2

2
4

 
9

.7
6

4
 

7
8

.9
4

6
 

-3
5

.2
4

4
 

9
3

.1
0

9
 

9
.7

7
5

 
7

9
.4

4
7

 
-3

5
.7

4
2

 
1

0
2

.0
9

7
 

9
.8

0
3

 
8
C

.3
E

O
 

-3
6

.1
5

2
 

1
1

2
.7

1
6

 
9

.3
3

6
 

8
 1

.2
3

4
 

-3
6

.5
3

1
 

1
2

2
.5

6
9

 
9

.8
7

0
 

8
2

.0
2

3
 

-3
6

.0
8

3
 

1
3

2
.4

5
5

 
9

.9
0

3
 

8
2

.7
5

6
 

-3
7

.2
1

2
 

1
4

2
.3

7
3

 
9

.9
3

2
 

a
3

.4
4

0
 

-3
7

.5
2

1
 

1
5

2
.3

1
7

 
9

.9
5

5
 

8
4

.0
8

2
 

-3
7

.8
1

2
 

1
6

2
.2

8
2

 
9

0
9

7
3

 
8

4
.6

8
6

 
-3

8
.C

8
7

 
1

7
2

.2
6

1
 

9
.9

8
5

 
8

5
.2

5
6

 
-3

C
1
.3

4
7
 

1
8

2
.2

5
0

 
9

.9
0

1
 

0
5

.7
9

6
 

-3
8

.!
=

9
5

 
1

9
2

.2
4

2
 

9
.9

9
2

 
8

6
.3

0
9

 
-3

9
.0

5
7

 
2

1
2

.2
1

5
 

9
.9

7
9

 
8

7
.2

6
0

 
-3

0
.4

0
0

 
2

3
2

.1
4

7
 

9
.9

5
1

 
8

8
.1

2
0

 
-3

9
.8

7
5

 
2

5
2

.0
1

3
 

9
.9

1
4

 
8
8
 -

9
2

3
 

-4
0

.2
3

2
 

2
7

1
.7

9
9

 
9

.8
7

1
 

8
9

 
6

5
6

 
-4

0
.5

6
9

 
2

9
1

.4
9

5
 

9
.8

2
4

 
9

0
.3

3
5

 

H
-H

O
O

 
U

C
A

L
/M

O
L

t 
0

 
6

5
5

 
1

.3
3

0
 

2
.0

?
2

 
2

.7
3

2
 

3
.4

5
9

 
4

.2
0

2
 

4
.9

6
0

 
5

.7
1

3
 

6
.5

1
9

 
7

.3
1

9
 

8
.9

5
7

 
1

0
.6

4
1

 
1

2
.3

6
7

 
1
4
. 

1
3

1
 

1
5

.9
3

0
 

1
7

.7
5

9
 

1
9

.6
1

5
 

2
1

 -
4

9
6

 
2

3
.3

9
8

 
2

5
.3

2
0

 
3

0
.1

9
4

 
3

5
.1

4
4

 
4

0
.1

5
0

 
4

5
.1

9
5

 
5

0
.2

7
4

 
5

5
.3

8
4

 
6

0
.5

2
7

 
6

5
.7

1
2

 
7

0
.9

4
8

 
7

6
.2

5
1

 
R

1
.6

1
5

 
P

7
.1

1
8

 
9

2
.7

1
7

 
9

8
.4

5
0

 
1

1
0

.1
8

3
 

1
2

3
.0

2
4

 
1

3
6

. 
4

3
0

 
1

5
0

.5
8

6
 

1
6

5
.3

7
7

 
1

 8
0

.5
6

5
 

1
9

5
.7

6
8

 
2

1
0

.4
5

3
 

2
2

3
.8

1
5

 
2

3
4

.9
5

0
 

2
A

5
.3

9
5

 
2

2
9

.9
9

5
 

1
6

7
.2

1
 

1
 

3
6

.8
7

5
 

-1
9

2
.4

7
1

 



F
Jr

"
R

E
 

2
5

 
T
H

E
R

M
A

L
 

P
R

O
P

E
R

T
lE

S
 

O
F
 

N
O

 
1

0
=

 
2

1
.4

6
0

 
K

C
A

L
/M

O
L

E
) 

-.
 

H
-H

O
O

 
K

C
A

L
/M

O
L

E
 

0
.7

4
7

 
1

 
4

9
3

 
2

.2
1

1
 

2
.9

2
4

 
3

.6
4

5
 

4
.3

8
2

 
5

.1
3

6
 

5
.9

0
9

 
6

.6
9

7
 

7
.5

0
0

 
9
.1

 
3

9
 

1
0

.0
1

2
 

1
2

.5
1

0
 

1
4

.2
2

6
 

1
5

.9
5

4
 

1
7

.6
9

3
 

1
9

.4
3

9
 

2
1

.1
9

2
 

2
2

.9
4

9
 

2
4

.7
1

0
 

2
9

0
 1

2
7

 
3

3
.5

5
5

 
3

7
.5

9
5

 
4

2
.4

4
1

 
4

6
0

8
9

2
 

5
1

.3
4

8
 

5
5

.8
1

 
0

 
6

0
.2

7
9

 
6

4
.7

5
8

 
6

9
.2

5
0

 
7

3
.7

5
8

 
7
8
.2

 
9

6
 

8
2

.8
3

8
 

8
7

.4
1

7
 

9
6

.6
7

6
 

1
0

6
.0

8
6

 
1

1
5

.6
6

8
 

1
2

5
.4

3
2

 
1

3
5

.3
7

8
 

1
4

5
.5

0
2

 
1

5
5

.7
9

1
 

1
6

6
.2

2
9

 
1

7
6

.7
9

7
 

3
8

7
.4

7
4

 
2

0
9

.0
7

3
 

2
3

0
.8

7
0

 
2

5
2

.7
3

3
 

2
7
.1

. 
5

6
2

 
2

9
6

.2
8

5
 



F' 
-'Q

E
 2

6
 

T
H

E
R

M
A

L
 

P
P

O
P

E
R

T
lE

S
 

O
F

 
N

O
C

 
0

0
=

 
2

3
6

.6
6

0
 

K
C

A
L

/M
O

L
E

) 

H
--H

O
O

 
K

C
A

L
IM

O
L

E
 

0
.6

9
6

 
1

.3
9

1
 

2
.0

8
7

 
2

.7
8

4
 

3
.4

 
8
5
 

4
.1

9
7

 
4

.9
2

3
 

5
.6

6
5

 
6

.4
2

1
 

7
.1

9
3

 
8

.7
7

5
 

1
0

.3
9

9
 

1
2
.C

5
5
 

1
3

.7
3

5
 

1
5

.4
3

4
 

1
7

.1
4

4
 

1
8

.8
7

1
 

2
0

.6
0

4
 

2
2

.3
4

4
 

2
4

.C
9

1
 

2
8

.4
 

7
7

 
3

2
.8

 
3

5
 

3
7

.3
0

9
 

4
1

.7
4

9
 

4
6

.2
1

1
 

5
0

.7
3

4
 

5
5

.2
 

3
8

 
5

9
.e

3
0

 
6

4
.4

9
4

 
6
5
3
.2

4
7
 

7
4

.1
0

3
 

7
9

.0
 
7

5
 

9
9

.1
7

3
 

8
9

.4
 
0
4
 

1
0

0
.2

7
0

 
1

1
 1

.6
3
3
 

1
2

3
.5

8
7

 
1

3
5

.0
8

7
 

1
4

8
.4

7
4

 
1

6
1

.3
3

5
 

1
7

4
.2

2
6

 
1

8
7

.1
7

5
 

2
G

0
.0

 
8

5
 

2
1

2
.0

0
6

 
2

3
8

.1
4

2
 

2
1
.2

.7
1
 
7

 
2

8
5

0
5

'2
0

 
3
0
 '2

.7
 

9
7

 

3
3

2
.3

6
9

 

H
-n

o
0

 
K

C
A

L
IM

O
L

E
 

0
.6

8
?

 
1

 
5

7
9

 
2
.O

R
9
 

2
.8

1
2

 
3

.5
4

7
 

4
.2

9
4

 
5

.0
5

2
 

5
.8

2
0

 
6

.5
9

8
 

7
.3

8
5

 
8

.9
5

5
 

1
0

.6
1

6
 

1
2

.2
7

4
 

1
3

.9
5

6
 

1
5

.6
6

0
 

1
7

.3
8

1
 

1
9

.1
1

8
 

2
0

.8
6

e
 

2
2

.6
2

9
 

2
4

.4
0

0
 

2
8

.8
5

0
 

3
3

.3
5

0
 

3
7

.8
6

4
 

4
2

.3
9

7
 

4
6

.9
5

3
 

5
1

 0
5

4
2

 
5

6
.1

7
7

 
6

0
.8

7
6

 
6

5
.6

5
9

 
7

0
 

5
5

2
 

7
5

.5
7

7
 

8
0

.7
6

0
 

8
6

.1
2

6
 

9
1

 0
7

3
0

 
1

0
3

.5
5

5
 

1
1

6
.4

6
6

 
1
3
0
.5

0
:'

 
1

4
5

.6
3

'.
 

1
6

1
. 

7
3

0
 

1
7

8
.4

7
9

 
1

0
5

.4
1

4
 

2
1

1
.8

6
4

 
2

2
4

.9
2

7
 

2
3

9
.4

5
1

 
2

5
9

.8
7

8
 

2
3

'3
.6

6
9

 
1

5
7

.8
8

8
 

4
.7

0
7

 
-2

6
3

.7
4

5
 



F
T
a
V
R
E
 2

7
 

T
H

E
R

M
A

L
 

P
R

O
P

C
R

T
X

C
S

 
O

F
 

N
f 

'n
o

0
1

 
4

4
7

.6
0

0
 

K
C

A
L

lM
O

L
E

) 
. .

 
.. -

 .. 
*
*
r
 q

s
 
*

*
O

*
O

+
O

~
~

*
+

*
~

O
~

P
H

Y
S

IC
A

L
 

~
~

o
~

~
*

+
~

~
~

o
*

o
~

o
~

o
o

o
~

o
o

~
~

~
 



F
T

cl
lR

e 
2

8
 

T
H

E
R

M
A

L
 

P
R

O
P

E
R

T
lE

S
 
O
F
 

O
L

 
4

0
0

- 
3

7
2

.9
4

0
 

K
C

A
L

/M
O

L
E

 )
 



m a w  
N  - Q 
e P r 
0 . .  

0 6 0  
n n u  
1 1  1  

a o m  
u w l n  

0 0 
I  . 

W Q 
J 
C 
s 
\ 
J 
4 
U 

N U J  
0 0 0  
(ro- ... 
Q C C  

C C N O  
N ( V 6 1 0  
- m e 1 0  .... 
m c a c  

o w a - *  
O d o . 0 0  
I O C R O  ..... 





FI
fX

JR
E

 3
1
 

T
H

E
R

M
A

L
 

P
R

O
P

E
R

T
IE

S
 

O
F

 C
O

&
--

.-
00

s 
0

.0
 

K
C

A
L

/M
O

L
E

) 



oe*tu 
Z R O O  
Q N C R  . . * *  
n a a n  
C C P C  



o w e -  
O J O D  
I O Q ~  
I I  * .  
I \ 0 -  



Fr
"r

JR
E 

3
4

 
T

H
E

R
M

A
L

 
P

R
O

P
E

R
T

IE
S

 
O

F
 

H
E

 
iO

O
=

 
0

.0
 

K
C

A
L

/M
O

L
E

) 

C
 P

 

C
t5

 "M
O

L
E

-O
E

G
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

5
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

9
 

4
 

9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
9

 
4

.9
6

8
 

4
 

9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
0

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

9
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4 
9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 



F
T
C
U
R
E
 

3
5

 
T

H
E

R
M

A
L

 
P

R
O

P
E

R
T

IE
S

 
O

F
 

C
 

1
0

0
=

 
2

6
3

.5
5

0
 

K
C

A
L

IM
O

L
E

) 



1
0

3
. 

2
0
3
.
 

3
C

O
. 

4
0

1
. 

5
C

O
. 

6
0

 0
. 

7
0

 0
 

8
0

 0
 

9
0

3
. 

1
0

0
2

. 
1

2
5

0
. 

1
4

0
9

. 
1
6
C

O
m

 
1

8
S

 0
. 

2
0

0
0

. 
2

2
0

0
. 

2
4

C
O

. 
2

6
0

0
. 

2
8

0
 0
 . 

3
C

O
O

. 
3

5
3

0
. 

4
9

C
 9.
 

4
5

0
0

. 
5

3
0

0
. 

I
 

5
5

C
O

. 
Y

 
6
C

O
O

. 
aJ
 

0
5

0
0

. 
I 

7
0

C
O

. 
7

5
0

0
. 

8
9

0
 0

.. 
0
5
C
r
)
.
 

9
0

C
 0

. 
9

5
0

0
. 

1
0

0
0

0
. 

1
1

0
0

0
. 

1
2

0
0

0
. 

1
3

0
0

0
. 

L
4

0
C

3
. 

1
5

0
3

0
. 

1
5
O

C
C

'r
 

1
7

7
'3

0
. 

! 
90
' 

r)
. 

1
9

0
0

 0
. 

2
4

0
0

0
. 

2
2

0
C

O
. 

2
4

0
0

0
. 

2
6

3
C

O
. 

2
3
C

O
O

. 
J
O

C
O

O
. 

F"
'1R

E 
36
 

T
M

R
M

A
L

 
P

R
O

P
E

R
T

IE
S

 
O

F
 

C
C

 
iO

O
+ 

5
2

3
.3

1
0

 
K

C
A

L
/M

O
L

E
) 

H
-H

O
O

 
K

C
A

L
/M

O
L

E
 

0
.5

7
8

 
1

.0
9

6
 

1
.5

9
9

 
3

.1
 

O
r)

 
2
.
5
9
8
 

3
.0

9
6

 
3

.5
9

4
 

4
.0

9
2

 
4

.5
8

9
 

5
.0

5
6

 
6

.0
8

0
 

7
.0

7
4

 
8

.0
6

R
 

9
.0

6
2

 
1

C
.C

5
6

 
1

1
.0

5
0

 
1

2
.0

4
4

 
1

3
.0

3
7

 
1

4
.0

3
1

 
1

5
.0

2
5

 
1

7
.5

0
9

 
1

9
.9

9
3

 
2

2
.4

7
7

 
2

4
.9

6
2

 
2

7
.4

4
9

 
2

9
.9

3
8

 
3

2
.4

3
2

 
3

4
.9

3
3

 
3

7
.4

4
6

 
3

9
.9

7
4

 
4

2
.5

2
0

 
4

5
.0

 
9

0
 

4
7

.6
8

6
 

5
0

.3
1

3
 

5
5

.6
7

1
 

6
1

.1
8

5
 

6
6

.8
6

7
 

7
2

.7
2

4
 

7
8

.7
5

3
 

8
4

.9
4

9
 

9
1

.2
9

9
 

9
7

.7
8

9
 

1
0

4
.4

0
3

 
1

1
1

.1
2

4
 

1
2

4
.8

1
6

 
1

3
8

. 
7

3
1

 
1

5
2

.7
 
5

5
 

1
4

6
.7

9
3

 
1

8
0

.7
7

5
 



1
0
0
.
 

2
0
0
.
 

3
0
0
.
 

4
0
 3.
 

5
0
0
.
 

6
0
0
.
 

7
0
0
.
 

3
C
O
.
 

9
0
0
.
 

1
0
C
9
.
 

1
2
0
0
.
 

1
4
C
O
.
 

1
6
0
0
.
 

1
9
0
0
.
 

2
0
0
0
.
 

2
2
c
o
.
 

2
4
0
0
.
 

2
6

3
 0
. 

2
8
0
0
.
 

3
0
0
 9
 

3
5
C
J
.
 

4
0
0
0
.
 

4
5
0
0
.
 

I
 

so
c 
0. 

g
 

5
5
0
0
.
 

W
 

6
0
0
0
.
 

I 
6
5
0
0
.
 

7
0
C
O
.
 

7
5
0
0
.
 

8
3
7
9
.
 

8
5
0
5
.
 

9
C
C
0
.
 

P
5
C
0
.
 

1
O
O
C
O
.
 

1
1
0
0
0
.
 

1
2
0
0
0
.
 

1
3
0
0
0
.
 

1
4
O
C
O
.
 

1
5
0
C
O
.
 

1
6
0
C
.
O
.
 

1
7
0
0
3
.
 

1
8
C
J
O
.
 

1
9
0
C
0
1
 

2
0
3
0
3
.
 

2
2
0
C
d
.
 

2
4
0
0
0
.
 

2
6
0
0
0
.
 

2
8
C
3
0
.
 

3
0
3
0
0
.
 

( 
M
U
O
-
H
O
O
 )

/R
T

 

F
-
 "T

RE
 
37
 

T
H

E
R

M
A

L
 

P
R

O
P

E
R

T
IE

S
 

O
F

 
H
E
 

i
O
O
=
 

5
6
6
.
8
4
0
 

K
C

A
L

/M
O

L
E

) 



F
T

m
''r

lE
 

3
8

 
T

H
E

R
M

A
L

 
P

R
O

P
E

R
T

IE
S

 
O

F
 

A
R

C
 

O
D

= 
3
6
3
.
3
3
0
 

K
C

A
L

/M
O

L
E

) 



( 
M

U
O

-H
O

O
 

)/
R

T
 

FT
'V

R
E

 
39
 

T
H

E
R

M
A

L
 

P
R

P
P

C
R

T
IE

S
 

O
F
 

H
E

3
 

3
0

=
 

4
5

6
.9

1
0

 
K

C
A

L
/M

O
L

E
) 

C
P
 

C
A

L
IM

O
L

E
-O

E
G

 
4

.9
6

8
 

4
.9

6
8

 
4

 
9

6
9

 
4

.9
6

8
 

4
.9

6
8

 
4
.9

6
A

 
4

.9
6

9
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
9

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
9

 
4

.9
6

8
 

4
 

9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4
. 

$
4

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
 

7
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
8

 
4

.9
6

8
 

4
.9

6
R

 
4

.9
6

8
 

so
 

C
A

L
IM

O
L

E
-O

E
G

 
2

6
.8

8
1

 
3

0
.3

2
4

 
3

2
.3

3
9

 
3

3
.7

6
8

 
3

4
 0

8
7

6
 

3
5

.7
8

2
 

3
6

.5
4

8
 

3
7

.2
1

 
1

 
3

7
.7

9
7

 
3

8
.3

2
0

 
3

9
.2

2
6

 
3

9
.9

9
2

 
4

0
.6

5
5

 
4

1
.2

4
0

 
4

 1
.7

6
4

 
4

2
.2

3
7

 
4

2
.6

6
9

 
4

3
.0

6
7

 
4

3
.4

3
5

 
4

3
.7

7
8

 
4

4
.5

4
4

 
4

5
.2

0
7

 
4

5
.7

9
2

 
4

6
.3

1
 

6
 

4
6

.7
8

9
 

4
7

.2
2

1
 

4
7

.6
1

 
9

 
4

7
.9

8
7

 
4
8
.3

3
1
) 

4
8

.6
5

1
 

4
8

.9
5

2
 

4
9

.2
3

6
 

4
9

.5
0

4
 

4
9

.7
5

9
 

5
0

 
2

3
3

 
5

0
.6

6
5

 
5

1
 0

0
6

3
 

5
1

.4
3

1
 

9
 1

.7
7

4
 

5
2

.0
9

4
 

5
2

.3
9

5
 

5
2

.6
7

9
 

5
2

.9
4

8
 

5
3

.2
0

3
 

5
3

.6
7

6
 

5
4

.i
0

9
 

5
4

.5
0

6
 

5
4

.8
7

4
 

5
5

.2
1

7
 





H
-W

O
O

 
U

L
A

L
/M

O
L

E
 

0
 

6
9

6
 

1
.3

9
I 

2
.0

8
8

 
2

.7
0

5
 

3
.5

2
1

 
4

.2
6

9
 

5
. 

C 
3

9
 

5
.0

2
7

 
6

.6
3

2
 

7
.4

2
0

 
9

.1
1

6
 

lO
.R

l2
 

1
2
0
 5

2
'3

 
1

4
.2

6
0

 
1

6
.0

0
1

 
1

7
.7

5
1

 
1

9
.5

0
7

 
2

1
0

2
0

7
 

2
3

.0
3

2
 

2
4

.7
9

9
 

2
9

.8
2

8
 

3
3
.
6
6
8
 

3
8
.1

 
1

4
 

4
2

.5
6

5
 

4
7

.0
2

0
 

5
1

.4
7

8
 

5
5

.9
3

7
 

6
0
.3

'2
8
 

6
4

.8
6

1
 

6
9

.3
2

5
 

7
3

.7
8

9
 

7
8

.2
5

4
 

8
2

.7
2

0
 

8
7

.1
8

7
 

9
4
5
.1

7
1
 

1
0

5
-0

5
6

 
1

1
3

.9
9

3
 

' 
1

2
2

.9
3

0
 

1
3

1
.8

6
9

 
1

4
0

.8
0

7
 

1
4

9
.7

4
6

 
1

5
9

.6
0

6
 

1
6

7
.6

2
5

 
1

7
6

.5
6

5
 

1
0

4
.4

4
6

 
2

1
2

.3
2

7
 

2
3

0
.2

0
9

 
2

4
E

e
C

 9
2
 

2
6

5
.9

7
4

 



f 
M
U
O
-
H
O
O
 )

/R
T

 
H

- 
H
O
O
 

K
C
A
L
/
M
O
L
E
 

0
.6

9
6

 
1.
39
1 

2
.C

t3
8

 
2.
79
2 

3.
51
2 

4.
25
2 

5. 
C

 1
4
 

5.
79
4 

6.
59
1 

7.
40
2 

9
.C

5
6

 
1
0
.
7
4
2
 

12
.4
53
 

1
4
.
1
7
4
 

15
.9
 
1
0
 

1
7
.
6
5
5
 

1
9
.
4
0
7
 

2
1
.
1
6
4
 

2
2
.
9
2
5
 

2
4
.
6
9
0
 

29
.1
 
1
4
 

3
3
.
5
4
9
 

3
7
.
9
9
2
 

42
.4
41
 

4
6
.
8
9
3
 

5
1
.
3
4
9
 

5
5
.
8
0
7
 

6
0
.
2
6
7
 

6
4
.
7
2
9
 

69
.1
91
 

7
3
.
6
5
5
 

7
8
.
1
2
0
 

8
2
.
5
8
5
 

8
7
.
C
5
1
 

9
5
.
9
9
4
 

l
C
4
.
9
1
8
 

1
1
 3.
85
4 

1
2
2
.
7
0
1
 

1
3
1
.
7
2
8
 

1
4
0
.
6
6
7
 

1
4
9
.
6
0
5
 

1
5
8
.
5
4
4
 

1
6
7
.
4
0
4
 

1
7
6
.
4
2
3
 

1
9
0
.
3
0
3
 

2
1
2
.
l
P
4
 

2
3
C
.
0
6
6
 

2
4
7
.
9
4
9
 

2
6
5
0
8
3
0
 

F
Tp

lr
R

E
 

4
2

 
T
H
E
R
M
A
L
 

P
R

O
P

E
R

T
IE

S
 

O
F

 
H

E
2
 

0
0
-
 

4
1
 3
.6
50
 

K
C
A
L
/
M
O
L
E
)
 



U
-H

O
O

 
K

C
A

L
/M

O
L

E
 

0
.6

9
6

 
1

.3
9

1
 

3
.0

8
7

 
2

.7
8

5
 

3
.4

8
9

 
4

.2
0

7
 

4
- 

9
4

0
 

5
.6

9
0

 
6

.4
5

6
 

7
.2

 
3

7
 

8
.8

3
7

 
1

0
.4

7
8

 
1

2
.1

4
8

 
1

3
.0

4
0

 
1

5
.5

4
9

 
1

7
.2

7
1

 
1

9
.0

0
3

 
2

0
.7

4
4

 
2

2
.4

9
2

 
2

4
.2

4
6

 
2

8
.6

5
1

 
3
3
. 

I
2

1
 

3
7
.6

 
3

6
 

.1
2

*2
1

8
 

4
6

.8
7

6
 

5
1

.6
1

6
 

5
6

.4
4

0
 

6
1

.3
4

4
 

6
6
.
3
2
3
 

7
1

.3
7

1
 

7
6
.4

 
7

8
 

8
1

.6
3

6
 

8
6

.8
3

7
 

9
2

.0
7

2
 

1
0

2
-6

1
5

 
1

1
3

.2
1

3
 

1
2

3
.a

2
6

 
1

3
4

.4
2

7
 

1
4

4
.9

R
3

 
1

5
5

.5
1

3
 

1
6

5
.9

7
7

 
1

7
6

.3
8

2
 

1
8

6
.7

2
4

 
1

9
7

.0
0

3
 

2
1

 7
.3

7
'7

 
2

3
7

.5
1

 
9
 

2
5

7
.4

4
6

 
7

-7
0

 1
8

7
 

2
9

6
.7

5
5

 



F
IF

'"
E

 
4

4
 

T
H

E
R

M
A

L
 

P
R

O
P

E
R

T
IE

S
 

O
F

 
A

R
*h

 
0

1
 

2
6

6
.3

5
0

 
K

C
A

L
/M

O
L

E
) 



FT
m

rr
R

E
 4

5
 

T
U

E
R

M
A

L
 

P
R

O
P

E
R

T
IE

S
 

O
F

 
A

R
I 

0
0

1
 

2
6

7
.9

7
0

 
K

C
A

L
IM

O
L

E
) 



n
-n

o
0

 
K

C
 A

L
/ 

M
O

L
E

 
C

.8
0
1
 

1
.6

8
5

 
2

.5
7

6
 

3
.4

6
8

 
4

.3
6

1
 

5
.2

5
5

 
6

.1
4

9
 

7
.0

4
2

 
7
.9

3
6
, 

8
.8

3
0

 
1

0
.6

1
8

 
1

2
.4

0
7

 
1

4
0

1
9

5
 

1
5

.9
8

3
 

1
7

.7
7

2
 

1
9

.5
6

0
 

2
1

.3
4

8
 

2
3

.1
3

7
 

2
4

.9
2

5
 

2
6

.7
1

4
 

3
1

.1
 

8
5

 
3

5
.6

5
6

 
4'

2.
 

1
2

7
 

4
4

.5
9

8
 

4
9

.0
6

9
 

5
3

.5
4

0
 

5
8

.0
1

2
 

6
2

.4
8

3
 

6
6

.9
5

4
 

7
1

.4
2

5
 

7
5

.e
o

b
 

8
0

.3
6

8
 

8
4

.8
3

9
 

8
9

.3
1

0
 

9
8

.2
5

2
 

1
0

7
.1

9
5

 
1

1
6

.1
3

7
 

1
2

5
.0

7
9

 
1

3
4

.0
2

2
 

1
4

2
.9

6
4

 
1

5
1

.9
3

7
 

1
6

0
.8

4
9

 
1

6
9

.7
9

1
 

1
7

8
.7

3
4

 
1

9
6

.6
1

9
 

2
1

4
.5

0
3

 
2

3
2

.3
n

~
 

2
5

0
.2

7
3

 
2

6
8

.1
5

8
 

F
I
G
U
R
E
 
4

6
 

T
H

E
R

M
A

L
 

P
R

O
P

E
R

T
IE

S
 

O
F

 
A

R
2G

 
fn

O
O

* 
3

3
7

.9
4

0
 

K
C

A
L

/M
O

L
E

) 



T
A
B
L
E
 

V
X

Z
 

E
l
 

w
 

S
p

e
c
ie

s 
S

ta
te

 
k

ca
l/

m
o

le
 

SP
E

C
T

R
O

SC
O

PI
C

 D
A

TA
 
FO

R 
M

O
LE

CU
LE

S 
B

e 
0

4
 

w
e
 

"
a
g

e
 

cm
-1

 
cm

-1
 

cm
-1

 
cm

-1
 

so
u

rc
e 

JA
N

A
F

 
(r

e
f.

 5
) 

H
er

zb
er

g 
(r

e
f.

 
8

) 
R

ef
er

en
ce

 
8

 
R

ef
e-

en
ce

 
8
 

R
ef

er
en

ce
 

8
 

R
ef

er
en

ce
 

5 
R

ef
er

en
ce

 
8

 
R

ef
er

en
ce

 
8

 
R

ef
er

en
ce

 
8
 

R
ef

er
en

ce
 
3
 

R
ef

er
en

ce
 

5 
R

ef
er

en
ce

 
8

 
R

ef
er

en
ce

 
8 

F
b

ef
er

en
ce

 
8

 
R

ef
er

en
ce

 
8 

R
ef

er
en

ce
 

8
 

R
ef

er
en

ce
 

0 

R
ef

er
en

ce
 

5 
P

re
d

v
o

d
it

el
ev

 
(r

e
f.

 
1

0
) 

R
ef

er
en

ce
 

10
 

R
ef

er
en

ce
 

10
 

R
ef

er
en

ce
 
iO

 
R

ef
er

en
ce

 
10

 
R

ef
er

en
ce

 
8

 
R

ef
er

en
ce

 
8 

R
ef

er
en

ce
 

8
 

R
ef

er
en

ce
 

10
 

H
er

zb
er

g 
(r

e
f.

 
11
) 

1
 



TA
B

LE
 

V
I

I
 (

C
O

N
C

L
'D

) 

SP
E

C
T

R
O

L
C

O
PI

C
 D

A
TA

 
FO

R
 

M
O

LE
C

U
LE

S 

*T
he

 
e

x
c

it
a

ti
o

n
 e

n
e

rg
y

 o
f 

th
e

 
a 

s
ta

te
 o

f 
H

e2
 

i
s

 i
n

c
lu

d
e

d
 

in
 t

h
e

 
fo

rm
a

ti
o

n
 e

n
th

a
lp

y
. 

O
r,

 
cm

-l
 

0
.0

1
7

4
6

 

0
.0

1
7

2
 

0
.2

2
4

 

0
.2

4
3

 

0
.0

1
8

9
6

 

-- 

u
 1
 

1
 

' 

2
 

2
 1
 

2
 

E
l 

k
c

a
l/

m
o

le
 

0
. 

1
3

9
.2

0
 

1
5

9
.8

3
 

1
7

8
.1

2
 

1
8

6
.0

5
5

 

0
. 

2
6
.0

6
9
 

7
3

.7
5

9
 

1
5

4
.2

6
3

 
1

6
8

.5
7

 
1

7
0

.6
4

 
1

7
4

.2
3

 
1

8
5

.2
2

 

0.
 

0
.*

 

0
. 

5
9

.2
7

8
 

1
3

1
.1

6
6

 

0
. 

S
?
+
c
i
e
s
 

B
e 

c
a

-1
 

1
.9

3
0

3
 

1
.8

9
8

9
 

7
.2

1
1

 

7
.7

1
0

 

1
.9

7
7

2
 

0
.1

7
4

 

a.
 

cm
-l

 

2
1
6
9
.5

2
 

2
0

6
8

.6
1

 

1
6

9
8

.5
 

1
8

0
9

.9
 

2
2

1
4

.2
4

 

8
0

. 

S
ta

te
 

w
e&

 
cm

' 
l
 

1
3

.4
5

3
 

1
3

.1
1

4
 

3
 5 

3
8
.0

 

1
5

.1
6

4
 

-- 

C
O

 
X

 
'-

L
C

 
a
 

'&
 

'&
-Y

e 
cm

-1
 

---
- 

---
- 

---
- 

---
- 

---
- 

---
 

S
o

u
rc

e
 

R
e

fe
re

n
c

e
 5

 
R

e
fe

re
n

c
e

 8
 

R
e

fe
re

n
c

e
 8

 
R

e
fe

re
n

c
e

 8
 

R
e

fe
rn

n
c

e
 8

 

R
e

fe
re

n
c

e
 5

 
R

e
fe

re
n

c
e

 5
 

R
e

fe
re

n
c

e
 5

 
R

e
fe

re
n

c
e

 5
 

R
e

fe
re

n
c

e
 5

 
R

e
fe

re
n

c
e

 5
 

R
e

fe
re

n
c

e
 5

 
R

e
fe

re
n

c
e

 5
 

G
i
n
t
e
r
 

( 
re

fs
. 

9
, 
L2
) 

R
e

fe
re

n
c

e
 9

, 
1

2
 

R
e

fe
re

n
c

e
 8

 
R

e
fe

re
n

c
e

 8
 

R
e

fe
re

n
c

e
 8

 

T
en

g
 

an
d

 C
on

w
ay

 
(r

e
f.

 
U
)
 1

 

1 
d
 

3~'
 1 ; ::+ a
 T

; 

%
Z
t
 

- 1: 
x

e
2

+
 

1 )
( 

xz
z 

S
ic

 

co
 +

 

I i 
n

r2
+

 
i 

a
 

3
~

U
)

 
X 

a
z+

 
A

 
xr
: 
L
 

6
 

='-
+ 

'2
: 



t o  code f a i l u r e  o r  gross ly  inaccurate  r e s u l t s .  Since the thermo 
f i t  is not  used i n  t h e  helium and argon models, these  models can 
be used a t  higher temperatures, up to  the onset  of s i g n i f i c a n t  
second ionizat ion.  

4-3 Data f o r  Reactions 

Tables V I I I ,  IX, X ,  and X I  list the chemical reac t ions  f o r  
which d a t a  have been compiled i n t o  the current  version or' NATA. 
mese t a b l e s  def ine t h e  "master list of react ions",  They a l s o  
give the parameters A, , and Ea i n  t h e  curvef i t*  

t o  the  forward r a t e  constant  kf  f o r  each reaction. The reac t ion  
system f o r  a i r  (Table V I I I )  i s  one recommended recen t ly  by Cornell  
Aeronautical Laboratory ( r e f .  14). Those f o r  argon and helium 
(~ables  IX, X) a r e  documented i n  Appendix A of t h e  present  report .  
The reac t ions  f o r  the  carbon-containing species   a able X I )  a r e  
from Dunn ( re f ,  15), except t h e  CN r eac t ions  which a r e  from McKenzie 
and Arnold ( ref .  16) . 

The r a t e  constants  of i n t e r e s t  i n  NATA appl ica t ions  a r e  no t  
accurately known. Experimental determinations of the  r a t e  f o r  a 
given reac t ion  a t  a given temperature t y p i c a l l y  d i f f e r  by f a c t o r s  
ranging from 2 up t o  an  order  of magnitude o r  more. I n  many cases,  
the  temperature range over which t h e  r a t e  has  been measured i s  
considerably smaller than t h e  range over whiciz it is  used i n  NATA. 
The ext rapola t ion  whl-ch i s  thus required i s  a fu r the r  source of 
e r ror .  However, i n  s p i t e  of these  uncer t a in t i e s ,  ca lcula t ions  
based on t h e  reac t ion  system f o r  a i r  (Table VI1I)have given r e s u l t s  
i n  reasonable agreement with experimental da ta  ( r e f ,  14). 

The main sources fo r  the data i n  Table V I I I  a r e  c i t e d  i n  reference 
14. The reac t ions  f o r  the  n e u t r a l  species  i n  high temperature a i r  
have been reviewed by Wray ( re f .  17). those f o r  t h e  charged spec- 
ies by Dunn and Treanor ( raf  , 18) , 

*Equation (69) of Volume I. 
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I n  Table V I I I ,  the  reac t ions  given i n  reference 14 hzve been 
rearranged t o  place the  reac t ions  having the  same e f f e c t  (e.g., 
d i s scc ia t ion  of 02) together,  and t o  p l a c j  t h e  reac t ions  involv- 
ing only n e u t r a l  species  ahead of those i n v o l v i n ~  charged species.  
Reference 14 gives both forward and b a ~ l ~ w a r d  r a t e s  f o r  each recc- 
t:on. In  each case, the  r a t e  c o e f f i c i e n t  i n  one d i rec t ion  i s  
based d i r e c t l y  on chemical k i n e t i c  da ta ,  while t h a t  i n  t h e  c the r  direc- 
t i o n  i s  a c u r v e f i t  t o  the  r e s u l t s  of ca lcula t ions  based on equation (62) 
of Volume I. I n  Table VII1,the reac t ions  have bcen wr i t t en  i n  such a 
f ~ r m  tha t  tke  r a t e  based on experimental da ta  i s  i n  the  forvard direc- 
t ion.  I n  NATA, t he  baclward r a t e  i s  computed i n t e r n a l l y  using equation 
(62) of Volumt I. -. . . 

The react ion rate data  summa-.ized i n  Tables V X T I  t o  X I  are 
s tored  i n  an a r ray  RPRP(1,IR) , contai:.ed i n  common block /REAc/. 
This a r ray  is  dimensioned (29,92). The e n t r i e s  i n  .this a r ray  
are defined as  follows, f o r  t h e  reac t ion  with index I R  i n  the 
master l i s t  of react ions:  

REJ= (1, I = 1  Coeff ic ient  A i n  eq. (7) 
( a 3  mole sec o r  m.6/mole2 sec) 

1 = 2 '  Expon2nt 7 i n  eq. (7 )  

1 = 3  P =t iva t ion  energy E, i n  eq. ( 7 )  , 
cal/inola 

I = 4 QQ: 1.0 i f  a third-body l i s t  i s  
provided i n  I = 20-29 
0.0 Lf no t  

*I = 5 Nwcbzr of r eac tan t  species  ( < 3 )  

*I = 6 N-er of product species  ( 2 3) 

* I  = 7-9 Indices  of reac tant  species  i n  
master list of species 

*I = 10-12 Indices  of product species  i n  
master l ist of species 

* A l l  values i n  the  ar ray  a r e  r e a l .  The values indica ted  by as t e r -  
i s k s  a r e  converted by the  program i n t o  integers .  To ensure round- 
ing down t o  the  co r rec t  value, the s tored  values have bcen increased 
by 0.1 



I = 13-15 N W e r s  of molecules of reac- 
t a n t s  

I = 16-18 N u m b e r s  of molecules of pro- 
duc t s  

*I = 19 Number of third bodies ( <1c; 

*I = 20-29 Indices  of  t h i r d  body species  
i n  mast::r l i s t  of spec ies  

For convenience i n  adding t o  o r  a l t e r i n g  the ccmpiled-fn da ta ,  
RPRP i s  equivalenced t o  92 s ingly  3imensioned a r rays  of  dimension 
(29) , as f o l lo t~s :  

Rp1(I) Equivalent t o  RPRP (I ,  1) 

* 
~ ~ 9 2  (1) Equivalent t o  RPRP (1,921 

4.4 Electronic  Nonequilibriurn Data 

When an ionized gas expands t o  low densi ty ,  as i n  t h e  di- 
verging nozzle sec t ion  of an arc-heated w i n d  tunnel,  a condition 
of nonequilibrium between t h e  e l ec t ron  temperature and t h e  heavy- 
p a r t i c l e  temperature develops, This phenomenon is a r e s u l t  of 
t h e  smallness of t h e  c ross  sec t ion  f o r  e l a s t i c  energy t r a n s f e r  
between e1ectror.s and heavy p a r t i c l e s .  A t  high gas d e n s i t i e s ,  
there are enough c o l l i s i o n s  t o  keep t h e  two temperatures approx- 
imately i n  equilibrium i n  s p i t e  of the  small  c ross  sec t ion;  b u t  
a t  low d e n s i t i e s  t h i s  i s  no longer t rue ,  I n  an expanding plasma 
flow, electron-ion reconhination processes supply energy t o  the  
electron gzs, s o  t h a t  the e lec t ron  temperature normally f a l l s  
more slowly than the  Fjas temperature. 

The forward r a t e  f o r  a reac t ion  which includi ;?~ t h e  e l ec t ron ,  
as e i t h e r  a r eac tan t  o r  a t h i r d  body, usual ly  depends upon t h e  
e lec t ron  temperature rat1 .er than the  gas temperature. Thus, 
tl1er;nal nonequi1ibriur-n bet.\reen t f l c  e lec t rons  and t h e  heavy par- 
t i c l e s  can a f z s c t  the r a t e s  of production and des t ruc t ion  of 
species,  This phenomenon is not  considcrcd i n  the current  NATA 
models C a r  a i r ,  It has  been studied, f o r  t h e  case of an atomic 



nitrogen plasma, by Bowen and Park ( ref .  19) . Nonequilibrium be- 
tweer the  e lec t ron  and gas temperatures i s  included e x p l i c i t l y  i n  

I t h e  NATA models f o r  heliuin and argon (Volume I, Sec, 7.1-2). 
These noble gas models require  add i t iona l  da ta  f o r  each reac t ion  
t o  specify the  dependence of t h e  forward and backward rate con- 
s t a n t s  upon the  e lec t ron  and gas temperatures and t o  specify t h e  
p a r t i t i o n  of t h e  energy of reac t ion  between e lec t ron  k i n e t i c  en- 
ergy and rad ia t ive  losses. D a t a  a r e  a l s o  required t o  provide the 
e l a s t i c  c o l l i s i o n  cross  sec t ion  between t h e  e lec t rons  a n 3  t h e  neu- 
t r a l  heavy p a r t i c l e s  (assumed t o  be t h e  same f o r  a l l  n e u t r a l  spec- 
ies). These ex t ra  da ta  f o r  the  thermal nonequilibrium models are 
stored i n  an ar ray  TNEP(I,INT), contained i n  common block /TNE/. 
This a r ray  is  dimensioned (186,2). The index INT s p e c i f i e s  the  
gas model i n  which the  da ta  are t o  be used. For helium, I N T  = 1, 
and f o r  argon, INT = 2, The e n t r i e s  i n  TNEP(I,INT) are defined 
below i n  t e r m s  of the  reac t ion  index J R  f o r  whichever gas  model 
is being used, The index JR runs from 1 up t o  ISR.  The clmen- 
sioning of TNEP allows t h e  number of reac t ions  I S R  t o  be as high 
a s  25 f o r  gas models involving e lec t ron ic  nonequilibriwn, For 
conventional gas  models, ISR can be as high a s  64. 

The e n t r i e s  i n  TNEP (I,INT) are defined as follows: 

*I = J R  I(TF(JR), i nd ica to r  of type of formula f o r  
forward r a t e  constant  f o r  the  JRth reaction: 

KTF = 1 kf given by (7) as a function 
of gas temperature T 

KTF = 2 kf given by (7) as a function 
of e l ec t ron  temperature Te 

where T =  b np R/NO 

KTF = 5 kf = A/ 6 
Note: R denotes the  l o c a l  nozzle radius  (or  a corresponding eE- 
f ec t ive  value i n  the case of a channel). Also, n i s  t h e  number 
densi ty  of the  atomic species  appearing on the  &duct s i d e  of 
the  react ion,  and b is a coe f f i c i en t  stored as BPAR (below). The 
types ISPF = 3, 4, and 5 a r e  used only i n  the model for  argon 
(IGAS - 3 ) ;  see Appendix A. 

*All values i n  the  ar ray  a r e  r ea l .  The values indicated by as ter -  . . 
islcs are converted by t h e  program i n t o  integers .  To ensure round- 
ing down t o  the correc t  value,  the  s tored  values have been increased 
by 0.1. 



*I = J R  + 25 KTH(JR) , equal  t o  0 i f  t backward r a t e  con- 
s t a n t  kr = 0 f o r  t h e  JRth react ion;  equal  t o  1 i f  
kr = kr(T): equal  t o  2 i f  kr = kr(Te), where t h e  
funct ional  de endence i s  given by equetions (277-278) 
of  "01. I (re'?. 1). 

*I = J R  + 50 ITR(JR), ind ica to r  of r u l e  f o r  parti t ior: ing t h e  
r eac t ion  energy f o r  t h e  JRth react ion,  I n  t h e  
d e f i n i t i o n s  below, Ef and - E, denote t h e  en- 
e r g i e s  gained by t h e  e lec t ron  gas  i n  No r eac t ions  
i n  the forward and reverse d i rec t ions ,  respect ively,  
and qf,- qr denote t h e  corresponding energies  l o s t  
by radiat ion.  Also No =Avogadrols number. 

ITR = 1 E f = - a R g T e  

ITR = 2 - 3 
Ef - - P Ro Te 

q f =  E o -  

€ r = q r = O  

I T R  = 3 - Cf = qf = Cr - qr = 0 

ITR = 4 - 3 C f =  E r - - -  2 R~ Te 

qf = qr = 0 

I T R  = F 
€ f  

= Er  = Eo 

- qf - qr = 0 

I T R  = 6 qf = € 0  

* A l l  values i n  thc a r r a y  a r e  real, The values indicated by aster- 
. . i s k s  are convertcil by the  program i n t o  integers .  To ensure round- 

ing down t o  tllc cor rec t  value,  the s tored  values have been increased 
by 0.1, 



I = J R  + 75 EPAR(L,JR), parameter € f o r  the JRth reac t ion  
eal p e r  No reac t ions)  0 

I = JR + 100 E P A R ( ~ ,  JR) , parameter "a" f o r  the JRth reac t ion  
i f  ITR(IR) = 1 

I = 126-155 TLIST(J) , temperature valu s f r t a b l e  of e l a s t i c  
c o l l i s i o n  c ross  sec t ion ,  qf l@ lY (see Appendix A) 

I = 156-185 -(I, 1) 
P@M(3), Q values f o r  table 

I = 186 BPAR, parameter b f o r  a l l  reac t ions  with KTF = 4 

For convenience i n  adding t o  o r  a l t e r i n g  t h e  compiled-in d a t a  f o r  
reac t ions  involving e l e c t r o n i c  nonequilibrium, TNEP i s  equivalenced 
t o  two singly dimensioned a r rays  of dimension (186), a s  follows: 

TN1 (K) Equivalent t o  TNEP (K, 1) 
TN2 (K) Equivalent t o  TNEP (K, 2) 

Tables XI1 through XV summarize t h e  precoded e l e c t r o n i c  non- 
equilibrium da ta  f a r  t h e  helium and argon mode 1s (IGAS = 4 and 3) , 
The d a t a  i n  these  t a b l e s  a r e  documented i n  Appendix A. 

TABLE XI1 

ELECTRONIC NONEQUILIBRIUM DATA FOR HELIUM MODEL 

J R  

1 
2 
3 
4 
5 
G 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 
16 
17 
18 
19 

IR 

35 
36 
37 
38 
39 
40 
4 1  
42 
43 

KTF ( JR) 

2 
2 
2 
2 
1 
2 
2 
2 
2 

I ~ R  ( JR) 

2 
2 
0 
0 
1 
2 
2 
1 
1 

I T R  (JR) 

5 
5 
2 
2 
3 
5 
5 
4 
4 

2 
2 
2 
0 
2 
2 
2 
1 
2 
2 -  

EPAR ( 1, J R )  
ca l / m o  le 

109890 
91540 

109890 
91540 

0 
98040 

458270 
0 
0 

5 
5 
5 
6 
5 
5 
5 
3 
5 
5 

0 

44 1 ; 18350 
456730 
475080 
475080 
346840 
365190 
383540 

0 
260350 
413480 

45 
46 
47 
48 
49 
50 
51  
52 
53 

- 
2 
1 
1 
1 
1 
1 
1 
2 



TABLE XI11 

ELECTRONIC NONEQUILIBRIUM DATA FOR ARGON MODEL 

EPIlR(2, JR) EPAR(1, JR) JR BPAR 

- - - - 
2 lo7 - - 
- 
o 

. - - - - 
- 
- 
o - 

IR 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

Kl'F (JR) 
ca l/mole - 

76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 

96970 

hTR(JR) 

0 2 
2 
2 
2 
4 
2 
2 
5 
2 
1 
1 
1 
1 
1 
3 
3 
2 

ITR(JR) 

I 
2 
2 
0 
0 
0 
2 
2 
0 
2 
1 
0 
1 
0 
1 
2 
2 
2 

95360 
96970 
95360 
363330 
266350 
267970 
267970 
1600 

0 
226000 

0 
226000 

0 
70680 
69070 
337040 

5 
5 
1 
1 
1 
5 
5 
6 
5 

. 3  
6 
3 
6 
3 
5 
5 
5 

0 
0.7 
0.7 
1.0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



TABLE X I V  

- He MOMENTUM TRANSFER CmSS SECTION - 



TABLE XV 

eD-Ar MOMENTUM TRANSFER CROSS SECTION 



4.5 Standard G a s  M d e l s  

! A "gas m d e l "  i s  the  spec i f i ca t ion  of a s e t  of spec ies  with 
t h e i r  thermochemical proper t ies ,  a system ~f reac t ions  among these  
species  with t h e i r  r a t e  constants ,  and o ther  data ,  The NATA code 
contains  provis ions f o r  invoking c e r t a i n  standard gas models by 
input  of a s i z s l e  index value,  IGAS. The standard gas models 
ava i lab le  a r e  summarized i n  Table XVI .  The t h i r d  and four th  col- 
umns i n  t h i s  t a b l e  specii';. t h e  p a i r  of species  whose binary d i f -  
fusion coe f f i c i en t  i s  nsed i n  cm-puting t h e  Lewis number. The 
var iable  INT p e r t a i n s  t o  the  treatment uf e lec t ron ic  nonequili- 
b r i m  i n  the  model. For INT = 0, e l ec t ron ic  n~necp i l ib r ium i s  
neglected. For INT > 0, e l e c t r o n i c  nonequilibrium is take11 i n t o  
account, and INT i s  t h e  index f o r  se lec t ing  the  reac t ion  para- 
meters from TNEP(1,INT). I f  the  ind ica to r  LEWIS i s  equal  t o  1, 
t h e  Fay-Riddell L e w i s  number f ac to r  i s  used i n  ca lcu la t ing  t h e  
s tagnat ion p o i n t  hea t  flux. For LEWIS = 2, it i s  not. The reac- 
t i o n  i r d i c e s  i n  Table XVI r e f e r  t o  t h e  master l i s t  of  react ions.  

AIR-1 i s  t h e  general  model 'or argon-free a i r ,  s u i t z b l e  f o r  
use i n  cases with reservoi r  temperatures up t o  about 15,000- 
20,000°~, Temperatures above 15000°K are beyond t h e  range of 
v a l i d i t y  of the  t h e m o  f i t s  f o r  the diatomic molecules. Above 

I 20,00OOK, the  s p e c i f i c  hea t s  f o r  some of these  species  (as  com- 
puted from t h e  thermo f i t )  go negative,  and t h e  chemical poten- 
t i a l s  begin t o  decrease with increasing temperature. However, 
t h e  temperature capab i l i ty  of t h e  A I R - 1  model appears more than 
adequate f o r  descr ibing t h e  flow i n  state-of-the-art a r c  heated 
wind tunnels. 

AIR-2 i s  a truncated a i r  model obtained from AIR-1  by delet-  
ing a l l  of the  ion  species except NO'. It is s u i t a b l e  f o r  use i n  
cases with r e se rvo i r  temperatures up t o  about 6000°K, The i a n  
NoS is  re ta ined  because the  ioniza t ion  p o t e n t i a l  of NO p.5 ev) 
is  much lower than tihose of t h e  o the r  n e u t r a l  species  i n  hightemper- 
a tu re  a i r  (12.5-15.5 ev) .  I n  problems with reservoi r  temperatures be- 
low 6 0 0 0 ~ ~ ~  use of the  AIR-2 model i n  place of AIR-1 economizes on 
computer time without s i g n i f i c a n t l y  a f fec t ing  the  r e s u l t s .  

HELIUM and ARGON a re  t h e  e l e c t r o n i c  nonequilibrium models 
f o r  helium and argon. Since the  thermo f i t  i s  not  used in  these  
models, they are su i t ab le  f o r  use up t o  temperatures a t  wllich 
t h e  doubly ionized species ~e" and &+ become important. 
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CONAR* i s  a model f o r  a planetary atmosphere containing 75 
mole percent COZ8 20 mole percent  argon, and 5 mole percent N2. 
These mole f r ac t ions  can be adjusted e a s i l y  i n  t h e  code input ,  
s o  t h a t  CONAR i s  usable as a genera l  C02-Ar-N2 model f o r  the st- 
mospheres of Venus and Mars. 

CONAR2 i s  a smaller version of CONAR with some of t h e  ion  
species omitted, designed f o r  use a t  temperatures up t o  7 0 0 0 ~ ~ .  
I n  t h i s  temperature range, it gives  p r a c t i c a l l y  t h e  same r e s u l t s  
as CONAR with l e s s  expenditure of computer time. 

The da ta  required f o r  generating these  standard gas models 
are stored i n  an a r ray  GPRP(I,IGAS),  which i s  contained i n  common 
block /MIXT/, This a r r a y  i s  himensioned (124,6). Its e n t r i e s  a r e  
defined a s  follows, f o r  t h e  model with index IGAS: 

1 = 1  Mixture name 

**I = 2 Number of elements i n  mixture (ISC) 

**I = 3 Number of species i n  mixture (Iss) 

**I = 4 N u m b e r  of r eac t ions  included (ISR) 

**I = 5 Number of ion  species  ( I C )  

**I = 6-15 Indices  (IE) of elements i n  master l is t  of elements 

I = 16-25 Mole f r ac t ions  of cold species  (QPJ) 

**I = 26-45 Indices (IS) of species  i n  master l ist  of species  

**I = 46-109 Indices ( I R )  of reac t ions  i n  master l i s t  of react ions 

**I = UO-119 Indices (JCS') of cold species  i n  masker l i s t  of 
species 

**I = 120 Number of cold species  (NCS) 

*Acronym f o r  Carbon-Oxygen-Nitrogen-Argon. 

**All values i n  the a r ray  a r e  r ea l .  The values indicated by as ter -  
i s k s  a r e  converted by t he  program i n t o  in tegers ,  To ensure rounC- 
ing doim t o  t h e  correc t  value, t h e  s tored values have been increased 

, by0.1.  



*I = 1 2 1  Atom index ( I S A T ~ M )  f o r  L e w i s  number i n  master l ist  
of species  

*I = 122 Molecule index (ISWL) f o r  L e w i s  number i n  master 
l is t  of species  

*I = 123 INT. I f  INT = 0, e lec t ron  temperature equals gas  
temperature. I f  INT > 0, the  model includes elec- 
t r o n i c  nonequilibrium, and INT i s  the  index of 
e x t r a  rLact ion  p roper t i e s  requkred i n  TNEP (I, INT) 

*I = 124 Indica tor  (LEWIS) f o r  inclusion (1) o r  exclusion 
(2) of Fay-Riddell Lewis number f ac to r  i n  stagna- 
t i o n  po in t  h e a t  f lux.  

Most of these d e f i n i t i o n s  a r e  s e l f  explanatory. However, the  
reference t o  "cold species" requi res  some discussion. I n  NATA, 
t h e  o v e r a l l  composition of the  gas i n  terms of the  chemical e le-  
ments i s  spec i f ied  by giving t h e  composition of t h e  cold gas mix- 
t u r e  which i s  fed i n t o  t h e  a r c  heater.  The chemical species  i n  
t h i s  cold gas a r e  ca l l ed  cold species. For example, t h e  cold 
species i n  argon-free a i r  a r e  N2 and 02, and t h e i r  mole f r a c t i o n s  
a r e  assumed t o  be 0.78523 and 0.21177, respect ively.  The weight 
f r ac t ions  of t h e  elements ni t rogen and oxygen, which a r e  deter-  
mined by these  data ,  a re  inva r i an t  under a l l  chemical changes i n  
t h e  system, 

Fcr convenience i n  adding t o  o r  a l t e r i n g  t h e  compiled-in gas  
models, GPRP i s  equivalenced t o  6 s ingly  dimensioned ar rays  of 
dimension (124) a s  follows: 

G P ~  (1) Equivalent t o  GPRP (I, 1) 

. 
GP6 (I) Equivalent t o  GPRP (I, 6) 

4.6 Transport Cross Sect ion Data 

The cross  sec t ion  da ta  required f o r  ca lcula t ing  the  trans- 
p o r t  proper t ies  of a r b i t r a r y  mixtures of the  standard species 
( l i s t e d  i n  Section 4 .2)  a r c  compiled i n t o  NATA. The methods 
used i n  the t ranspor t  property ca lcula t ions  have been cxplaincd 
i n  Section 3 of Volume 1 ( ref .  1). Br ief ly ,  the  t r anspor t  coef- 
f i c i e n t s  a r e  computcd from formulas involving the  cross  sec t ions  



- ficr,u, 
1 

, and ~2~ n ( ? - : l l f o r  c o l l i s i o n s  between 
1 I p a i r s  a£ species  t 2 . j ) .  These cross  sections a r c  calculated in - - 

a s e r i e s  of 
s e t  t o  z_e 0. f l  and B* n 

steps.  
Then 

a r e  

First, the  cross  sec t ions  
, i n  each s t ep ,  the  values of 
computed by a p a r t i c u l a r  method (or  "bption" 

with a p a r t i c u l a r  s e t  of parameter values,  and these values a r e  
added t o  the  correspondSng cross  sec t ions  for  each p a i r  of spec- 
i e s  t o  which the  s t ep  i s  applicable.  The information concerning 
the  a p p l i c a b i l i t y  of s t eps  t o  species  p a i r s  i s  s tored  i n  index 
ar rays  K K Q ( M ) ,  NNQ(M), a s  explained below. I f  only one s t e p  of 
t h e  cross  sect ion ca lca la t ion  i s  appl icable  t o  a p a r t i c u l a r  species 
p a i r ,  then the c ross  sec t ions  frr t he  p a i r  a r e  the  values computed 
during t h a t  step.  I f  two o r  more s teps  a re  appl icable  t o  t h e  p a i r ,  
t he  cross  sec t ions  f o r  the p a i r  a re  b u i l t  up by ndding contribu- 
t i o n s  f romthed i f fe ren t  steps.  I f  the  c ross  sec t ions  a re  poorly 
known f o r  severa l  minor p a i r s  of species ,  bu t  a r t  considered l i k e l y  
t o  be roughly the  same f o r  a l l  p a i r s ,  then t h e  c ross  sec t ions  f o r  
a l l  of these p a i r s  can be s e t  i n  a s ing le  s tep ,  

I n  t h e  present  sec t ion ,  t h e  twelve options f o r  ca lcula t ing  
cross  sect ions a r e  defined, and the  d e f a u l t  nzthods used by t h e  
code t o  determine unspecified cross  sec t ions  a r e  explained. The 
var iables  and ar rays  used t o  s t o r e  the precoded t ranspor t  c ross  

I s e c t i ~ n  da ta  a r e  then defined. F ina l ly ,  the  precoded da ta  f o r  the 
standard species  a r e  tzbulated and documented a s  t o  source. 

The opt ions f o r  ca lcula t ing  cross  sec t ions  a r e  selected by an 
inCex KKQ. For each option, t l  :e is an associated l i s t  of input  
parameters, W(J) . Array dimensions l i m i t  number of these  
parameters t o  f ive,  Other numerical d a t a  r e q u k e d  by some of t h e  
opt ions a re  s tored a t  spec i f ied  locat ions i n  four a r rays  (TL, 
~~MEGAI, ASTAR, BSTAR) , a s  explained below. Each of these a r rays  
i s  dimensioned (1000). The cross  sect ion opt ions avai lab le  i n  
NATA a r e  a s  follows: 

W = 2  Coulomb Cross Sections 

Here 



where Qc i s  defined by 

d 2  i n  ( ' Y A )  Q, = (kT) 

(Section 3 . 2  of Volume I ) .  En equations (9), e denotes t h e  elec- 
t ron  charge, k Boltzmann' s constant,  T t h e  absolute temperature 
and n, the  e lec t ron  density. 

.ICKQ = 3  Exponential Po ten t i a l  

In  t h i s  option, the  cross  sec t ions  a r e  obtained from Monchick's 
( re f .  20) tabulated c o l l i s i o n  i n t e g r a l s  f o r  the e xponentia.1 poten- 
t i a l  

which a r e  compiled i n t o  NATA i n  the  TL, WGA~,  ASTAR, and BSTAR 
arrays  s t a r t i n g  a t  locat ion 1 i n  each array.  The parameters a r e  

W(3) = 1.0 = posi t ion  of f i r s t  en t ry  i n  tabulated 
c o l l i s i o n  i n t e g r a l s  

KKQ = 4 Charse Excl~anqe c:ms Section 

I n  t h i s  ogiion, fi (1,l' 
and B* a r e  calculated fo r  a resonant 

charge exchange cross  seet ion of the form 

Qe* = ( A - B  log v ) '  
10 



I where v i s  the r e l a t i v e  ve loc i ty  i n  cm/sec. fi ( 2 t 2 )  i s  not  
calculated i n  this option. Tire r e w i r e d  input  parilrne-kcrs a r e  

0 
W(2)  = B i n A  

W ( 3 )  = molecular weight of atom 

~ ( 4 )  = con t ro l  parameter 

For W(4)  > O., t he  computed cross  sec t ions  f i ( l t 1 )  ~~d B* 
replace those computed i n  e a r l i e r  s t eps  3f the  ca lcu l~ . t ions ,  
while f a r  W(4) 5 O., they are adaed t o  the  e a r l i e r  values. 

KKQ = 5 Tabulated Cross Section 

I n  t h i s  option, t h e  cross  s e ~ t i o s  da ta  a re  given i n  tabular  
form a s  a furaction or temperature. The input parnmeters a r e  

W(1) = A = f ac to r  by which thd tabulated values must 
be m l t i p l i e d  t o  g ive  t h e  c o l l i s i o n  i n t e g r a l s  
i n  2 

W(2) = 1 = posi t ion  of f i r s t  en t ry  i n  tabulated cross  
sect ion da ta  

W ( 3 )  = N = number of e n t r i e s  i n  cross sect ion +-.able 

The cross  Section da ta  thenselvcs a re  s tored ir. t he  TL, OMEGA1: 
ASTAR, and BSTAR arrays ,  s t a r t i n g  a t  element I, as follotvs: 

TL(1) tc TL(1 - 1 + N) = temperatures a t  which cross  
sect ion da ta  a r c  tabulated i n  
,- "n. Values must be i n  order of 
incraasing temperature, 

$MEGA~(I  t o  I - 1 1- N j  = values of h (ltl) a t  t h e  tab- 
a ~ l a t e d  tcn~pcraturcs  

ASTAR(1 t o  I -  1 4 - N )  = values of - ( 2 1 2 )  a t  the  tab- 
ula.tc-?d temperatures 



BSTAR(1 t o  I - 1 + N) = values of  E* a t  t h e  tabukited 
temperatures 

K h p = 6  Power Law Poten t i a l  

This option ca lcula tes  c ross  sec t ions  f o r  an inverse power 
potent ia l ,  

based on tk analys is  of Kihara, Taylor, and Hirschf e lde r  (ref. 
21)- The p a r m e t e r s  a r e  

W ( l )  = ITL = index i n  @EGA~, ASTAR, BSTAR a r rays  
where da ta  are stored 

For eacli value of 7 used, t h e  following add i t iona l  da ta  are 
stored : 

- 2 
~~MEGAI(ITL) = 1 1  r (3  -5) 7 2'7 ~ ( l )  ( 7  ) 1: 1 2h (14a) 

where A/3i is i n  OK, ( 7  ) and A(* )  (1 ) a r e  tabulated functions 
which x e  given f o r  both a t t r a c t i v e  and repuls ive p o t e n t i a l s  i n  
reference 21, and r denotes the  gamma function, 

KKQ = 8 Lennard-Jones (6 -  12)  Po ten t i a l  

This option calcula-Les cross  sect ions f o r  the Lennard-Jones 
(6-12) potent ia l ,  



The parameters a r e  

w(1) = € / k i n %  

Tabulated c o l l i s i o n  i n t e g r a l s  f o r  t h e  Lennara-Jones p o t e n t i a l  are 
compiled i n t o  t h e  code i n  the TL, w ~ A 1 ,  ASTAR, and BSTAR ar-ays,  
s t a r t i n g  at loca t ion  501. 

KKQ = 9 Szal inq of Previously  Computed Cross Sec t ions  f o r  Other 
Species  

T h i s  opt ion  a l lows c r o s s  s e c t i o n s  ca l cu l a t ed  f o r  one p a i r  
of spec i e s  t o  be used a l s o  f o r  o the r  spec ies ,  pos s ib ly  w i t h  a 
cons tan t  n ~ u l t i p l y i n g  fac tor .  The c r o s s  s e c t i o n s  are c a l c u l a t e d  
from t h e  formulas 

where t h e  Ck a r e  cons tan t  f a c t o r s  and t h e  subsc r ip t  i j  i n d i c a t e s  
c ros s  s e c t i o n s  ca l cu l a t ed  prev ious ly  f o r  t h e  p a i r  ( i , j ) . .  The 
parameters f o r  the opt ion a r c  

W ( l )  = i = f i r s t  index of p rev ious ly  ca l cu l a t ed  c r o s s  
s e c t i o n  

W ( 2 )  = j = second index of p rev ious ly  ca l cu l a t ed  c r o s s  
s ec t ion  



KKQ = 10 Enpir ica l  Mixincr Rule 

This option ca lcu la tes  the cross  sec t ions  f o r  a p a i r  of un- 
l i k e  species  i, j ( i  # j) from t h e  empir ical  mixing r u l e  

The values calculated from (17) a r e  then added t o  t h e  previously 
calculated cross  sec t ions  f o r  t h e  pa i r .  This option uses  no W 
parameters, 

KKQ = 11 Fai r ins  Option 

This option modifies t h e  previously calculated c ross  value 
f o r  a species  p a i r  according t o  the  formula 

( )  = f ( ~ )  f i ( l t s )  
new o l d  

where f (T) i s  a l i n e a r  f a i r i n g  f a c t o r  given by 

T-T ] 
f(T) = max l o ,  min (1, 2 

T1-T~ 

U s e  of t h i s  option thus  permits d i f f e r e n t  forms t o  be used f o r  
t h e  cross  sec t ion  i n  d i f f e r e n t  p a r t s  of the temperature range, 
with a smooth t r a n s i t i o n  between them. The parameters are 

- 
W ( l )  = To = temperature a t  which the  n a r e  t o  be set 

t o  zero 
- 

W(2) = T1 = temperature a t  which the  n a r e  t o  remain 
unchanged 

KI<Q = 12  Generalized Mixins Rule 

This option i s  a general izat ion of the  empir ical  mixing 
rule KKQ = 10 i n  which the cross  sec t ions  a r e  ca lcula ted  from 



the formula 

where i, j, and m, n are any specified molecular pairs.  The 
parameters are  

KKQ = 13 Scalins of Previouslv Computed Cross Section for 
the Sane Species Pair 

This option calculates one of the averaged col l is ion cross 
sections fi(18 for a e a i r  of species from previously calculated 
values of a different fi (' 8') for  the pair.  In terms of the no- 
tat ion 

t h e  option calculates a new value of the cross section fi(m) 

from the formula i j 

wherc m and n are  two spccificd integers i n  the range 1 2 m -A 3, 
1 (, n 5 3 and C i s  a constant. The newly calculated value of 



( 1  then l~ places  t h e  previous value of t h i s  c ross  section. 
1 3  

The parameters are 

KKQ = 14 i . l u l t i ~ l i c a t i o n  by a Constant 

This option mul t ip l i e s  previously ca lcula ted  values of the  
c o l l i s i o n  crosc. sec t ions  f o r  a p a i r  of species by a constant  
f ac to r ,  accord' ng t o  the  f ormrllas 

fi (1,l) = C1 fi (1.1) 
i j i j  (old) 

- (2,2) f i ( 2 J )  = CLC2 IL 
i j i j  (old) 

B? = C3B* 
lj i j  (old) 

The option i s  t h e  same as KKQ = 9, except t h a t  here  t h e  c ross  
sec t ions  f o r  a species  p a i r  a r e  obtained frcm previously calcu- 
la ted values f o r  t h e  same p a i r ,  ins tead  of from values f o r  a d i f -  
f e ren t  p a i r  a s  i n  K E  = 9, Parameters f o r  t h e  option a r e  

NATA contains  d e f a u l t  provisions f o r  est imating some cross  
sec t ions  i f  they a re  not  spec i f ied  e s p l i c i t l y  i n  the precoded 
da ta  or the  input.  I f  none of the  spec i f ied  s t eps  i n  t h e  cross  
scct ion ca lcula t ion  i s  appl icable  t o  a p a r t i c u l a r  p a i r ,  and  i f  
both of t11c species  a r e  ions,  then t h e  e f f e c t i v e  Coulomb cross  
scc t ions(8)  a r e  used, I f  one species  is ncutr;:l and the  o t k r  
ionizcd, the formulas 



give the  de fau l t  option. The constants  a r e  canpiled i n t o  
t h e  program i n  the  locat ions W G A ~  (996), AsT~R(996)~  and 
BSTAR(99G) f o r  m = 1, 2, 3, respect ively.  If  both species  are 
neu t ra l  cvld unl ike (not  t h e  same species) ,  t he  cross  sec t ions  
a r e  e s t ina ted  using the mixing r u l e  (17). However, i f  c r o s s  
sect ion da ta  a r e  no t  spec i f ied  f o r  l ike- l ike  c o l l i s i o n s  of a 
neut ra l  species,  the  code does not  attempt to  provide est imates  
of t h e  c ross  sec t ions ,  b u t  r e tu rns  an e r r o r  message and termi- 
na tes  the  ca.-e, 

The va r i ab les  and a r rays  used t o  s t o r e  t h e  precoded c ross  
sect ion da ta  a r e  a s  folloiis: 

Variab Ie 
Name Dimension Def in i t ion  

NNKQ 1 Number of s t e p s  i n  t h e  cross  sec t ion  cal- 
cula t ion  f o r  which da ta  a r e  specif ied,  

mTC! (M) 100 Index specifying the  option t o  be used 
i n  t h e  Mth s t e p  of the  cross  sec t ion  cal-  
cu la t ion  (see above), 

NNQ (MI 100 Nuniber of  species  p a i r s  t o  which t h e  c ross  
sec t ions  calculated i n  the  Mth s t e p  a r e  t o  
l ~ e  applied (NNQ (MI 2 5) , 

Indices  of t h e  species  t o  which t h e  cross  
scc t ions  ca lcula ted  i n  the  mth s t e p  a r e  
t o  be applied,  re fer red  t o  t h e  master list 
of spccies (Section 4.2). In  these  var i-  
ab le  n~mcs ,  m denotes an in tegcr  which is 
p a r t  of each n~anlc. Thus, f o r  exsnple, 
I123  (2) and JJ23(2)  a r e  the  i;ldices de- 
f in ing  the second p a i r  of spccies  t o  which 
thc cross  scc t ions  ca lcu l~ t t ed  i n  tho  23rd 
s t c p  a r c  applied. Therc a r c  100 a r rays  
of eacll type, c . g . ,  I I 1 ( 1 < ) ,  I12 (10 , . . . , 



ISEQ (L) 100 

IIlOO(K), There a r e  N N Q ( ~ )  p a i r s  of 
indices  s e t  f o r  each s t c p  m, Only p a i r s  
with 1Im(K) (_ JJrn(K) a r e  used i n  t h e  cal-  
cu la t ions ,  * 

Parameter values f o r  the  mth s t c p  of t h e  
c ross  sec t ion  ca lcula t ion  (see discussion 
of KKQ options above), There a r e  100 of 
these  ar rays ,  w ~ ( K ) ,  . . , , W100 :K). * 

Sequencing a r r a y  f o r  specifying the  order  
i n  which the  defined s t eps  a r e  ca r r i ed  
out  during the cross  sect ion ca lcula t ion .  
The index M o r  m i n  the  preceding a r rays  
i s  given by M = ISEQ (L) , where L = 1, 2, 
3,  ..., NNKQ. 

TL 1000 Additional a r r a y  s torage :or c ross  sec- 
 MEGA^ 1000 t i o n  da ta .  The da ta  coinpiled i n t o  these  
ASTAR 1000 ar rays  a r e  discussed below. 
BSTAR 1000 

To prevent t h e  da ta  statemen's used i n  s e t t i n g  the TL, gMEGA1, 
ASTAR and BSTAR a r rays  from exceeding the  20-vard l i m i t  i n  For- 
t r a n  I V ,  these ar rays  a r e  equivalenced t o  40 a ~ , a v s  each of dim- 
ension ( loo ) ,  a s  follows: 

TL1( 1) equivalent t o  TL(1) 
TL2 ( 1) equivalent  t o  TL (101) 

. 0 

TL10 ( 1) equivalent  t o  TL(901) 
~ ~ 1 1  (1) equivalent t o  @IkIEGAl( 1) 

0 

TL2 0 ( 1) equivalent t o  @ D I E G A ~  (901) 

*The arrays  I I m ( 1 < )  , J 'Jm(I<) , Wn:(li) a r c  the scmc as  the input  a r -  
rays I m ( l < )  , J m ( I < )  , Vnl(1C) discussed i n  Section 2 -4. The shor te r  
n~m1c.s a re  used f o r  input  t o  keep t he  def ining statement for name- 
l i s t  TINPUT within the  20-card l i m i t  allowed by Fortran I V .  



equivalent t o  ASTAR (1) 

equivalent t o  ASTAR(901) 
equivalent t o  BSTAP. (1) 

equivalent t o  BSTAR (901) 

The precoded da ta  fo r  c ross  sec t ion  ca lcula t ions  w i l l  now 
be tatjdlated and documented. These da ta  have beea taken from 
previous t ranspor t  property s tud ies  a t  Avco Systems Division and 
have not  been revised during the  present  program. Thus, i n  some 
cases the  values used i n  NATA r a y  not  represent  t h e  l a t e s t  ava i l -  
ab le  data.  Nevertheless, the  data  i n  t h e  code should be general ly  
sa t i s fac to ry  f o r  most engineering appl icat ions.  

For most of the  important c rQss  sect ions,  with the  excep- 
t i o n s  of those involving carbon-containing species ,  the  precoded 
cross  sect ion da ta  should be accurate  t o  within 20 t o  40 percent. 
For the carbon-containing species ,  vcry few data  a r e  cu r ren t ly  
avai1abl.e on the  c o l l i s i o n  cross  sec t ions  a t  high temperatures, 
and the  values used i n  NATA a r e  based f o r  the most p a r t  on rough 
estimates.  In  general ,  it is believed t h a t  these  est imates  should 
be accurate t o  wi th in  about a f a c t o r  of two, For some i n t e r a c t i o n s  
involving minor species  such a s  the  metastable s t a t e s  of H e  and 
A r ,  nominal c ross  sec t ions  a r c  used which may be i n  e r r o r  by la rge  
fac tors .  However, becau.se of the  low concentrations of the  spec- 
ies i n  question, the  e f f e c t s  of these cross  sec t ion  e r r o r s  upon 
the  calculated gas t r anspor t  p roper t i e s  a r e  small, 

The sources of the cross  s e c t i o i ~  da ta  used i n  NATA a r e  indi-  
cated,  for  each p a i r  of spccics  ir. t h e  master l i s t ,  i n  Table X V I I ,  
I n  t h i s  t ab le ,  thc  numbers prcccdcd by A i n  the  t h i r d  column re- 
f e r  t o  tl-ie notes a t  the cnd of thc  t a b l e ,  w l ~ i l c  t h e  nunkcrs i n  
the  f i n a l  col~unn indica te  t h c  s teps  i n  the cross  sect ion calcula- 
t i o n  wlhcrc c o ~ ~ ~ p u t a t i o n s  fo r  the given species  p a i r  are specif ied.  
The s tcps  clcfincd i n  the con~pilcd-in da ta  fo r  the  stanclarcl s p c -  
i e s  are su i ia r izcd  i n  the cross  scc t io r  e d i t ,  Figure 16. In the  
many cascs whcrc the f i n a l  column contains no ent ry  fo r  a spccics  
p a i r ,  onc of the dczaul t  options i s  uscd as indicated i n  the  Notes. 



TABLE X V I I  

SOURCES OF CROSS SECTION DATA 

Species 
Indices 

Species Notes Computation 
N a m e  s Steps 

L 
e' - C02 - 
e - CO 
e' - CN 
e' - He - 
e - C  
e- - C+ - 
e - ~ e +  
e- - ~ r +  
e- - H ~ ( ~ s )  
e' - ~e(1 .S)  
e- - Ilc2 + 

- e- - co 
e' - Ar* (m) 
em - Ar*(r) 
em - ~ r * +  
N - N  



TABLE XVII ( C o n t ' d l  

Species Species N o t e s  C o m p u t a t i o n  
Indices Names Steps  

N - C02 
N - CO 
N - CN 
N - H e  
N - C  
N - C' 
N - He' 
N - ~ r +  
N - H e  t 3 s )  
N - H e ( l ~ )  
N - HeZ+ 

N - A r * ( m )  
N - A r *  (L-) 
N -  AT^+ 
0 - 0  

0 - He -1. 

0 - Iic 
2 

4 0 - co- 
0 - Ar*(m) 

A  13 
A 1 3  
A l l  
A 1 3  
A 1 8 ,  A 1 9  
A 1 4  
A  14 
A 1 4  
A 1 3  
A 13 
A 1 4  
A 1 3  
A 1 4  
A  13 
A  13 
A 1 4  
A2,  A4 
A 1 3  
A2 
A 2  
A2 
A 1 4  
A2 
A2,  A3 
A  14 
A 1 4  
A 1 3  
A  13 
A l l  
A 1 3  
A 1 8 ,  A20 
A  14 
A 1 4  
A 1 4  
A 1 3  
A  13 
A 14 
A 13 
A14 
A 13 



i 

TABLE X V I I  (Con t td l  

Species Species Notes Computation 
Indices Names S t e ~ s  

0 - Ar* (r) 
0 - Ar2+ 
Ar - Ar 
Ar - N2 
Ar - o2 
Ar - NO 
A r  - NO' 
A r - N +  
Ar - 0' , - N2: 
Ar - .  O2 
Ar - C02 
Ar - co 
Ar - CN 
A r  - He 
Ar - C 
Ar - C+ 
Ar - ~ e +  
Ar - Ar' 
A r  - H ~ ( ~ s )  
A r  - He (IS) 
Ar - He2' 
Ar - IJe7 Ar - CO 
Ar - Ar*(m) 
Ar - W * ( r )  
Ar - Ar,+ 

L 
N2 - ~ 2 '  
N2 - 0 'I- 

N2 - ~ 8 2  
N, - CO 



I 
Species Species ~ \ io tes  Cornputat ion 
Indices Names Steps 

N2 - He + 
N2 - Ar + 
N2 - H~(~s) 
N2 

- ~ e ( k )  
N2 - He2 + 

N2 - He5 N2 - CO 
Ni - Ar* (m) 
N2 - Ar*(r) 
N2 - Ar2 L 

02 - 02 
02 - NO 
0, - NO' 
0, - N+ 
0, - o+ 
O2 
O2 o2 - co2 
o2 - CO 
02 - CN 
O2 - He 
02 - C 
o2 - c - ~  
0, - HE+ 
O2 - Ar -I- 
O2 - H~(~s) 
0, - H~(~s) 

A14 
A14 
A13 
A13 
A 14 
A13 
A14 
A13 
A13 
A 14 
A2 
A2 
A14 
A14 
A14 
A 14 
A 14 

A22,A24 
A22,A24 
All 
A13 
A 13 
A 14 
A14 
A14 
A13 
A13 
A14 
A13 
A 14 
A13 
A13 
A14 
A2 
A2 
A14 
A14 
A14 
A 14 
A3 0 



TAI3LF; XVII (Contad) 
- - -- - - - - - -  - --- - - - - - -- - - - 

Species Species Notes Computation 
Indices Names Steps 

A29 
All 
A13 
A13 
A 14 
A14 
A14 
A 13 
A13 
A14 
A13 
A 14. 
A13 
A13 
A 14 
A1 
A1 

NO' - Ar* (m) 
NO' - Ar*(r) 
NOf - Ar2 f 
N' - N+ 
N'. - o+ 
N" - + 



TABLE X V I I  ( C o n t ' d )  - 
-- . -  . 

Species - necies N ~ t e s  Computation 
Ind i ce s  N a m e s  S t e ~ s  

N+ - C02 
N+'- CO 
N' - CN 
V+ - He 
ITt - C 
N+ - c+ 
N' - He+ 
N+ - ~ r +  
N+ - ~e(3.S): 
N+ - He(k)  
d - ~ e ~ +  
N+ - He7 
N+ - co 
h ?  - A r *  (m)  
N+ - A r *  ( r )  
N+ - ~ r ~ +  
0' - 0'- 

o+ - co2 
o+ - co 
0' - CN 
0' - H e  
o+ - c 
o+ - cf 
0' - ~ e +  
0' - ~ r +  
0' - H ~ ( ~ s )  
0' - ~e(1.S) 
0' - He2 + 
0' - H e 2  
o+ - c 0-1- 
O+ - A r *  (m)  
Ot - A r *  ( r )  
0-' - Ar + 

- 0 2  

- CN 
N2+ - IIc 



TABTZ XVII (Contad) 

Species Species N a t e s  Computation 
Indices  
7 

N a m e s  Steps 

+ - c  

N2+ - H e  + 
N + - A ~ +  
NL+ - H ~ ( ~ s )  
N:+ - H e  ( 1 s )  
N ~ +  - He2+ 

+ - N 3  - CO 
bi + - k* (m) 
N2+ -Ark (r) 
N2+ - Ar4+ 

2+ 
0 2 +  - o2 

o + - C  
02+ - c+ 
ot+ - m+ 

&+ - I - I ~ ( ~ s )  z:' - EIe2+ 
02+ - tIee 

+ - CO 
02' - Ar*(m)  E2+ - Ar* ( r )  
0;. - A r 2  + 
co2 - co2 
C 0 2  - CO 
C 0 2  - CN 
C 0 2  - H e  
co2 - C  
co - c-I- 

2  co2 - I-IC+ 
CO-, - ~ r +  
CO; - H C ( ~ S )  
CO, - ~c( l . 5 )  
co; - IIc2+ 

A 1 4  
E. 1 
A 1  
A 1  
A 1 4  
A  14 
A 1  
A 1 4  
A 1  
A  14 
A 1 4  
A 1  
A 1  
A 1 4  
A 1 4  
A  14 
A 1 4  
A 14 
A 1  
A 1  
A 1  
A  14 
A 1 4  
A 1  
A 1 4  
A 1  
A 1 4  
A 14 
A 1  

A 2 2 , A 2 5 , A 2 7  16,33 
A 3  1 1 5 , 2 8  
A l l  1 6 , 3 2  
A 13 
A 13 
A 14 
4 

r .2<T 

A 13 
A 13 
A 1 4  



TABLE XVII (Contad) 
! 

Species Species Sotes Computation 
, Indices N a m e s  Steps 

C02 CO2 - - co 
C 0 2  - A r *  (m) 
co, - Ar* (r) 
co, - Arf 
CO - CO 
CO - CN 
CO - He 
co - C 
CO - c+ 
CO - ~ e '  
CO - ~ r +  
CO - H ~ ( ~ s )  
CO - He(k) 
CO - ~ e ~ +  

co - CO - co 
CO - Ar* (m) 
CO - Ar*(r) 
CO - ~ r ~ +  
CN - CN 
CN - He 
CN - C 
CN - C' 
CN - He' 
CN - ~r' 
CN - He ( 3 ~ )  
CI? - ~ e ( k )  
CN - I I ~ ~ - I -  
CN - H e  
CN - CO 3 
CN - Ar* (m) 
CN - A r *  (r) 
CN - Zlr2+ 
Hc - Iic 
Hc - C 
IIe - C-' 
Hc - Hc -I- 
H e  - ~r' 
1113 - N ~ ( ~ s )  

A13 
A 1 4  
A13 
A13 
A14 

A22,A23,A28 
A l l  
A 13 
A13 
A14  
A 14 
A14 
A13 
A 1 3  
A 14 
A  1 3  
A 14 
A 1 3  
A 13 
A14  
A l l  
A 13 
A 1 3  
A 14 
A14 
A  14 
A 13 
A  13 
A 14 
A 13 
A 14 
A 13 
A 13 
A 14 

A 3 1 ,  A4 
A 13 
A 14 
A35 
A 14 
A33 



TABLE X'III (Cont'd) 

Species Species Notes Computation 
Indices Names Steps 

1 He - He ( S )  
He - He2+ 
He He - - CO-' He? 

He - ArQ(m) 
He - Ar* (r) 
He - ~r*+ 
C - C  
C - c+ 
C - He+ 
C - ~ r +  
C - H~(~s) 
C - He(l~) 
C - He2+ 
C - He 
C - CO 3 
C - ~r*.(m) 
C - ~r*:(r) 
c+ - C 
C+ - ~ e +  
C+ - ~ r +  
C+ - H~(~s) 
C+ - H~(~s) 
C+ - He2 + 
C+ - He? 
c+ - co 
C' - ~r * (in) 
C+ - Ar* (r) 
C+ - nr2+ 
He+ - ~ e - ~  
He' - ~r'- 
He+ - HE(~S) 
He+ - H ~ ( ~ s )  + He+ - He2 -1- 
He )IC+ - - Iie4 co 
He+ - Ar* ( ~ n )  
NC+ - Ar*(r) 
ile+ - nr2 + 



TADLE XVII (contad) 

Species 
Indices 

Species Notes Computation 
bTcme s Steps 

Ar+ - ~ r +  
~r: - H~(~s) 
Ar - He(1~) 
Ar+ - He2+ 
~ r +  - He3 
~ r +  - CO 
~ r +  - Ar*(m) 
~ r +  - Ar* (r) 
~ r +  - ~ r ~ +  

3 H~(~s) - He( S) 
H~(~s) - He(1~) 
~e(3S) - He2+ 
H~(~s) - He8 
I:~(~s) - co 
H~(~s) - Ar*(m) 
H~(~s) - Ar* (r) 
H~(~s) - Ar2+ 
He(ls) - He(lS) 
He(1~) - EIe2+ 
HC(~S) - He3 
He(l~) - CO 
He('S) - Ar*(m) 
11e ('s) - Ar* (r) 
H~(~s) - Ar2+ 
lie + - He2 + 
2+ 

He2+ He - - CO 
He? - Ar*(m) 
He2+ - Ar* (r) 
~ e ~ +  - A, ,+ 
I-Ie2 - CO 
lie 2 - Ar* (m) 
IIe2 - Ar*(r) 
IIc, - Ar2+ 
co* - c0"- 
CO-' - Ar* (m) 
CO' - Ar*(r) 
coS - Zlr2+ 
Ar* (m) - Ar* (m) 



TABIX XVII (cont8d)  

Species Species Notes Computation 
Indices  N a m e s  Steps 

26-27 Ar*(m) - A r * ( r )  A13 
26-28 Ar* (m) - A r  +- A 14 
27-27 A r *  (r) -Ar*fr) A15 
27-28 Ar* ( r )  - A r  + 2 

A14 
28-28 Ar2+ - ~r~~ A 1  

Notes t o  Table X V I I  

A l .  Default option;uses e f f e c t i v e  Coulomb cross sec t ions  cal-  
culated from equations (100) of Volume I (ref.  l), 

A2. Reference 22. 

A3. Reference 23. 

A4. The self-diffusion c o e f f i c i e n t  f o r  atoms i s  set equal  t o  
the  atorn-ion charge exchange cross  sec t ion  i n  ca lcula t ing  
the  i n t e r n a l  t k r m a l  conductivity,  i n  order  t o  account ap- 
proximately f o r  t h e  e f f e c t s  of resonant e x c i t a ~ i o n  energy 
eschange (see  ref .  22) . 

A5. Effec t ive  cross  sec t ions  a r e  used, based on c u r v e f i t  t o  
mobili ty da ta ,  

A6. Refc Lence 24. 

~ g ,  Refcrcnce 29. 

A10. For electron-carlzon aton c o l l i s i o n s ,  we zssunle a constant  
co l l i s io i l  cross  sec t ion  ~ f i (1 , l )  I i r f i ( 2 1 2 )  = 5 x 1 0 -  16 

2 c ia  , i n  ana1.oqy t o  t l ~ c  case of e-N. This value appears t o  bc 
cons is ten t  v i t h  avai lab le  t.l:.hcoretical c s t i m ~ t c s  (see ref .  30) , 



A l l .  The c o l l i s i o n  cross  sec t ions  f o r  CN have a r b i t r a r i l y  been s e t  
equal  t o  t h e  corresponding c ross  sec t ions  f o r  NO. 

A12 ,  Curvcfi t  t o  da ta  of reference 31, 

A13. Default option; c ross  sec t ions  calculated from t h e  empir- 
i c a l  mixing r u l e ,  equation (17). 

A14. Default  option; cross  sec t ions  a r b i t r a r i l y  s e t  equal  t o  
the  estimated values f o r  N - 0+ col l i s ions .  See equation 
(23) - 

A15. Cross sec t ions  of exci ted argon a r b i t r a r i l y  assumed equal 
t o  those f o r  the  ground s t a t e  atoms. 

A1G. Curvefi t  t o  da ta  of reference 32. 

A17. Reference 33. 

A18. Cross sec t ions  estimated from an approximate pe r fec t  pair-  
ing calcula t ion ,  with the  p a r a e t c r s  determined from avai l -  
ab le  spectroscopic da ta  and P,v :~nalogy with the oxygen and 
ni t rogen r e s u l t s  ( r e f s ,  34-37). 

A19. Reference 38. 

A20. Reference 39. 

A21. References 40, 41, 

A22. Cross sec t ions  obtained by f i t t i n g  experimental t r anspor t  
property da ta  bclow about 1000O1< and extrapolat ing t o  higher 
tempcraturcs assuming t h e  same temperature dependence a s  
f o r  2J2-N2 co l l i s ions .  

A23, Refcrcnce 42. 

A24. Refcrcnccs 43, 44. 

A25. Rcfcrence 45. 

A2G. Refcrcnce 46. 

A27. Rcfcrcnce 47. 



A28. Reference 48. 
I 

A29. Mean of CO-N2 and CO-O2 c ross  sections.  

A30. Mean of C02-N2 and C02-O2 c ross  sections.  

A31. Mean of CO-CO and C02-C02 c ross  sections.  

A32. For C-C' c o l l i s i o n s ,  the  charge exchange cross  sect ion is 
a r b i t r a r i l y  s e t  equal t o  the  N-& cross  sec t ion ,  while the  
gas  k i n e t i c  c ross  sec t ion  i s  s e t  equal  t o  the  N-$ value. 

A33, Cross sec t ions  of exci ted He a r b i t r a r i l y  assumed equal  t o  
those f o r  ground-state He. 

A34. Reference 49. 

A35, Reference 50. 

The precoded data  f o r  NNIZQ, NNQ, I I m ,  J J m ,  Wm, and ISEQ 
can a l l  be read o r  infer red  from the  c ross  sec t ion  e d i t ,  figure 
16. The s t eps  a r e  performed i n  the  order l i s t e d .  The f i r s t  col- 
umn i n  r'igure 16 i s  a counter f o r  t h e  s teps  i n  t h i s  order. The 
second column gives the  valucs of t h e  sequencing a r ray ,  ISEQ. 
For the  precoded da ta ,  ISEQ(L)=L, The t h i r d  column gives  the  
t alues  of the optiD n index, KKQ, The columns headed V ( 1 )  , . . . , 
W(5) l is t  the parameter values f o r  each step. F ina l ly ,  the  last  
column gives the  p a i r s  02 species  t o  which the  s t ep  i s  apslied.  
I n  s 3 m c  cases (e-g., s teps  51 and 52) ,  a s t e p  i s  repeated t o  c i r -  
cumvent t h c  l i m i t  of f ive  spec ies  p a i r s  per step.  

Table X V I I I  s m i ~ a r i z e s  t h e  precoded contents of the TL, 
@ b E ~ A 1 ,  ASTAII, and ESTiiR arrays.  I n  the  Inany cases i n  which 
"cross sect ion tab le"  is  entered undcr "Remar1:s" the  da ta  a r e  
tz.1,ulated cross  sec t ions  fo r  use with t h e  option IU<0=5. in these 
cases,  thc  TL, @ E l E ~ i ? l l ,  ASTAR, and BSTAR ar rays  contain data  as 
s p c c i f i e ~ ~  cabo-~c i n  kl~c discussion of t h i s  option. For thc  indi -  
ces  996-339 containing da ta  f o r  the poi,ler law in te rac t ion  (KIiO=G), 
no da ta  a r c  stored i n  TL, ail~l the  da ta  i n  the o ther  s r r a y s  a r c  a s  
spccif icd i n  equations (14) .  
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4.7 Nozzle and Channel Geometries 

The geometric p r o f i l e s  for t e n  standard NASA Johnson Space 
Center nozzles  and two rec tangula r  channels a r e  compilcd i n t o  
NATA. These d a t a  a r e  indexed a s  explained i n  t h e  d e f i n i t i o n s  of 
NOZZLE and NPR$FL i n  Sect ion 2.3 (Group 4 ) .  NATA u se r s  a t  o the r  
l abo ra to r i e s  can advantageously rep lace  these  d a t a  wi th  geometric 
desc r ip t ions  app l i cab le  t o  t h e i r  own f a c i l i t i e s ,  

The geometry of an axisyrnrnetric nozzle i s  def ined by a  s i n g l e  
p r o f i l e .  That  of a  rec tangula r  channel r e q u i r e s  two p r o f i l e s  f o r  
i t s  descr ip t ion .  A s  explained i n  Sec t ion  4.3 of Volume I ( r e f .  l), 
each p r o f i l e  i s  represented by an a n a l y t i c a l  c u r v e f i t  containing 
up t o  12 sec t ions .  The sec t ions  a r e  joined end t o  end with  v a l a e  
and s lope  cont inu i ty .  A t  l e a s t  two s e c t i o n s  must be upstream of 
t h e  t h r o a t ,  and a t  l e a s t  two must l i e  donwstream. The t h r o a t  
must be a  s ec t ion  boundary. Each s e c t i o n  i n  a p r o f i l e  f i t  may have 
one of t h r e e  forms: 

(1) S t r a i g h t  Line (ISHAPE = 1) 

(2) C i r cu l a r  A r c  Convex Downward (ISHAPE = 2) 

(3 )  Ci rcu la r  Arc Convey Upward (ISHAPE = 3)  

I n  t h e  second and t h i r d  forms, P3 i s  t h e  r ad ius  of t h e  c i r c u l a r  
a r c  and (P2 ,  Pl) are t h e  x and y coord ina tes ,  r c spcc t ive ly ,  of 
t h e  c i x c l c  cen te r ,  T h e  ycomctric summary i n  f i g u r e  4 g ives  an  
i l l u s t r a t i o n  01 a NATA p~:oi'ilc c u r v c f i t .  Thc i n l e t  p o s i t i o n  
l i s t e d  is the  s t a r t i n g  poinl; " o l -  bounclsry l aye r  ca l cu l a t i ons .  
The  c o l u ~ m ~  head& "ATPI (J) " conta ins  t h c  6'lownstream boundaries 
of the sec t ions .  Thc parnmckers P1, P2, P3 a r e  l i s t e d  a s  
PARlUI(1, J) , PA!&VI(~,J), PAPjZi4i3, J)  , r c spcc t ivc ly  



The precoded p r o f i l e  d a t a  a r e  s to red  i n  an a r r a y  ZPRP(I,NOZZIE), 
dimensioned (64,20).  The dimensions a l l w  a s  many a s  20 compiled-in 
p r o f i l e s .  For convenience i? adding t o ' o r  a l t e r i n g  t h e  precoded 
d a t a ,  ZPRP is equivalenced t o  20 s i n g l y  dimensioned a r r a y s  ( Z P l ( I ) ,  
Zp2 ( I) ,  e t c . ,  a s  follows: 

Zpl(1) equ iva len t  t o  ZPRP ( 1 , l )  

ZP20(1) equiva len t  t o  ZPRP (1,20)  

Thus, ZP1 conta ins  t h e  precoded d a t a  f o r  N ~ ~ Z Z L E  = 1, ZP2 those  f o r  
N~~zzLE = 2, and s o  fo r th .  The d a t a  i n  each ZPn a r r a y  are as fo l -  
lows : 

Array Element Def in i t i on  

Z P ~  (1) Throat  r a d i u s  (cm) 

S t a r t i n g  p o i a t  f o r  boundary l zye r  c a l c u l a t i o n s  
(negat ive  value i n  cm upstream of  t he  t h r o a t ) ,  

Number of p r o f i l e  s ec t ions  upstream of t h e  
t h roa t .  * 

Nurdber of p r o f i l e  s e c t i o n s  downstream of t h e  
t h roa t .  * 

ZFn (4+ I) For I = 1 t o  12, ISYIAPE value f o r  t h e  I t h  pro- 
f i l e  sec t ion .  * 

SPn ( 1 G - t - I )  For I = 1 t o  11, the downstream boundary of 
t h e  I t h  p r o f i l e  s ec t ion  i n  centimeters from 
t h e  t h r o a t  (nega t ive  I >stream).  

*'These i n t c g c r  d a t a  arc storzi-i as r c a l  va lues ,  i i ~ c r e a s c d  by 0 .1  
i ' n  each C;I:;C t o  ensure re1j.abl.e rounding down t o  t h e  o r i g i n a l  
i n t cge r  v s lucs  wl~cn tllc data  a r c  used. 



ZPn (344-3 I+K) For K = 1 t o  3 and T = 1 t o  12, t h e  Kth par-  
meter value P, ( s ee  eqs. 24) f o r  t h e  I t h  
p r o f i l e  sec t ion .  The parameters having length  
dimension a r e  given i n  cent imeters .  

Z P ~  (64) F a c i l i t y  name (Ho1lerif:h da t a )  

The p ~ e c o d e d  d a t a  f o r  standard channels a r e  s to red  i n  an 
a r r a y  CP (I, ICHAN) , dimncnsioned (5,5) . CP i s  equivalcnced t o  f i v e  
s ing ly  dimensioned a r r ays ,  C P l ( I ) ,  C P ~  ( I) ,  . . . , C P ~  ( I) .  each of 
which conta ins  o r  car, contain  t h e  d a t a  f o r  a channel. For example, 
CPl(1) conta ins  t h e  d a t a  f o r  1CHA;i = 1. The con ten t s  of t he se  
a r r a y s  a r e  def ined as  f o ~ l o w s :  

Array Element D e f i n i t i c n  

CPn (2 )  

NPRflFL(1) , t h e  index spec i fy ing  t h e  precodec? 
d a t a  f o r  t h e  f i r s t  p r o f i l e  of t he  channel;  
t he se  d a t a  a r e  s t x e d  i n  ZPRP (I,iEF.$l&'L[ 1) ) 
f o r  I = 1 t o  64. 

NPR$PL(~), t h e  inde?: spec i fy ing  t h e  precoded 
d a t a  f o r  t h e  second p r o f i l e  of t h e  channel. 

C P ~  ( 3  ) Channel name ( I l o l l e r i t h  da t a )  . 
Index ( I  o r  2 )  spec i fy ing  the  p r o f i l e  which 
d iverges  Erom t h e  a x i s  l e a s t  r a p i d l y  downstream 
of t h e  t h r o a t  (corresponds t o  NBL i n  Sect ion 
2 .3 ,  Group 4 ) .  

C P ~  ( 5 )  r ' a c i l i t y  n~ine ( ~ o l l e r i t h  d a t a ) .  

EJATA inc ludes  prccoded d a t a  f o r  two channels, a s  i nd i ca t sd  i n  t h e  
definition oE ICiif  N i n  S c c t i o i ~  2.3 (Group 4 ) .  

Figures  47 t o  59 ? r c  p10Ls sllowincj Lhe t h r o a t  r c g i o t ~ s  of a l l  
of t l ~ c  prccodcd profi .1.c~.  Each of thcsc  f i gu re s  shows a 15.24-cm 
(G-inch) long por t ion  of a p r o f i l c ,  T h c  p r o f i l c  a c t u a l l y  continues 
i1lcIe2inii;ely f z r  t o  t h e  riylll; and l e f t  of t h c  f i g u r c  bounc1;trlcs; 



FIGURE 47 - PROFILE FOR DCA 1.90-cm TIIROAT (N@ZZLE=~) 

DCA 0.75-INCH THROAT 



FIGURE 48 - PROFILE FOR DCA 3.81-cm TIlROAT (NP(ZZ',E=~) 





FIGURE 50 - PXOFILE FOR P:RA 2.54-cm TIIROAT (N@z%LG=~) 
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FIGURE 51 - PROFILE FOR EOS 0 -81-cm THROAT (N$ZzLE=ti) 

EOS 0.32-INCH THROAT 



FIGURE 52 - P R O F I L E  FOR EOS 1.97-cm TIIROAT (N@ZZLE=6) 

EOS 0.775-INCH THROAT 



FIGURE 5 3  - PROFILE FOR MRA 1.90-crn TIMOAT ( N # Z Z L , E = ~ )  



FIGURE 54 - PROFILE FOli MRA 3.81-cm TIIROAT (N~ZZLE-8)  



F I G U R E  5 5  - PROFILE FOR LO MzT 5 .72-c~n  TIIROAT ( N @ Z Z L E = ~ )  



FIGURE 56 - PROFILE F31l 1;OS 2.77-crri TiLR(jA1i' (N,dzZ~E=10)  

EOS 1.09-INCH MOZZLE 



FIGURE 57 - FIRST 1'ROPILE FOR T12 AND T22 CIIANNELS ( N P l l @ ~ ~ = l l )  



F I G U R E  58 - SECOlJD PRCPILA; FOR T12 CIIANNEL (NPR@FL=~~) 

I 
DCA T 1 2  CO-3ANNELe PROFILE 2 



FIGURE 59 - SECOND PROFILE I.OR T22 CIIANNEL (NFR@FL=~~) 

DCh T22 CHANNEL. PROFILE 2 

?! e E NCI4 



t he  program uscs a s  much of the  r.:athcmatically defined pi 'ofilc 
a s  it needs i n  each problem, The p l o t s  shown i n  Eigurcs 47-59 
were produced by thc  N O Z F I T  code, an au:tiliary computer program 
fo r  s e t t i n g  up NATA-typc p r o f i l e  c u r v c f i t s  from data  provided by 
l.uzzle design drawings. A u s e r ' s  manual for  NOZFIT is included 
i n  the prcscnt  rcpork (Appendix D) . 

The proEilcs a s  used i n  NATA, and as shown i n  the f igures ,  
d i f f e r  i n  scv2ral  respects  from the p r o f i l e s  of the  ac-tual noz- 
zle harciware: 

(1) Tlie XATA p r o f i l e s  c::pand conical ly  t o  the  l e f t  
( i n  the upstrcani direction) , while the a c t u a l  
nozzles lmve finite-diameter plenum or arc- 
chamlxr r ad i i .  

(2 )  Sharp corncrs i n  t ? ,~  ac tua i  nozzle p r o f ~ l e s  a re  
rounded i n  thc  NATA f i t s ,  t o  provide cont inui ty  of 
the  p r o f i l e  slopc (dy/dx) a s  required by the code. 
A standard 0.127 cm (50-mil) r ~ u n d i n g  radius  i s  
used, except 5.n cases where a l a r r ~ e r  radius 7 ;  LS 

proved neccssary for  code r e l i a b i l i t y .  

(3) I n  the  f i t s  Tor Inarly o: the  nozzles,  sec t ions  of 
constant raclius ncar tllc t h r o a t  a r c  rcprescnted 
as conical ,  usuzl ly  .i:i-t!i a 3O conJergence h a l f  
a ~ g l e .  This i s  <one r o  avoid i n s t a b i l i t i e s  i l i  

the  nonequi1ibri~u-n so lu t ion  (Section 4.3, Volw~~e 
I.). 



APPENDIX A 

1CEACTION DATA FOR THE IIELIUM AND ARGON MODELS 

This a;;pcndix docun~cnts thc r e a c t i o n  systen,-. and t h e  e lcc-  
t m n i c  ncncquil ibrium parameters assumed i n  the  standard gas  
modcls ?or hcSiul.r~ ( I G A S  = 4)  and argon (1GA: = 3 ) .  Xn add i t i on  
t o  chcmic.ll noncquilibrium t h e s e  mod?ls include e f f e c t s  of nc?- 
ecjuilibriwn c:~;ci tat ion 02  t h e  gases  b ; ~  t r e a t i n g  each of t h e  i m -  
p o r t a n t  e,:ci.tc.d s t a t e s  a s  a s epa ra t c  species .  Approximate rcac- 
t i o n  paranctcx-5 f o r  thc i npo r t an t  r e a c t i o n s  ~mcncj t hese  statr:s 
a r c  then o?~l;aincd froin a survey cf t h e  a v a i l a b l e  1i . tcr; l ture.  

The s ~ ~ c c i c s  and parameter val~es used i n  t h e  models a r e  
given i n  T a l ~ l e s  X I X ,  XX, )(>:I, and XXII. T h c  reasons for choir-.  
of t hc  tahuln'ied va11.e~ a rc  discussed b e l o w ,  

A. 1 Ile l i u n ~  Mode 3. 

E l a s t i c  c o l l . i s i o n ~  -- Tbe s i n ~ p l e s t  type of col l i . s ion process  ---- . 

occu1:ring Sn a  gas i s  tile c l ? s t i c  co1lisio:l i n  which k i n e t i c  cn- 
ergy i s  transi'crred from cns p a r t i c l e  t o  another v~it11out any 
chancje i n  .ihc i nke rna l  structure o r  c>:ci ta t ion of t he  pclr t ic lcs .  
Alt11ouc;h such c o l l i s i o n s  02- ious ly  do  no t  conCribute t o  LPe spcc- 
ics production term L^ i n  equation (321a) of Volwnc I, the  kj-nct-  j 
i c  energy t ransfcrreci  between e lcc t io r l s  and hcavy particles ' n  
e l a s t i c  c o l l i s i o n s  can bc imn1~ortnn.t i? de tc  .lining thc  n e t  cn~\-cjy 
ga in  tcrm Ge l o r  t h e  el..oc.ci-on gas. ;:ndcr tllc *;,-iun~ption t h a t  .the 
e l e c t r o n s  2!16 hcavy p ~ r t i c l e s  have Nasxcl1i;ln .I - l.oci-ty d i s t r i b u - -  
t i o n s  corresponding t o  Ll-tc t.zmpcraturcs Tc zinc1 72, ~ - e s p c c t i v c l y ,  
it can be sho1,,~n (ref.  51) t h a t  t h e  cor l t r ibut ion t o  t h c  clcc.tron 
energy gain  t c r ~ n  4, i.1 c rpa t ion  (321c) (Voluioo I) due t o  c l n s t i c  
c o l l i s i o n s  i s  gj.vcn to a vcl-1 good ;~ppro>:irnaCion b y  t1,:2 forlnula* 

.):It i:; asswned 5.n c>i ~ ~ n t i o n  ( 2 5 )  ;.nd throughout t h i s  7il~l3r:nili:: t!la'i 

t h c  s;-~ccics -j - 1 r c  ,rc: ;cnts t l ~ c  c j .cc . t rons .  
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I 
where the  sum extends over a l l  heavy p a r t i c l e s  j present  i n  t h e  

represents  t h e  mean energy gained by t h e  e l ec t rons  i n  No e l a s t i c  
c o l l i s i o n s  with p a r t i c l e s  of the  j t h  species  and 

represents  t h e  number of e l a s t i c  c o l l i s i o n s  occurring between 
e lec t rons  and p a r t i c l e s  of the  jth species  pe r  u n i t  volume per  
u n i t  t i m e .  Here 

i s  the  number of p a r t i c l e s  of the  j t h  species  p e r  u n i t  volume, 
~ / , ~ ~ n j k , ~ , ~ l ~ ~ / n ~ i s  t h e  momentum t r a n s f e r  c o l l i s i o n  frequency 
f o r  e l a s t l c  c o l l i s i o n s  between e lec t rons  and p a r t i c l e s  of t h e  ' 

j t h  species. and the r e a c t i o n  rate k,j, elas  i s  given by 

- p Jpps ROTe - (1.1) 
k e j , e l a s / N ~ =  3 we Q e j  

where 

- ( l I l ) =  
*e j - w2 enwfiTe o e j miw) dw (30) 

i s  the  Maxwe 11-averaged momcntwn t r a n s f e r  c ross  sect ion f o r  e las-  
t i c  c o l l i s i o n s  between e lec t rons  and p a r t i c l e s  of species  j a t  the  
temperature To and U ?(w) i s  t h e  a c t u a l  momentum t r a n s f e r  c ross  e 
section a s  a function af  e lec t ron  energy w. 

The i n t e g r a l  i n  equation (30) has been evaluated approximately 
for electron-ion c o l l i s i o n s  i n  reference 5 1  t o  obta in  
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i n  t h e  l i m i t  when t h e  logari thm i n  (31) i s  much g r e a t e r  than  1, 
where Te i s  i n  OK and ne i n  ~ m - ~ .  Th is  approximation should be 
adequate f o r  most ca ses  of  i n t e r e s t  i n  t h e  p r e s e n t  study. 

To ob ta in  t h e  c r o s s  s e c t i o n  l 8  Qe. f o r  ground-state helium 
atonis, we  have evaluated the i n t e g & a l  i n  (30) numerically us ing  ' 

l i t e r a t u r e  d a t z  on t h e  electroll-helium momentum t r a n s f e r  c r o s s  
s e c t i o n  e-He (w) 2s a func t ion  of  e l e c t r o n  energy. Below an 
e l e c t r o n  energy of  5 ev,  we have used t h e  r e c e n t  experimentalmea- 
surements of Crompton, Elford,  and Robertson ( r e f .  52), who g ive  
va lues  of t h e  electron-helium momentum t r a n s f e r  c r o s s  s e c t i o n  
G i n  t h e  energy range from 0.008 ev t o  6 ev w i t h  an esti- e - H e  

mated esper imental  e r r o r  of about 2 percen t ,  Since accura te  ex- 
per imental  d a t a  on t h e  momentum t r a n s f e r  c r o s s  s e c t i c n  a r e  no t  

] p r e s e n t l y  a v a i l a b l e  f o r  e l e c t r o n  ene rg i e s  above 6 ev,we have ob- 
t a ined  the  c ros s  s e c t i o n s  i n  t h i s  range by i n t e g r a t i n g  t h e  theo- 
r e t i c a l  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n s  of LaBahn and Call-  
Jway ( r e f .  53) over t h e  s c a t t e r i n g  angle.  On t h e  b a s i s  of compari- 
&ons wi th  experimental  da t a  a t  both low and high ( 2100  ev) ener- 
g i e s ,  LaBakn and Callaway e s t ima te  t h a t  t h e i r  c r o s s  s e c t i o n s  should 
Le accura te  t o  wi th in  about 5% i n  t h i s  energy range. 

Figure 60 shows the electron-helium mom en tun^ t r a n s f e r  c r o s s  
s e c t i o n s  obtained from t h e  d a t a  of Crompton, E l ford ,  and Robert- 
son ( r e f .  52) and from LaBahn and Calla.way (ref. 53) as a func t ion  
of e l e c t r o n  energy. The r e s u l t s  of t he se  two s t u d i e s  a r e  i n  good 
agreement f o r  e l e c t r o n  ene rg i e s  near  t h e  upper l i m i t  of Crompton's 
measurements a t  5 ev. For t h e  p r e s e n t  c a l c u l a t i o n s ,  we have adopted 
t h c  c ros s  s ec t ion  values  of Crompton, E l ford ,  and Robertson below 
5 ev and those  of LaBahn and Callaway above 5 ev, a s  shown by t h e  
s o l i d  curvc i n  f i gu re  60. Using t h i s  adopted c ros s  s ec t ion ,  t h e  
i n t e g r a l  i n  equat:lon (30) w a s  evaluated numerical-ly t o  ob ta in  t h e  
Maxwell-avcroged electron-he 1-ium c r o s s  s e c t i o n  ~ k A ( ~ f l )  shown i n  
f i g u r e  6 1  a s  a funct ion of e l e c t r o n  tcn~peraturc .  Slnce numerical 
e r r o r s  i n  t he  i n t e g r a t i o n  process  should be n e g l i g i b l e ,  t h e  ac- 
curacy of t h e  averaged c r o s s  s e c t i o n  shown i n  f i g u r c  6 1  i s  . . 







. I determined by the  accuracy of the  o r i g i n a l  c ross  sec t ion  da ta  
used i n  the  computations, and s h ~ u l d  be within the  2 percent  ex- 
perimental e r r o r  3f Crompton's measurements over most of t h e  tem- 
pera ture  range from 200 t o  50,000°K shown i n  the  f igure ,  

Suf f i c i en t  da ta  t o  determine accurate  e l a s t i c  c o l l i s i o n  cross  
sec t ions  f o r  other  neu t ra l  helium species  (i.e.,  molecules o r  
excitcd atoms) do not appear t o  be ava i l ab le  a t  present ,  and i n  
our ca lcula t ions  w e  have simply taken the  e l a s t i c  c ross  sec t ions  
f o r  such spec ies  equal t o  the  cross  sect ion f o r  ground-state hel- 
ium atnms shown i n  f igure  61. Although not  accurate  i n  d e t a i l ,  
t h i s  approximation should have a negl ig ib le  e f f e c t  on t h e  f i n a l  
r e s u l t s  of the  ca lcula t ions ,  s ince,  f o r  exci ted species ,  the  energy 
t r a n s f e r  due t o  i n e l a s t i c  processes should almost always be much 
g rea te r  than the  e l a s t i c  losses.  Thus whenever t h e  concentration 
of excited species i n  the  gas  hzcomes la rge  enough t o  s i g n i f i c a n t l y  . 
a f f e c t  the  average c o l l i s i o n  cross  sec t ion  f o r  t h e  gas i n  equa- 
t i o n s  (25)  t o  (30), the  e l a s t i c  energy loss  term (25) w i l l  i t s e l f  
become negl ig ib le  compared t o  i n e l a s t i c  l o s s  processes i n  deter-  
mining the  o v e r a l l  energy balance f o r  t h e  e l ec t ron  gas. 

I n  addi t ion t o  t h e  energy t r ans fe r red  t o  t h e  heavy p a r t i c l e s ,  
e l a s t i c  c o l l i s i o n s  a l s o  r e s u l t  i n  some energy l o s s  from the  elec- 
t rons  due t o  free-free r a d i a t i v e  processes (brcmstrahlung). I n  
the  present  model these losses  a r e  includeu a s  p a r t  of the  general  
co l l i s ional - radia t ive  mechanism discussed below, so  tha t  a sepa- 
r a t e  r ad ia t ive  l o s s  term t o  account f o r  them i s  not  required i n  
our treatment of e l a s t i c  co l l i s ions .  For t h e  usual  experimental 
s i t u a t i o n  i n  which the e l ec t ron  thermal energy i s  small compared 
t o  the recombination energy, f ree- t ree  r ac ia t ion  processes account 
f o r  only a small p a r t  of the t o t a l  r a d i a t i v e  loss  from the  gas 
( r e f .  54) .  

CoLlisiona 1-radiative recoml~ination. - It now appcTArs t o  be 
wel l  es tabl ished t h a t  the  recombination of atomic ions i n  a hel- 
ium plasma occurs pr imari ly  by the c o l l i s i o l ~ a l - r a d i a t i v e  process 
suggested by Bates, Kingston, and McWhirter ( r e f ,  55) , i n  which 
e lec t rons  rcconbine f i r s t  i n t o  highly exci ted atomic s t a t e s  and 
a r e  thcn s t ab i l i zed  by c o l l i s i o n a l  and rad ia t ive  t r a n s i t i o n s  t o  
lower s t a t e s .  Detailed ca1cu;ations of the  e l ec t ron ic  recombina- 
t i o n  r a t e s  f o r  t h i s  mec:hanism were ca r r i ed  out  by Bates, Iiingston, 
and McVJl~irtcr under thc: assumptioll t h a t  atomic exc i t a t ion  accounts 
f o r  a negl igible  f r ac t ion  of thc  t o t a l  gas cnergy, and using approx- 
imatc t l ~ e o r c t i c a l  v7lues f o r  thc rcquired c o l l i s i ~ n a l  exc i t a t ion  and 
de-excitation cross  sec t ions  bctwcen exci ted atoms ana e lec t rons .  

' 



This ca lcula t ion  was l a t e r  extended by Bates and Khare ( ref .  56) 
t o  account f o r  the  s t a b i l i z a t i o n  of exci ted atoms by c o l l i s i o n s  
with ground s t a t e  n e u t r a l  atoms, and by Bates, Bel l ,  and Kingston 
( ref .  57) t o  obtain a mare accurate  determination of t h e  popula- 
t i o n  of atoms i n  metastable exci ted s t a t e s .  More recent ly ,  t h e  
o r i g i n a l  ca lcula t ions  of Bates, Kingston, and McWhirter have bem 
repeated by Johnson and Hinnov ( r e f ,  58) over a l imited range of 
gas conditions using exc i t a t ion  cross  s e c t i o r s  adjusted t o  f i t  
t h e i r  experimental spectroscopic da ta  on the  population of exc i ted  
s t a t e  atoms i n  helium. The r e s u l t s  of these  ca lcu la t ions  have 
been found t o  be in  reasonably s a t i s f a c t o r y  agreement with avai l -  
able  experimental da ta  on t h e  recombination of e l ec t rons  i n  helium 
( refs .  58-60), within t h e  accuracy of t h e  r a t h e r  l a rge  uncertain- 
t i e s  present ly  ex i s t ing  both i n  the  experimental da ta  and i n  the  
cross  sec t ions  assumed i n  the  t h e o r e t i c a l  calculat ions.  Although 
these uncer ta in t ies  have a s  ye t  precluded a de ta i l ed  q u a n t i t a t i v e  
test of t h e  accuracy of the  t h e o r e t i c a l  predic t ions ,  t h e  basic 
correctness  of the col l i s ional - radia t ive  model appears t o  be w e l l  
substant ia ted by the  general  agreemefit between theory and experi- 
ment which has been obtained. 

Althcugh the  co l l i s iona l - rad ia t ive  model of Bates, Kingston 
and Mcmir ter  appea1:s t o  he  the  most accurate  theory present ly  
avai lab le  f o r  trea.t ing the  recombination of atomic ions  i n  helium, 
the re  a re  severa l  cli~ar7-lantagcs t o  the d i r e c t  use of t h i s  model i n  
the  NATA code. Firsk,  of course, the  model requi res  r a t h e r  lengthy 
numerical ca lcula t ions  t o  determine the  e lec t ron  reccmhination 
r a t e  f o r  any given s e t  of gas conditions,  s o  t h a t  d i r e c t  use of 
t h i s  model i n  a nonequilibrium flow program such a s  t h e  NATA code, 
i n  which react ion r a t e s  must be determined a t  many po in t s ,  would 
lead t o  e>:cessively long execution times for: the  code. Further,  
the  c o l l i s i o n a l  r ad ia t ive  model requi res  input  da ta  on a l a rge  
number of exci ted s t a t e  exc i t a t ion  and de-excitation cross  sec- 
t i o n s  which appear t o  be !.:noivn l e s s  accurately a t  present  (ref. 
58) than z r e  the  o v e r a l l  e l ec t ron ic  recombination r a t e s  ( r e f .  59). 
Thus, t o  obtain accurate  r e s u l t s  f o r  the  recombination r a t e  from 
t h e  model, it would probably be necessary t o  ca r ry  out a p a r m e t r i c  
study ~lixnilar t o  t h a t  of Johnson and Ilinnov ( re f .  59) i n  wl~icli t he  
excited s t a t e  c ross  sec t ions  were adjusted t o  obta in  the  b e s t  f i t  
between tllc t h e o r e t i c a l  predic t ions  and avai?.able cxperimcntal 
da ta ,  and thcsc adjusted cxoss sec t ions  were then used i n  the  the- 
o r e t i c a l  rnodcl t o  p red ic t  the clectroi l ic  recombination r a t e  a s  a 
functioil of gas c o ~ ~ d i t i o n s .  Such a study would go beyond the  scope 
of the  prcscnt  e f f o r t ;  and Eurthern~ore, s ince s u f f i c i e n t  d a t a  a r e  
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not  present ly  avai lab le  t o  uniquely determine the  large number of 
adjus table  cross  sec t ions  i n  the  model, t h e  f i n a l  accuracy which 
could be  obtained i n  the recombination r a t e s  by t h i s  approach is 
somewhat uncertain,  For the present  study w e  have, therefore,  
adopted a simpler and l e s s  anibitious approach i n  which the  elec- 
t r o n : ~  recombination r a t e s  calculated by Bates, Kingston, and 
McWhirter a re  curvef i t ted  a s  a function of e lec t ron  temperature 
and number dens i ty  by a simple ana ly t i c  fornula and t h e  parameters 
i n  t h i s  cu rve f i t  a r e  then adjusted t o  give recombination r a t e s  i n  
agreement with experiment. Following Eowen and Park ( re f .  19), we 
have taken t h i s  c u r v e f i t  t o  be of the  form 

where the  a i  and o(i a r e  ad jus table  constc.nts. This form has the 
co r rec t  t h e o r e t i c a l  dependence on e lec t ron  dens i ty  i n  khe l i m i t s  
of high and low e lec t ron  d e n s i t i e s  and, with the  proper choice of 
constants,  can be made t o  f i t  t h e  ca lcula t ions  of Bates, Kingston, 
and McWhirter ( r e f .  5 5 )  a t  intermediate e lec t ron  d e n s i t i e s  within 
about a f ac to r  of th ree  over t h e  e n t i r e  range of condi t ions cov- 
ered i n  t h e i r  ca lcula t ions  ( i . e , ,  f o r  e lec t ron  temperatures from 
250 t o  64000°R and e lec t ron  number d e n s i t i e s  from 108 t o  1018/cm3). 
Although a more accurate  approximation could no doubt be obtained, we 
f e e l  t h a t  the  accuracy of equation (32) i s  probably cons is ten t  with 
the  accuracy of the other  approximations made i n  the  modelland should 
be adequate t o  give a good predic t ion  of the o v e r a l l  hea t  balance and 
flow parameters fo r  the  a r c  tunnel. De ta i l s  of t h e  e lec t ron  nuniber .nd 
excited s t a t e  d i s t r i b u t i o n s  i n  the= flav may bc l e s s  accurately given, 
however. * 

The reconbination of e lec t rons  .'.n helium plasmas has been 
extcnsivcly studied experimentally ( r e f ,  G O ) ,  The s t a t u s  of 
these e2:perimcntal s tud ies  has  been summarized recen t ly  by Col- 
l i n s ,  et. al. ( re f .  G O ) ,  I n i t i a l l y ,  m a y  of the  experiments ap- 
pcared t o  give discordant r e s u l t s ,  apparently because of uncer- 
t a i n t i e s  as t o  the exact  ion  involyed i n  the recombination process 

*Note, howcvcr, t h a t  because of the  s teep dcpendencc of thc  rccom- 
b ina t ion  coc f f i c i cn t  on e lec t ron  numk~cr densi ty  and tcmpcrature, 
tllc error i n  these parainnters a t  any poin t  i n  t h c  flow r e s u l t i n g  
fro111 the  cu rve f i t  ( 3 2 )  w i l l  be much l e s s  tllan tllc c r ro r  i n  Lhe 
c u r v c f i t  i t s e l f  ( ref .  61). 



and i n  t h e  e l e c t r o n  temperature.  However, i n  t h e  more r e c e n t  
experiments ,  i n  which c a r e  h a s  been talren t o  i d e n t i f y  t h e  ex- 
per imenta l  parameters  more e x a c t l y ,  a  more c o n s i s t e n t  p i c t u r e  
of t h e  recombination p r o c e s s  has  begun t o  emerge, a l t h o u g h  some 
p o i n t s  s t i l l  remain unc lea r .  For  t h e  p r e s e n t  s t u d y ,  w e  have 
adopted t h e  recombinat ion c o e f f i c i e n t  f o r  e l e c t r o n s  and atomic 
helium i o n s  a t  h iqh  e l e c t r o n  d e n s i t i e s  which has  been recommended 
by C o l l i n s ,  e t .  a l .  ( r e f .  60) on t h e  b a s i s  of  a  f i t  t o  t h e i r  own 
exper imenta l  d a t a  and e a r l i e r  d a t a  i n  which t h e  i o n s  involved 
appeared t o  be c l e a r l y  i d e n t i f i e d  ( r e f .  59) .  T h i s  y i e l d s  f o r  t h e  
h igh  d e n s i t y  p o r t i o n  of t h e  c u r v e f i t  ( 3 2 ) ,  

3  crn / sec  

f o r  t h e  recombinat ion of e l e c t r o n s  and atomic HeS ions .  

I n  t h e  low e l e c t r o n  der ls i ty  r e g i o n ,  e l e c t r o n i c  recombinat icn  
r a t e s  are c o n t r o l l e d  by t h e  d i r e c t  r a d i a t i v e  recombinat ion of  
e l e c t r o n s  and 2 o s i t i v e  i o n s ,  a s  d i s c u s s e d  i n  d e t a i l ,  f o r  example, 
by Bates  & Dalgkrno ( r e f ,  6 2 ) .  A f i t  t o  t h e  t h e o r e t i c a l  c a l c u l a -  
t i o n s  of  Burgess and Seaton ( r e f .  63) g i v e s  t h e  recombinat ion r a t e s  
f o r  He+ i o n s  i n  t h i s  r eg ion  tis fol lows:  

f o r  reczmbinat ion i n t o  e x c i t e d  s i n g l e t  s t a t e s  of  t h e  H e  atom, 

3 kf = 2.10 x  lo-13 ( T , / ~ o ~  O K ) - O * * ~  c m  / s e c  (34b) 

f o r  recombinat ion i n t o  e x c i t e d  t r i p l e t  s t a t e s  of  t h e  H e  atom, and 

kf = 1.59 x 10-13 (1re/104 OK) -0*47 c m  3 / sec  (34c 

f o r  d i r e c t  r a d i a t i v e  recombinat ion i n t o  t h e  ground s t a t e  H e  atom. 

To determine t h e  remaining parameters  reqlpired f o r  t h o  re- 
combination of e l e c t r o n s  and 13e' i o n s  i n  our  r e a c t i o n  r a t e  model 
( equa t ions  (320) and (321) i n  Vol. I ) ,  i t  i s  necessa ry  t o  s p e c i f y  
t h e  s p e c i e s  formed i n  t h e  rccond2ination r e a c t i o n  and t h e  f r a c t i o n  
of t h e  recombinat ion energy qoing i n t o  t h e  e l e c t r o n  g a s  and i n t o  



r ad i a t i on .  Although recombination ixcu r s  i n i t i a l l y  i n t o  highly  
exc i ted  atomic s t a t e s ,  Bates e t .  a 1  ( r e f .  55) have shown t h a t  Lhe 

I net change i n  population of these  s t a t e s  i s  nfcjlicjiblc under condi- 
t i o n s  fo r  which the  c o l l i s i o n a l - r a d i a t i v e  model i s  app l i cab le ,  s o  
t h a t  the  s t a t e  of t h e  plasma can he descr ibed comp1ctel;l over tiraes 
of i n t e r e s t  f o r  macroscopic flow problems b y  giving sinlijly tlle n e t  
r a t e s  of recombina.tion i n t o  the  ground s t a t e  helium atom and t h e  
two metastable . exc i ted  s t a t e s  H e  ( l s 2 s  3s) and H e  ( l s 2 s  ls) . 
Further ,  it has been pointed ou t  by Bates,  B e l l ,  ~ n d  Kingsto11 (ref. 
57) t h a t ,  under o p t i c a l l y  t h i c k  condi t ions ,  p r a c i i c a l l y  a l l  rccom- 
binirig e l ec t rons  i n  a helium plasma w i l l  p a s s  through one of t h e  
metastable exc i ted  s t a t e s  before  reaching the  ground s t a t e ,  so  t h a t  
i t  i s  not  necessary t o  consider  recombination d i r e c t l y  i n t o  t he  
ground s t a t e .  This fol lows because the  c ros s  s ec t ions  f o r  c o l l i -  
s i o n a l  de-exci ta t ion d i r e c t l y  i n t o  t h e  ground-state a r e  much smal- 
l e r  than those  For de-exc i ta t ion  i n t o  one of t h e  metastalsle s t a t e s  
when t h e  e l e c t r o n  energy i s  of t he  0rC3er of a f e w  e l e c t r o n  v o l t s  
or l e s s ,  while d i r e c t  r a d i a t i v e  t r a n s i t i o n s  t o  t h e  ground s t a t e  
are not e f f e c t i v e  i n  de-exci t ing the  gas  when t h e  plasma i s  op t i -  
c a l l y  t h i ck ,  s ince  the  emitted r a d i a t i o n  i s  re-absorbed by  ground 
s t a t e  atoms t o  produce new e x c i t a t i o n  before  it can l e ~ v e  t h e  p l a s -  
ma. 

For helium plasmas a t  temperatures of t h e  order  oE a few ev o r  
l e s s , t h e  mean f r e e  pa th  f o r  thc l i n e  r a 3 i a t i o n  emit ted by r a d i a t i v e  
t r a n s i t i o n s  t o  t h e  ground s t a t e  i s  of t h e  or6er  of 101d./nO cm a t  t h e  - 

l i n e  center*, where no i s  t h e  nunlher of  ground s t a t c  atoms p e r  cm3. 
Thus,for the condi t ions  of i n t - r e s t  i n  the NATA code, e s s e n t i a l l y  all 
of  t h i s  r ad i a t i on  w i l l  be  rc-absorbed before  it can escape from t h e  
plasma. Accordingly, L : gas  w i l l  be o p t i c a l l y  t h i c k  t o  t h i s  r a d i a t i o n  
and d i r e c t  r a d i a t i v e  t r a n s i t i o n s  from exc i t ed  atoms t o  the  ground ~ t a t e  
may be neglected t o  a good approximation i n  t h e  code. 

The s i t u a t i o n  i s  l e s s  c l e x  f o r  t h e  continuum r a d i a t i o n  which 
r e s u l t s  fr3m d i r c c t  r a d i a t i v e  rcco~nbir-ation of f r e e  electrons i n t o  
t he  grounci s t a t e  according t o  t h e  process  ind ica ted  i n  cquatlon 
(34c) .  Poc t h i s  r a d i a t i o n  the  mean f r e e  path  i s  about 1.6 x lo17/n0 
cm**, s o  t ha t ,  fo r  exaltiple f o r  helium a t  20,000oK and atmosphcric 
pressurc  tile mean f~rcc  path wou1.d h e  about 0.5 cm. This i s  some- 
what smal ler  t!nn t y p i c a l  nozzle diinensions, so t h a t  undcr ?.llcse 

*This cs t imate  a:;sun.cs Doppler broadening of tllc l i n e  profiles; 
t h i s  should bc v a l i d  under t l ~ c  condi t ions  of i in tc rcs t  ccccpt  fo r  
very high cxc i tad  s t a t e s .  

**Calculated from (34c) , using d c t a i  lcd  balancc. 



conditions one might expect t h a t  the  l a r g e r  p a r t  of the  continuum 
radiat ion (34c) would be re-absorbed and re-ionize the gas, b u t  a 
s i g n i r k a n t  f r ac t ion ,  e spec ia l ly  near t h e  edges of t h e  nozzle, 
would escape, As t h e  gas expanded down t h e  nozzle, t h e  r a t i o  of 
t h e  r ad ia t ive  mean f r e e  path t o  t h e  nozzle dimensions would in- 
crease, so  t h a t  eventually a po in t  would be reached a t  which most 
of tile coiltinuurn radiat icn (34c) escaped, For higher i n i t i a l  
pressures or lower i n i t i a l  temperatures, on t h e  o the r  hand, the  
mean f r e e  path of the  radia t ion  would be decreased, s o  t h a t  under 
sane conditions ii might be a good approximztion t o  t r e a t  t h e  flow 
a s  op t i ca l ly  th ick  t o  the  continuum rad ia t ion  (34c) over t h e  m j o r  
portion of its expansion. 

Although t h e  helium k i n e t i c  model developed i n  this appendix 
does not  contain any provis ions f o r  t r e a t i n g  r a d i a t i v e  re-absorption 
i n  the  gas e x p l i c i t l y ,  one can allow approximately f o r  t h i s  e f f e c t  
by adjusting the  r ad ia t ive  recombination r a t e  f o r  the .process  (34c) 
so  a s  t o  match the  n e t  r ad ia t ive  recombination expected i n  t h e  flow 
a s  w e l l  as possible,  For this purpose it is  probably most impor- 
t a n t  t o  match the  n e t  recombination r a t e  i n  the  high temperature 
region near the  nozzle entrance, s ince  t h e  importance of r ad ia t ive  
recombination is expected t o  decrease as t h e  flow expands (see 
equations (33) and (31) ) , and tc become neg l ig ib le  f a r  downstream, 
I n  many cases it should be an adequate approximation t o  assume t h a t  
the  flow is op t i ca l ly  th ick  t o  the  recoinbination rad ia t ion  (34c) 
i n  the nozzle entrance region, s o  t h a t  d i r e c t  r a d i a t i v e  recombina- 
t ion  t o  the  ground s t a t e  according t o  t h e  process (34c) may be 
neglectzc? i n  the  ca lcula t ions  ; however, i f  tinis approximation i s  
n o t  adequate f o r  a p a r t i c u l a r  case a b e t t e r  es t imate r:.ay be made 
on the b a s i s  of eq, (342) and t h e  p a r t i c u l a r  nozzle geometry, 

The reac t ion  r a t e  parameters given i n  Table XX f o r  thc recom- 
' , ination of e lec t rons  m d  atomic ~ e +  i ons  a r e  derived from equa- 
t i o n s  (32) thrcugh (34) on the  assumption t h a t  the  gas  is opti-  
c a l l y  t11icJ.r t o  a l l  rad ia t ion  a r i s i n g  from t r a n s i t i o n s  t o  the  H e  atom 
ground state, so t h a t  e s s e n t i a l l y  a l l  recombinations w i l l  proluce 
a rnctastablc helium atom i n  e i t h e r  t h e  2 s k  o r  2s3s s t a t e .  Since 
d i r e c t  infonnation a s  to  the  r e l a t i v e  numbers of e l ec t rons  recom- 
bining i n t o  each of the two metastable s t a t e s  does n o t  appear t o  
be ~ v a i l a b l e  a t  present  f o r  the  higher e3.ectron d e n s i t i e s ,  we  
have assumcd t h a t  the  two s t a t e s  w i l l  be populated i n  proportion 
t o  t h e i r  s t a t i s t i c a l  weights ( r e f .  59), i.e., 3/4 of the  recom- 
binntions (33) w i l l  p a d  t o  atoms i n  t h e  3s metastable s t a t e  and 
1/4 t o  atoms i n  the  S s t a t e .  For the  lower e l ec t ron  dens i t i e s ,  
1-11c nuliibcr of c lec t rons  recoinbining i n t o  eit11er of the  two 



metastable s t a t e s  is, of course, given d i r e c t l y  by (34a) and (34b), 
For non-opt ical lHhick conditions,  a term based on equation (34c) 
may a l s o  be included i n  the  model, a s  discussed above, t o  account 
f o r  r ad ia t ive  recombinations d i r e c t l y  i n t o  the  ground s t a t e ,  

I n  addition t o  the rates f o r  co l l i s ional - radia t ive  reconibi- 
nat ion discussed above, Bates, Kingston, and McWhirter ( re f ,  55) 
have a l s o  calculated rates f o r  the reverse process of "co l l i s iona l -  
r ad ia t ive  ionizat ion" f r m  t h e i r  model. A t  t h e  higher e l ec t ron  
dens i t i e s ,  t h e i r  r e s u l t s  show t h a t  the  co l l i s iona l - rad ia t ive  ioni-  
zat ion r a t e  i s  given t o  a good approximation by applying d e t a i l e d  
balance arguments based on t h e  e lec t ron  temperature t o  t h e  calcu- 
l a t ed  overa l l  co l l i s ional - radia t ive  recombination r a t e ,  a s  indicated . 
i n  Table YX; however, a t  t h e  lower e l e c t r m  d e n s i t i e s  t h e  ioni-  
za t ion  r a t e s  calculated from the  col l i s ional - radia t ive  model may 
f a l l  s i g n i f i c a n t l y  below the  values predicted from these simple 
de ta i l ed  balance arguments, We have not  attempted t o  f i t  t h e  
calculated ioniza t ion  r a t e  d a t a  i n  the  present  model, however, 
s ince f o r  an ionized gas flow expanding through a nozzle, ioniza- 
t i o n  w i l l  general ly  be negl ig ib le  compaizd t o  recombination i n  t h e  
region where the  de ta i l ed  balance est imates  of t h e  ioniza t ion  rate 
become inadequate, This would not  be  t r u e ,  however, f o r  cases  
such a s  the  ioniza t ion  of a gas  behind a shock wave i n  which addi- 
t i o n a l  ioniza t ion  is being produced i n  an i n i t i a l l y  cold gas, s o  
t h a t  t h e  reac t ion  parameters given i n  Table XX would need t o  be 
revised t o  t r e a t  such cases, 

According t o  the  col l i s ional - radia t ive  model, a l l  of t h e  re- 
combination energy of an electron-ion p a i r  i s  t rans1erred e i t h e r  
i n t o  k i n e t i c  energy of t h e  e l ec t rons  o r  i n t o  radia t ion ,  For t h e  
lower e lec t ron  d e n s i t i e s ,  c o l l i s i o n a l  processes a r e  unimportant 
s o  t h a t  t h e  e n t i r e  recori-bination energy of the  atom, together  with 
the  i n i t i a l  k i n e t i c  enerqy of the  e lec t ron ,  w i l l  be emitted a s  
radia t ion ,  as indicated ro r  r eac t ions  3 t o  5 i n  Table XX, For 
higher e lec t ron  d e n s i t i e s  the re  i s  a c lose  coupling between col- 
l i s i o n a l  and rad ia t ive  de-excitation processes so  t h a t  the  exact  
f r ac t ion  of the  recombination energy which w i l l  be emitted as 
radia t ion  can only be c12tcrmined from a complete solut ion of the  
col l i s ional - radia t ive  equations a s  formulated by Bates, Icingston, 
and McM~irter, However, a s  a rough approximation, experimental 
da ta  ind ica te  tha t  the  t o t a l  r ad ian t  emission froin a he l iun  plas- 
ma a t  high electron d e n s i t i e s  does not  d i f f e r  fron: the prcdicYons  
of the low dens i ty  formula by more than about a f ac to r  of two over 
the  range of conditions f o r  which rad ian t  emission makes a s igni-  
f i c a n t  contr ibut ion t o  the  o v e r a l l  energy balance of t h e  system. 



I n  the  present  model we have, therefore ,  used the  low e lec t ron  
densi ty  formula t o  ca lcu la te  the  ladiation due t o  recombination 

, under a l l  conditions and have assumed t h a t  the  rest of t h e  re- 
combination energy goes i n t o  t h e  k i n e t i c  energy of the e l ec t ron  
gas, a s  indicated f o r  reac t ions  1 and 2 i n  Table XX. 

I n  addi t ion t o  react ions 1 and 2 of Table XX i n  which t h e  
c o l l i s i o n a l  processes contr ibut ing t o  recombination a r e  assumed 
t o  be with an e l e c t r o n  a s  the  t h i r d  body, Bates and Khare ( r e f .  
56) have a l s o  predicted recombination r a t e s  f o r  processes s t a b i l -  
ized by c o l l i s i o n s  with a ground-state helium atom. W e  have not  
included such processes i n  the  present  model, however, s ince  t h e i r  
existence does not  appear t o  be v e r i f i e d  by t h e  experimental da ta  
(ref .  60)- 

pe-excitation of metastable atoms.- Bates and Kingston ( r e f ,  
61j have pointed out tile importance 04 the  metastable atom popu- 
l a t i o n  i n  determining the o v e r a l l  e l ec t ron ic  reconhination r a t e  
i n  a decaying helium plasma. This e f f e c t  a r i s e s  because, a s  we 
have seen above, the  ne t  co l l i s iona l - rad ia t ive  recombination rate 
i s  a strong function of e l ec t ron  temperature (see equation 3 3 )  , 

and the  metastables serve a s  an energy source f o r  the e lec t rons ,  
r a i s ing  the  e l e c t r o z  temperature and thus  impeding t h e  recombina- 
t i o n  process, A proper treatment of t h e  processes determining 
t h e  metastable population i n  t h e  flow i s  thus important i f  one 
wishes t o  ~ b t a i n  an accurate predic t ion  of e l e c t r o n i c  recombina- 
t i o n  r a t e s  i n  an expanding gas. 

The processes which nay lead t o  the  des t ruc t ion  of metastable 
atoms i n  a decaying helium plasma have been surveyed by Bates, 
Bell ,  and Kingston ( ref .  57). For the  present  one-dimensional flow 
model we s h a l l  neglect  t l ~ e  l o s s  o f  metastables from the flow due 
t o  d i f fus ion  and de-excitation a t  t h e  walls. This should be a 
good approximation i n  the  region outs ide the  boundary layer ,  where 
the  one-dimensional model i s  e xpected t o  be applicable.  F u r t l ~ e r  , 
t he  de-excitation of metastables by d i r e c t  r a d i a t i v e  t r a n s i t i o n s  
t o  the ground-state (two photon emission) i s  con~pletely negl ig ib le  
i n  helium fo r  gas dens i t i e s  of i n t e r e s t  i n  laboratory appl ica t ions  
( r e f .  57). Thus, the  r a t e  a t  which metastable atoms a r e  removed 
from the flow w i l l  be determined e n t i r e l y  by c o l l i s i o n a l  processes 
i n  the present  model. 

Approximate r a t e  constants f o r  severa l  of the proccsscs lead- 
ing t o  the destruct ion of metastable atoms i n  a helium plasma have 



been givcn by  Bates, Bel l ,  and Kingston (ref.  57) i n  t h e i r  study 
of metastable atom populations i n  a decaying plasma. For the  con- 
d i t i o n s  of i n t e r e s t  i n  the  present  study, it appears t h a t  the  most 
important metastable des t ruc t ion  process w i l l  o rd ina r i ly  be the  
de-excitation of metastable atoms by col l is ior is  with slow elec- 
t rons ,  the  exc i t a t ion  energy being t ransfer red  t o  the  k i n e t i c  
energy of the  electron.  Bates, B e l l ,  and Kingston have calcu- 
la ted  the  react ion r a t e  f o r  the  de-excitation of a H e ( 3 ~ )  m e t a -  
s t a b l e  atom by t h i s  process i n  the e lec t ron  temperature range 
from 250 t o  4000°~, using a crcjss sec t ion  obtained by d e t a i l e d  
ba la ice  from the  meas~red  He(%) exc i t a t ion  cross  sec t ion  of Schulz 
and Fox ( r e f ,  64) and averaging over a Maxwellian d i s t r i b u t i o n  P £  
elec t ron  energies. The parameters given f o r  t h i s  reac t ion  i n  
Table XX (react ion no, 6 )  were obtained from a c u r v e f i t  t o  t h e i r  
calculat ions,  Figure 62 compares t h i s  c u r v e f i t  f o r  the  r eac t ion  
r a t e  with the  o r i g i n a l  calct l la t ions of Bates, Bel l ,  and Kingston 
(ref .  571, 

Bates, Bel l ,  and Kingstori do no t  give t h e  rate f o r  de- 
exc i t a t ion  of ~e (1s) metastable atoms t o  the  ground-state ; how- 
ever,  s ince the  exc i t a t ion  cross  sec t ion  f o r  t h e  H e ( 1 ~ )  meta- 
s t a b l e  s t a t e  is  about 1/3 t h a t  f o r  t h e  ~ e ( 3 ~ )  state ( re f s ,  65, & 

66),  it appears, taking account of t h e  d i f f e r i n g  m u l t i p l i c i t i e s  
of the  two s t a t e s ,  t h a t  the  ca lcula ted  r a t e s  given by Bates e t ,  
a l .  , ( ref ,  57) f o r  H e  (3s) de-excitation should a l s o  be approsi- ' 

mately appl icable  t o  He(%), as w e  have assumed f o r  r eac t ion  7 
i n  Table XX. 

I n  addi t ion  t o  de-excitation t o  the  ground s t a t e ,  e l ec t ron  
c o l l i s i o n s  with metastables clan a l s o  produce t r a n s i t i o n s  be- 
tween the  H e ( 1 ~ )  and H ~ ( ~ s )  metastable s t a t e s  according t o  t h e  
reac t ion  scheme 

Phe ly  ( r e f .  67) has  measured a reac t ion  r a t e  f o r  t h i s  process 
of 3.5 x 10'~ cm3/sec ?.t 3000K, corresponding t o  a reac t ion  c ross  
sec t ion  of 3 x 10'14 crn2. To est imate t h e  temperature dependence 
of tllc react ion r a t e ,  we ma1:e use of the work of Johnson and 
Hinnov ( rc f .  58), v?llo havc cstimatcd a reac t ion  cross  sect ion of 
about 10-l-5 cm2 f o r  tile process (35) a t  e lec t ron  tcmpcratures of 
the  ordcr of 10,r300~1~, based on t h e i r  spectroscopic s t u d i e s  of 
the  population d i s t r i b u t i o n  of the helium exci ted s t a t e s .  Thus 





t h e  r eac t ion  c r o s s  s ec t ion  is approximately p ropor t iona l  t o  
l/Te and t h e  r eac t ion  r a t e  t o  T,-'I@ a s  shown i n  Table XX. 

I t  may be noted t h a t  t h e  r eac t ion  r a t e  f o r  p rocess  (35) i s  
two t o  t h r e e  orders  of magnitude g r e a t e r  than t h e  r a t e  f o r  de- 
e x c i t a t i o n  of  metas table  atoms t o  t he  ground-state by e l e c t r o n  
c o l l i s i o n s ,  s o  t h a t  US t h e  e l e c t r o n  d e n s i t y  i n  t h s  gas  decays 
one may expect  t h e  r e l a t i v e  populat ions  of t h e  He ('s) and H ~ ( ~ s )  
metastable s t a t e s  t o  remain i n  approximate thermodynamic equi- 
l ibr ium wi th  each o t h e r  a t  t h e  e l e c t r o n  temperature over a  con- 
s i d e r a b l e  range of condi t ions ,  

When t h e  d e n s i t y  of metas table  atoms i n  helium becomes com- 
parab le  t o  t h e  e l e c t r o n  dens i ty ,  a  s i g n i f i c a n t  number of  meta- 
s t a b l e  atoms may a l s o  be  removed from t h e  gas  by t h e  Penning 
ion iza t ion  process  

i n  which two metas table  atoms c o l l i d e  and t h e  e x c i t a t i o n  energy 
of  one of then is t r a n s f e r r e d  t o  i on i ze  t he  other.  This  p rocess  
has a l s o  been considered by Bates,  B e l l ,  and Kingston ( r e f ,  57) 

I 
who have shown t h a t  t h e  r e z c t i o n  r a t e  i s  given approximately by 

3  
when both metas table  atoms a r e  i n  S s t a t e ,  where T i s  t h e  
heavy-par t ic le  temperature i n O ~ .  Their  a n a l y s i s  maA a l s o  be  
appl ied t o  c o l l i s i o n s  i n  which one o r  both of t h e  metas tahle  
atoms i s  i n  t he  IS s t a t e  by using t h e  appropr ia te  van d e r  Waals 
fo rce  cons tan t  f o r  t he  i n t e r a c t i o n  ( r e f .  68) and not ing t h a t  t h e  
sp in  conservation f a c t o r  i n  t h e  a n a l y s i s  of Bates,  e t .  a l .  ( r e f ,  
57) i s  1 ins t ead  of 4/9 when e i t h e r  of t he  c o l l i d i n g  atoms i s  i n  
the 1~ s t a t e .  This procedure y i e l d s  t h e  r e a c t i o n  r a t e  cons t an t s  
given f o r  t h e  t h r e e  Penning ion iza t ion  processes  (36) i n  Table 
XX ( r eac t ions  9, 10, and 11). 

For f r a c t i o n a l  i o n i z a t i o n s  l e s s  than about 0 -01  pe rcen t ,  
c o l l i s i o n s  wit11 ground-state n e u t r a l  atoms may a l s o  make a s ig-  
n i f i c a n t  con t r ibu t ion  t o  t h e  de-exci ta t ion of metas table  atoms 
i n  helium. I n  t h e  case  of t h e  He (IS) , c o l l i s i o n a l l y  induced 
r a d i a t i v e  t r a n s i t i o n s  t o  t h e  ground-state according t o  t he  



reac t ion  

appear t o  be  t h e  primary de-excitation mechanism a t  low e lec t ron  
densities, where H e  denotes a helium atom i n  t h e  ground elec- 
t r o n i c  s t a t e ,  The reac t ion  r a t e  f o r  the  process (38) has  been 
studied both experimentally and t h e o r e t i c a l l y  ( ref ,  69) and a l l  
determinations appear t o  be  i n  reasonably s a t i s f a c t o r y  agreement 
( i - e . ,  within a fac to r  of about 3 o r  4) .  For t h e  present  model, 
we have used an approximate c u r v e f i t  t o  the  t h e o r e t i c a l l y  calcu- 
la ted  temperature dependence ( re f .  69) with the value normalized 

3 a t  300O~ t o  thc  reac t ion  r a t e  kf = 6 x 10-Is cm /sec measured 
by Phelps ( r e f .  67) . 

I n  the  case of the  H ~ ( ~ s )  metastable atom, c ~ l l i s i o n a l l y  
induced rad ia t ive  t r a n s i t i o n s  t o  t h e  ground s t a t e  of t h e  type 
( 3 8 )  a r c  forbidden by spin conservation, and t h e  metastable 
atom i s  removed Troin the  gas a t  low eJectron d e n s i t i e s  srFrily by conversion i n t o  the  metastable molecular s t a t e  H e 2  ( a  CU ) 
according t o  t h e  th ree  body reac t ion  ( r e f ,  67) 

v ~ i t l  t he  r e a c t i a l  energy presllmably going pr imar i ly  i n t o  t rans-  
l a t i o g a l  a d  v ib ra t iona l  energy of the  heavy p a r t i c l e s ,  The 
react ion rate for t h i s  process measured by Phelps a t  3000I< is 
k = 2 . 5  x cmG,'sec, so  t h a t  the  process should be negli-  
g i b l e  except a t  q u i t e  high gas dens i t i e s ,  The temperature de- 
pendence of the  reac t ion  r a t e  i s  unknown; however, it appears 
unl ikely t h a t  the  r a t e  would vary g r e a t l y  with temperature over 
the  range of conditions f o r  which the  process (39) might be 
in~portan.t, and we have a r b i t r a r i l y  ass~uned a J?; dependence i n  
Table xx. 

M o l c c ~ ~ l a r  species.- For pressures  g rea te r  than about 1 mm 
IIg and low tcn~pcraturcs ,  it has bcen observed t h a t  atomic He+ 
ions are rapidly converted i n t o  molecular ions,  Although a num- 
be r  of d i f f c r c n t  molecular ions  have bcen observed ( re f .  69) 
only tho ground-state diatomic ion ~ e * +  w i l l  bc considered i n  
the prcscnt notc,  s ince  it i s  thc  ion whj.ch is  formed i n i t i a l l y  
by FIcS attachment anti appears t o  bc the  only molecular ion which 



could be present  i n  s i g n i f i c a n t  concentrations under t h e  relz- 
t i v e l y  hig 1 temperature conditions ex i s t ing  i n  an expanding 
plasma j e t .  TFo thermochcmical p roper t i e s  of t h e  ~ c ~ - ~  ion now 
appear t o  be frzirly wel l  es tabl i shed ,  and a re  given i n  Table XIX. 
The ~ e ~ +  disso::iation encrgy had been ra the r  uncertain u n t i l  q u i t e  
recent ly,  bu t  tne  l a t e s t  experimental and t h e o r e t i c a l  r e s u l t s  
( re f .  9) now appear tc  s t rongly  support a value of 2.50 ev f o r  
t h e  e l ec t ron ic  d issoc ia t ion  energy De of t h e  ground-state ~ e ~ +  
ion,  Since t - ~ e  energy d i f ferences  between the  var ious e l e c t r o n i c  
s t a t e s  of He2  sn2 .Ye2+ a r e  accurately known from spectroscopic 
da ta  ( r e f s .  9,  2) khe use of the  above value f o r  the  ~ e 2 +  d i s -  
soc ia t ion  energy, together with t h e  ava i l ab le  spectroscopic d a t a  
( re fs .  12, 70) serves t o  completely determine t h e  thermochemical 
p roper t i e s  of the  He2 molecule and the  He2+ nolecular  ion. The 
values of the  lowest s t a b l e  s t a t e s  of He2 and HezT a r e  stunmar- 
ized  i n  Table XIX. 

The p r i n c i p a l  process leading t o  the formation of He2+ 
molecular ions a t  pressures  above about 1 t o r r  appears t o  be  
t h e  three-body attachment reac t ion  

Several  independent measurements ( re fs .  71-73) of the  reac t ion  
rate f o r  t h i s  process have yielded values f o r  the  r a t e  constant  
which agree within about a f ac to r  of two a t  room ten~perature.  The 
temperature dependence of the  r a t e  constant i s  somewhat unclear,  
with Beatty and Patterson ( r e f .  71) report ing a r a t e  constant  
which i s  approximately independent of temperature, w > i l e  Ni les  
and Robertson ( r e f .  72) repor t  a T - ~  dependence over the tern- 
perature range from 7 7 O ~  t o  4.49O~; however, t h i s  d i f ference  i s  
pr . - laps  not  too s i q n i f i c a n t  i n  view of the  r a the r  l imited tem- 
p c a i - !  r! range f o r  which mol.ccular ions  may be expected t o  be 
importn.,t i n  the  gas. For the present  model, we have adopted 
t h e  react ion r a t e  of Beatty and Patterson ( re f .  71) f o r  the  pro- 
cess  (40) ,  j .e. ,  

independent of gas temperature. 

Tllc product io~l  of molecular ions  by tllc associative ioniza- 
t i o n  (Nor~dxck-Molnar) proccss 

IIe* 4- HC G 1ic2f + & (41) 



has  a l s o  been observed f o r  cxci tcd Re* atoms i n  3p electronic 
s t a t e s  o r  above ( r e f .  74), bu t  t h i s  reac t ion  docs no t  appear 
t o  be a s i g n i f i c a n t  source of molecular ions under the  conditions 
ex i s t ing  j.n an expanding gas flow, and accordingly has n o t  been 
included i n  the present  mode 1. 

The primary mechanism f o r  the  reconbination of lie2+ mole- 
cu la r  ions again appears t o  be the  co l l i s iona l - rad ia t ive  pro- 
cess  of Bates, Kingston, and McWhirter ( r e f .  55) i n  which elec- 
t rons  a re  i n i t i a l l y  captured i n t o  highly exci ted molecular s t a t e s  
and a r e  then subsequently s t a b i l i z e d  by c o l l i s i o n a l  and rad ia t ive  
t r a n s i t i o n s  t o  lower s t a t e s .  I n  s p i t e  of repeated experimental 
s tudies ,  the  d i s soc ia t ive  recombination process 

~ e ~ +  + e - e  H e  + He* (42) 

has  never been d e f i n i t e l y  observed i n  helium, and t h e  react ion 
r a t e  f o r  the  process appears t o  be almost c e r t a i n l y  much l e s s  
than 10-8 cm3/sec ( ref .  75) . * 

The b e s t  da ta  preseii t ly avai lab le  f o r  the  ~ e ~ +  recombination 
r a t e  appears t o  be t h a t  of Berlande, et. a l .  ( r e f .  77) who f ind  
a r a t e  constant of the  form 

f o r   HE^' recombination a t  an e l ec t ron  temperature of 300°1<. 
Measurcmcnts a t  higher e l ec t ron  temperatures ( re f .  78 ) indi-  
c a t e  a ten~perature dependence a t  high e lec t ron  d e n s i t i e s  s imi lar  
t o  t h a t  found fo r  atomic Hef ions (equation 33). so  t h a t  it is  
consis tent  with the  avai l? . l~lc  da ta  t o  t r e a t  t h e  reccnihination 
of He2+ ions a t  the  higher e l ec t ron  d e n s i t i e s  a s  a co l l i s iona l -  
r ad ia t ive  process with the  r a t e  constant  

*This in te rp re tz t ion  of thc  da ta  has been recent ly  questioned 
by Jol~nson and Gcrardo ( re f .  7 G ) ,  howcver. 



or  &out one fourth t h e  r a t e  constant  found f o r  atomic ~ e +  ions  
under s imi lar  conditions (equation 33). 

Since in fo~mat ion  on the  Zinal products of the  rcconibination 
process (44) is  not ava i lab le ,  it again appears reasonable t o  
assume t h a t  the  s i r g l e t  and t r i p l e t  molecular s t a t e s  a r e  popu- 
la ted according t o  t h e i r  s t a t i s t i c a l  weights. The t r i p l e t  
s t a t e s  then presumably cascade down by+col l i s ional  and r a d i a t i v e  
t r a n s i t i o n s  t o  the metastable He2(a3z,) s t a t e  a t  17.937 ev 
above the Ec atom ground-state (see Table X U ) ,  while the  s i n g l e t  
s t a t e s  cascade down t o  the  lowest s i n g k t  s t a t e  of t h e  He2 mole- 
cule ,  namely the  imstable He2(X l'lg') ground-state, which then 
immediately d i s soc ia tes  i n t o  two ground-state He aton-s. Since 
a11 e lec t ron ic  s t a t e s  of t h e  He2 molecule have approximately the  
same equilibrium in ternuclcar  separat ion re (ref. 12) ,  it seems 
reasonable t o  assume t h a t  t h e  He2(X 1x +) ground-state i s  formedo 
with an in ternuclear  separation equal  t g  the  separat ion re =l. 08 A 
of the ~ e ~ +  ground-state, corresponding t o  a p o t e n t i a l  energy of 
about 2.31 ev ( ref .  79) .  This p o t e n t i a l  energy i s  then converted 
i n t o  k i n e t i c  energy of the  d i s soc ia t ing  helium atons,  while t h e  
remainder of t h e  reconibinztion energy, equal t o  22.190 - 2.31 = 
19-88 ev per  molecule, i s  converted i n t o  e l ec t ron ic  k i n e t i c  en- 
ergy and radia t ion  by the co l l i s iona l - rad ia t ive  process,  A s  with 
the  atomic reconbination process,  we  have not  attempted t o  dis-  
t inguish betvrecn the  energy going i n t o  e l ec t ron ic  k i n e t i c  energy 
and i n t o  radia t ion  i n  the  present  note ,  but  have simply assigned 
a i l  c? the escess  reconl33inatioil energy t o  t h e  e l ec t rons  i n  Table 
XX (react ions 15 and 1 G ) .  Although ~cre expect t h i s  t o  be a rea- 
sonable approximation fo r  cases i n  which the  ~e~~ rec~mbinat ion  
energy i s  impor.tant, t h i s  has not  been d e f i n i t e l y  v e r i f i e d ,  

Since t11e f i r s t  term i n  equation (4.3) appears t o  be much 
too large fo r  a simple r ad ia t ive  rccoml3ination process,  it has 
been tentatively ascri'l~eci (ref. 75) t o  the  d i s soc ia t ive  recom- 
binat ion process (42) ,  where He* may represent  e i t h e r  a mcta- 
stal~l-c 3~ o r  'S helium atom. In Table XX we have again a s s w ~ e d  
t h a t  -i;11e s i f iglct  and t r i p l e t  s t a t e s  a rc  populated i n  accordance 
wit11 t h e i r  s t a t i s t i c a l  wcights, and have talcen the  r a t e  constant  
t o  bc indcpendcnt of tcinpcraturc, a l t h o ~ ~ g h  thcrc  i s  sonc thcorc- 
t i c a l  evidence t o  indica.i;e t h a t  it may ac tua l ly  bc an increasing 
functi.on of gas t c i n p c r a t u ~ ~ :  ( re f .  0 0 )  . Although the  r a t e  c o n s t ; ~ n t  
for thc process ( 4 2 )  i s  ;.q7i:y poorly known, it reprcscnts  a minor 
correction t o  thc ca1cu:L;~tcci ilct reacti.on r a t c  (4.3) unclcr most 
conclitions 02 i n t c r c s t ,  anc1 should thus not contribute apprcc- 
i ab ly  t o  the  ovcrol l  unccr,tainty i n  t h e  calculated gas conclitions. 
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The f i n a l  te=m i n  t h e  observed ~ e 2 +  recombination r a t e  (43),  
which i s  proport ional  t c  t h e  gas d e n ~ i t y ~ p r e s u m a b l y  represcnts  
the  e f f e c t  of s t a b i l i z a t i o r  by c o l l i s i o n s  with ground-state H e  
atoms which was s tudied by Bates and Khare ( r e f .  56) .  Since 
t h i s  term hccomes important cnly when the  f r a c t i o n  of ioniza t ion  
i s  of the order of lom7 o r  l e s s ,  we have not included it i n  the  
reac t ion  r a t e  model given i n  Table XX. 

To complete the  present  reac t ion  r a t e  model f o r  helium, 
approximatc r a t e s  f o r  the  destructioil  of t h e  metastable He, 
molecule a r e  included as  the f i n a l  two reac t ions  i n  Table 
Since t h e  experimental s tud ies  of Col l ins  ( r e f ,  81) and Phelps 
(refs .  67, 8 2 )  i nd ica te  t h a t  t h e  processes 

and 
H ~ ~ ( ~ c )  + I I ~ ~ ( ~ c )  e 3 H e  -k ~ e +  + d (46) 

f o r  the  des t ruc t ion  of metastable HeZ ('z) molecules have t h e  
same r a t e s  at room temperature, within the  experimental e r r o r ,  a s  
do the  corresponding processes fo r  t h e  H e ( 3 ~ )  metastable atom, 
we have, f o r  lack of any b e t t e r  information, s inply  used tllc 
react ion r a t e s  given previously f o r  the  He (3s) reac t ions  (reac- 
t i o n s  6 and 9 i n  Table XX) f o r  the  processes (45) and (46) a s  
well.  The des t ruc t ion  of metastable molecules by c o l l i s i o n s  with 
ground-state atoms appears t o  be negl ig ib le  and i s  hence not  in- 
cluded i n  the present  model; Phelps' da ta  ( r e f .  67) indica te  a 
reac t ion  r a t e  f o r  t h i s  process a t  l e a s t  two orders  of magnitude 
smaller than f o r  the  corresponding process (39) f o r  metastable 
~e ( 3 ~ )  atoms. 

goncludi.nq remarks - Since we have introduced a n~mber of 
simplifying approsimations i n  construzt ing the  reac t ion  r a t e  
model f o r  helium presented i n  TaSles XIX and XX, and s ince ,  
moreover, severa l  of the important reac t ion  r a t c s  f o r  helium 
a re  s t i l l  r a the r  uncertain,  e spec ia l ly  at the  higher tempera- 
t u r e s ,  it ~voulcl now be des i rable  t o  ve r i fy  the model by compar- 
ing i t s  predict ions with experimental data  over a s  wide a range 
of conciitions a s  p o s s i b l ~ ,  and, i f  necessary, a d j u s t  tllc r a t e  
 constant;^ t o  obtain s a t i s f a c t o r y  agrecmcnt with e,:perimcnt. This 
lzas not bccn possj-ble r\litll.in the  scopc of the  present  study, how- 
cvcr;  and accordingly the reac t ion  r a t e s  given i n  Table XX shoclld 
l ~ c  rcgnrdcd as provis ional  unti.1 such time ;I.; 2 more complctc 
v e r i f i c a t i o n  of moclcl can be obtained. 



A. 2 Argon Model 

The nonequilibrium argon model used i n  NATA i s  b a s i c a l l y  
s imi lar  t o  the helium model described above, b u t  with t h e  para- 
meters adjusted and a few minor modifications made t o  account 
f o r  the difference i n  physical  p roper t i e s  betweell helium and 
argon. Thus, much of the discussion given above f o r  helium is  
a l s o  applicable t o  argon, and only the  d i f ferences  between t h e  
two gases need be noted here. 

Although argon has been used extensively a s  a t e s t  gas i n  
laboratory s tudies  fo r  various aerodynamic and a r c  tunnel  appli-  
cat ions,  the  react ion mechanisms i n  recombining argon have appar- 
e n t l y  not  been s tudied i n  a s  much d e t a i l  as they have f o r  helium, 
and i n  consequence, a s  w i l l  be indicated i n  more d e t a i l  i n  the  
discussion below, severa l  of the  important parameters i n  t h e  
argon recombination model appear t o  be s i g n i f i c a n t l y  uncertain , 

a t  the  present  time. Accordingly, the  e r r o r s  i n  the  nonequili- . 
brim model ca lcula t ions  f a r  argon may be expected t o  be  l a rge r  
than f o r  helium. 

The species and parameter values f o r  the  nonequi librium 
argon model uscd i n  NATA a r e  given i n  Tables )t\CI and XXII. 

,Elast ic  co l l i s ions . -  The e lec t ron  energy l o s s  due t o  elas- 
t i c  co l l i s ions  i n  argon i s  again ca.lculated from equations (25)  
t o  (30) with appropriate values of the  momentum t r a n s f e r  c ross  
sect ions 40r argca being used i n  equation (30). A s  i n  the  case 
of helium, the approximate Couloirib c ross  sec t ion  (31) is  used 
i n  equation (30) f o r  a l l  electron-ion co l l i s ions .  

Data on the  momenttun t r a n s f e r  c ross  sect ion between e lec t rons  
and ground-state argon atoms have been given by Fros t  and Phelps 
(ref.  83 )  and by Golden ( ref .  84). For the  present  model, we 
have numerically integrated the  da ta  o f  Fros t  and Phelps over 
e lectron energy a s  indicated i n  equation (30) t o  obta in  the  
Maxwell-averaged electron-argon atom cross  sec t ion  shown 
i n  f igure  63 a s  a function of temperature. Use of t h e  da ta  of 
Golden i n  t ~ ~ i s  computation would have given a noticeably lower 
cross  sect ion i n  t h e  neiglfiorhood of t h e  Ramsauer minimum a t  
T = 130!1°1<; ho.rvever, s ince the  t o t a l  cross  sec t ion  i n  t h i s  reg- 
ion i s  so  s111n1l f o r  e i t h e r  ca lcula t ion ,  the  e f f e c t  of such a 
chacjc on the  o v e r a l l  e lec t ron  eilcrgy balance f o r  the  gas would 
be ncg l i g i b  l c  . 
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A s  i n  t h e  case of helium, we have uscd the  calculated 

: I electron-ground s t a t e  argon atom cross  sec t lon  shown i n  f igure  63  
for a l l  e l a s t i c  c o l l i s i o n s  between e lec t rons  and n e u t r a l  argon 
species. A s  an indica t ion  of thc e r r o r  involved, f igure  64 shows 
the  Maxwell-averaged cross  sec t ion  f o r  c o l l i s i o n s  between clec- 
t rons  and metas".able argon atcmrj which we have estirrated from 
t h e  avai lab le  c r a s s  sec t ion  da ta  ( re fs .  85 and 86).  One sees 
t h a t  thc estimated metastable c ross  sec t ion  i s  about two t o  
th ree  o r d e r s , o f  magnitude g rea te r  than the  ground s t a t e  cross  
sect ion over tP,e temperature range of i n t e r e s t .  Thus, t h e  ap- 
proximation emp1o:led i~ the  code of using the ground-st?-te cross  
sec t ions  f o r  a l l  n e u t r a l  species  should give an adequate repre- 
senta t ion  c f  t h e  e l a s t i c  energy losses  a s  l o n ~  a s  t h e  concentra-s 
t i o n  cF metastabla specles  i n  the gas  remains 5 O.lpercent ,  A s  
note2 previously i our discussion of the  helium model, t he  
e l a s t i c  energy losses  themselves become negl ig ib le  a t  highcr net- 
a s t ab le  concentrations,  so  t h a t  the  e r r o r  i n  the  calculated elas- 
t i c  energy losses  a t  high metastable concentrations (51  percent) 
should not  s i g n i f i c a n t l y  a f f e c t  the o v e r a l l  accur?.cy of the  model 
predic t ions  i n  t h i s  region. 

Col l i s ional - radia t ive  recombinatj ons.- Data on e lec t ron ic  
reconibination r a t e s  i n  argon have been reviewed recent ly  by 
3iberman, e t .  a l .  ( r e f .  8 7 ) .  Although the experimental uncer- 
t a i n t y  ;.s l a rge r  than f o r  helium, the  avai lhble  da ta  f o r  ai-gon 
again appear t o  be general ly  cons is ten t  with the  co l l i s iona l -  
r ad ia t ive  recombination mechanism suggested by Bates, Kingston, 
and McWhirter ( r e f .  55). Accordingly, we have followed the ap- 
proximate model of c o l l i s i ~ n a l - r a J . i a t i v e  recombination discussed 
above f o r  helium i n  the  present  treatment of argon recombinstion 
also.  

As with helium, we have attempted t o  r e p r k s ~ n t  the observed 
recombination r a t e  da ta  f o r  argon by a c ~ x v e f i t  of the  form (32) .  
For the higher electron d e n s i t i e s ,  t he  observed r e c a n ~ i n a t i o n  
r a t e s  f o r  argon ( r e f s ,  88, 89) a r e  found t o  agree with the  hel-  
ium data  within the  experimental s c a t t e r ,  so t h a t  the high dcn- 
s i t y  par t ion  of the  react ion r a t e  c u r v e f i t  f o r  helium (equation 
33)  may a l s o  be used f o r  argon. 

A t  .ZQW elec t ron  densj . t ies ,  r ad ia t ive  recombination bccomcs 
dominant and rccon-bination ra tes  may be determined from avai lab le  d a t a  
on the  argon coatinuurn radia t ion .  From these da ta  (refs. 90-32) 
one f inds  t h a t  the t o t a l  rate f o r  r ad ia t ive  recombination i ~ t o  





f 

.- t h e  exci ted s t a t e s  of t h e  argon atom agrees with t h e  correspond- 
' i  < 

! .  . ,  . .  ing r a t e  f o r  helium within t h e  experimental scatter, s o  t h a t  t h e  
n e t  reac t ion  rate f o r  recombination i n t o  an exci ted  argon atan 
a t  low e lec t ron  d e n s i t i e s  becomes 

For r ad ia t ive  reconibination d i r e c t l y  i n t o  t h e  argon ground s t a t e  
t h e  da ta  of Samson (ref.  93) give the recombination rate 

.which is somewhat ' lower than t h e  corresponding .rate ( 3 4 4  f o r  
helium. 

The da ta  c i t e d  above ind ica te  t h a t  t h e  rates f o r  e l e c t r o n i c  
recombination i n t o  exci ted atomic s t a t e s  are coniparable i n  helium 
and argon a t  both high and .low e lec t ron  densi t ies ;  A t  intermed- 
iate e lec t ron  d e n s i t i e s ,  however, t h e - d a t a  of Chen (ref, 94).  
g ive  a recombination rate i n  argon which is severa l  t i m e s  higher 
than t h e  corresponding helium r a t e  and than t h e  co l l i s iona l -  
r a d i a t i v e  predict ions,  a-nd about an order of magnitude higher than 
the r a t e  predicted from t h e  simple. c u r v e f i t  (32) on the b a s i s  of 
the-h igh  and low e lec t ron  dens i ty  data.* The reason f o r  this dis- 
crepancy is not  clear, Chen suggests t h a t  the observed differ- 
ences between helium and argon i n  h i s  work may be. due t o  d i f f e r -  
ences i n  the  e l ec t ron ic  e x c i t a t i o n  and derexci ta t ion  c ross  sec- 
t i o n s  f o r  exci ted s t a t e s  i n  t h e  two gases; however, t h i s  r .  .Ian- 
a t i o n  does not  appear t o  be cons is ten t  with the c lose  agreement 
between helium and argon reconbination r a t e s  a t  high e lec t ron  
d e n s i t i e s  which has -been 'observed i n  o ther  s tud ies  ( re fs .  88.89)- 
InT view of t h i s  apparent inconsistency and the lack of other  ex- 
perimental da ta  t o  support t h e  d i f ference  between helium and argon 
recombination r a t e s  found by Chen, the  p r e s t n t  model uses a re- 
combination r a t e  based only on the high and low e lec t ron  dens i ty  
d a t a  given by equations (33), (47) a n d  (48),  and ignores t h e  , -  

. - da ta  of Chen a t  intermediate dens i t i e s ,  These da ta  should be 
borne i n  mind, however, as a poss ib le  indica t ion  of s i g n i f i c a n t  
uncertainty i n  the  predicted- recombination r a t e s  for argon. 

Because of t h e  closed e l e c t r o n i c  p-shell  i n  t h e  heavier rare '  
gas atons, t h e  re la t ionship  among the low-lying exci ted s t a t e s  

*Rcn~ember t h a t  the  cu rve f i t  (32) gives recornhination rates sev- 
eral times smaller than idle co r rec t  co l l i s ional - radiz t ivo  model 
a t  intermediate e lec t ron  i iensit ies.  



t 
.- d i f f e r s  from that found i n  helium with t h e  r e s u l t  t h a t  the decay 

' i  ; of exci ted s t a t e s  during co l l i s iona l - rad ia t ive  recombination i n  1 -.. ,~ ., 
E argon follows a somewhat d i f f e r e n t  pathway than t h a t  described 
i 

, > 
previously fo r  helium. Table X X I I I  shoivs t h e  four lowest lying 
exci ted s t a t e s  of the  argon atom, together  with the  th ree  com- 

? 
moncst designations by which they a r e  refer red  t o  i n  the  l i t e r a -  
ture .  A l l  higher exci ted s t a t e s  of t h e  atom can decay rapid ly  

, , 

i n t o  one of these four  lcw-lying exci ted s t a t e s ,  so  t h a t  only t h e  
populations of these  four s t a t e s  need be followed i n  the c o l l i -  
s ional-radiat ive model. O f  t he  four  states, the 3p2 and 3p0 are 
metastable while t h e  3 ~ 1  and 'pl can decay t o  t h e  ground s t a t e  
by emission of resonance radiat ion.  The decay is slow, however, 
because of the , t r app ing  of resonance rad ia t ion  i n  t h e  gas ,  and 
t h e  two resonance s t a t e s  3 ~ 1  and lp l  thus  behave somewhat l i k e  . 
t r u e  metastable s t a t e s  under many conditions of i n t e r e s t ,  

Within the  accuracy of the present  moZzli.1: seemed unneces- 
a ry  t o  d is t inguish  between a l l  four of t h e  low-lying exci ted s t a t e s  
i n  Table X X I I I ,  an2 accordingly we have grouped the  two metastable 
s t a t e s  3 ~ 2  and 3p0 i n t o  a s i n  l e  metastable state A r *  (m) and t h e  9 two resonant s t a t e s ,  3 ~ 1  and P1, i n t o  a s i n g l e  resonant s t a t e  
Ax* (r) , a s  indicated i n  Table =I, Assuming t h a t  these  sta* s 
a r e  populated i n  proportion t o  t h e i r  s t a t i s t i c a l  weights by t h e  

1 .  recombination reac t ions  (33) and (47) then leads t o  t h e  reac t ion  
- r a t e s  f o r  e l ec t ron ic  recombination i n t o  exci ted  s t a t e s  given f o r  

reac t ions  1 through 4 i n  Table X X I I .  A s  i n  t h e  case of helium, 
we f ind  t h a t  an adequate f i t  t o  the  t o t a l  v i s i b l e  and in f ra red  
emission from the  gas under a l l  conditions ( r e f s ,  90-92) can be 
obtained by assuming t h a t  a l l  of t h e  recombination energy goes 
i n t o  the  e lec t ron  gas f o r  t h e  three-body recombinations 1 and 2 
while a l l  of the  energy* goes i n t o  r ad ia t ion  f o r  t h e  two-body re- 
combinations 3 and 4. 

For r ad ia t ive  recombination d i r e c t l y  i n t o  the  arqoc atom 
ground s t a t e ,  reabsorption of the  emitted recanbination rad ia t ion  
by the  gas can be e f f e c t i v e  i n  reducing t h e  n e t  recombination rate 
even a t  lnodcrately low gas dens i t i e s .  An est imate of t h i s  reduc- 
t i o n  can be made by dividing t h e  low dens i ty  reconhination r a t e  

*It may be nofed t h a t  i n  computing the  e lec t ron  thermal energy f o r  
t h e  reac t ions  i n  Table XXII ,  we have taken aacount of tile f a c t  t h a t  
t h e  react ion r a t e  depends on e lec t ron  energy,so t h a t  the  mean energy 

.of the electrolls pa r t i c ipa t ing  i n  the  reac t ion  is cot t h e  same a s  
ttllc mean tllermal energy 3/2 k T, of a11 t he  e lec t rons  i n  the gas, 

i :Under most ccnditions of intcrest,hoviever, t h i s  d i f ference  wi1.l no t  
he s ign i f i can t  for t h e  f i n a l  r e s u l t s  of t h e  calculat ion.  

L .  



(48) by t h e  o p t i c a l  depth of t h e  gas f o r  the recombination radi-  
a t ion  

where 2 is  t h e  o p t i c a l  depth, n ~ ,  is the number dens i ty  of ground 
state argon atans i n  t h e  gas i n  R is  t h e  channel radius  i n  
on, and 3.4 x 10-l7 cm2 is t h e  absorption c ross  sec t ion  of ground 
s t a t e  argon atoms f o r  -the recombination radia t ion ,  as measured by 
Samson (ref .  93) .  As indicate? i n  Table XXII ( reac t ian  5 ) ,  t h i s  
reduction must be appl ied t o  the  rate constant (48) whenever t h s  
o p t i c a l  depth (49) of the  gas  becomes g rea te r  than one. 

Decav of exci ted atoms. - ' ~ 3 e  de-excitation of low-lying atomic 
s t a t e s  i n  a decaying argon plasma Ippears t o  be d l ~ e  pr imari ly  t o  
c o l l i s i o n s  with e lec t rons  and ground-state atoms, and, i n  the  case  
of the  resonant s t a t e s , t h e  emission of radiat ion.  F C J ~  ioniza t ion  
f rac t ions  g rea te r  than about lo'* t o  10-5, e lec t ron  c o l l i s i o n s  and 
resonance rad ia t ion  w i l l  be the  most important de-excitation mech- 
anisms, while atomic c o l l i s i o n s  become important a t  lower frac- 
t i o n s  of ionizat ion.  

De-eycitation r a t e s  f o r  e l ec t ron  c o l l i s i o n s  with exci ted 
argon atoms can be obtained from experimentai data on t h e  inverse 
proccss of exc i t a t ion  of ground-state argon atoms by e lec t ron  



impact. Rates f o r  the l a t t e r  process have been b t a i n e d  both 
from s tud ies  of t h e  ioniza t ion  rate behind argon shocks (refs .  
95-97) and from e lec t ron  beam measurements of the exc i t a t ion  
cross  sec t ions  versus e l ec t ron  energy ( refs ,  98-102). 

I n  a l l  of the  shock tube s t u d i e s , i t  has  been found t h a t  
the  r a t e  determining s t e p  i n  the ioniza t ion  process behind t h e  
shock f r o n t  is  t h e  i n i t i a l  exc i t a t ion  of  t h e  ground state argon 
atom t o  a low-lying exci ted s t a t e ,  s o  t h a t  t h e  exc i t a t ion  cross  sec t ion  
can be  detern~ined d i r e c t l y  from the measured ioniza t ion  ra t e s ,  
Experimentally, t h e  ioniza t ion  i s  observea LO p r ~ c e e d  i r  two 
s tages  ; f i r s t  an i n i t i a l  induction phase i n  which t h e  e:czZ t:a.i-.ion 
i s  produced p r - h z r i l y  by c o l l i s i o n s  with ground state atoms; 
followed by -.i second, much nore rapid  s tage,  i n  which t h e  elec- 
t ron  dens i ty  has  become s u f f i c i e n t l y  high f o r  e l e c t r o n i c  col- 
l i s i o n s  t o  cont r ibute  s i g n i f i c a n t l y  t o  t h e  observed exc i t a t ion  
r a t e s ,  Analysis of t h e  ioniza t ion  r a t e  d a t a  f o r  t h e  second s t age  
ind ica tes  t h a t  the  measured rates are c o n s i s t e i ~ t  w i t h  a l i n e a r  . .  

dependence of the  e l e c t r o n i c  exc i t a t ion  cross  sec t ion  on excess 
e lec t ron  energy above t h e  exc i t a t ion  threshold ( -- 11.5 ev) , with 
a slope which v a r i e s  i n  t h e  d i f f e r e n t  experiments ( refs .  95-97) 
over a range from about 5 x 10-18 t o  7 x 10-18 cm2/ev. Since 
t h e  experiments are n o t  s e n s i t i v e  enough t o  determine exact ly  
which s t a t e  i s  being exci ted,  t h i s  measured exc i t a t ion  cross  
sec t ion  should probably be regarded as a sum over t h e  four  low- 
lying states of the  argon atom indica ted  i n  Table X X I I I .  

To ta l  cross  sec t ions  f o r  exc i t a t ion  of the two argon meta- 
s t a b l e  s t a t e s  3 ~ 2  and 3 ~ 0  by  e l e c t r o n i c  c o l l i s i o n s  have been 
measured i n  e lec t ron  bean s t u d i e s  over the  energy range from 
threshold t o  -200 ev (refs, 98-101). The da ta  a r e  i n  genera l  
agreement with t h e  l i n e a r  c ross  sec t ion  dependence on e lec t ron  
energy assumed i n  the  analys is  of the shoc3; tube da ta ;  hov~ever, 
considerable d e t a i l e d  s t r u c t u r e  i n  the  cross  sec t ion  energy de- 
pendence i s  evident near threshold ( r e f s ,  98,93) so  t h a t  the  
cross  sec t ion  slope deduced f r o m t h e  shock tube experiments 
w..uld be expected t o  vary so~ewha t  with elcc'cron temperature. 
U,lng Picl~anick and Simpson's r e l a t i v e  c ross  sec t ion  mcasure- 
ments near threshold ( r e f .  98) normalized t o  t h e  absolute c ross  
-,e:tion values giver1 by Borst ( r e f .  l o o ) ,  we f ind  a mean cross  
sec t ion  slope varying between about 4 x 1 0 ~ ~ 0  cm2/ev and 8 x 1 0 ~ ~ 8  
cm2/ev f o r  the  range of ternpcraturos below about 40.000 OK, wit11 
t hc  value being -- 8 x low1* cm2/cv f o r  T 5 1000°1<. I n  the rnngc 
of temperatures T (,500001<, it appears t h a t  a l i n c a r  c ross  scc t ion  



dependence with t h e  slope 

found by Petschek and Byron ( r e f .  95) should g ive  a very satis- 
factory f i t  t o  t h e  avai lab le  e l ec t ron  beam data.  

3 The cross  sec t ion  f o r  exc i t a t ion  of t h e  r e sonan t  PI and 
1pl argon s t a t e s  has  been measured by McConkey and Donaldson 
(ref.  102) i n  an e lec t ron  beam aparatus  over t h e  energy range 
from thre-shold t o  about 2000 ev, . I n  t h e  threshold reg ion , the i r  
r e s u l t s  ind ica te  a l i n e a r  dependence of t h e  t o t a l  e x c i t a t i o n  
cross  sec t ion  on e lec t ron  energy with a s lope 

Thus, the  t o t a l  exc i t a t ion  c ross  sec t ion  f o r  t h e  argon resonant 
s t a t e s  i s  considerably smaller than f o r  the  metastable states 
a t  thermal energies,  and t h e  t o t a l  e x c i t a t i o n  c ross  s e c t i o n  f o r  
a l l  low-lying s t a t e s  derived from t h e  e lec t ron  beam measurements 
i s  i n  excel len t  agreement with t h e  shock tube r e s u l t s .  

The reaction r a t e s  f o r  de-excitation of  t h e  low-lying meta- 
s t a b l e  and resonant exci ted s t a t e s  of atomic argon by e l e c t r o n  
c o l l i s i o ~ ~ s  which are used i n  t h e  present  argon k i n e t i c  model 
a r e  derived from t h e  corresponding e s c i t a t i o n  c ross  sec t ions  
(50) and (51) by d e t a i l e d  balance, These r a t e s  are l i s t e d  a s  
reac t ions  G and 7 i n  Table XXII, 

I n  addi t ion  t o  causing de-excitation of t h e  low-lying exci ted  
s t a t e s ,  e l ec t ron ic  c o l l i s i o n s  can a l s o  r e s u l t  i n  t r a n s i t i o n  be- 
tween t h e  metastable and resonant exci ted states according t o  t h e  
scheme 

Ar* (r) + -e- F;.: Ar* (m) + c--k 0. Q7 ev (52) 

Although w e  have been unable t o  f ind  any d i r e c t  da ta ,  the  r a t e  
f o r  thc  process ( 5 2 )  is expccted t o  be la rge  ( ref .  103), i n  
analogy t o  the corresponding processes i n  hcliwn ( ref .  67) and 
neon ( re f .  104). An approximate upper bound f o r  t h e  poss ib le  



- reac t ion  r a t e  is  provided by the  t o t a l  c ross  sec t ion  measure- 

( -,! ments of Celot ta ,  et. a l .  ( r e f .  85) f o r  the  inverse  process of 
electron-metastable ~r ( 3 ~ 2 )  co l l i s ions ;  

For t h e  present  model w e  have taken the  reac t ion  r a t e  f o r  
t h e  process (52) equal  t o  the  corresponding r a t e  estimated f o r  
neon a t  3000K by Phelps (ref .  104), and have assumed a ~ ~ - 4  
temperature dependence, a s  i n  t h e  helium model, to obtain t h e  
r a t e  constant 

f o r  the  process (52). This rate l i e s  about an order  of magnitude 
below the  upper bound provided by t h e  t o t a l  ( e l a s t i c  p l u s  inelas-  
t i c )  c ross  sec t ion  mezsurements of Celot ta ,  et. al. 

It should be noted t h a t  the process (52) may p l a y  an impor- 
t a n t  r o l e  i n  t h e  decay of metastable argon atoms a t  low e lec t ron  
dens i t i e s ,  s ince  it can cause t r a n s i t i o n s  from t h e  r e l a t i v e l y  
long-lived metastable exci ted s t a t e s  t o  t h e  much shor te r  l ived  
resonant s t a t e s .  Thus, t h e  uncertainty i n  t h e  rate constant  
(53) could r e s u l t  i n  s i g n i f i c a n t  e r r o r s  i n  t h e  m o d e l  p redic t ions  
of metastable decay rates f o r  a r ~  argon plasma under some condi- 
t ions.  

I n  helium, a l l  of the  exci ted atomic s t a t e s  which a r e  cap- 
ab le  of d i r e c t  r a d i a t i v e  t r a n s i t i o n s  t o  the  ground s t a t e  can a l s o  
decay rap id ly  i n t o  one of t& two metastable exci ted  s t a t e s ,  s o  
t h a t  most of t h e  exci ted atoms pass  through one of t h e  metastable 
s t a t e s  during t h e  de-excitation process and only a small f r a c t i o n  
a r e  de-excited by d i r e c t  r ad ia t ive  t r a n s i t i o n s  t o  t h e  ground 
s t a t e .  Thus, t he  l a t t e r  process could be neglected to  a good 
approximation i n  the  formulation of  t h e  helium k i n e t i c  model dis-  
cussed i n  the  rccedin sect ion,  For argon, on t h e  o ther  hand, 9 t h e  low-lying SP1 and PI resonant excited states cannot decay 
r a d i a t i v e l y  t o  any lower exci ted s t a t e ,  s o  t h a t  d i r e c t  r ad ia t ive  
t r a n s i t i o n s  t o  t h e  ground s t a t e  become thz  dominant decay mech- 
anism fo r  these states i n  many s i t u a t i o n s ,  and hence must be in- 
cludcd i n  t h e  k i n e t i c  model. 

Since t h e  mean free path of resonance rad ia t ion  i n  a gas is  
typ ica l ly  very much shor ter  than usual  laboratory apparatus. 
dimensions, most of the  photons emitted by t h e  r a d i a t i v e  decay 



of exci ted atoms t o  t h e  ground s t a t e  a r e  reabsorbed by other  
atoms i n  t h e  gas  t o  e x c i t e  them t o  the  resonant state, and t h e  
n e t  r a t e  of decay of t h e  resonant  s t a t e  population dens i ty  i n  
t h e  gas i s  much slower than wouid be predicted s o l e l y  on the  
b a s i s  of t h e  spontaneous emission c o e f f i c i e n t  f o r  the  s t a t e ,  
A model t o  p r e d i c t  t h e  n e t  r a t e  of decay of t h e  population den- 
s i t y  under these condi t ions a s  a function of apparatus geometry 
and t h e  absorption c o e f f i c i e n t  of t h e  resonance l i n e  has been 
developed by Holstein ( r e f s ,  105,106) and has  been v e r i f i e d  
experimentally f o r  a number of gases (refs. 104-108), including 
both argon (ref .  107) and neon ( r e f ,  104). 

Under t h e  usdal  laboratory conditions,  it is genera l ly  a 
good approximation t o  assume t h a t  the  shape of the  resonant 
r ad ia t i cn  l i n e s  is determined by pressure broadening according 
t o  t h e  dipole-dipole model of Fursov and Vlasov (see refs, 109,. 
110). With t h i s  assumption, t h e  n e t  decay r a t e  f o r  t h e  tran- 
s i t i o n  t o  the  ground s t a t e  predicted by Hols te in ' s  model becomes 
independent of gas  pressure and, f o r  a c y l i n d r i c a l  gas  vo?-ume, 
reduces t o  t h e  simple form 

where R, i s  t h e  p robab i l i ty  f o r  spontaneous exrdssion of a reso- 
nant  photon from t h e  exci ted s t a t e  per u n i t  time, Xo is  the  
wave-length a t  the  ce;lter of the  resonant l ine ,  and R i s  t 5 e  
cyl inder  radius. When the  apprspr ia te  constants  f o r  the  argon 
resonant s t a t e s  ( re f .  111) a r e  inse r t ed  i n t o  equation (54), one 
f i n d s  the  react ion r a t e s  

f o r  the  r a d i a t i v e  decay of t h e  A r  (3~1)  s t a t e ,  and 

J, 
f o r  the  A r  ( P ) s t a t e ,  where R is  t h e  cyl inder  radius  i n  cent i -  I meters. Equatlon (55a) has  been v e r i f i e d  e,xperimentally by 
E l l i s  and (ref. 107) . Since we expect the  3 ~ 1  s t a t c  t o  
be  more highly populnkcd than t h e  lpl  s t a t e  under most condi t ions 



of i n t e r e s t ,  equation (55a) has  been used f o r  t h e  r a d i a t i v e  
decay r a t e  of tile Ar resonant s t a t e  i n  t h e  present  k i n e t i c  

, . .. 
model ( react ion 9 of Table XXII). 

The reac t ion  r a t e s  (55) should be v a l i d  i n  argon f o r  noz- 
z l e  r a d i i  R20.1 cm and ground s t a t e  argon atom number densi- 
t ies n ~ ~ >  1016 an-3, For lowar number d e n s i t i e s  than t h i s ,  
pressure-broadening becomes small compared t o  t h e  n a t u r a l  l i n e  
width of thercsonance l i n e s ,  and the  e f f e c t i v e  r a t e  constant  
begins t o  increase with decreasing number densi ty ,  Eventually, 
a t  very low number d e n s i t i e s ,  reabsorption of t h e  resonance 
r a d ~ a t i o n  of course becomcs negl ig ib le ,  and t h e  e f f e c t i v e  r a t e  
constant approaches the  spontaneous emission c o e f f i c i e n t  k f = h .  
Comparing t h i s  l i m i t  wi th equation (54) ,  one sees  t h a t  t h e  n e t  
r ad ia t ive  decay r a t e  f o r  t h e  resonant argon exci ted s t a t e s  is 
reduced by about t h r e e  t o  four orders of magnitude by t h e  trap- 
ping of resonance rad ia t ion  under t y p i c a l  laboratory conditions. 

For low f r a c t i o n a l  ioniza t ions ,  t h e  de-excitation of exci ted 
atoms by c o l l i s i o n s  with n e u t r a l  atcms can become s ign i f i can t .  
Experimental d a t a  on the  reac t ion  rates a r e  ava i l ab le  both f o r  
t h e  d i r e c t  de-excitation process ( r e f s ,  107,112,113) and f o r  
t h e  inverse exc i t a t ion  process ( re fs .  95-97, 114-117) . 

Several  s tud ies  of t h e  decay of exci ted state population den- 
s i t i e s  i n  low temperature argon gas ( refs .  107,112,113) have 
indicated tha t  both two- and three-body de-excitation processes 
a r e  s ign i f i can t ,  and hcve given reasonably cons i s t en t  values 
(within about a f ac to r  o f  two) f o r  the  de-excitation ra tes .  The 
most de ta i l ed  study w a s  t h a t  of E l l i s  and Twiddy ( re f .  107), who 
gave two- and three-body reac t ion  rates a t  3000K of 

f o r  de-excitation of t h e  A r  ( 3 ~ 2 )  metastable s t a t e  a t  11.55 ev 
and 

f o r  de-excit-ation of t h e  A r  ( 3 ~ 0 )  metastable cote a t  11.72 ev. 
Futch and Grant ( re f .  113) measured the  A r  ( 3 ~ 2 )  de-excitation 



r a t c s  a t  7 7 O ~  and 3000K and t h e i r  da ta  y i e l d  a temperature de- 
pendence over t h i s  range of k 2 - - ~ 2 / ~  f o r  t h e  l-body de-excitation 
process (56a) and k3 -- T - ~ - ~ ~  f o r  the  three-body process (56b). 

I n  t h e i r  work, E l l i s  and middy  a t t r i b u t e  t h e  two-body de- 
exc i ta t ion  r a t e  (56a) t o  a two-step process i n  which t h e  meta- 
s t a b l e  A r  ( 3 ~ ~ )  atom i s  f i r s t  exci ted t o  t h e  resonant A r  ( 3 ~  ) 
s t a t e  by c o l l i s i o n  with a ground s t a t e  argon atom, and then ie- 
cays r ad ia t ive ly  t o  t h e  ground s t a t e .  No evidence i s  given t o  
support t h i s  assignment, however, and it appears t o  be inconsis- 
t e n t  with t h e  temperature dependence observed f o r  the  two-body 
de-excitation process a t  770K by Futch and Grant, which suggests 
t h a t  the  d i r e c t  de-excitation process 

is  responsible f o r  t h e  observed two-body de-excitation ra t e .  

Further evidence f o r  t h e  reac t ion  (58) i s  provided by sever- 
a l  shock tube s tud ies  i n  which exc i t a t ion  cross  sec t ions  f o r  
c o l l i s i o n s  between ground s t a t e  argon atoms were derived from 
the  i n i t i a l  ioniza t ion  r a t e s  behind an argon shock ( refs .  95-97, 
114-117). I n  a l l  cases,  it ws found t h a t  t h e  experictentally 
observed ioniza t ion  r a t e s  f o r  t h e  i n i t i a l  ion iza t ion  s t age  d i r -  
e c t l y  behind t h e  shocli f r o n t  could be accounted f o r  by an atom- 
atom exc i t a t ion  cross  sec t ion  which was (approximately) a l in-  
e a r  function of the  excess atom energy above t h e  exc i t a t ion  
threshold. The slope of t h e  derived cross  sec t ion  energy depen- 
dence varied somewhat between the  d i f f e r e n t  experiments; however, 
a l l  r e s u l t s  were cons is ten t  within about an order of magnitude, 
with the  regorted values of the  cross  sect ion varying from about 
2.5 x 10-20 cm2/cv t o  2.5 x 10-19 cm2/ev. Using these  da ta  t o  
der ive a c ross  sect ion f o r  t h e  inverse de-excitation reac t ion  
(58) by de ta i l ed  balance, one obta ins  a two-body de-excitation 
r a t e ,  k which i s  proport ional  t o  and has  the  value ic2 -10-15 
t o  10-1iifcrn3/sec a t  3000K. i n  good agreement with the  measured 
low temperature de-excitation ra tes .  Thus, the  assignment of 
the observed two-body de-excitation r a t e  (56) t o  the  reac t ion  (58) 
i s  ve r i f i ed  and an approximate f i  dependence of the  dc-excitation 
r a t e  over the  temperature range from T = 77OK t o  --10,000°~ i s  
substantiated.  



The three-body de-excitation process i n  equations (56) and 
(57) i s  a t t r i b u t e d  t o  the  two-step reac t ion  process 

A r  + A r  + Ar*  -+ArZ* + A r  

i n  which t h e  exci ted argon atom combines with a ground s t a t e  atom 
t o  fowm an excited Ar2* molecule, which then immediately r a d i a t e s  
t o  form an unstable ground-state m2 ~ o l e c u l c  which d i s s o c i a t e s  i n t o  
tijo ground state atoms. The radia t ion  emitted during t h e  process (59) 
is observed t o  reak  a t  a wavelength of about 1265 4 ( ref .  118). corm 
responding t o  a mean energy of d9.8 ev f o r  t h e  emitted photon,with 
the  remaining-1.8 ev of the  exc i t a t ion  energy of course going i n t o  
k i n e t i c  energy-of t h e  th ree  argon atoms p a r t i c i p a t i n g  i n  t h e  react ion.  

For the  present  k i n e t i c  model, the. two- and three-body de- 
exc i t a t ion  r a t e s  f o r  the  metastable Ar*.(m) atom given i n  reac- 
t i o n s  10 and 11 of Table X X I I  have been s e t  equal  t o  t h e  A r  ( 3 ~ 2 )  
de-excitation r a t e s  from equation (561, s ince  we expec t tha . t zos t  of 
the  metastable atoms w i l l  be  i n  tho 3p2 s t a t e  under t h e  conditions 
encountered i n  an e.xpanding argon plasma j e t ,  because of t h i s  
s t a t e ' s  higher s t a t i s t i c a l  weight and lower e x c i t a t i c n  energy. As 
noted above, the  T$ temperature dependence of  the  two-body de- 
exc i t a t ion  process appears t o  be we l l  es tabl i shed ,  while we have 
provis ional ly  assumed the  T-O- 56 temperature dependence observed 
by Futch and Grant a t  low temperatures f o r  the  three-body pro- 
cess. Since c o l l i s i o n a l  de-excitation r a t e s  have not  been ob- 
served f o r  the  resonant exci ted s t a t e s  3p1 and lp l ,  we have a l s o  
used the  3 ~ 2  de-excitation r a t e s  for t he  resonant exci ted s t a t e s  
i n  reac t ions  1 2  and 13 of Table X X I I .  This approximation should 
have a negl ig ib le  e f f e c t  on the  conlputed population d e n s i t i e s  f o r  
the  model under thd co1:ditions of i n t e r e s t  i n  an  expanding plasma 
j e t ,  s ince  the  r ad ia t ive  decay r a t e  (55) f o r  t h e  resonant exc i ted  
s t a t e s  i s  much g r e a t e r  than the  c o l l i s i o n a l  de-excitation r a t e  
(56), except a t  very high gas dens i t i e s .  

Molccu,lacZr speci,es.- The only molccular species  included i n  
-k the  argon k i n e t i c  model i s  t h e  ground-state molecular ion A r 2  . 

I n  con t ras t  t o  helium, the re  appear t o  be no metastable molecular 
s t a t e s  i n  argon ( r e f .  1 2 1 )  s o  t h a t  any exci ted molecular s t a t e s  
formed w i l l  decay vcry rapid ly  t o  the  ground s t a t c ,  i n  times of 
the  order of 0 .1  psec or lcss ( r e f .  118) and need not  be coilsid- 
ered i n  the k i n e t i c  model. The Ar2 c,round s t a t e  moleculc i t s e l f  



f 

i. 
\ {  j i s  very weakly bound (d issoc ia t ion  eilergy Do 0 - 0 1  ev ( ref .  123) ) , 
I .., d and thus should be rapid ly  d issoc ia ted  i n t o  ground-state atoms un- 
i 
! d e r  tho conditions ex i s t ing  i n  an expanding argon plasma j e t .  

The thennochemical p roper t i e s  of t h e  argon molecular ion  
~ r ~ +  a r e  s t i l l  very uncertain a t  the  present  time: the  values 
used i n  the  present  model have been taken from t h e  recent  equi- 
librium d r i f t  tube measurements of Teng and Conway ( r e f .  13) and 
are shown f n Table XXI. The Ar2f  d i s soc ia t ion  energy Do --- 1.14 
ev found by Teng and Conway i s  i n  reasonable agreement with prev- 
ious  experimental ( r e f s .  119, 120) and t h e o r e t i c a l  ( re f .  121) 
est imates  obtained by l e s s  d i r e c t  means. The v i b r a t i o n a l  fre- 
quency we - 80 cm-I derived by Teng and Conway from the  thermo- 
chemical da ta ,  however, i s  about a f ac to r  of f i v e  lower than 
t h e  value estimated by OIP~lalley ( r e f .  122) on t h e  b a s i s  of an 
in te rp re ta t ion  of observed d i s soc ia t ive  recombination r a t e s  i n  - 
argon. We have accepted the  value of Teng and Conway i n  the  
present  work s ince it appears t o  be more d i r e c t l y  determined 
from the  experimental da ta ;  however, the  uncertainty could be 
large.  

A s  i n  the  case of helium, the  production of molecular ions  
i n  a decaying argon plasma a t  pressures  near 1 t o r r  or  higher 
appears t o  be due pr imari ly  t o  the  three-body conversion process 

A number of measurements of the  reac t ion  r a t e  f o r  t h e  process 
(60) a t  rooin temperature have given r e s u l t s  i n  reasonably sa t -  
i s f a c t o r y  agreement ( re fs .  124,1251, with the  more p r e c i s e  det- 
erminations yielding a value 

f o r  the  react ion r a t e  a t  3000K. The Lemperature dependence of 
the  react ion r a t e  (Gl) has apparently not  been accurately det- 
ermined; howcvcr , avail;?blc t h e o r e t i c a l  and esperirnental r e s u l t s  
( re fs .  124,126,127) ind ica te  tha . t11c r a t e  s h o ~ ~ l d  prabably de- 
crease somewhat with increasing temperature. As a reasonable 
compromise among t h e  various es t imates ,  we have assumed a T - ~ / ~  
temperature dependence f o r  t h e  r a t e  constant ( G l )  i n  the present  
ana lys is ,  a s  predicted by the  simple Thomson theozy ( re f .  124)-  



The d r i f t  tube measurements of Liu and Conway ( re f .  124)  - ons indica te  t h a t  t h e  r a t e  constant  (61) appl ies  only t o  react: 
of the ground-state Ar+ ( 2 ~ 3 / 2 )  ion,  and t h a t  t h e  excited 2~1,2 
f ine-s t ruc ture  component of the  Ar' ion (a t  0.18 ev above the  
ground-state) does not  p a r t i c i p a t e  i n  t h e  reac t ion  (60) usuer 
ths esse i l t ia l ly  electron-free conditions of t h e i r  experiment. 
For the  experiments ca r r i ed  out  i n  decaying plasmas (n, 1011 
ang3) (ref?. 125 , 128), however, the  r a t e  of conversion between 
t h e  two A r  f ine-s t ruc ture  s t a t e s  was apparently s u f f i c i e n t l y  
rapid t h a t  no d i s t i n c t i o n  bet.ween the  '-wo s t a t e s  w-is observed 
i n  the  data ,  and the  reac t ion  r a t e  (61) appl ies  t o  the  t o t a l  
atomic ~r' popalation dens i ty  i n  the  plasma. Since the  l a t t e r  
experiments appear t o  be c lose r  t o  t h e  condi t ions t o  be expected 
i n  a n  argon plasma j e t ,  we have grouped t h e  two ~ r +  fine-structure 
s t a t e s  together  i n t o  a s ing le  species  f o r  the  present  k i n e t i c  
model (see Table XXI) and have used t h e  experimental reac t ion  
r a t e  (61) f o r  the  combined species  i n  obtaining the  reac t ion  
r a t e  d a t a  given f o r  reac t ion  14 i n  Table X X I I .  

The associa t ive  ion iza t ion  process 

A r  + Ar* S A r  2+ + e- (62) 

i 1 i s  known t o  be rapid  i n  argon f o r  exci ted hx* atoms having ex- 
c i t a t i o n  energies above a threshold of - 14.7 ev, with t h e  rate 
consti  ?t being kf --. 10-9 cm3/sec near room temperature ( r e f s .  
119,129). Under conditions of co l l i s iona l - rad ia t ive  recombina- 
t i o n ,  l~owevcr, the  population of exc i t ed  A r *  atoms above t h e  
14.7 ev threshold i s  very small  comparcd t o  t h e  ion population, 
so  t h a t  t h e  associa t ive  ioniza t ion  reac t ion  (62) should not  con- 
t r i b u t e  appreciably t o  the  molecular ion  production ra& i n  an 

i expanding argon plasma a t  t h e  r e l a t i v e l y  high pressures  (p 2 low3 
atm) of i n t e r e s t  here. 'Jl~us, a de ta i l ed  treatn'.ent of a s soc ia t ive  
i o n i  : t i o n  hzz got  been included i n  the  present  k i n e t i c  model. 

I n  con t ras t  t o  the  s i t u a t i o n  i n  helium, t h e   combination 
of molecular ions  i n  argon under most conditions occurs primar- 
i l y  throl-jh the  d i s soc ia t ive  recombination reac t ion  ( r e f .  75) 

~ r ~ '  + e - e A r  + Ar* , (63) 

and t h i s  process appears t o  be s u f f i c i e n t l y  rapid  t o  makc an 
important contr ibut ion t o  the  o v e r a l l  recoinbination r a t c s  i n  a n  
argon plasma cvcil a t  1-Ale hiqhcr teniperaturcs, ~il lcrz the  mole- 
cu lar  ion Ar2+ represents  a r e l a t i v e l y  minor cons t i tuent  of t h e  



plasrra. Dissociat ive recombination r a t e s  for argon have been 
measured i n  a number of independent experiments, both a t  room 
temperature and a t  elevated teri~peratures ( r e f s .  75, '-22,127 130) . 
The low tempcroture measurements ( ref .  75) give a value kf--7 x lom7 
cm3/sec f o r  the reac t ion  r a t e  of the  d i s soc ia t ive  recombina.tion 
process (G3) a t  room temperature. The measurements a t  elevate2 
temperature ind ica te  t h a t  the  r?act ion r a t e  f o r  d i s s o z i a t i v e  re- 
combination depends on both the  e1.ectron temperatuie T, and the 
gas tempera u r c  T. A good f i t  t o  the  da ta  oC Mehr and Biondi 
( r e f .  130) and Cunningham and Hobson ( r e f .  122) has been given 

by OtMalley ( ref .  1 2 2 )  i n  the  form 

OtNolleyl s f i t  (64) does not  appear t o  be cons is ten t  with the  
high ternperature da ta  of Chen (ref. 127) ; however, the v a l i d i t y  
of the  l a t t c r  da ta  has  been questioned ( ref .  75) .  

I n  h i s  o r i g i n a l  der iva t icn  of equation (64) ,  OtYalley ill- 

t e rpre ted  the observed gas temperature dependence 02 the dissoci-  
a t i v e  recombination c c e f f i c i e n t  i n  terms of a model i n  which 
only the  lowest v ib ra t iona l  s t a t e  of the ~ r ~ +  ?olecule p a r t i c i -  
pa tes  s i g n i f i c a n t l y  i n  the  diss .ociat ive recombina-l-.j.on prc-  : , c .  

(63) and, on the  b a s i s  oC t h i s  model, derived a value of 
Ur - 6 3 0 ~ ~  = 440 cm-l fo r  t h e  ~ r ~ +  v ib ra t iona l  frequency. 

Thi, i n t e rp re ta t ion  of the  da ta  appears t o  be inccns i s t en t  with 
t h e  v a l w  c f  the v ib ra t iona l  frequency w, .- 00 cm-l recent ly  
derived by Teng and Conway ( ref .  13) from thennodynamic da ta ;  
however, other  i n t e r p r e t a t i o n s  of the  observed temperature dcpen- 
dence (64) which do not  lead t c  t h i s  inccnsistency appear t o  be 
possible.  Thus, f o r  the  pur2oses of the  present  ana lys is ,  it is 
unnecessary t o  inqui re  i n t o  the  v a l i d i t y  of O'Malleyts m3del i n  
d e t a i l  and we may regard equation (64) simply as a c u r v e f i t  t o  
t h e  avai lab le  experimental da.ia on the d i s soc ia t ive  rccolnbination 
r a t e  i n  argon. 

The exact s t a t e  of the excited Ar* atoms produceci i n  thc 
d i s soc ia t ive  recombinatioil roact:ion ( 6 3 )  i s  not kno:.~n a t  prcscnt ;  
hovrcvcr, it appears l i l ic ly  (ref.  75) t o  be one o r  more of the  
many exci ted atomic s t a t e s  lying i n  the  range betwccn about 1 4  ev 
and the  mol.ccular ion ground-stste a t  14. G 1  ev ( see  ref. 6 ) .  Thc  
exci ted atom procluccd  in  the original .  reac t ion  (63) ti.i.11 then c ~ s -  
cadc down rapidly b y  tlie collisional-radiative process t o  o l~c  of 



t h e  four low-lying excited atomic states l i s t e d  i n  Table X X I I I ,  
wit11 thc  excess exci ta t ion  energy being l o s t  e i t h e r  by rad ia t ion  
o r  t n ? s f e r  t o  the  e lec t ron  gas, I n  settirq up the  rcac t ion  
sslernc given i n  Table X X I I  ( react ions 15 and iG) we have as- 
sumed r a the r  a r b i t r i l y  that elec t ro? ic  c o l l i s i o n s  sill b e  t h e  
dominant Ge-excitation mechanism undcr t h e  conditions e x i s t i n g  
i n  an argon plasma jet, s o  t h a t  t h e  e n t i r e  excess exc i t a t ion  
encrGy i s  t ransfer red  t o  the  e lec t ron  gas. Lacking any de- 
t a i l e d  knowledge o t  the  f i n a l  s t a t e  of the  rezc t ion  prodvcts,  

. 

w e  have simply assumec i n  reac t ions  15 and 16 t h a t  the r esonant 
ant! metastable ex-cjted s t a t e s  w i l l  be  populated i n  accordance - . 

with t h e i r  s t a t i s t i c a l  weights. Further,  t h e  r a t e  of t h e  inverse  
associat ive ioniza t ion  process is calculated from d e t a i l e d  bal-  
ance based on tbe  e lec t ron  temperature, This is cons;istent w i t h  
t l ~ c  assumption Ynat de-excitation of exci ted a t  ans occurs p r i -  
marily by e lec t ron ic  co l l i s ions ,  s ince  under t h i s  assumption t h e  
popalation of +-he excited A r *  atoms which can i n i t i a t e  t h e  assoc- 
i a t i v e  ionizat ion process w i l l  be control led pr imar i ly  by t h e  
electron temperature; however, the approximation is evident ly 
very crude and serves only t o  give an indica t ion  of t h e  condi- 
t ions  under which assozia t ive  ioniza t ion  i s  l i k e l y  t o  be impor- 
tan t .  To obtain a more quant i ta t ive predic t ion  of associat ive.  
ionizat ion r a t e s ,  it would be necessary t o  c o ~ p l e  t h e  associa- 
t i v e  ionization-dissociative recombination m d e l ,  as suggested 
by Biberman, e t  a l ,  ( ref .  87) ,  i n  order  t o  obtain a predic t ion  
of the  population d e n s i t i e s  i n  t h e  var ious exci ted atomic s t a t e s .  
Such a de ta i led  model coulc? perhaps explain some of the apparent 
anom l i e s  which hav been observed i n  t h e  measured argon recom- 
binat ion r a t e s  (regs. 94,127) but would be f a r  beyond t h e  scope 
of the  present  study. 

Because of the very l a rge  d i s soc ia t ive  recombination rate 
f o r  ~ r . ~ +  molecular ions,  the  three-body col l i s ional - radia t ive  
recombination process has apparently never been observed experi- 
mentally :or  AX^" ions. Navertheless, t h i s  process would b e  ex- 
pcctcd t o  be the  predominant reconhination mechanism f o r  Ar2+ 
ions at s u f f i c i e n t l y  high e lec t ron  d e n s i t i e s  and has been in-  
cludcd as the f i n a l  react ion process i n  Table XSII, using t h e  
corrcsponding ~ i t 2 ~ ' ~  react ion r a t e  from equation (44). Although 
the f i n a l  s t a t e  of the  rcact ion products is  not knovm, we have 
assiui~cd i n  Table =I1 t h a t  the recomJ3ining e lec t ron  w i l l  cas- 
cadc down tllrougll succcss i~~c  Rydberg s t a t e s  of: t h e  molcculc t o  
rezch tlic unstable A r 2  grouild s t a t e ,  which w i l l  then d i s soc ia te  
i n t o  tire ground s t a t e  argon atons. As i n  the  case of helium, 



1 

i ( ; it should be a good approximation, at the high electron densi- 
' L-.  ties for which the three-body recombination process is important, ,.. 

: 4 
to assign all of the recombination energy to the electron gae. 



APPENDIX B 

DIAGNOSTIC MESSAGES 

This appendix lists a l l  of t h e  d iagnos t ic  messages produced 
by NATA when e r r o r  conditions a r e  detected,  For each message 
t h e  following information i s  given: 

(1) The name of the  subroutine i n  which t h e  message 
i s  produced. 

(2) A b r i e f  descr ip t ion  of any durnps o r  add i t iona l  
messages which follow t h e  given message, 

(3) A descr ip t ion  of t h e  e r r o r  condition indicated,  

(4) A summary of t h e  subsequent ac t ion  taken by t h e  
code. 

The messages a r e  l i s t e d  i n  alphanumeric order f o r  t h e  e n t i r e  
code, Lower case l e t t e r s  appearing within thz  messages i n d i c a t e  
numerical values. 

Most of these diagnost ics  occur only very ra re ly ,  Many of 
them have never been observed a t  a l l  with t h e  present  version 
of NATA, and a r e  included i n  t h e  program only t o  allow f o r  un- 
usual input  e r r o r s  or  f o r  programming e r r o r s  which might occur 
during Euture modifications. 

The Fortran var iables  appearing i n  t h e  var ious dumps are 
t o  be defined i n  the  NATA Programmer' s Manual, Volume III of 
t h i s  f i n a l  report .  

BACKSTEPPING OF PERTURBATIOh SOLUTION T E ~ ~ A T E D  AFTER n STEPS, 
DIAGNOSTIC DATA FOLLOW. 

Produced i n  subroutine N#NEQ. 

Followed by a dump wit11 t h e  n m e l i s t  name NEQDMP, followed 
i n  turn by "ERROR EXIT NO. 5 FROM NmEQ, " 

T h i s  message is produccd i n  t h e  nonequilibrium solu t ion  by 
t h e  per turbat ion rnc!thod when 18 x . I i s  g r e a t e r  than 1.2 C X  

1 ma 
:( I and t h e  temperature has  been increasc8 n times without f inding 
. . - : 



a flow p o i n t  a t  which t h e  right-hand i n e q u a l i t y  i n  equat ion 
(381) of V o l u m e  I ( re f .  1 )  is s a t i s f i e d ,  

The DUMP subrout ine  is c a l l e d  t o  produce a dump of  common 
d a t a  and te rmina te  t h e  case. 

BETA MATRIX OF INSUFFICIENT RANX 

Produced i n  subrout ine  N W Q .  

Followed by "ERROR EXIT NO. 1 FROM ~?$NEQ. " 

I n d i c a t e s  t h a t  t h e  rank of t h e  Pi matrix is less than  t h e  
2 number of dependent spec i e s  (n-c); see e c t i o n  7.3.4 of  Volume I 

r e  1 The d i agnos t i c  is  encountered only  when a new g a s  
model is be ing  used, It normally i n d i c a t e s  that t o o  few l i n e a r l y  
independent chemical r e a c t i o n s  are included i n  t h e  g a s  mozel, b u t  
can also occur when an  e r r o r  h a s  been made i n  t h e  s to i ch iome t r i c  
c o e f f i c i e n t s  vij, v' i j  for a reac t ion .  

The DUMP subrout ine  is  c a l l e d  t o  produce a dump o f  common 
d a t a  and te rmina te  t h e  case, 

BOUNDARY LAYER ITERATION NOT CONVERGED 

Produced i n  subrout ine  DERIVS. 

Followed by a dump wi th  t h e  namel i s t  name DRVDMP. 

I n d i c a t e s  t h a t  t h e  s e l f - c o n s i s t e n t  s o l u t i o n  f o r  t h e  d i s -  
placement thiclrness 6* and t h e  d e r i v a t i v e s  of t h e  flow v a r i -  
a b l e s  (Sect.  7.6 of Volume I) h a s  n o t  converged a f t e r  t h r e e  
i t e r a t i o n s .  

The nonccnverged ti* value  from t h e  f i n a l  i t e r a t i o n  is 
used and t h e  so lu t ion  proceeds. 

CONVERGENCE FAILTVI!! I N  AGSpLN AE = a DEL = d d X = x 
1 2  

Produced i n  subroutine A G S ~ L N .  

Followed by a dump wi th  t h e  namel i s t  name AGDPP. 



Indica tes  f a i l u r e  of t h e  i t e r a t i v e  so lu t ion  of equation 
(135) i n  Volume I. I n  t h e  messags, AE denotes the input  value 
of the  e f fec t ive  area r a t i o  k, the two values following DEL 
are t h e  displacement thicknesses a t  t h e  current  flow poin t ,  
and X i s  t h e  est imate of the  a x i a l  coordinate from t h e  f i n a l  
i t e r a t i o n ,  expressed i n  centimeters. 

The DUMP subroutine i s  c a l l e d  t o  produce a dump of common 
d a t a  and terminate t h e  case. 

CONVERGENCE FAILURE I N  RESTMP 

Produced i n  subroutine RESTMP. 

Indica tes  f a i l u r e  of t h e  i t e r a t i v e  so lu t ion  f o r  t h e  condi- 
t i o n s  i n  t h e  upstream rese rvo i r ,  based upon e i t h e r  t h e  pressure 
an2 mass flow ( f o r  ISW2B = 0) o r  t h e  enthalpy and m a s s  flow 
( fo r  I S W Z B < ~ ) .  Such f a i l u r e s  can he caused by e r r o r s  in  t h e  
input  da ta  f o r  F@W and PRESAI o r  STAG. 

The DUMP rout ine  i s  c a l l e d  t o  dump common d a t a  and termi- 
n a t e  t h e  case. 

DLQGR IS  POSITIVE 

Produced i n  su5routine N W Q .  

Indica tes  t h a t  a p o s i t i v e  value of d  Rn p / d x  has  been en- 
countered i n  t h e  nonequilibrium solut ion.  

Tile subsequent ac t ion  depends upon tk value of the  r a t i o  
(AFNx-DATEsT)/DATEsT, v h r e  N"NX is t h e  e f f e c t i v e  a rea  r a t i o  and 
DATEST is  a cont ro l  parameter which i s  p r e s e t  t o  1.01. I f  t h i s  
r a t i o  i s  g rea te r  than or equal  t o  0.05, t h e  nlessage "ERROR EXIT 
NO. 3 FROM NONEQ" i s  wr i t t en  and t h e  DUMP rout ine  i s  c a l l e d  t o  
terminate t11e case. I f  the  r a t i o  i s  less than 0.05, t h e  p o s i t i v e  
d Rnp/ds value i s  taken t o  ind ica te  t h a t  t h e  nonequilibrium sol- 
ut ion is  on the  subsonic branch of the  dovmstrcam solut ion.  An 
attempt is made t o  recover the des i red  supersonic branch of t h e  
so lu t ion  b y  t h e  inverse method a t  the  previous switch p o i n t ;  see 
Sectiorl 7.4 of Volume I. 



DUMP ROUTINE CALLED BY name 

Produced by subrout ine  DUMP, 

Ind ica t e s  t h e  name of t h e  subrout ine  from which DUMP w a s  
cal led.  Besides p r i n t i n g  t h i s  message, subrout ine  DUMP sets a 
l o g i c a l  i n d i c a t o r  ERR t o  t h e  va lue  .TRUE.. T e s t s  on ERR in 
h igher  l e v e l  r o u t i n e s  then causes i m m e d i a t e  r e t u r n  of c o n t r o l  
t o  the main program. A f t e r  c a l l i n g  subrout ine  DUMPEX t o  p r i n t  
dumps (DMPl, DMP2, DMP3, DMP4) conta in ing  most of t h e  v a r i a b l e s  
i n  common, the main program te rmina tes  t h e  case. Input  data are 
then read f o r  t h e  nex t  case, i f  any. 

ERROR EXIT NO. 1 FROM NONEQ 

Produced by subrout ine  NONEQ, following t h e  message "BETA 
MATRIX OF INSUFFICIENT RANK" ( see  above) . 

ERROR EXIT NO. 2 FROM NONEQ 

Produced by subrout ine  N ~ N E Q ,  

I n d i c a t e s  s t e p  f a i l u r e  (f lunlring of  a v a l i d i t y  check) i n  
; a lower l e v e l  r o u t i n e  (DERIVS o r  C@MM)-, either i n  t h e  perturba- 

t i o n  so lu t ion  o r  upon restart a t  the switch p o i n t  after detec- 
t i o n  of a p o s i t i v e  d  i n  p/dx va lue  i n  t h e  downstream so lu t ion .  

The DUMP r o u t i n e  i s  c a l l e d  t o  dump common d a t a  and te rmina te  
t h e  case.  

ERROR E)iIT NO, 3 FROM NOhXQ 

Produced by subrout ine  NWEQ. 

Ind ica t e s  t h a t  a p o s i t i v e  d  1 np/dx value has  been cncoun- 
t e r e d  i n  the nonequi l ibr i~un so lu t ion  beyond t h e  switch p o i n t  
from t h e  inve r se  method t o  d i r e c t  i n t e g r a t i o n .  (See message 
"DLOGR I S  POSITIVE," above.) The p r e s e n t  e r r o r  e x i t  message 
i s  p r in t ed  i f  (WNX - DXTEST)/DATEST i s  g r e a t e r  than  o r  e q u a l  t o  
0.05. 

The DUMP r o u t i n e  i s  c a l l e d  t o  dump coinmon d a t a  and te rmina te  
t h e  case. 



ERROR EXIT NO. 4 FROM NONEQ 

Produced by subroutine ru'@NEQ, 

This  message is p r in ted  i f  the  d i n  ~ / d x >  0 condition 
i s  encountered when t h e  so lu t ion  has already been r e s t a r t e d  
a t  the  switch po in t  four  times, i n  attempts t o  f ind  t h e  super- 
sonic downstream solut ion,  

The DUMP rout ine  is  c a l l e d  t o  durn2 cornrcon d a t a  and termi- 
na te  t h e  case, 

ERROR EXIT NO. 5 FROM NONEQ 

P r o d u c e d  by subroutine N@NEQ. 

This message is pr in ted  following the "BACKSTEPPING OF 
PERTURBATION SOLUTION" message, discussed above, 

The DUMP rout ine  i s  c a l l e d  t o  dump common da ta  and termi- 
na te  the case. 

. . 
i 

ERROR EXIT NO, 6 FROM NONEQ 

Produced by subroutine N@JEQ. 

Indica tes  s t ep  f a i l u r e  (flunking of a v a l i d i t y  check) i n  
subroutine DERIVS or  C@M a t  t h e  beginning of t h e  f i r s t  s t e p  
of t h e  numerical in tegra t ion .  

The DU1'IP rout ine  i s  c a l l e d  t o  dump common da ta  and termi- 
na te  the  case. 

ERROR EXIT NO. 7 FROM NONEQ 

Produced i n  subroutine N W Q .  

Indica tes  t h a t  a temperature g r e a t e r  than t h e  r e s e r v o i r  
tentperature has been computed a t  a p o i n t  i n  t h e  nonequilibrium 
numerical in tegra t ion .  

 TI:^ DUiW routine i s  called t o  dump colnmon data  and termi- 
nate  the case. 



ERROR EXIT NO, 8 FROM NONEQ 

Produced i n  subroutine N@NEQ. 

Indica tes  s t e p  f a i l u r e  i n  DERIVS o r  CgMM on r e s t a r t  of s t e p  
a f t e r  a s t e p  s i z e  reduction. 

The DUMP rout ine i s  ca l l ed  t o  dump common data  and termi- 
na te  t h e  case. 

ERROR EXIT NO. 9 FROM NONEQ 

Produced i n  subroutine NgJSJEQ. 

Indica tes  t h a t  t h e  square of t h e  concentration of an inde- 
pendent species  i s  zero i n  the  element conservation ca lcula t ion  
for the  nonequilibrium solut ion.  

The DUMP rout ine i s  ca l l ed  t o  d u m p  common da ta  and termi- 
na te  the  case. 

ERROR EXIT NO. 10 FROM NCINEQ 

Produced i n  subroutine N@hEQ. 

Indicates  t h a t  the  s tep  s i z e  i n  the  nonequilibriurn integra-  
t i o n  has become vanishingly small. This message is  pr in ted  i f  

Ax f a l l s  below 10-l3 crn, or i f  t he  s tep s i z e  has been reduced 
more than 30 successive times without coinpletion of a va l id  step.* 

*Note - i f  t h i s  diagnost ic  occurs upstream of the  t h r o a t  (x < O ) ,  
and i f  the terminal dump shows t h a t  d Rn ~ ~ / d x  = 3 W G A  i s  posi-  
t i v e ,  A, = A F N X Z 1 ,  and dT/DX = DT i s  near zero o r  pos i t ive ,  a 
l i k e l y  cause of the  f a i l u r e  i s  i n s u f f i c i e n t l y  rapid convergence 
of the  nozzle p r o f i l e  c u r v e f i t  upstream of the  th roa t .  I n  such 
cases,  a successful solut ion can be obtained using a modified 
p r o f i l e  cu rve f i t  with a somewhat l a r g e r  convergence angle i n  the 
region j u s t  upstream of the throa t .  Thc NPzFIT program (Appen- 
dix  D) can be used t o  prepare p r o f i l e  curvef i t s .  



The DUMP r o u t i n e  is c a l l e d  t o  dump common data and t e r m i -  
n a t e  the  case. 

ERROR IN INPUT DATA FOR NOZZLE GEOMETRY 
X = x A R A T ~  = a DERIVA = d 

Produced i n  subrout ine  GE-R. 

I n d i c a t e s  t h a t ,  a t  t h e  a x i a l  coord ina te  X I  t h e  subrout ine  
ca l cu l a t ed  e i t h e r  a geometric area r a t i o  Ag = ARATI@ less than 1 
o r  a d e r i v a t i v e  d ~ ~ / d x  = DERIVA f o r  which X DERIVA < 0. 

The DUMP r o u t i n e  i s  c a l l e d  t o  dump COIiibOn d a t a  and termi- 
na te  the case. 

EXCEEDED 50 ITERATIONS I N  S@CK 

Produced i n  subrout ine  S H ~ C K ,  

I n d i c a t e s  t h a t  t h e  . t e r a t i v e  s o l u t i o n  of t h e  cubic  equat ion 
f o r  a c l a s s i c a l  obl ique shock has  n o t  converged a f t e r  50 itera- 
t i ons .  

An e r r o r  i n d i c a t o r  i n  the argument l i s t  i s  set t o  inform 
t h e  c a l l i n g  rou t ine  (WEDGE) of t h e  f a i l u r e .  Wedge c a l c u l a t i o n s  
a r e  omitted f o r  t h e  angle  f o r  which t h e  f a i l u r e  occurred anG f o r  
a l l  l a r g e r  angles.  The f a i l u r e  occurs because the assumed angle  
of a t t a c k  i s  t o o  h igh  t o  al low an a t t ached  shock. 

FINDX CALLED WITH I-AN AREA RATIO LESS THAN UNITY, A = a 

Produced i n  subrout ine  FINDX, 

Ind ica t e s  t h a t  FINDX w a s  c a l l e d  t o  determine t h e  a x i a l  co- 
o rd ina t e  corresponding t o  a geomritric area r a t i o  A l e s s  than 
uni ty .  Since the  geometric a r e a  r a t i o  cannot be  l e s s  than un i ty ,  
f i e r e  i s  no so lu t ion .  Tl~e e r r o r  ind ica ted  by  t h i s  d i agnos t i c  
o r i g i n a t e s  i n  t h e  c a l l i n g  r o u t i n e  o r  i n  h igher - leve l  rou t ines .  

The DUN?? r ou t ine  is c a l l e d  t o  dump common d a t a  and termi- 
nate t h e  case.  



+++++ FIX FU3QUIRED I N  A G S ~ J A  

Produced i n  subroutine AGS@LN. 

Subroutine AGSfiLN solves f o r  t h e  geometric a rea  r a t i o  A 
and a x i a l  coordinate x corresponding t o  a spec i f ied  value of g 

t he  e f f e c t i v e  area  r a t i o  A,, I n  channel flow problems, t h i s  
requires  an i t e r a t i v e  so lu t ion  of equation (135) i n  Voluma I 
( r e  1). The above message i s  p r in ted  i f ,  during t h i s  i t e r -  
a t i v e  solut ion,  an x value i s  obtained whose s ign is incon- 
s i s t e n t  with t h a t  of the  argument UPD$WN (which s p e c i f i e s  
whether an upstream o r  downstrem solu t ion  i s  des i red) .  

When t h i s  condition i s  f i r s t  encountered,the programming 
assumes t h a t  it i s  a r e s u l t  of an unusually large separat ion be- 
tween the  th roa t  and t h e  sonic  poin t  (caused by rapid change of 
t h e  boundary layer  displacement thicknesses i n  t h e  t h r o a t  reg ion) ,  
On t h i s  assumption, an attempt is  made t o  f i x  the  problem by re- 
s e t t i n g  t h e  assumed displacement thicknesses t o  t h e i r  values a t  
the  th roa t .  I f  the problem recurs ,  t h e  message "CONVERGENCE 
FAILURE I N  A G S @ ~ "  (above) 5.s pr in ted  and the  case is  terminated 
i n  the  usual way. 

Produced i n  subroutine N ~ N E Q .  

Followed by message "ERROR EXIT NO. 9 FROM N$NEQ1' (above). 

INDEXING OR STORAGE FAILURE I N  MATINV 

Produced i n  subroutine MATINV. 

Indica tes  t h a t  the  dimension statements i n  a r rays  L P I J  and 
BTA a r e  incons is ten t ;  can occur only i f  somsone t i n k e r s  with the  
programming. 

The DUMP rout ine i s  ca l led  t o  dump common data  and termi- 
nate  the case. 

I N  NEWRN?, CAPX (k) = 0 

Produced i n  subroutine NEWRAP. 



I n d i c a t e s  that t h e  mole f r a c t i o n  of t h e  kth species was 
':ound t o  be zero. 

The equi l ibr ium s o l u t i o n  i s  continued. 

INNEWRAP, P a  0 

Produced i n  subrout ine  NEWRAP. 

InGicates  t h a t  a zero va lue  of p re s su re  w a s  obta ined dur ing 
t h e  i t e r a t i o n  t o  determine t h e  condi t ions  a t  a p o i n t  i n  the equi- 
l ib r ium so lu t ion .  

The s o l u t i o n  i s  continued. 

INVALID INPUT DATA., , NPRFLS = n 

Produced i n  subrout ine  READ, 

I n d i c a t e s  t h a t  NPRFLS was s p e c i f i e d  i n  t h e  i n p u t  as a value 
o the r  t han  1 o r  2. 

The job i s  terminated. 

ITERATION TO FIND STAGNATION CONDITIONS DID NOT CCQi'VERGE 

Produced i n  subrout ine  M@DEL. 

Followed by a dump wi th  t h e  namel is t  name M~DDMP. 

I n d i c a t e s  t h a t  t h e  i t e r a t i v e  s o l u t i o c  f o r  the condi t ions  
behind t h e  normal shock, o r  t h e  s o l u t i o n  f o r  t h e  s t agna t ion  con- 
d i t i o n s ,  d i d  n o t  converge wi th in  t h e  maximtun nuniber of  allowed 
i t e r a t i o n s .  

Conditions a t  t he  model pcLnt where t h e  convergence f a i l u r e  
occurred are no t  ca lcu la ted .  The s o l u t i o n  cont inues .  

ITERATION TO OBTAIN FREE STREAM SOLUTION AT MODEL POINT DID NOT 
CONVERGE x = x X I ~ ~ D E L  = y CM 

Produced i n  subrout ine  Z'R~ZEQ. 

l?ollot~cd by dump with  t h e  namel is t  name l?RDbLl?2. 



Indica tes  t h a t  t h e  i t e r a t i o n  t o  determine the  free-stream 
conditions a t  a model po in t  i n  the  frozen o r  equilibrium solu- 
t i o n  has not  s a t i s f i e d  t h e  convergence test a f t e r  the maximum 
al lov~able  number of steps.  

The conditions from t h e  f i n a l  i t e r a t i o n  a r e  used i n  t h e  
model condition ca lcula t ions  and pr in ted  out. 

MATINV, MATRIX SINGULAR 

Produced i n  subroutine MRTIF7. 

Indica tes  t h a t  the  square submatrix of d. defining t h e  
elemental composition of the  independent s2ecies  i s  s ingular .  
This dizgnost ic  occurs only when a  user-specified gas model i s  
being used and ind ica tes  an e r r o r  i n  t h e  inpu t s  def in ing  the in- 
dependent species.  It can occur i f  the  ISC = c species  l i s t e d  
f i r s t  a r e  not  independent, where c denotes the  number of chemi- 
c a l  elements present  i n  t h e  gas model. 

The DUMP rout$-ne i s  ca l l ed  t o  dump common d a t a  and termi- 
na te  t h e  case. 

MATRIX OF COEFFICIENTS IS SINGULAR 

Produced i n  subroutine DsMSPL. 

This subroutine i s  used throughout t h e  program t o  solve sys- 
tems of l i n e a r  equations. The diagnost ic  ind ica tes  t h a t  the mat- 
r i x  of c o e f f i c i e n t s  f o r  such a  system i s  s ingular .  The preceding 
output,  and the da ta  i n  the  terminal  dump, should ind ica te  t h e  
kind of ca lcula t ion  i n  which the  f a i l u r e  occurred, i .e . ,  reser-  
vo i r  conditions,  frozen o r  equilibrium solu t ion ,  nonequilibriwn 
perturbat ion ca lcula t ion  or  numarical in tegra t ion .  

The DUMP rout ine  i s  ca l l ed  t o  dump common data  and termi- 
na te  the  case. 

MODEL PARAMETER ROUTINE CALLED FOR A 
MACH NUbIBER U S S  T1,IA.N 1.5 

Produccd i n  subrcu.tine MJ~DJX. 

Indica tes  t h a t  MODEL Toas ca l l ed  a t  a po in t  where the  frcc- 
s t r c a i n  Elach nurribcr was lcss than 1.5. The method used f o r  thc 



normal shock solutj-on i n  M$DEL does n o t  work r e l i a b l y  f o r  
M < 1.5. 

The model condi t ion  c a l c u l a t i o n s  are skipped. Thc so l -  
u t i o n  continues.  

MO- TH;.W 50 ITERATIONS I N  FINDX, A = a 
UPD$lWN = u  IENTRY = i MBL = m 

Produced i n  s u l ~ r o u t i n e  PLNDX. 

Followed by a dump wi th  t h e  namel is t  name DMP. 

I n d i c a t e s  a convergence f a i l u r e  i n  subrout ine  FINDX, which 
so lves  f o r  the  a x i a l  coordinate  x a t  which t h e  geometric a r e a  
r a t i o  has t h e  va lue  A. According as t h e  argumcnt UED~WN h a s  
t h e  value - 1. o r  + I , ,  t h e  upstream o r  downstream so lu t ion  i s  
sought. XENTRY i n d i c a t e s  whether t h e  subrout ine  w a s  en te red  a t  
i t s  b e ~ i n n l n g  o r  through t h e  e n t r y  p o i n t  FINDXC, which i s  callcii 
t o  determine t h e  x a t  which t h e  MBLth p r o f i l e  iias a lialf-width of A. 

The DUMP r o u t i n e  i s  c a l l e d  t o  dump common d a t a  and termi- 
I n a t e  t h e  case.  

NEGATIVE CONCENTRATION ENCOUNTERED SN COMM 

Produced i n  subrout ine  c$MM. 

I n d i c a t c s  thc C$MM found a  spec i e s  concerl trat ion t o  be 
negat ive  during t h c  nonequi l ibr i~un so lu t ion .  

A s t ep - f a i l u re  i n d i c a t o r  i s  s e t ,  and c o n t r o l  i s  re turned  
t o  t h e  c a l l i n g  rou t ine  (DERIvs ) .  Upon r e t u r n  t o  subrout ine  NBEQ, 
t h e  i n t e g r a t i o n  step s i z e  i~ reduced. The s o l u t i o n  cont inues .  

NEGATIVE OR ZERO VALUES OF . 'N@DPl NOT ALLOWED. DATA IGNCWD. 

Produced i n  subrout ine  WAD.  

I n d i c a t e s  t h a t  the  i npu t  valuc of X.L@DPl locatiol l  
of tllc f i r s t  model p o i n t  i n  a sequcncc) i s  negative.  

SElpIDPl i s  reset t o  1c20 and the  c~ lcu la .L ions  contilluc. 



NEGATIVE RHO IN GZOM 

ProduccB by subroutine GEOM. 

Indica tes  t h a t  a negative d m s i t y  valuc has hccn encountcrcd 
during the i t e r a t i o n  t o  determine the  dens i ty  corresponding t o  
the  geometric area r a t i o  a t  t h e  current  ilow po in t  during the  
nonequilibrium solu t ion  by the  inverse method. 

The DUMP rout ine is  ca l led  t o  dump common data  and termi- 
na te  the  case. 

NO TIERMAL PROPERTY DATA DEFINED FOR S P E C I E S  NUMBER i I N  '. i3E 
CURRENT GAS MODEL (NO. m IN Tfid :TER LIST OF SPECIES) 

Produced i? subroutine READ, 

Indica tes  t h a t  ETAJ(i) = 0. and I G J ( i )  = 0 f o r  the i t h  spec- 
i e s  i n  the  gas mzIe1,because of an input  e r r o r  i n  user  spec i f i -  
cat ion of a nonstandard spec i t s .  

The j& i s  terminated. 

SU2 LESS THAN 3 IN COMM 

Produced i n  subroutine c$MM. 

Indica tes  t h a t  C$!hlM computed a t o t a l  enthalpy l z rge r  than 
the  reservoi r  enthal2y. 

A s t ep  f a i l u r e  indica tor  i s  s e t  an6 con t ro l  is  returned t o  
the  c a l l i n g  rout ine  (DERIVS) .  After  t h e  re turn  t c  NPNEQ, the 
s t e p  s i z e  i s  rccluccd and the  ca lcula t ion  i s  continued. 

TEJPERATURE GIIEATER T1IAf;l RESERVOTR VALUE 

Produced i n  subroutine NPNLi2 .. 

Followed by thc  message "ERROR EXIT IJO. 7 FROM NOIGQ" (see 
above) . 



Followed by a dump with t h e  namelist  name WEDMP, 

Indica tes  t h a t  t h e  Newton-Raphson so lu t ion  of equation 
(482b) i n  Volume I ( re f ,  1) f o r  h as a function of has 
no t  converged a f t e r  20 i t e r a t i o n s .  

The f i n ~ l ,  unconverged value of i s  accepted and used. 
The solcLion continues. 

TOO MPNY NEWTON-RAPHSON ITERATIONS 

Produced i n  subroutine EQCAIX: o r  i n  subroutine NEWRAP, 

I r d i c a t e s  t h a t  the Newton-Raphc :n so lu t ion  f o r  t h e  equi- 
libriun, mole f r a t t i o n s  (Volume I, sec t ions  6.1 and 6.2) f a i l e d  t o  
converge. I f  thc f a i l u r e  occurs i n  E Q C . U  during t h e  r e se rvo i r  
ca lcula t ions  (EQCALC cal led  by t h e  e n t r y  INTA of subroutine INGAS),  
it i s  probably caused by an e r r o r  i n  t h e  input  spec i f i ca t ions  of 
t h e  reservoi r  conai t ion (in;?ut va r i ab les  ISWZB, PRESAI, CTAPI, 
FI$~J, HSTAG) . 

The DUMP rout ine i s  c a l k d  t o  dump common aat3 and termi- 
na te  the  case. 

TRANSPORT PROPERTIES OF DESIRED MIXTURE CPNkTOT BE CALCULATED 
FRON AVAILABLE DATA. REVISE CROSS SECTION INPUT DATA. 

Produced i n  subroutine XSECT. 

Followed by a dump with the  namelist name XSDMP. 

Indicates  t h a t  cross  sec t ion  d a t a  have no t  been spec i f ied  
f o r  the  l ike- l ike in te rac t ions  of a neu t ra l  atom o r  molecule, 

The DUMP rout ine  i s  not  ca l led ,  bu t  the  case i s  terminated, 

X DECREASED I N  FROZEQ 

Produccd i n  subroctine FfiflzEQ, 

Indicates  that the  axial coordinate x decreased during a 
s t e p  oi the frozcn or equ.ilibriurn solut ion.  Since x is calcu- 
la ted  fro~n the cffcct ivc  area r a t i o  i n  thcsc types oE solu t ion ,  
a decrcase in :; could r c s u l t  from impropcr spccj-fication of the  



nozzle p r o f i l e  ( f o r  example, a d iscont inui ty  i n  the  p r o f i l e  a t  
the po in t  where two p r o f i l e  sec t ions  ale joined) ,  I f  t h e  sol-  
u t ion  includcs t h e  boundary layer ,  rapid growth of the  displace- 
ment thickness can cause the  e f f e c t i v e  a rea  r a t i o  t o  decrease. 
A decrease i n  t h e  e f f e c t i v e  area  r a t i o  downstream of  the  t h r o a t  
would Lead t o  a  decreasc i n  x, This e r r o r  condi t ion is usual ly 
encountered only i n  t h e  high Mach nuniber region f a r  downstream 
of the  throa t .  The most common cause is  i n s t a b i l i t y  of the  coup- 
led invisc id  flow and bounaary layer.  

The subsequent ac t ion  depends upon t h e  circumstances, If 
the boundary layer  i s  being neglected, o r  i f  the  e f f e c t i v e  a rea  
r a t i o  i s  less than % of t h e  geometric a rea  r a t i o ,  a  dump with 
the namelist  name FRDMP is  wr i t t en  and t h e  current  equilibrium 
o r  frozen f l o w  so lu t ion  i s  terminated. The so lu t ion  of the cur- 
r e n t  case continues,  however. I f  the  boundary layer  i s  included 
and the  e i f e c t i v e  a rea  r a t i o  i s  g r e a t e r  than % of t h e  geometric 
a rea  r a t i o ,  the  program a s s u m e s  t h a t  tbe f a i l u r e  is a  r e s u l t  of 
i n s t a b i l i t y ,  and attempts t o  generate a v a l i d  so!ution by c u t t i n g  
t h e  s t a b i l i t y  parameter w i n  equation (218) of Volume I i n  h a l f ,  
and r e s t a r t i n g  the  so lu t ion  i n  the  upstream reservoir .  However, 
i f  the same e r r o r  occurs ar ' ter  th ree  successive r e s t a r t s ,  t h e  
dump FRDMP is  wr i t t en  and t h e  cu r ren t  (equilibrium o r  frozen) 
so lu t ion  i s  terminated. 

ZERO OR NEGATIVE STEP I N  BLAYER, X = x X P = y  

Prduced i n  subroutine BLAYER. 

Followed by a  dump with the  namelist  name DMJ?. 

Indica tes  t h a t  the  a x i a l  coordinate X a t  t h e  current  c a l l  
t o  subroutine BLAYER i s  l e s s  than o r  equal t o  t h e  value XP a t  
the  l a s t  previous c a l l .  

The RETURN i s  executed and the  s o l u t i o i ~  proceeds. 



APPENDIX C 

ILLUSTRATIVE TEST PROBLEMS 

This appendix presents  t h e  inputs  and se lec ted  por t ions  
of the  output f o r  f ive  t e s t  problems, chosen t o  i l l u s t r a t e  var- 
ious  fea tures  of t h e  NATA code. Two add i t iona l  t e s t  problems 
(nos. 1 and lA) have already been discussed i n  Sections 2 and 
3. 

The images of the  input  cards f o r  the test problems a r e  
shown i n  f igure  65, There a r e  four  groups of data  cards,  each 
group comprising the  data  f o r  a NATA run, The t h i r d  run includes 
two cases (4A and 4~). T l ~ s e  runs were executed on an IBM 360/75. 

Test  problem no, 2 i l l u s t r a t e s  NATA flow ca lcu la t ions  for a 
rectangular channel. I n  a channel case, the problem summary 
includes geometric da ta  f o r  two p r o f i l e s  ( f igure  66).  Figure 
67 shows the  output of r e se rvo i r  condi t ions f o r  t h i s  case. Fig- 
ure  68 i l l u s t r a t e s  the output of the  flow solut ion,  I n  channel 
flow problems including t h e  boundary layer ,  NATA p r i n t s  two com- 
p l e t e  sets of boundary layer  da ta  a t  each flow point .  The 
f i r s t  s e t  ;:pp=?ars i n  the  four th  and f i f t h  l i n e s  of output f o r  
the  f l o t ~  poin t ,  t he  second set i n  the s i x t h  and seventh l ines .  
Each s e t  begins with t h e  l a t e r a l  dimension ("WIDTH" o r  "HEIGHT") 
of one of t h e  channel walls, The boundary layer  d a t a  i n  each 
s e t  p e r t a i n  t o  t h e  wal l  whose l a t e r a l  dimension is included i n  
the  s e t ,  For example, a t  t h e  last flow po in t  shown i n  f igure  
68, t h e  l a t e r a l  dimensions of the  channel are 2 by 18 inches, 
The f i r s t  s e t  of boundary layer  da ta  (including THETA = 0.100 
and STAIJTN = 1.697D-3) r e f e r s  t o  t h e  boundary layer  on t h e  wal l s  
which a r e  18 inches wide. The second set (including THETA = 0,340 
and STMfTN = 4,777D-4) r e f e r s  t o  t h e  layer on the  wal l s  which a r e  
2 inches wide. The flow po in t s  a t  X = 16.000, 17.000, and 18.000 
i n  f igure  68 a re  spec ia l  po in t s  requested by the  TSDIAM inputs  
i n  f igure  65, 

Tes - probleln no. 3 i l l u s t r a t e s  a f lo[*? so lu t ion  based on 
t h e  la rger  of the  two standard planetary atmosphere models. 
I n  t h i s  case, the reservoi r  condi t ions were spec i f ied  by d i r e c t  
input  of the  rescrvoi r  prcssurc and temperature. Figures 63 
through 73 ~11.3;: t-.he problcm sununary f o r  t h i s  case. Fiqurc 74 
shows the rescrvoir  conditions,  and f igures  75 t o  78 t h c  f i r s t  



I : FIGURE 65  - INPUT DATA FOR TEST PROBLEMS NO. 2,  3 ,  4A, 4B, AND 5 
TEST PROBLEM NO. 2 - FROZEN AIR FLOW IN A CHANN~C 

+ I NPUT 
ISWZA=O. f SWJA=O. CXMAXI=S?. P R E S A I = o 7 6 2 .  FLOW=. 1 s  I C H A N t l .  
T S D I A M = l S .  16. 17. 18. 19. 20 

+EN0 

TEST PROBLEM NO. 3 - P L A N E T A R Y  ATMOSPHERE MOOEL 
+ I N P U T  

ISWIA=O.  ISW3A=O. C X M A X 1 = 5 0 s  ISW2B= l .  P R E S A I = I .  C l A P I = t 0 0 0 0 .  NOZZLE=Z. 
I G A S = 5  

+END 

TEST PROBLEM NO* 4 A  - W EGENER E X P E R I M E N T  C - NONSTANDARD G A S  AND GEOMETRY 
+ I N P U T  
I S W 2 B = l .  NOTRAN=T CXMAXI=5.906. T P R N T I  =0001* READG-T. PRESAI=2 .  C T A P I = 4 3 0  . 

VOZZLE=O. D I A M = o 5 4 7 2 .  J D I M = O *  NSEC l S = 2  e 2 .  1 S H A P E = l  .2 e2.1 . 
A R A M I = 7 . 6 0 6 6 0 2 € - 2 *  - .5?73502.  6 .  4 .695442 .  0. 4.0005* 4.695442. 0. 

400005* e 6 9 4 1 1 2 4 .  2.0 3€!825E-2 9 0 .  A T P I = - 2 0 0 0 0 2 4 9 .  0. m 0 & 1 5 4 6 1 9 *  
X Z E R O I = - 1 0  I I G A S = O *  NC>=2. J C S = S * 3 0 *  Q P J = o 9 9 5 0 2 5 .  0004975. 1 SC1=2s  
I S S I - 3 .  I S R I = l .  t C I = O .  IE=5.6.  IS=5 .30 .29*  1R=76 .  I S A T O M = Z 9 r  ISMOL=JO. 
I S W 4 A = l  r 

+END 
+E I N P U T  

SP29=0.2*5.6.G. 1.2~0. 4m003.  -3075E-4 .  2 e 4 5 E - 6 .  2 * 0 *  5.945. 9586. 4*0. 
1.23*0. S P 3 0 = 0 * 2 * 5 * 6  .O*2*4.O *3.553*.011625*-4.55€-6 e2*O * 1 O . O 2 8 * 4 4 7 3 t  
4*0. 1. 23*0* RP76=3.€14. 3*0. 2 .2 *5 *29 .0 .5 *30 .0s1*2 *0~  1.1 * O * O * I O * O *  

+END 
TEST PROBLEM 4 6  - W E E N E R  E X P E R I M E N T  F - - S T A C K I N G  OF C A S E S  

+ I N P U T  
PRESA1=2. 16. C T A P I = 4 0  2- OPJ=a S 7 5 6 1 .  0 0 2 4 3 9 .  I SW4A=Oe READG=F 

+END 

TEST PROBLEM NO. 5 - E L E C T R O N I C  N J N E Q U t  L I B R I  UM MODFL F O R  ARGON 
. + I N P U T  

I S W l A = O *  ISW3A=O*  I S W t B = O *  C X M A X I = 4 0 r  ISW6R=-1. I S k E f l = l .  F R F S A I = l r  
C T A P I = 1 0 0 0 0 .  R O Z Z L E = l  r IGAS=3.  X M O O P l = 2 0  . NMOOPT=3*  TPRNTI= .001  
1SW58=-1COOOOO 
.\ID 
I 
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four pages of  the nonequilibrium flow solu t ion ,  In  this case,  
t h e  switch from t h e  inverse method t o  d i r e c t  in t eg ra t ion  was 
unsuccessful on t h e  f i r s t  t r y ,  as indica ted  by the diagnos t ic  
"DLOGR IS POSITIVE" i n  f igure  77. Af ter  an underflow message 
produced by t h e  I B M  operating system, NATA pr in ted  t h e  condi t ions 
a t  t h e  flow po in t  where d An p/dx w a s  p o s i t i v e  (top of f i g u r e  78) 
and r e s t a r t e d  t h e  so lu t ion  a t  t h e  previous switch poin t ,  A f t e r  
the restart, the  swikhover  from t h e  inverse  method t o  d i r e c t  
in t eg ra t ion  occurred s u f f i c i e n t l y  far downstream of t h e  throat 
t o  g ive  t h e  desired supersonic branch of t h e  downstream solut ion,  
as shown i n  f igure  78, 

Tes t  problems no, 4A and 4B simulate two of Wegenerls ex- 
periments on NO2 recombination, The NATA so lu t ions  o f  these  
cases are shown i n  f igures  29 and 30 of Volurne I ( r e f ,  1). 
These problems i l l u s t r a t e  t h e  use of nonstandard nozzle geom- 
e t r y ,  gas species ,  and react ions,  I n  t h e  input  ( f igure  6 5 ) ,  t h e  
geometric d a t a  descr ibe  Wegenerls wind tunnel  (shown- i n  f igure  
28 of Volume I 1. Species number 29 i s  NO2 and number 30 is  
N2O4, The recombination reac t ion  2N02 + N2+ N204 + N2 i s  de- 
f ined as reac t ion  number 76, Figures  79 and 80 show the problem 
summary f o r  case 4A, Note t h a t  tk standard p roper t i e s  are 
used f o r  N2, The thermal p roper t i e s  of NO2 and N204 are defined 
by means of thermo f i t s ;  no phys ica l  model data are given f o r  
these  spec ies  because NATA is n o t  programmed t o  t r e a t  nonlinear 
triatomic molecules such as NO2 or polyatomic spec ies  such as 

N204. All t r anspor t  property ca lcu la t ions  were suppressed i n  
t h l s  run by input  cf N@TRAN = T, Figure 81 shows t h e  calcu- 
l a t e d  rese rvo i r  conclitxb;.,~, and f igure  82 the f i r s t  page of t h e  
equilibrium solut ion.  

Tes t  problem no. 5 i l l u s t r a t e s  t h e  use of NATA wLth a sta, 
dard e l e c t r o n i c  nonequilibrium model (argon, IGAS = 3 ) ,  together 
with some of the  output  controls ,  Figures 83 t o  85 show t h e  
problem summary. Note t h a t  the e l e c t r o n i c a l l y  exci ted  species  
AR*M and AR*R have the  sane alpha matrix (elemental composition) 
as tk ground s t a t e  species  AR, b u t  have d i f f e r e n t  en tha lp ies  of 
formation and appear i n  d i f f e r e n t  reac t ions ,  The e lec t ron  ther- 
mal nonequilibrium parameters are tabulated i n  f igure  85, Fig- 
u re  86 shows the  reservoi r  conditions.  The boundary l aye r  was 
neglected i n  the  solut ion.  Figures 87 and 98 show two pages of 
t h e  output from t h e  nonequilibrium solut ion.  As shown i n  f igure  
87, t he  code begins t h e  so lu t ion  by taking th ree  s t e p s  using t h e  
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perturbation 'echnique. The numerical integrat ion then begins. 
S t ab i l i t y  requirements force the  use f̂ a very small step s ize ,  

The input ISW6B = -1 in test problem no. 5 (f igure 65) 
gives the  output of r e s c t i ~ n  r a t e  da ta  (PI, CHI, PICHI, DLG) i n  
each s tep  (see Section 3.5). The input  ISIJSB = -1000000 gives 
a one-line message (X, DELTAX, T, etc,) fo r  every completed 
integrat ion step, The data  included in t h i s  message are a s  fol- 
lows : 

X Axial cmrdinate  (a) 

3ELTAX Integration s tep  s i ze  (an) 

T Heavy-particle temperature (OK) 

TEP Electron temperature (OK) 

CHA Nondimensional s t p r  .- 2tion en tllalpy 

QDPE Energy t rans fe r  t o  tkAb electron gas (cal/cm 3 sec) 

ICfiXC N u m b e r  of step-size reductions required t o  
achieve a successful integrat ion s t ep  

Thc messages "CAUSES OF STEP FAILURE" i n  f igures 8? and 88 
a r e  aLso triggered by the negative ISW5B v a l ~ e ,  and indicate  the  
location and nature of the fP1~3:ed va l id i t y  check responsible fo r  
each step s ize  redu-tion. The nunc~lrical code used i n  t h i s  mes- 
sage i s  documenked i n  Section 4-55 of Volume I11 of this report, 



APPENDM D 

D.1 introduct ion 

The geometries of nozzles and channels are speci f ied ,  i n  
NATA, by a 9 a l y t i c a l  c u r v e f i t s  t o  t h e  p r o f i l e s  of Ehe su r facss  
confining t h e  gas  flow, I n  these curve f i t s ,  each p r o f i l e  is  
r e p r e s ~ ~ l t e d  by means of a sequence of s t r a i g h t  l i n e  segments and 
c i r c u l a r  arcs. Th? details of t h i s  system of geometric spec i f i -  
ca t ions  have bee11 documented i n  Section 4 of Volume I ( re f ,  1). 

I n  order f o r  the c u r v e f i t s  t o b e u s a b l e  i n  NATA, t h e  var ious 
sec t ions  must jo in  together  con~cinuously, and wi th  continuous 
s lopes,  t o  high accuracy, The NOZFIT program has been developed 
t o  f a c i l i t a t e  the preparat ion of such c u m e f i t s .  The main inpu t s  
t o  NmIT are geometric datzi, most of which can be read d i r e c t l y  
from aozzle design drawings, The outputs  include 

Pr in tou t  parameters i n  t h e  p r o f i l e  c u r v e f i t  ; 

(2) ' Punched cards, containing a Fort-,-an DATA statement, 
which can be incorporated d i r e c t l y  i n t o  NATA, t o  add 
the  c u r v e f i t  t o  the  set of precoded standard p r o f i l e s ;  

(3) Pr in tou t  of t h e  t h r o a t  region of  t h e  p r o f i l e  i n  tabu- 
lar form; and 

(4) A computer-generated p l o t  of t h e  p r o f i l e  i n  t h e  t h r o a t  
region. 

Section D.2 c t h i s  appendix def ines  the inputs  t o  NMFIT, 
and Section D.3 discusses  t h e  var ious types of output. Sect ion 
D.4 presents  a sample rm of t h e  code w i t h  i t s  p r in ted  and p l o t t e d  
output and a l i s t i n g  of t h e  punched a ~ t p u t .  

D.2 Inputs  t o  NOZFIT 

The p r o f i l e  c u r v e f i t s  produced by NOZFIT cons i s t  of sec- 
t i o n s  joined end t o  end wit11 cont inui ty  of slope,  each sec t ion  
being a s t r a i g h t  l i n e ,  a c i r c u l a r  arc: c ~ n c a v e  upward, 01.- a c i r -  
cu la r  arc concave downward. h r a y  dimensions i n  NATA l i m i t  the 



t o t a l  number of sec t ions  t o  12. I n  the ana lys i s  to  determine 
the  p r o f i l e  c u r v e f i t  parameters, t h e  sec t ions  are separated i n t o  
two groups, those lying upstream o f  t h e  th roa t ,  and those ly ing  
downstream. The analys is  f o r  each group starts a t  t h e  t h r o a t  
and determines t h e  sec t ions  sequent ial ly ,  proceeding away from 
t h e  throa t ,  I n  each group, t h e  sec t ion  having a boundary at  t h e  
throat (x = 0 )  is always assumed t c  be a c i r c u l a r  arc concave 
upward with zero s lope a t  the throa t .  Thus, t h e  p r o f i l e  ordi- 
na te  is  a minimum a t  t l~e th roa t .  For t h e  p r o f i l e  t o  be  usable  
i n  NATA, it is necessary t h a t  Lhe ord ina te  be a monotonically 
decreasing function of x upst re  m of t h e  t h r o a t  and a monotoni- 
c a l l y  increasing function of x downstream.* 

The input  t o  a NOZFIT case begins with a card containing 
alphanumeric information descr ibing and ident i fy ing  t h e  nozzle 
o r  channel whose p r o f i l e  is  t o  be f i t t e d .  This  cart! is  read 
with an A format, The information is p r in ted  a t  the head of t h e  
output and reproduced a s  a comment card preceding t h e  d a t a  czrds 
produced. The f i r s t  48 charac ters  are a l s o  used as a t i t l e  f o r  
t h e  nozzle p r o f i l e  p lo t .  F ina l ly ,  t h e  f i r s t  4 charac ters  on 
t h i s  header card are incorporated i n t o  t h e  punched DATA state- 
ment and a r e  used, by NATA, as a f a c i l i t y  name (Dc;., etc . ) ,  

The remaining inputs  a r e  a l l  read i n  under t h e  namelist  
name INPUT, using the usual  namelist  format (see Section 2.1). 
They are defined below: 

V a r i a b l e  P r e s e t  
- Name Dimensions Values Def in i t ion  

NSECTS (I) 2 2*0 NSECTS(1) = number of sec t ions  
i n  nozzle p r o f i l e  upstream of 
throa t .  

NSECTS (2)  = number of sec t ions  
i n  nozzle p r o f i l e  downstream 
of throa t .  

*bore prccir;cly, che a r e a  r a t i o  A must hnvz dAg/dx 4 0 f o r  
g x < 0, dA /ds>O for s > 0. I11 a cl~an;?cl, it is not  necessary 

for  bot.11 % the ~ r o f i l c s  t screasc and increase as doscribed 
abovc, so  lonc; a s  the  arca ~ a t i o  has tllc required b c l ~ ~ ~ r i o r . .  



- - 

Variable 
- - - -  . .-- 

Prese t  
Name dim en sic?^ Values . Defin i t ion  

ISHAPE (J) 12 12*0 Index specifying shape of t h e  Jth 
sec t ion  (counting from the up- 
stream i n l e t )  

1 S t r a i g h t  sec t ion  
2 Ci rcular  arc convex toward 

a x i s  
3 Ci rcu la r  arc cmcave toward 

axis 

DTH 

.T-CaND ( J) 

24*0 Parameter values f o r  t h e  3 t h  see- 
t ion:  

For ISHAPE(J) = 1, PAR(1, J) = 
angle of i n c l i n a t i o n  t o  nozzle 
a x i s  i n  degrees (positi..-e value) 
For ISHAPE(J) = 2 o r  3, PAR(l,J)= 
circle rad ius  i n  inches 
(See ICOND f o r  PAR(~,J)) 

1 - Throat diameter i n  inches. 

12 12*0 Index specifying condition de- 
f in ing  the Jth section. 

ICJdND(J) = 1 Throat conditions: 
IC$ND(J) = 2 S t ra igh t  sec t ion  (3) 

is tangent  t o  adjacent  c i r c u l a r  
sec t ion  nearer t h e  th roa t ,  

IC~ND(J) = 3 Circular sec t ion  (5) 
is  tangent t o  adjacent  s t r a i g h t  
sec t ion  (nearer  t h e  th roa t )  a t  
an ax ia l  d is tance  of pAR(2, J) 
inches from t h e  throat** 

IC$ND(J) = 4 Circular  sect ion (3) 
is used t o  break a sharp angle 
between two s t r a i g h t  sec t ions  
which i n t e r s e c t  a t  an a x i a l  dis- 
tance of PIIR(2, J) inches from 
t h e  throat** 

*Note - t l ~e r c  a r e  always two t h r o a t  sec t ions ,  one upstream and 
* me do\mstrcam 03 t he  t l ~ r o n t ,  

**Note - PAR(2,J) i s  negative i f  it represents  a po in t  upstccam 
of thc  th roa t .  L s 



.~ - - - 

Variable P r e s e t  
Name Dimensions Values . Defin i t ion  

XSTART 1 - Upstream l i m i t  on 2: f o r  calcula- 
t i o n  of nozzle p r o f i l e  (negative 
xalue,  inches). The ~ m f i l e  is 
ca lcula ted  f o r  a nozzle sec t ion  
6 inches long, 

CARDS 

I n l e t  p o s i t i o n  i n  inches above 
t h e  t h r o a t  (negative) ; f o r  Qse 
i n  NATA boundary l aye r  calcula- 
t ions ,  

Nozzle index f o r  use i n  NATA 
( in teger  value between 1 and 2 0 ) -  

,TRUE. ' S e t  to  ,FALSE, t o  suppress card 
output, 

.TRUE, S e t  to  ,FALSE, t o  suppress wlot 
output. 

.TRUE, S e t  t o  ,FALSE. if t h e r e  i s  another 
case i n  t h e  job following t h e  cur-  
r u t  case. S e t  t o  ,TRUE. i n  last 
case,  

D.3 Outputs of NOZFIT 

The outputs of NgZFIT are i l l u s t r a t e d  by t h e  r e s u l t a  for 
the t e s t  problem i n  t h e  next  sec t ion .  The p r i n t e d  output .:on- 
sists of t h e  fol1c:ing: 

(1) A l i s t i n g  of t h e  values of a l l  the i npu t  va r i ab les  
i n  Name1-ist fozmat, 

(2) The image of t h e  "header" card co;ltaix~ing ~lphanum- 
c r i c  ident i fy ing  infcrmation. 

(3)  A t&l.e headed "nozzle prof i l c  para.me.2ers. " This 
t a l c  contains the following f i v e  colunuls: 



Nozzle sec t ion  index, s t a r t i n g  
from the. upstream end. 

Pos i t ion  coordinate of the down- 
stream boundary of the p r o f i l e  
sec t ion  (an, p o s i t i v e  downstream), 

PAR AM(^, J )  See below. 

PARAM(2, J )  See below, 

~ M ( 3 , 3 )  See below. 

The parameter values are c o e f f i c i e n t s  i n  the a n a l y t i c a l  
expressions f o r  the p r o f i l e  sect ions.  Let P1= PARAM(1, J) 
PZ=PARAM(2,J), and P3= PARAM(~,J). Then: 

For ISHAPE (J) = 1, 

For ISHAPE(J) = 2, 

2 
Y = P1 -JPJ - (x - p212 

For ISHAPE(J) = 3 

Y = P1 +m - (X - p212 (D-3 1 

where Y i s  the  p r o f i l e  ordinate  and X the a x i a l  co- 
ordinate ,  The u n i t s  of PI, P2 and P3 are such as to 
y i e l d  Y i n  centimeters wnen X is expressed i n  centi-  
meters. For ISHAPE(J) = 2 ox 3 ,  the p r o f i l e  sec t ion  
is  a c i r c u l a r  a rc ,  Ps i s  the c i r c l e  r a d i x ,  and t h e  
c i r c l e  center  i s  a t  X = P2, Y = P1. 

(4) Printed il?ages of the DATA cards pro~Tuced. 

(5) A two-colmn t a b l e  llcadcd "nozzle prof j - le , "  giving t h e  
x- and y-coordinates ( i n  inches) of po in t s  on a scction 
of t h e  p r o f i l e  G inches long, beginning a t  XSTmT. Thcsc 
arc t h c  S ~ I C  data that arc rcprcsented i n  tllc p lc t  output, 



, 1 The punched output c o n s i s t s  of 12 punched cards  f o r  each 
case. Their  format is i l l u s t r a t e d  by the pr in ted  card imdges 
i n  t h e  output £0- t he  sample problem. They c o n s i s t  o f  a comment 
card followed by ar, eleven-card DATA statement def in ing  an ar- 
ray ZPn, where n i s  the  p r o f i l e  index (equ--1 t o  t h e  NOZFIT input  
N@ZLE). The newly f i t t e d  p r o f i l e  can be i n c o r y x a t e d  i n t o  
NATA by i n s e r t i n g  t h i s  DATA statement i n t o  t h e  block d a t a  rou- 
t i n e  B L m 1  and recompiling t h e  rout ine.  Note t h a t  n must be 
l e s s  than o r  equal t o  20, and must bc d i f f e r e n t  £ram t h e  indices  
of a l l  t h e  o ther  p r o f i l e s  &=Pined i n  BLKD1, 

A l l  of  the e n t r i e s  i n  ZPn are f loar ing-point  numbers. Some 
of these values represent  in tegers ,  To ensure rounding-down t o  
the cor rec t  in t ege r  values,  N~ZFIT increases  such values by 0.1 
i n  t h e  DATA statement. The e n t r i e s  i n  ZPn are a l l  defined i n  
Section 4.7, 

The p l o t  output cons i s t s  of one p l o t  p e r  case,  showing a 
sec t ion  of the  mputed p r o f i l e  6 inches long i n  t h e  a x i a l  dir- 
ection. The c o x d i n a t e  s c a l e s  alon2 t h e  x and y axes are t h e  
same so  t h a t  the  shape is no t  d i s to r t ed .  The p l o t  is a l i t t l e  
l a rge r  than f u l l  s ca le ,  

I 
i D.4 NOZFIT Ter t  Problem 

The fol lov~ing pages ( f igures  88-93) present  t pr in ted  
ou-::pllt from a N@ZFIT run on t h e  IBM 360/75 a t  Avco Sys t a n s  Div- 
i s ion ,  The values of the input  var iables  f o r  t h i s  +.est problem 
a r e  l i s t e d  on the f i r s t  page of t h e  output. Figure 55 shows the  
p l o t  produced. 
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