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One—dimens i ona l  L~ gr ang ian Hydrodynamic s by I) i f feren ce Equations
One—dimensional  L a gr a i i g i a n  Hy drodyn an i ic  S by Di f fe ren t i a l  Quadrature
Quadrupole Coord ina te  Sy st em
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~~“T’wo 1)rel I n i i n a r y ,  a l t e rna t i ve  models of the h igh—al t i tude  ( h 90 k in)
neu t r a l  — P~’ rt i ( le mot ion hav e been adopted for use in ROSCOE . Both
models are o i i e —di me n s iuna l  spherical Lagrang ian models and describe
the vert ical  hy d rodynan t i c  motion in each geocentric column in an a r r a y
ol perhaps 100 such continu ous but independent columns covering the
dis turb ed rei~ion of in terest . The models (SA 1HYD , NRLHYD ) describe
he mot ion  of a sd of e i ther  Lagrangian cells or points by us ing  (he
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18. SUPPLEMENTARY NOTES ( Continued )

EDI TORS ’ NOTE
Volumes 13 to 17 were ori ginally published by SAl to describe the atnio-
sphe ric , geomagnetic , and h igh-a l t i tude  energy deposit ion and neutral
heave models for ROSCOE. This whole section of code , wh en associated
with  an appropriate DRIVER subroutine , operated as a package that ran
independently of the rest of the ROSCOE s t ructure .  Provision was also
made , wi th in  this hi gh-altitude package , for two completely independent
desc riptions of atmospheric heave , each wi th i ts own description of
at fllO spheric chemist  ry .

When GRC incorporated th is  section of code wi th in  the ROSCOE frame-
work , some modifications were necessary, which  mean s that some (if
the desc ript ions in Volumes 13 to 17 are inappropriate to ROSCOE as
it now exists. In particular , the NRL heave routines ( deck NRLHYD)
and associated chemis t ry  (deck NRLCHM) are not presently used in
ROSCOE . Three other subroutine s are different :  subroutines ATMOSU ,
ElF , and XTCOE F correspond to the ROSCOE subroutines ATMOS ,
E XPINT . and WDXP, re spectively. With these exceptions , the subroutine s
described in Volumes 13 to 17 correspond exactly to those cu r r en t l y  in
ROSCOE .

20. ABSTRACT ( Continued)

method of ei ther difference equations or d i f fe ren t ia l  quadrature ,
respectively. Both niodels have automatic rezone capability .  The
geocen tric columns defining the geometry for the calculations are
described in t e rms  of an arbitrari ly positioned and oriented quadrupole
coordinate sy s t em.  Each Lagrang ian cell or point  is character ized by
not onl y the hydrodynamic properties but also a set of chemis t r y
qu antities. The chemistry is loosely coupled to the hydrodynamics .
Herein are presented details of the quadrupole coordinate system , the
working fo m i  of the hydrodynamic equations and their  in i t ia l iza t ion  and
methods for solution , the results of a test proble m for a large-yield
even t at 200-km altitude producing motion in a linear array of six
columns .
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1. INTRODUCTION

1. 1 DEFINITIONS

For the  purpo se of the New Code developm ent , the phrase at—
mospher i c  heave , Or  s i mp l y  heave , refer s to the mot i on (the general
upwe l l ing)  of the  atmosp here above approximately 100—km al t i tude ,

induced by energy deposit ion.  As a f i r s t  approximation , the model ing
( i f  the ove ra l l  p henomenon has been broken into two portions: the neut ral
component (Model  No. 15a) and the ionized component (Model N i .  15b).
These two portions are , of course, closely related , but they have been
partially decoup led in this early modeling effor t . It was the Commit-
tee ’s plan I see Vol. 13 J to model the neut ral component (SAl’ s re-
spons ib i l i tv)  wi thout  attention to the ionized component (PDI ’s responsi—
h i l i t y ) .  The modeling of the ionized component involves a s tructure that
uses the results from the neut ral-component motion.  It should be noted
tha t the ionized component being considered is a weakly - ionized corn-
ponent in the UV halo region , to be used as a basis for  describing stri-
ations (Model No. 17), and not that in the f i rebal l  reg ion which wil l  be

• described in s t i l l  another model , No. h a .

1.2 HISTORICAL BACKGROUN D (BRIEF )

1.2. 1 Ear ly  l)evelopments in Heave

Atmospher ic  heave is , perhaps , the s ingle  most important
mu lt iburs t  e f f e c t .  The phenomenon was discovered in 1966 , f i r s t  de—
s( ’ribed by R. W. Lowen in a meet ing  held at the Rand Corpor a t ion  in
May 1966 t i a l  rep ort ed in H L— 66 a .  (The pI11~l5(~, atmosp her ic  heave,

came into geni  ral usage after H endr ick  i nt i’oduced it lie— 67a 1.) 
The9



f i i s t  ca lcula t ions  were  done using a hy dros ta t i c  model [HL—6 6a ~ but it

was i-e ( )gmzed ear ly  that  th is  neglected a numbe t -  of e f f e c t s that  were
l ike l y  to b~ important . Consequently ,  better calculat e ins w er e  next

p er formed u s i n g  a one—dimensional  Eu le r i an  hy d r o dy n a m i c s  code

{HL-67b , HL-67c 1 , HL-69b J . These calculations gave an idea of the

t i m e  scale for  the effect  to develop and showed two addi t ional  feature s :

a st rong upward—moving  shock developed early ,  and an overshoot I ) ( -

cur red in the density profile.

Because it was recognized that two— di ro ensiona l (or , in a mul-

t iburs t  environment , three—dimensional )  effects might well mat ter ,

more elaborate calculations in two dimensions were performed with the

SHELL code in collaboration with personnel at AFWL , fi rst f o r  x rays

alone [Ham u n  et al. , First Meeting of RANC Working Group held at
U. E. TEMPO , Santa Barbara , 1-4 October 1968: HL-69b , Section 2:

Comparison of One- and Two-Dimensiona l Hydrodynamics Calculations
of X-Ray-Produced Atmospheric Heave; BF-69], and later wi th  x- rays ,
UV , and debris included [HL-69c , -69d , -69e 1. Several important  con-

clusions were apparent : soft UV was important [Ha-69b j, radial motion

was important and was the princi pal cause of later subsidence , and the
shock and overshoot shown in the one-dimensional calculations were not

present.

1. 2. 2 RANC IV Heav e Models

For systems codes , heave was first  incorporated int o RANC

IV (the formal  developm ent of which bega n in October 1968 with the f i r s t

• of about a hall-dozen working-group meetings that occurred every sev-
eral months).  The basic portion of the heave model ul t imately devel-
oped for RANC IV was a set of equations which described the trace-

particle t rajectories  obtained f rom a series of one-dimensional ,

10 
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V e l t i ( : t  1 — ( ~I i umi - t  ~v d t id t u n i c — c  1 0 1 -  r t l r u l s f  H I I ) ~~~. M u l l  h u r st  ( 1 1 1 1 ( 1  ~~

~‘ e I e  e~~t i i i j t t d  I V  s u m m i ng l i i i ’  a i r — p a  t i e l  di~~i i l a c e n ~~~nl s r , i t i s -d Li:

of t h e  h u t - ~t~~: t he  d i i — I ) I l v e m l l e n t  i n c i e n ~ ’ - n t  ¶ i V V m i  Liv he  n ih  b u r s t

I I  ~ spe c i t  m c  a r pa t v - i  depended on the  :m l td n h  t h a t  pa i c e l  i t  l I e

t i  t u e  i i i  t h e  n th  bu r st .  i l i e  heav e mu - del  a [ S I  had a p r o ( 1 - i m  i t . t i  app r - N I —

tr i t e  Me m u ll t i , u r - ~t l l l I V i ~— r ( Iu c t i o n  e f f e c t .  in  w h i c h  t h e  ( i i s p i a ( - e t l I e n t

~-aw- -ed by . m I t  I u r  bu t  st is - u ceci  i i  - vu  us ’  - c i f  ( l i e  i x i  ra Iii ass lo f t e d  h i g h

in the  i l r n - ’ s p i~er c i’  t r u er i i u r s t ~ Ni I — i

1 we ser i o us  d e f i v i : i cies in t h e  i i t y ~i i ia i 1 heave  model w e - t v -

re ( ) L~aize d I N I I —73a 1: sl iw - Iru put : l t I I n i l  speed and ( I1 - ~c o n h ! n u I t v  ‘ i f

n i l t i o l t  ic ros  f i r e b a l l  s u r f ac e s .  l 1 ie numb e r I f  m u l t ip l i c a t i o n s  t - e q u t  i ’ d
I i i -  ni u l t i b u r s i  heave  e t t i - i t i t t i o n  v i  t i e d  as t h e  square  if f l u -  n u m b e r  i t

h u t  SIS liii t smal l  n u m b e r  if bu r ’~t s and is  t i e  cube fm a l i  t e e  n u mb e r .

I - t ck it - c i ’  i se c o u p l i ng  b et  a I I  fl t ie -  h e m  ye and fi reba 11 iii I ide is was mani —

t e s t - I l  by the v~h o s t — f i  reb ali  ph e m t o n l e f l I ) n , w h i c h  at o s e  l i c a U s e  t he  h nv

m ’ ) d ( - l  did ti lt p r e d i c t  as h i g h  a r i s e  r i t e  ‘ I t  a i r  n e ar  t l i t  l i t e l t a l l  15 (lid

h f i r e b a l l  in it t O i l  W I dcl NI F—73a  I .

F i s ch e r  t F i — 7 1 c 1  cons idered  somc 1) e ~s i 1 i I l i t i e 5  f i r  a n  d i i—

pr iv i d  heave ni ode 1 f i r  RA NC IV

A ~- :ist  iv rn ’  i - v e f f i c i e n t  h e ave  model f o r  RANC IV has also been

describ ed h\ N i r N a n t a r a  and Finn [N I  F-73a

1. 2 . 3  Old- ROSCOE h eave M odel

f~ ‘r t h e  old— ROS COI.  ( 1 1 ( 1 ( 1 , it was t h e  in t en t  to f i n d  :i st ruc tu re

f i r  iii ode ii h g  i t e i v e  wli i  ch wou ld ( 1 )  reproduce t he e s sen t i a l  pi edi cl i  o t i s

i f  th e  i i  rge t h r e e — d i n i  ( n s i I , n a l lw  i — f l u i d  Ni 111) ( 1  ide c a l c u l at i o n s  w h i c h

would f o r m  th e  data base fo r  h e - ly e )  and ( 2 )  run t e:is in ahl v  fas t  Ofl a

( I i t t t j ) f f l  i f  Y S — 7 3 , ‘/ S—73 a 
~
. ‘l ’he f l & h t t ( h l a I  appr o ach was to use a quas i—

h t V ( f I I i s t i t  u i l l  ‘ ( ( ( 1  w i t h  f a k e d — i t t  t i t h e ( I t j ) e t i d e h i ( V t h r i ) U e h l  a d l u — t a h l e

1 1  
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parameters . values of which were selected SO that the density profiles

approximated those found from two— and thre e—dimensional  hydrody-

namics codes. Results from a pre l iminary  version of the model , with
comparisons  to hy drodynamics-code results , were presented in A pri l

1973 [ZS-73a]. The model was in almost constant revision unti l  work

on the old-ROSCOE code was terminated in November 1973. For exam-
ple , an improved version of the model , which requires about 1/5 of the
number of storage quantities as the earlier version [ZS-73a], has been
described by Stuart [St-73aJ . For the latest version see the old- ROSCOE
final  report ILL-75 1.

1.2.4 HA RC Heav e Models

For the HARC code , there was less documentation available

than for the old-ROSCOE code. The statement s that follow are based
on notes taken by D. A. Hamlin on 29 January 1974 during a visit by

the New Code committee to MRC where D. H. Sowle described the
HARC heave model.

In HARC, the heave model describes mass, species, and stri-

ations (i. e., the gross-scale variety , not those due to fireballs or beta
tubes) . There are three ways to get heav e results. The f i rs t  two ways
involv e interpolations in space and t ime;  the thi rd way is for  one event ,

• outside the normal battle mesh , for which the treatment is RANC-like
in nature in that it “ recreates the world. ” The third method is always
in the code: either the fi rst or the second or both are in , at the user ’s
option.

The f i r s t  method , developed for BTL , uses pre-computed
phenomenology stored on tapes. Thus , the user must accept what is on
the t apes , al though he can override the f i rebal l  and can add debris ,

12
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beta ray s.  etc. An interface routine can fake some quantities if they

are not on the tape. Some advantages of pre-computed phenomenology

are that:

1. There is none of the delay that normally occurs between
the t ime of a new descri ption of phenomenology and the
t ime that the result s are modeled.

2. It is the most accurat e , in that it obviates the loss of
fidelity in modeling; thus it can be used to verify models
used for other purposes.

3. It is the fastest method , provided the tapes are indeed
available.

Some disadvantages of pre-coinputed phenom enology , which precluded

it being the only approach to descri bing heav e , are that:

1. It is non—interactive (i. e . ,  choices of burst conditions
must be made ahead of the battle and cannot be made during
the battle).

2. It limits the systems analyst to what is on the tapes.

3. It requires large storage.

The second method is described as on- line grid , in which

multi-one-dimensional Lagrangian hydrodynamics is used. It employs

I • 
a spherical earth_ centered coordinate system. The grid contains

j 10 - 10 ;~ 13 point s, corresponding to approximately 100 km Y 100 km

horizontal resolution and ~h vertical resolution, with ~h varying from

7 km at the bottom , 93-km altitude , to 100 km at 400-km altitude . The

mesh resolution is limited by storage and not by running t ime. A heave

calculation Consists of using the (explicit) Lagrangian hydrodynamics

plus Scheibe ’s chemist ry  modeling (which ceeds back energy to the

hydrodynamics) plus Stagat ’s striation moJeling [described in a BTL

report and in SC-73a ; also see KS-73 1. The Lagrangian hydrodynamics

is taken [part ly j from Sappenfield ’s version of RADFLO in spherica l

13
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e e o t u e t r v  ‘ I I I ’  l t i & l i t e i v t  r — v ’ ’ i l  ~~‘ U i ) L u I t t )  i t i t f i t i a l  t~~ i - s i t ’  I S  Li ~~) - d in

( l e s c r i h i r e ’  shocks .  I i t i i e  ~t i - p s  a n  \ - f l h t  i i  IJV t h e  ~~~~~ i h i s t e t i  of

t h e  C ‘a i m! I I  ‘ m i t t  t o n .  1 he Ii i t  ‘ l i i i  t i l l  i S  I N i - i l  t i t  t 1~~~ ( e l i  f l i (  V I S

a t ’ : t i f l s t  1 c i i t h ~ t~~ i t p i t 5 5 1 1 r ( . So t i l l !  t h e  t h r e e  t e l - m i ) - )  S at ;  ( 1 ,  i t o - ;t i l l —

c r t - I s ~~~. Th e re is no m i  n r ; t p i i e l i t v , vi ci ~oui d I i i  i - I t

I ‘N I)  a d v a r i t ec s ‘ i t  t h i  o t i — l m n e  e r t e  a c  tha t  ( 1 )  t h e r  i s  no n ì i i i b h i n e

q u i r d an d  12 ) i t  i~~ 1a~~l .  l i t  x i  t i p l , l o t -  a 3 d t m -  t o e  t e m i — f i r n e

pr b l e m ,  ( I l l ’  I t )  S i - i  i i i  C P U  l i t ;  
~~~ t i n - ( d C  ~i i ) 0  ( i i i  50 S i -  oil ( d C

or 130 ~~~ ‘ ‘ i i  ( l I (  (~4 0W is r e q u i r e d :  l h (  in - e k ( l , , a  is  ab ou t  3 sec

k r  ) i : i l r i d v n a n i i c s , I ~~ f o r  c h i e r u t s m r v , ~ S~~ f o r  sI n i a t I h t i s , an d

1 sec b i t  p! I t t  i t ig .  l ( i s u  l i t - a r e  sf t e d  at tv1 ‘~~ l i e S  t and t - - I~ -

w h e t ’  ~i I , . . . , 20 , 30 s e , th p - t i d ne ‘‘n t u e  t i I i l(  st  t he  last

hu t~ -t i ni  i rn i a t  i i  10 at it it  c i t e  i l t : t  ( i  - i me s  is ‘‘ I  en l i d  i i ’- in! e p i l a f  i i .

•-\ t l ac  is sw i t c h e t  s t e a d  of da ta  h i - u n ’  sw i t  ched in  st o r a g e  w h i - n  data

t t  a it .: t 2 l i e  obta i i ied .

l i f t  ti n rd 0 1 ) 1 1 1 1  d U S C S  \ \ h i t e ’~ l i e l \  C i i i  ‘ ( i t - i  ~V i i - 3 t  w h i c h i  is

( f ( i i  Si  - I V  i -d i  m i t t S  I I  l i l t P it i~~ 1 I i !  I I )  Ia ‘ I —  ( 1 1 t h  en s i l  i n t l  h v d i od v t mmi i  i (S-

~ cb ie ihe s c h e m i s t  i -v a m i d  t~t ; i v a t ’ s st t -~~t t  t o t i  models  a m  a g a i n  used .

!- l i t n i t i a t  h i  ‘ 1 t h i s  t h i r d  m e t h o d  w ould  lu  d e s i  m u l e  but is p r e v e n t ed hv

lack I I  ~t i - i  sc f i r  a I n r g e i -  on — lin e gr i d .

1.2. 5 N R I .  I l e a v c  \ lod i ’l

Su h s v q u o ’n t  t ’ t h e  t nil i~i1 seli  ( - t  t i m  ol he.t ’’e model i —  reported

in Se c t  ton  1 . 1 1 0 1  ia , d . A Ha tu l b i t d  Vt . ~~~. Ktia pp vi s t t e d  N~~ 1 ‘ I f l

5 :\ p i i l  1~l i  1 w h ( ’r c  I .  P. C i f ie~ d e t - c r i ) e i i  a nc -c l b  j t i ’  of h l e i v i  nt , 1 ( h l

l i i i fl , i i i ’ - , p ~ ( I by 1. 1 v t — d i l l  - t i i i  N RI  ~~_ l ’hi ~ n i l  de~ - h i s t i l  l i i )  I l ie

( I u t l ( r e t i l  i a l — q ; n m ’ I i a t t i  i i  t ( ( - h n i ( 1 ( i e  de~-e~ ih i d f i ~ f l e l ln t i n i t  a l .  l i K _ ~~2 l i l ,

ha d f l i t t i i h 1 J ) I e t l t  ( ‘flte ( l in  :i i l - t o — I f  i n-i ens i i  in :t I i ’  r - ~ i on and a t  s l o t  m i t t

wo rke ’  f u p i  ti i i i  ~J I V I I —  ( I i  n t e m t S t l  t i n  I V ( FS 1 1 1 t h .

14

____________________________________________ - _ ff ~~~~t:~~~~_~~ r T _ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~!ir ~~~~~~~~~~~~~~~~~~~~~~



Ott  22 A p r i l  1974 , t h e  (‘OR f o r  t h e  N e w _ ( I I d  ( l l \ v I i I j ) t I ; l t t t

P. H. I- i e n i i t t g ,  r equested  —~A I  to evaluat e f l i t s  l i i -  t t - i s i n g  ova- tu nic! ,

not t u e  t i n  - h i l l ’  V t  t i e , a ppe ;t I t o g  aspect s :

a .  The ease u t  poss ib le  u ’ezoni t iv to keej) d 1 l  n t t i , l n  i n  t h e
I nit t i e  space.

1 . The p I S S i b i l i t y  If a c l v a n c i t t e ,  each t o t - t i  e n !  a t r a v  w h e i e
d e s Lr e d  at  a rada r i - a t e , t h us e l i t v t u n a t i r t e  t h e  t i - i d I n
s t u i  t i n e ,  two a t  r ay s  at d i f f e r en t  t i  ines.

~
- . I h e  t ac t  that  ~i 1:icen1ent of t h e se  v e r t i c a l  :11 r ; t v s  can li e

a n h i t t - a  n t l v  set up  a i th  (p e t -h a p s )  nh n eed t i )  f l I a t t t ; t t t i
d e f i n i t e  sep a r a t i o n  d i s t a n c e s .

As a r c s t l t  . u i v er t h e  t iext s i x — n i , i ~ t h  p e l i l I d , T. P. C ’ i f t e v

ki t i d l v m a d e  a v a i l a b l e  t i  SAL a t eI - ies  l i t  e v I l i v i f l e ,  ‘~ e t ’s ions  I f  ti - i c N RL
nt — d i n i e n s i o n al heave model , i n c l u d i n g  l)( it h ( l eek s  I N  R L I I V  1, 13 \1:i~’

1974: N R I h l \ 2 ,  18 5Jun e 1974 : N R L H V 3 , 10 S ep t c t i i h e r  1974 : N R l l1~~4 ,
13 N o v e m ber 1974) and p r e l i n i i n a n v  m e m l ) t : ln d a  [G a—7 -h i , G a—7 4 f 1 ,

G P — 7 4  ati ( l a f i n a l report G P — 7 5  
~
. All v e r s i ’ i t t s  except  t h e  f i r s t  in-

cl u ded t h l  ~ RL 12—species  E— and F— r e s i l i t t  chen i  is ! t v  package ( t h e
N i( I~ SI NI PLI- code j A l —  73 J ) .  D u r i n g  the  perio d Ii ~ n i t  Ma v to  Octohe r

1974 , we exerc ised  these ci ides and made  t i n i i t i g  i - u r i s . u - v p  I t -t ed i n  th e
I) i O u  t it li lV ~) t o g  1( 5  s r ep o r t s  i I GRC

On 16 October 1974 , P. 13. Flent  i n g  request ed S-\ I I i  t u t o r —

p t a t  e t h e  N RL he ave  code i n t o  t h e  SAl h i g h — a l t i t u d e  g r i d  module  is an

a l t e r n a tiv e  f i t ; iv e  model .  We unde t -took  t h i s  addi t iona l t a s k  i t s  a pa tet lie !
e l t i t t  w h i l e  wi comp le ted  the  hi gh— a l t i t u d e  g r id  t l t I l ( l U i & ’  c - o t i t a i n i t i g  t h e

i i i n i e  ( ‘ u t h v i i t t t l  I t t a l  ( i t !  t e n l t l c e — e q u a t  ion t r e a t m e n t  it t h e  l a g r a t i g i a n  l iv -

c l i - I I ( l v n a l n i( s .  Also i n  O e t I I i I e u  1974 , N l ( l . w a s  r e l l u t s t ed  t i  i n co r p r : ~t i
a n  ;i i t ’  i i i t ; t t  i c  7,1 u t t e  ( ap a h i  l i t  v u n t o  t h0 m ci nh . w h o - h i  v a s  i n c lu d e d  in

t h e  t I t S i l l i l  N R L I I V 4  ( hi l t y l ed on 13 N o v e t u b o t 1974.

I r )
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1. 2. 6 Other Heave Models

Treatments of heave in WOE II and OPT IR are described in

SD-73b (Section 5) and MS- 73c (Chapter V) .

1 . 3  RE LATION OF HEAV E MODE L TO OTHER ROSCOE MOD E LS

The heave model will play a central role in the code. Tenta-

t iv elv , the heav e model (No. 15a ) will be affected by models for the

ambient atmosp here (No. 1), radiation transport and depositi on (No. 4),

possibly low-altitude fireball motion (No. 5a) for fireballs rising int o

the heave mesh , high altitude fireball motion (No. h a), and chemistry

(No. lib and 16). The models that are (t entatively) affected by the

heave model are those for radiation transp ort and deposition (No. 4),

high-altitude fireball properties (No. h a), high-altitude debris motion

(No. 12a and 12b), UV generation and deposition (No. 14), heav e (ion

motion , No. 15b), high-altitude chemistry (No. ib), and striations

(No. 17).

1.4  IN ITIA L SELECTION OF A HEAVE MODE L

In early 1974 it seemed that the consensus of the New Code

committee was that each existing heave m odel was far from ideal , but

that a model pattern ed after the HARC on- line grid model would hav e

the best chance of becom ing operational wit hin the allowed time and re-

sources. Accordingly , SAT initially put most of its heave-modeling

effort into a thorough review , revision , and extension of the HARC on-

line grid model for heave. Th is choice largely dictated the overall

structure of the high-altitude grid module.

16
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2. GEOMETRY OF THE HIGH-ALTITUDE GRID (HAG) MODULE

In computing the hy drodynamics  in a one-dimensional (geo-

centr ic)  spherical  coordinat e system , it is not necessary to specify the

lateral (or angu lar) extent of the ‘column. ’ However , in depositing the

enet -g~- for  an event , which is going to drive the hydrodynamics , it i s

necessary to deal with specifically located boundaries and absolute

amounts of area! densities and mass. Thus , it is necessary to describe

the coordinate systems used in the SAl HAG module.

2.1 QUADRUPOLE COORDINATE SYSTEM

Fi rst , however , we note that the HARC code used an array of

sterad ianal columns bounded by meridian planes in the geligraphi c north-

south direction and by conical surfaces (which intersect the Earth’s

su rface in parallels of latitude). The cells in a steradianal colum n were

bounded by (geocentric ) spherical surfaces. Thus , a HARC cell had

spherical  caps for top and bottom , plane surfaces for east and west

sides , and conical surfaces for  north and south sides. Determination

of the line segments of a ray path through such cells is extremely

complex.

We made a number of improvements and correct ions on the
HARC grid. Two major improvements are (1) replacem ent of the coni-

cal surfaces by another set of meridian planes , thereby using what we

have termed a quadrupole coordinate system (since there  are east and

west poles as well as north and south poles) and (2 ) r eplacement of the

fixed geographic north—south or ienta t ion by an a rbi t ra u-v o r ien ta t ion , S I P

that we speak of a r t i f ic ia l  (or quadrupole) north , south , ea st , and west

poles. The quadrupole coordinate system is illust rated in Fig. I .

17
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Fi g .  1. (~~ l I e i nt  r u e  C i l u m t t  in  Quadrupole Co rdinate  Sy s t e m .  QN and
QW a ri the  quad u -up s ile ni i t - t h  and quadrup ole  cves t  pu i le~ , and
0 iS th e  qu a drupo le  oil e , i n .  The quadrupu le  south at-id quadru—
pole east  pu des a re  not shown fl ) !  s in ip i t c i ty  The shaded
i e e , iu ~ti is a sp h e t i  c a l — s u r f a c e  c r l ) s s — s e c t t o n  th rough a eeo —
cent n c  co lumn.  The quadnipu le colati tude QCZ) and
qu adrupol e  east lon g i tude  (QLZ ) ‘ i t  the  Point  Z are  shown.
The i t t  g in need nut 1)0 at QCZ QLZ 90 ’.
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2. 2 GEOGRAPHIC AZIMU TH OF QUAI)RUPOLE SYSTEM

In pract ice , we have oriented the quadrupole coordi nate system
so that an a r t i f i c i a l  nor th—south  me i-idian will pass through the north
pole of the  magnet ic  di pole determined by the ambient  geomagnetic f ie ld
model Vol .  3 , LS-75J . This or ientation was selected because it was
ini t ial ly thought that such an or i entat ion would be convenient fo r  the  s t r i—
ations model (Model No. 17). Later development indicated there was
no need to have such an orientation. It can be easily changed: indeed ,

in the GRC version of the HAG module , the or ienta t ion has been made

completely a rb i t r a ry .

The azimuth (ALPHA) I ) f  the grid is set equal to the decl inat ion
angle (DECANG) of the magnetic di pole field at the g r i d  o r i g i n , obta ined
by calling Subroutine BFIE LD.

2.3 ESTABLISHMENT OF QUADRUPOLE COORDINATE SYSTEM
FOR ARBITRARY QUADRUPOLE COLATITUDE AND
QUADRU POLE EAST LONGITUDE OF GRID ORIGIN

Al thou gh  we have described how the geographic az imuth  of the
quadrupule coo rdinate system has been established , it r ema ins  to de-
scribe how the locations of the quadrupole-n orth and quadrupole-west
poles are established. To do this we note that the geograp hic  east
longitude (GLO ) and colatitude (GCO) of the grid origi n are set by

DRIVER reading Namelist SETUP 1. The quadrupole east longitude
(QLO) and colatitude (QCO ) of the grid origi n are also set , normal ly  to
90 deg but allowably in the range between 0 and 180 deg, bt’ DRIVER
reading Namelist SETUP1. These values of QLO and QCO , conv e rted
to radians and passed to Subroutine GRIDON through PARAMS Common,
are used to establish the arc lengt h (OQN) from the ori gin to the  north
pole in the quadrupole system , as i l lustrated in Fig. 2 and derived as
follows.
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F t  . 2. ( ‘‘r i o t i v  f u r  Dot e I’flI mi i i ng t he Lu cat 1 1) !)  l i t  t he Quad rup ile
N i ) t t h  (,? N ) and Quadrup l  i le  \Ve~ t (QW ) P i les.  I hi ’ quadrupole
( I i  l a t i tude  (QCO 1 a 0(1 east Ii mi t t a i-h 1Q10) I f t hu  quad 1up ’ ile
o u t  s u n (( ) 1 a u g i v e n .
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Fo u- sinipl i  ( i tv , assume

0 ~: QCO - - 180 , 0 QLO < 180’

I3v the law of cosines for  angles ,

(o s  X - - cos(QCO) cos(QLO) + sin(QCO) sin(QLO) (0-iS 90

= - (0S(QCO) cos(QLO)

By the law of s ines ,

sin(OQN) = sin (QCO) sin 90’/sin X

= s in(QC O)-  ( 1 - cos X )~

or

OQN = sin~~ [sin(QcO) - (1 - cos 2X)~]

If

QCO > 90

set

OQN =~~~- OQN

where OQN is the pr incipal  value of sin ~~ (sin OQN). Thus , the a i c

lengt h OQN is det e rmined and the quadrupole nort h pole (QN ) is located

wi th  respect to the quadrupole origi n O~

We now must establish (a) the geographic east longitude (GLQN)
of the  quadrupole north pole and (b) the  quadrupole east longitude (QLN )
of the geograp hic nort h pole. These relations are needed in conver t ing
the coordinates of an a rb i t r a ry  point from geograp hic to quadrupole
( 1 ) I ) i’di nates and vice versa.
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13V app ly ing  the law i l l  CoSines for  sides t I  the  t t ian gle  0 — Q N — N
in Fig . 3a or F i g .  3b , we have

( O S  IGCQN ) = ( I I S ( G C O )  ( i1s (Q QN ) sin(GCO) sin(OQN ) ( O S  ~(3

tvlie re

0 < GCQN < 180 °

but we wi l l  need

sin ( G CQN )  = [i - (~( 5 2 (GcQN )]~
By the  law of Sines ,

s in ~ = s iut ( OQN ) s in  (~~ / s in(GCQN )

or

sin ~
1 [sin(OQN ) sin~a - sin(GCQN) 1

F r ’  ur n F i g . 3a ( f ur  c~ > 0) we see that

GLQN GLO -i ~1 . x >  0

p u o v i d e d  the  angle  ~ is not cut by the  G r e e n w i c h  (G) ax is :  if it  is , then
G I QN V ‘a id exceed 27r and we would have to  subt i’act 27T f rom G I ON .
Fronui  F i g .  3b ( i o u -  ~ 0) we s(’e tha t

( I ~QN - GL0 -~~ , a < 0

p m t  t d o d t h e  a n n i e  ~ is n i t  cut hv t h e  Gi -eenwich I G )  a x i s ;  if it  i s , t h u
I ON a tu Id In a t e  t i  VI  and we WI iu id have t ( 1 add 2~ t I  I GI QN . Thus .

( 3 1 Q N  ts db - t e u u l t i n e d  i - x e i pt f o r  ti - i c e l t e l t  of an u t I ( i - i t a t t i t y  i t t  f i t e  p t ~~~I i ) I 1

(RI ! h i  i i  I o n  ~~~.

10 ( h t o t t t i i t i o t he  ( f u a d l a n t  t ’ I i  
~~~~ 

a~~’ f i t s !  rou s t — l u _ i- t h e  ( I l t t s e —

(
~u en ( t of 1~ 

equa l l ing  90~ , i . e ., ht - -app lt - t ng t h e  law of c u i S i n e s  fo r  sides

t o  t he  t m u a n g l e  ( .) — Q N — N  in F i g .  3a or  F i g .  3h , ‘t v h a v e

—_ 
u ...~~ ~~~~ 
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F ig .  9 i .  ( ; i - , i t r t  1 s u i - l  d i r  a —
~~ 

0) in  l ) e u i v u t u g  Geograph ic  East  Longitude
( G I Q \ )  ‘ i f  Quadrup o le  N o r t h  P u i l e  ( QN)  and Quadi-upo ie F as t
I i u i s r t  ude Q I N )  if Geographic  Nor th  Pole (N ) . G is Greenwi cli .

I
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G LQN ~~~~~~~~~~~~~~~~~~~~~~~ ~
— G LO

F i g .  3b. Geumet nt Used I f i ) n  0 — 0) in I ) en iv ing  Geographic East Longitude
(GLQN ) of Quadrupole  N orth P1)10 (QN ) and Quadnupole Ea s t
Long itude (QLN) of Geograp hic North Pole (N ) .  G is G n e e n w u  ch.
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ros(OQN ) ci is (GCO ) c i is( G C ’QN ) - s t n u G ( ’ O )  n— a t i ( ( CQ\ ) ros ,~

( ( i S( O QN ) - (OS ( G CO ) C iIS ( G CQ N )

Fi - u im F ig .  3a , n 3b we see that  if OQN ( )QN 
~~~~

, t hen  ~~ 90 . I I ’  ‘ ‘V-

et - en , the  computer  wi l l  i-eturn ot iv t h e  p r in c ipa l t a  lue (~ ¶)( 1 ) ‘ i t
1 p

s in  ( sin ~f l .  Thus ,  if ~ -~~ 90 , \ V ( wan t  
~~ 

— 

~~~~~~

. T i n t s , t h e  f i t i l
f u i r - m u l ~t s for  GLQN are

--

GLQN = GLO I , i-i -- 0. ~ 90

- = GLO ± (IT - ~~) , (~~ 0 , ~ — 90

to w h i c h  2IT is sui)t racted ii added if GLQN u s g r e a t e u -  t han  2IT or less
than zero , respectively .

Ti ) obtain  QLN we f i r s t  app ly the  law u i t  sines to t r iangle
0-QN-N in F i g .  3a i i i  3b to get

sin y -
~~ sin(GCO) sin  a s in(GCQN)

= sin~~
1 

~sin GC0 ) s in  x~ 
- s i u i ( G C QN )~

Frouii F i g .  3-i ( f u i u  a —, 0) we see that

QLN = QLO - - 21T for Q 
~~~ 0

and f rom 1- i g .  3h ( for  a < 0),

QLN = QLO ~ y fo r  0 < 0 -

Thus , QLN iS d et e r m i n e d  except for the  effect of an unce r t a in t y in t he
1)101)0 u (Iuad rant  t u u i  y
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To determ i ne the quadrant  for y ,  we ft  i— st consider the conse-
q u en t - i i t t  ~ e q u a l l t u t g  90 . u .  e. , by app ly i n g  the law of cosines for  sides

the  t i - i an g le  0—QN—N in Fig. 3a or Fig.  3b , we have

( i i s ( G C O )  cos(OQN ) cos(GCQN ) sin (OQN ) sin (GCQN ) (‘oS ~

cui s(GC0 ) 1~ (OS(OQN ) (O S(GCQN)

F i o n - i  Fig .  3a or Fig.  3b, we see that if GCO -
~~ 

(GCO ) R, then ~ 9 0 .

Thus , the f ina l  fo rmulas for  QLN are

QLN = QLO - y 2IT for  a ~ 0

if GCO < (GCO)
R

= QLO + y for  a < 0 3
—

~ 

QLN = QLO - (ir - -y )  + 2IT lot’ a ~ 0

if GCO > (GCO)R
= QLO + (~ - y )  for  a 0 3

where is the pr i nc ipal value of sin~~(sin y).

2.4 CONVERSION OF GEOGRAPHIC COORDINATES OF A POINT

j TO QUADRUPOLE COORD [NATES (SUBROUTINE GEOQUA )

The conversion from geographic coordinates (GCX , GLX ) of

an arb i t rary  point to quadrupole coordinates (QCX , QLX), applied to an

event-point X in Subroutine INDEX by a call to Subroutine GEOQUA , is

derived as follows.

From Fig. 4a (for E ~ 0) we see that

QLX = QLN - 21T I ) ’  , C - > 0

and fron t Fi g.  4b (for ~ < 0)

26
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

/  

GC\J\~~~~~~
N

/ ~~~
— QL

/ / ~~~~~

- 

\
\

/ ~~~~~ - 
I
a

l\

/QW 
~~~~~~~~~~~~~~~~~~~ 

XQN 

0 

\
\
\
\
\

/ 1~ /

LQN

F i g .  4 :i .  Geom et i v  Used ( fo r  ( 0) in I ) e n i v i n g  Convers ion s  B e t w e en
Geographic  (GCX , GLX ) and Quadrupo le (QCX. OLX)
Coo u d i n a t e s  ( if  Point X.

I
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GCQN ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

/QN~~~~~~~
N \\ /

/ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

/ /7.— QLX

/ 9~
//  

XQN

/ / I

,~~ 
/ XQW~~ ~~

QCX I

QW

G LQN~~~~~~~~~~~~~~~~~~~~~~~~~~ -G ID

Fig.  4b . Geomet u-y Used ( for  ~ < 0 )  in Der iv ing  Conversions Between
Geograp hic (GCX, GLX) and Quadrupole (QCX , QLX)
Coo i-dinates of Point X.

I
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QLX = Q L N - y  , E < O

From the law of cosines for sides applied to triangle X-QN-N in Fig. 4a
or Fig. 4b , we have

cos(XQN) = cos(GCX) cos(GCQN) 4 sin(GCX) sin(GCQN ) cos $

but we need

sin(XQN ) = [i - cos2 (XQN )~~

where

$ = G L Q N - GLX , c > 0

= GLX - GLQN , e < - 0

As can be seen from a polar- plot about the geogr ap hic nort h pole (N),
$ cannot exceed IT . Thus , if from one of these express ions $ is found
to exceed iT , we must repl ace $ by 21T - $. From the law of sines,

sin y = sin(GCX) sin $/sin(XQN)

or 
y = sin~

1 
[sin(GCX) sin $/sin(XQN)]

To determine the proper quadran t for y ,  we consider the con-
sequence of y equalling 90 ; i. e . ,  by applying the law of cosines for
sides to the triangle X-QN-N in Fig. 4a or Fig. 4b , -

cos (GCX)  = cos(XQN ) cos(GCQN ) + sin(XQN ) sin(GCQN ) cos y

cos(GCX)
R = cos(XQN ) cos(GCQN)

From Fig. 4a or Fig. 4b , we see that if GCX is gr eater than (GCX ) R ,
then j y l  is great er than 9 0 .  Thus , the formulas for QLX become

29

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _

p 
_



QLX ~~
- QLN - 21r + y f o r  e —  0

if GCX (GCX) R
= QLN - for € 

- -: 0 3
= QLN - 2ir (ir - y )  for ~~~~> 0 )

if GCX -> (GCX ) RQLN - (iT - 
~~~

) for  € < 0 3
tvhere is the principal value of sin~~(sin y).

It remains to establish formal  cr i ter ia  for  de t e rmin ing  the
sign  of angle . From the i)olar p lots in Fig.  5 , one can establish the

fu l l  iw ing c r i t e r i a :

Foi- GLQN > GLX ,

0 as GLQN - GLX IT

for  GLQN < GLX ,

( 
- 0 as GLX - GLQN IT

It us  a I s ’  useful  to consider the diagram in Fig. 6 which shows values

of ( as the parameter O GLQN - GLX va i- ies. For ô = 71 , the
ang le  ~ equals 0. For 6 = 0, I~ equals 11 if GCQN < GCX au-i d
‘y equals 0 if GCQN > GCX.

N ow we de t e rmine  QCX. F i rs t , from the laws of cosines Ii )r

sides applied t o  triangle X-QN-QW in Fig. 4a or 4b , we have

cos(XQW) = cos 90 cos(XQN ) sin 90 ’ sin(XQN ) cos(QLX)

= sin(XQN ) cos(QLX)

hut we need

2sin(XQW) - [i - cos (XQW)~

30
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( ; I Q N  — GLX

-

~~~~ 

\
i 

/ 

N 
N 

N N
• - 0 (~ I - X

/( G LQ “
~

—— GLX

F i g.  5. P l o -  Pi t s  Abo ut Ge- i g u a p h t i c  N i i i th  (N) E l l u s t u - a t i n g  I )ep endenc e
‘ ‘ I  t h (  ~-u gn I f  ~ t t u _ ’ i i ’  ( I t )  t h ~ R e la t ive  Pos i t i on s  ‘ i t  Qu a cirupole
N i t - t b ‘QN ) and t h e  P t i l t  X.
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- ~ 

i~~~ 0 

0 

( 0  

€~~~~~~ 0 

0 

~ ~

Fig. 6. Illustration (-if the Dependence of the Sign of the
Angle C on the Parameter 6 GLQN - GLX.

Front  the law of sines , we have

sin(QCX) = sin(XQN ) sin(QLX) / sin(XQW)

and

QCX = sin~
1 fsin(xQN ) sin(QLX) /sin(XQW )j

To determine the proper quadrant for QCX , we replace Point 0 by

Point X in Fig. 2 and note that QCX is less than 99 0 if XQN is less than
90 - and QCX is greater than 90 - if XQN is greater than 90 -

.

2. 5 CONVE RSIO N OF QUADRUPOLE COORDINATES OF A POIN T
TO GEOGRAPHIC COORD INATES (SUBROUTIN E QUAGEO )

The conversion from quadrupole coordinates (QCX , QLX ) of

the arbitrary Point X to geograp hic coordinates (GCX , GLX), applied

to the no rt h and west sides of the columns in Subroutine GRIDO N by a

call to Subroutine QUAGEO although it is not curren tly used , is derived
as follows.

By applying the law of cosines for angles to triangle X-QN-QW
in Fig. 4a or Fig. 4b, we have
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cos A - - cos(QCX) cos(QLX) + sin(QCX) sin(QLX) cos 90~

- cos(QCX) cos(QLX)

but we w i ll need
F 2 1~si n A  = [1 - COS A]

By the law of sines , we have

sin(XQN) = sin(QCX) sin 90~ / sin  A

= sin(QCX)/sin A

t i n

XQN - sin ~~ [siui Qcx) ’ sin

XQN is less than  90 if QCX us less than 90~ and is more than 90 if

QCX u s m ire  t han  90 . is may be seen from Fig. 2. From Fig. 4a (for

> 0) , we - -e *  tha t

~ QLX - 2 71 - QLN , € -> 0

and ft - i im F’i g. 4h t fo  1 ( - I ) )

y - QLN - QLX , 0

l i i  wev eu , fr -u rn  t he  pola r p h t s about quadrupole north in Fig. 7, we see
that  in r e t n i a l

V = 
i QLN QLX I

I i i

y - 2 I T -  I QLN - QLX I

if QLN - QLX I exceeds IT . By the law of cosines for  sides applied to

tr iangle X-QN-N in Fig. 4a and Fig. 4b , we hav e

cus (GCX ) cos(XQN ) cos(GCQN ) * sin(XQN ) sin(GCQN ) cos y ,

or  our des i ied  express ion for GCX,
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( i t s  ( I  u S ( X Q N ~ ( u s ( ( ; ( Q N )  s t n ( X Q N )  si n GCQN ( ‘O S 

~
j H

\ V t  w i l l  a l s u u  n i ed

s i n ( G ( ’ X )  = [1 
- ( i t s

There  is n i t  a 1)~ ’ u l u l e m  wi th  r esp ect  t o c~u a d n a n t  i d e n t i f i c a t i o n  1 ’ u i  GCX
s i n c e  t h u  ph V s  i m l  m a n g e  of GCX , 0 to IT , is the same as the  range  of the

p u i  nc i pal v i  lues 1 ci us 1 ( 1  )S (GCX)

To d e t e i n i i u i e  GLX , we f i r s t  app I~ t he  law of st ies to t r i a n g l e

X- QN -N in F i g .  4a Or Fig. 4b to get

s in  ,3 s in (XQN) sin ‘/ sin (GCX)

01

= sin~~ [sin(XQN ) s in  y ’ s i n ( G C X )j

T i  ( I t - t e l — mine  the proper quadrant f or  fi , WC consider the consequence

if ~ equalling 90~ , i. e. , by appl y ing the law of cosines for  sides t u u

t r i ang le  X-QN-N , we have

cos(XQN ) = cos(GCX) cos(GCQN ) + sin(GCX) sin(GCQN) cos ~3

cu s(XQN )
R 

= cos(GCX) cos(GCQN )

Thus, ~ is les s than 90~ if XQN is less than (XQN) R and $ is gr eate r

than 90 - if XQN is greater  than (XQN) R.

1- ina l l y ,  f r o m  Fig. 4a ( f u  i r  € - 0) and Fig. 4b ( f u ~ K 0) we

see that

~~~GLX = G LQN fo r  € ~ 0 , XQN < (XQN) R

GLX - GLQN ( IT - ~~~
) f o r  € ~ 0 , XQN (XQN ) 1~
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- .where  is the pr i nc ipa l  value of sin (sin $).

It remains to establish formal  c r i t e r ia  for  d e t e r m i n i n g  the  sign
of the angle t . From the polar p lots in Fig.  8, one can establish the

fol lowin g ci - i te r ia :

For QLN > QLX,

C - 0 as QLN - QLX -
- IT

for  QLN < QLX ,

K 0 as QLX - QLN -
-

It is also useful to consider the diagram in Fig. 9 which  shows values

of € as the pa rameter  p. - QLN — QLX var ies .  For I L  = ±77 , the ang le

0 equals 0. For - p. = 0, 0 equals IT if QCN < QCX and ii equals 0 if

QCN -
. QCX.

2.6  SPECIA L TRANSFORMATION PROBLEMS

If the quadrupole nort h is in close p r o x i m it y  to geographic
ni ) u t h , the t r ans fo rma t ion  of the colatitude of Point X from one (‘ ( ) r ’di —

nate sy s tem to the other’ is calculated in the usual manner .  Howeve r— ,
there  mat be an angula r disp lacement in the longitude of Point X between

the two coordinate st - s t ems .  This angu la r di sp lacement is the di f fe renc e

between GLO (geographic longitude of the  or ig in )  and QLO (quadrupo le

long itude if the o r i gin ) .  Thu s, in t r a n s f o r m i n g  I ua -i- i  the geographic t o

the  quadrup ole svst  ~‘m , the quadrupole longitude of I~u i  nt X is gi v en by

QLX (~LX - (GLO - QLO )

• in transforming from the quadnupole to the geogu-ap hi c sy s tem , the  g e i i —

graphic longitude of Point X is given by

GLX - QLX - (QL O - GLO )
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F i g .  ~~ . P i t t -  I~l u t ~ Abou t Qu a d rup i i l e  N orth  (QN ) I l l us t  r a t i n g
I ) i 1 i u o i i io i of th e  s ign of t h e  Angle C on th e  R e l a t i v e
I~’ s i t  I ons  ‘ i t  G i l  ig ra p h i c  N ort h (N ) and  the  Point X.
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1 

0 1J1 111i
F t  g. 9. Illust ration of t he  D e p e n d e u t m e  of the Si gu i ‘ u t  t h e

Angle € ii the Pa i - a u i t e t e r  p. QLN - QLX .

In ti - ic general  s i tua t ion ,  where  quadrupole nort h and geograp hic

nor th  a i’e sepa rated , th ere is one ca u t i on  to be noted. If the P u i n t  X

lies on t h e  great  c i rc le  pass ing ti -i roug h both quadrupole no r th  and geo—

grap h i c  no r th , the 1)Oiilt may not be t r ans fo rmed  cor rec t ly  f rom to e

svs t eu i i  t u i  the  oti - icr without  a modif ica t ion  of the code .

2.7 QUADRUPOLE COORDINATES OF TOP-LEFT CORNER
OF GRID

The quadrupole east longitude (QLMIN ) and colatitude (QCMIN)

of the top—le f t  corner of the grid (see Fig. 10) are computed f rom

QLMIN = QLEI3OT 0. 5 ’  DELY

QCMIN = QCSBO i ± 0. 5 - DELX

where

QLE BOT -
~ QLO - NYQW ‘ - DEL Y

QSCBOT = QCO - NXQN ‘— 1)ELX

and NYQW and NXQN are th u  number  i i f co lumns  to quadrupo le west and

nort h , respectively ,  ii i  ti -ic gr id i i i  gin and DE LX and I)E LY a u’e t i - i c

angula u w i d t h s  tI t t e  coluui u us in  the qu adrupole  X—di rection and

Y — t h i  i i  ( t  ion , respectively. The q i t a i t t i t i e s  NXQN , NYQW , I)E LX , and

38
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I)ELY are set liv DRIVE R reading Namel is t  SETUP 1 and passed to
GR IDON through  PA RAMS Common.

2.8 COORDINATES OF THE NORTH AND WE ST SIDES OF THE
COLUMNS

2. 8. 1 ~~iadrupole Coord inates

The quadrupole coo rdinates , east longitude (QL(J)) and colati-

t l Jd e  (Q C( I )) ,  of the west and north sides of Column (I , J) are computed
f rom

QC( I ) = QCM IN + DELX (I - 1) , I = 1 , NCELX

QL(J) QLMIN + DELY - . (J - 1) , .J = 1, NCE LY

where I and .J are the column indices in the quadrupole X-direction and

Y-direct ion , respectively , and NCELX and NCELY are the total number

of columns in the quadrupole XL and Y-directions , set in DRIVER and

passed to GRIDON through PRPREG Common. The sines and cosines

u t f  both QC(I) and QL(J) (SNQC(I), CSQC(I), SNQL(J), and CSQL(J)) are

also computed.

2. 8. 2 Geograp hic Coordinates

DO-loop 32 in GRIDO N , developed as a possibly-needed capa-

bility to convert column coordinates from the quadrupole coordinate

syst em (QC(I),  QL(J)) to the geographic coordinat e system (GC(I , J),

GL (I , J ) )  is currently bypassed. The transformation is derived in Sec-

ti on 2. 5.
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2.9  QUADRUPOLE COORDINATES OF SOUTH AND EAST SIDES
OF THE COLUMNS

The quadrupole coordi nates , east longitude (QLE (J)) and colat i-
tude (QCS(I)) , of the east and south sides of the Column (I , J) are com-
puted f rom

QCS(I) = QCS( I - 1) + 2 -. [QCU) - QCS (I - 1) j  I = 1, NCELX

QLE(J) = QLE(J - 1) + 2 -‘ [QL(J) - QLE (J - 1) 1 J = 1, NCELY

where

QCS(0) = QCSBOT

QLE(0) = QLEBOT

The sines and cosines of both QCS(I) and QLE(J) (SNQCS(I), CSQCS(I),

SNQLE (J), and CSQLE (J)) are also computed.

2. 10 SOLID ANGLE OF COLUMN IN QUADRUPOLE
COORDINATE SYSTEM

2. 10. 1 Background

Whereas the actu al solid angle subtended by a column of cells
is not needed for computing the hydrodynamics per se , there are at
least two requirem ent s for such informa tion:

a. The actua l mass in a cell is needed to comput e the specific
energy (erg /g) deposited by heavy particles from the loss-
cone and ion-leak sources [Vol. 5 , HS- 7 5b 1, and

b. The mass of the event cell is required to corn j ’ re the total
energy put into the event cell with the total er~~rgv of the
event .
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i i ) . 2 l ) e r i v a t i o n

The elem ent of a rca on a sphe me fo rmed  by the  quadu ’up ol e

plan l ’s  ((i , Ct do , 
~~~
, p d O ) , as S h u u t w O  in  F i g .  11 , us  a par~ i 1i I u t g r : u  t i n

w i th  ~ i du ~~ m’do am i d  u d ,i and w i t h  a cu t e  ang le  O , given by

b -=- 1 T - A

wh e r e  ~ u s  g u t t u t  by the  law of cosines as

c - i s  A = - r i i s  Ct ( i S  $ + s in  a s in  $ ( 1 t 5  900

= — cos (~~ ( i t s

li e u -ic e ,

( ‘u S 6  = cos (IT - A)  - (‘i t S  A = (‘Os a cos $

si n ö = (1 - cos 2 O) = (1 - Cos 2a cos 20)

Thus , the solid angle for  quadnupole  angles a1, a2, 
~~ ~2 ~

a 2. $
~
, 

~~~ 
= 
f

~ 2f
$2 ( 1 - cos 2a cos2$)~ da d$

Since the f i r s t  integrat ion leads to elliptic integrals (of the second kind),
- 

i 
we have resorted to the following approximation , the validity of which

can be checked by numerical integrations , if necessary: Since

a IT/2 , we know cos2a cos 2
$ -

~~~ 
1; hence

I’
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7~~~~~~~ 

~~~~~~~\
\
\

c = 90~

= r~ da d$ sin 6
QW

Fig. 11. Geometry Used in Computing Solid Angle of Column in
Quadrupole Coordinates.

43

_______________ - .——-—.— __--- - 
- — 

_ 
. 
-

S.



I

1

~ 
(
~ 

_
~~ cos2a cos2~) da d$

= (a
2 

- a 1) 
~~~ 

- - 
~~~ (a 2 - a 1 + sin a2 cos a2

- Sin COS a~ ) 
~~2 

- 

~1 + ~~~ ~2 COS 
~2 

- 
~~~~~~~ 

~ 1 ~~~

= (a 2 
- a

1
)( $

2 
- 

~~~~~~~ 

- a~ ÷~~ (sin 2a2 
- sin 2a1)]

• 
~~ 

- + ~~(sin 2$2 
- sin 2$i )1

The solid angle of each column is computed and stored as a
one-dimensiona l array , STR(NN), in PAHAM S Common.

2.11 CELL BOUNDARIES (FOR SAIHYD )

The bottom boundary of the grid (HA BOT), set by DRI VE R
reading Namelist  SETUP 1 , is passed to GRIDON through PARAMS Com-
mon. The ( in i t ia l )  bottom boundary of Cell K is computed front

I I B ( K)  = 11130(K) = HB O(K - 1) + DELHA (K - 1) , K = 2 , I(MAX

‘u , he r (~‘

HBO( 1) = HABO T

1~~1AX~~~ N C E L Z u 1

DELHA(K) ,  the initial height of Cell K , is set by DRIVER reading Name-
list  SETUP1 and passed to GRIDON through PA RAMS Common. NCELZ ,
the total  number of cells in a column , is set by DRIVER reading Name-
list  SETUPI and passed to GRIDO N through PRPREG Common.
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The geocentric radius of the bottom boundary of Cell K is com-

put ed f rom

R(K) = RE + HB( K)

2 . 1 2  STER ADIANAL VOLUME OF CELL (FOR SAIHYD)

The steradiana l volume of Cell (K - 1) is computed from

VOL (K - 1) = -~[R(K fl 3 
- [R (K -

2. 13 CELL-CENTER ALTITUD ES (FOR SAIHYD)

The altitude of each cell center , including a fictitious cell-

center abov e the top boundary , is computed front

HC(K - 1) = 0. 5 - ’ [HB(K - 1) + HB(K) I , K = 2 , KMAX

HC(KMAX) = 0. 5 ~ [3 > HB(KMAX) - HB (NCELZ) 1
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3. SAI1I YD (DIFFERENCE-EQUATION FORM o F
LAGHANGIA N HYI)RO D YNAMICS)

3 . 1  INITIALIZATION OF LAGHANGIA N CELLS IN A C O L U M N
UNI )E R AMBIENT CONDITION S

The in i t ia l iza t ion  of the Lagrangian cells in a column is sO i’ted
by a call f r ou n Subroutine GRIDON to  Subrout ine ATMO~ G.

3. 1. 1 Veloc i t y

The velocity of the botton-i boundary of each Cell K , V l~ L( K ) ,

is set to zero:

VEL ( K)  0 , K 1, KMAX

3.1.2 V i s c u t u s  Pressure

The viscous pressure u - i f each Cell K , Q(K), is set to  zero:

Q(K) = 0 , K : 
~~, NCELZ

3 . 1 . 3  Mass

The mass per ste radian of Cell K is fouu d by a call to Suhrou—

t i n e  SRMASS wh i ch  uses the Weddle Rule to in te gu ’a t e  the func t ion  pR 2

between the lower and upper geocentr ic  radii  R(K) and R (K -u- 1) fo r

Cell K , i.e. ,

CE L M ( K )  = (0 .3/ 6 ) [R ( K  + 1 ) -  R(K) I~~~~ p. R~ W 1

w h e r e  W. = 1, 5, 1, 6 , 1, ~~, 1. The mass density p~ is found at each

of th e seven evenly—spaced geocentric radii R
~ 
by (‘ails f r o m  ~u i )r out ine
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SitMASS to Sub rout ine  AT N-lO StJ .  The mass  ( if  f i c t it i o u s  Cell IQvIAX ,
C}- L\1( KNIA X ) , is a m  b i t ra i’i lv set equa l to CE I M (NC ELZ ).

The s i t —  called i)ounda i’ V mass is computed as the  nt ía  n u if the
u ad ja  cen t ( ‘eli un asses , i . e.

I~ I ) Y M ( K  1) - - 0 . 5 -  I c I- :L N I K )  + CE L M ( K  -u 1)~ , K = 1 , NCELZ

3. 1.4 P r e s s u r e  -

T 1e pu — essure  in Cell K is computed fn on  the  hyd rostat ic  fo rm

( u l  the  momentum equation so as to s tabi l ize the column of cells under

ambient condi t ions .  (This procedure is patteru -ied af ter  that in ti -i c NI RC
HA RC code.)  We star t  wi th  the ambient pressure (PAMB) at the

f i c t i t i o u s — c e l l  center above the top boundary ,  obtained liv a call to

ATM OSU at alt i tu de H C ( I~ vIAX),  and work downward , us ing the expres s i on

P ( K  - 1) = P ( K)  + G [R(K) j - BDYM(K) /LR(K) 1
2

where  G L R ( K ( I  us  ti - i c accelerat ion due to gravity at geocentric radius
R ( K) ,

GI R ( K) 1 GHAVZ v -RE IR C ( K ) 1 - 2

and GHAVZ , the value of G at the E a r t h ’ s surface , is set in Block Data

BLOCKI-1 and passed to AT\IOSG th rough  CNSTNT Cti mn -ion.

3. 1. 5 Density

The mass  density of Cell K , RI- 1O( K), i5 computed f m — u r n

RHO K) C EI ~~fl K) /VOL( K )
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3. 1 . 6  In te rna l Energy

The spec i f i c  internal eneu -gv of Cell K , F PS (K ),  us computed

f m ’ i t i t  the equat ion of state.

E P S(K)  P( K ) - [RHO(K) :- GAM 1I

where  GA M 1 = - 1 an d is set to be 0. 5 in Block Data BLOCKI I and

passed I i i  ATNI OSG throu gh CNSTNT Common.

3. 1.7 Species I)ensities and Other Chemistry Quantities

Species densities and other chemistry  quant i t ies  are not re-

qu i red fo r  the  hy drodynamics  but they a re  required for  the  c h e m i s t ry .

in  genera l , these quant i t ies  are determined in Subroutine ATMOSG at

the  beginning of a loop over the cells in a column by three  calls to Sub-

m ’outines ATM OSU (2 , HCI~ V 1),  IONOSU (2 , HCI~~’I) , and SPCMIN (2 , HCKM ) ,
where  HCKM is the altitude (in kilometers) of the cell center. We list

in Table I ti -ic chemistry quantities and how they are ini tia l ized:  th i s

tab le  applies t u t  NRLHYD as well as SAIHYD .

3 . 2  CONTROL ROUTINE FOR ADVANCING THE HYDRO DYNAMICS
(SUBROUTINE HYDROG )

Subroutine HYD ROG , the routine cont rolling the subroutines

doing the actual advancement of the hydrodynamics , perf orms the fol-

lowing functions.

a. Establishes the proper headings for the two sets of t ime-

slot data by t e s t ing  on the value of the param eter ( [DREG)
fo r  the number u d  hydro and chemistr y up dates. I DREG ,
i n i t i a l l y  set and updated in DRWER , is passed th rough
1~RPR E G Common.

h. Cont iols  the looping over all the colu nm ns in the grid
w h i l e  the hydrod ynamics is being done.
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Table I . m i t  ia Ii  z at  ii  in i t  Chemis t  i- v Quan t i t i e s  f o r
S A I I I Y I )  and N R L I - IYD.

Index Ni
in I- ml u a n  I n i t i a l

13 U F L - N I )  Qua nI i t  \ V i i’  j ab  h - Value Basis

3 T~, I X  Formula  a

4 [e~ E N 1- , FF E  - F 1
~ C

I N ( 4 5) i  EN4S SNI( 7)  >- F d

8 [N ( 2 D ) I  EN2D 1.0 e

9 [01 SN I (3 )  SN I (3 )  ~ F f

10 N
2J SNI i1 ) SNI(1)’ F f

11 [02 ] SN I ( 2)  SNI (2)  -~ F

12 INO I ENO SNPi- 1)~ - F d

13 [N ’
I ENP  1.0 e

14 [0] OP EFOP - F c

17 T • TN2V I B TX gN 2v ib

18 [C0 2 ] SN I ( 6)  SNI ( 6)  ~~‘ F f

20 Q 1 F F Q  EFQ c

22 [l Ie ]  SNI(5) SNI ( 5)  F f

h [Nl ~~] AMOLP M ax ( 1.  e-N ’ -O t )

‘~~i m t u t r  I t u m u L t  mm ~ n u ) u r - u t m u u  ION OSU t i . 1 4 t ~ but  w u t h  ~t i - i - u u u u m t  if
t i u , n m~~t~ i ,‘ - t  ; -  r i e s .

1-~F , kru ~~~n \Cl in code. is ~h i  f act or  requured to u r n n a l t z e  t h e  ~p c c t u - -~ dens~—
~~~~~~ -_ 5i i fl u t  t h i  n — u a i  if t h u - t m —  ru~os  d u n ’~i t i i - ~ wi l l  i q n i ; t l  t h e  mass u l i - i i - i i v  c 1 iu11 p u ~ t~ )
f t  I t  l . i g t - i n n i~t m t  cel l  s ee  •—~ -u - t i u i m i  3. 1.5 )  fo t -  s A I I I Y D  ii -  f r  the I - an ~t - i n c t a n  p i n t
( — ~~ - ~ u - i -0 fl , 1 , 4 )  Ht -  N R L I I Y I ) ,

H t N O S i ~ t h u - )  !( gco! l’ ( ‘ i f l i t l i i ) f l .
d i r  u t  i t t i - ~~~~~~~

( ‘V  !~~~ t h u  ‘ u n h  A I \ 1 (  ) T P Co u im u n on
* A m u t t  t : t  I - - ,-

i i - ~ t - i~ \ \l u :- U thr ou~ h ATM Ot  P Common-
t~1N 2 V l I i  i :~ lu - i  ~t i n h m * m i t  i - i i i ’ i ’ - : u h * r i  ni u de!_

a t ’  t u l  q u a n t i t y  f - r f l i t - u  - - \ I I i Y ! u  ( i ~~ N U I I I Y I 1  hu t  is  i - i m n n p u m t -d f o r
m n f ~ i-rn ‘ i - -

- (  h. r n - n -  ~, r - ’
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C . E f l O t ’ tS  0*’ I i  : i u i ’ — t e r  of t he  NC OL ccli q u a n t i t i e s  l i i i ’  t he
c u t l u t u n  if j i l t  t u u s t  f u ’ om la t -ge r u t — c ni em u i r y  ( I CN-1 ) to  sma l l
t o r t ’ u u ( ’ u u ( u r \  SCM) .  This  t i - a n s h - u ’  is d u u n ’  l i v  a cal l  f i t
S i d i m  - i t  Inc  i - C I U ) ( 1 3U  I’ , RV I ,  NCO I~), w h e t - u -  IWI = N N — 1 )
• N ( ’O l .  N T I M I - : 1 , s i  th at  N COL q u a n t i t i e s  st au ’ t in g  at
i n d u ’~ ~W I i n L CNI a t e  t x a m u — l e r t t ’ u l  t u  t h e  I3l I-~ a u u - a v  il - i

(I . I n i t i : i 1 i v e r — ~ the ~a r i a b l e s  in  ( ‘ I - LLLS Common  and lIE IC iT
(‘ o u r u m o n  l u o t u  i l l ’ ( ‘ai l in g  S i t ) u i - o u u t j n e  HYDRO1. These var i -
ables lo u ’  Cell  K (K = 1. N CI -~LZ )  u - I ’ :

I I C u  K) :- f lU I-~ LOC 1) Cel1— - eut t e ~’ a l t i tude
l t i I O ( K t  — I3U F (L OC u- 2 )  M a s s  d e u l s i t v

v i -; i K 1) I3UF(LOC + 6) Uppe r—bounda ry ye locit ~
l > N )  BUF(L OC 15) Pu -essure
Q( K ) = BE I - ( 1 O C  + 16) A r t i f i c i a l  v i s c o u s

p~’es~~u ’ e
11130) K 1) = BUF (LOC + 21) Top—boundar y  a l t i t ude  in

~t n h i ) i  cu lt atmosp here
R (K I )  — 11(K) 2 - - [RE H C(K)  — R ( K ) j  Geocen t i i c  rad ius  of top

l)ouuula m - v
- BUF(LOC - 15) , - - -E P S i K )  _ 

BUF(LOC -f 2) - - - GAM 1 Spec i f i c  i n t e r n a l ener g\-

V OL(K)  = 

~
[ R(K + - [R(K) ~~ 3 St em — adi at m l vo 1um e

C E L M ( K )  = R1-10(K) >
~ VOL ( K )  Cell  mass

CI- 1~M ( i~vIAX) CE LNI (NC I - LZ) Mass of f i c t i t i ous  tol) (‘eli
P KNI AX / — PI~~1AX(N N ) Press u i e  in f i c t i t i o u s

top cell
I3I ) Y\1  (K +- 1) = 0.5v [C E LM ( K) CE L M (K - t -  l ) [  Upper bOU fl ( ia u v  m ass

e. Calls Subroutine I IYD RO I ( TIME , TSTOP , I EXPLD ) to ad-
V a n ( - e  the  hy d i -odvn amic s  in a colu m -in - i f ron t  the sta it  t i m e
(TIME ) to the stop t i m e  (TSTOP). A value of om-i e f - i ’
IEXPLD , set in DRIVER and passed to HYDRO G as a call ing
argument , denotes that  an event has jus t  occurred and a

~-a lue of zero denotes that an event has not j u st  occu i - i— ed.
A va lu e of one for  t h i s  f lag is used in Sub routine DELTIM

• to set a sm al l  value f o r  the fi rst t ime step. This f lag was
used in developm ent and may no longer i - ic n ece s s a ry .
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t .  1. ( h e c k —  ~v h e t h -i - o r  not Co l u m n  N N  i t ’ e d n  t o  bc
i)a su ( 1 on t h e  va l u e  t i f  I l i t  -~~~ t i( ’(~nt I I  (‘ t ’ ad ius  it t h e  I u i p t n u  si
I u ) U n d a i ’ y  r e l a t i t t ’  t i  t h ~ u - u ’ i t e u i o n  u ’adiu s  ltMi\ X , an d s - f s
t hu m e / l u l l  f l : *g  IRI - Z~N N )  if  t e q u i u * d _  IRI ’~/ ( N ~~) is in c u t - —
mented by one if  u - t z u w i t lg is i ’equi i t ’ l l  f u i m -  ( ‘ o lutu n ~~~~~~~~ t h u s
n u a k t t i n  i t s  v a l u e  odd. A t t u r r u /u tn us  p e r t  u i -med in ~—~ t h —

rou t ine  RE ’/ O N I - , l i : i s i ’ d  o t t  I l t i - ; V I N N )  b e i n g  u i d d , I i t I - ,/ ~~~’~)
i s t h e n  i n c r e n i e u i t t - d  lu u t n e  in  S u b r ou t i n e  RE ’/ Y’~i- , t t i u n
n a  k i n g  i t  va t u t ’  u - v e i l .  The n u mb e r  of i— ezones a l m — e a d v
p e l ’ fu ) r t - i l e d  u u m  C o l u m n  N N  can U t  t ound by d i v i d i m u ~ ll {I - / ~ ”~~ )
by t \v

I .  2. P - i — i t - i t s ~ t m essage , if  a t o / t i e  i s requ i t e d , s t a t u n p  t h e  m e—
;one n u m b e m -  and  t h u  a s s o c i a t e d  t i m e .

g. Out put  5 1 l i i ’  f u l l  w i n g  h v u h  i’ i dy na un c q u a n t i t i e s  f u i ’  ( lum n
NN at t i m - i - i c  TS 1’( ) I ~ :

1. Cell  index
2. Ct 11— c en t e r  a l t i t u d e
3. C l i  mass ( I eu l s i t V
4 ,  ( i l— cen t e r  \‘(4u u( ’ t~ y

T.  (‘e l i  — p i c i f i c  i n t e r n a l e t i e t - ~~ ’
~~~. ( elI p i u s s u  r

7. Cell a u t i f i c i a l  v i s c o u s  pm ’ essura-

h . P r i n t s  t h u  q u a n t i t i e s  i - ; i’’i , i - I ,  a nd I-~I ) h 1 . L  f t - o n  t he  u - I l i - I ’ g v
che ck , computed  in Su l u r i  tu t  inc  E N E C I I  K af t  ci’ h t ’j  ng called
liv  I lYDP~ ) I a 1-id passed t h i - u i u g h  E \ E R G Y  (‘i u m m u ) n .

l p L r t u - s  t he  B U F  a x - r a y .  (Compare  St ep  d :t b ive )

l -~t t ~~ t~ t h u  t i — a u n t  t - t ’ ’ t t  t h e  NCO I cell q u a n t i t i e s  f o m t i - ic
u - t l u t ’u t n  i i u t e r i ’ — )  f i u t u r u  SCM t o  L ( ” -.l lu a u - a l l  t o  1- m i t i - - ,

P c u t  I -~C W I t ( i 3 1 ’ l - ’ , I W I , N CO L )  in S u b r o u t i n e  l- CRI) .

k . S u t ~ and  p r i n t s  the  v : hues i i !  th u. ’ a l t i t u d e s  and v e l u i t ’ i t i e s  t u t
he I i  u u i u — d e p e n d t nt even t  —p i t i n t s by ca l l i l l r ~ Su b u - ou t i n e

TI \1  VA it .

c — I
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3 . 3  i1YI )R ()I ) I”~A\ 1 IC’S 1- Q1 ~-\ I I ONS -\ N l )  ‘l IM E STE P
(St - l~RO t ~I ’I N 1-~ 5 11 Vi )W ) l  A N 1) 1) 1-; L I ’ INI

In ~.-\I I l ~ I ) , t h e  b a s ic  h V ( hm’ u ) ( lv tu u u i ( ’ S  IS computed in Sub i— ou tune

1IYI )R O l , -
-~ inch u d v a t n u ’ s  t h e  h y d u i d y u ~~u i u t c s  in  a g e t i C e f l t r i ( ’  s t e u a d i a n a i

u ’ i lumn u if u - u u s  by s i  lvi t i g  t h e  u n e — d i m n u u i s u  I t ia I Lagi ’a ngi an hvd r od v nam - i i  —

~~ ~‘‘iua t I ’ l l - i s  i n  a g e u u c e n t  H e  r~p I t u - r i e a l (- ui u t - d i n a t e  sy stem . The d i t t u t —

encu equa t ions  and th e t  r s e q u u m l ( - t ’ i t  su d u t i u i n  a re  p at terned g et - i e - i - a l l~-

a f t e r  C h u s e  used liv I) . Sappcnfie ld  in  his vers ion  of RADFLO [MR C— R—

1~7 ( g e n e r a l l y  u n a v a i l a b l e )  and c t i m p u t e i —  l i s t i ng  k ind l y  p i— ovuded t in

18 A pi’ i 1 1974 t i  I) . A.  11am li t - i  oH gu na l I~’ developed by •J . Z inn Z t — 73a

u t  Lt us A l a m u  us S c ie n t i f i c  L a b t i m ’ a t u t r v .  We elected t h i s  pi’ocedure in

p t u - tt - i ’ence  to using the Ni ItC HA RC—Cu ide pro ( ’edUi ’e wh i c h  had under i i  t oe

an t ubs (‘U m e  ev u u lut ion f r i  ) fll Sappenfi  e id’ s -

The changes we have made in Sa ppenf i eld ‘s procedu res inc lude

the l u l l  u w u n g :

a. I h e  equations a r e  solved fo r  flow in one steradian instead
of 4 ste r a d i a n s .

b. The ac e e le t — at  ion due U i  g i a v  i t v  is added.

c. The t i m e  step 1 ) I )  is dunte x -m ined , as in the \I RC HARC —
l u  u i - b .  by su dvi  ng the  White  s tabi l i ty  I -  u n d i t i o r i  fuo ’  I Fl
uns tu ai-l u t  couu i ) u t it u ~ the  \ V h i t e  nu m l ) e u ’  and c h an g i t i g  Di’
a(’c ( u r d i n g  t u t some pi’es( ’ i i l ) t i o m .

d. Thu total a r t i f i c i a l  \‘ i scou s pressu i c  is cuu ’rent  lv t a k e n  l u

b u t  a sum ( I f  C i t e  l inea r and quad u - a t i e  ~‘ i 5 ( u  h I S  P i-essu u’es ,
ca( ’h w e ig h t e d  by u - i - i  u it i ph ers  i - PSI and F PS2 ( i -cad l i v
I ) R I V  l- ;R in  N a t o  u - l i s t  s i - ; - i -u p i  and passed f t  HYDItO 1
t h r o u g h  h E IGHT ( u i l l t i l - i o I i ) ,  w h i  e i e ’ i s  S : ippe n f i e l d  uses u t ~ lv

• t h e  ii m i ca m I run . ~V t a t - u c u r r e n t l y  u s i n g  a ~a Inc ot 0. 5 I u r

bi t C h  -; PSI and I- P52 , hut t h i s  t o p i c  needs f l u m e  stud t ’ .
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In Sappenfield’s equa t i u)ns , t h e  v e I l  t c i t v  is not at ti n - i c  t as

i t i  n i a n v  ii ’  t i l l  st expl ic i t  ) as  o1 posed to i m p l i c i t )  Lagrang ian  h y du — u t

codes. but is at tinu e t , just as ai’e ti ’i e r a d i u s , ener gy ,  e t c .  In coin—n -

pu t in g  the  uuew ~‘ e lu  t ( i t y , Sappenfield uses ’an accelera t ion  whi ch  is so

( ‘hi t sen  tha t  the  sum of ti -ic kineti c’  and in te rna l  em-ic i-g i es s conserved to

r— c ( u  t u i d  o r d e m —  in the tun e ste1), as we u - it  uw den-i onst i— ate.

1’ ui’  s impl i c i t y , we con sider two  cells in a o n e — d i m e n s i on a l

ca m’ t en iaui sy s t e m , i l lus t ra ted  in Fig.  12. Assume the  boundar ies  ai’e at

res t ,  i. e ., v i ‘3 = 0. At the  beginning  and end of a t i m e  step
(~~t t — t ) the  k ine t i c  eneu -g ie s , I~~ (I ) and 1~~ (t ), ar en~ 1 n n n i

in + m
KE(t ) = 

1 
2 

2) 
‘ 2 (t n H

2

i-n n-i

~~~
(t n i

) 

~
( 1 

2 2) [~‘ 2 ( t )  + A t ] 2

w h e r e  (u - i - i 1 
- m 2

) 2 is the  i)( iUfl ( la cv mass and C~ is t i e  a( ’( ’ele i’at i of l .

The i n c u — e a s e  in  k ine t ic  ene t -gv  , AKE , is

A K E = K E ( t  ) - K E ( t )n u l  n

u - i - i ‘ n-i
= 2 2) 12 v 2

( t )  ~ At (~ At ) 2]

= 
~ (m l ~ 

m 2) 
[v 2 (t~ ) ~ ~ At] 2a At

‘I he change i i i  i n t e r n a l  energy , A l E ,  is

AlE - ( 1) 1 A V 1 1) 2 AV 2 )
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I - i n . . 12,  T w u  Cu lls in  a One— !) in i ens iona l P l ; u m i u - --Ge t m i x t t  rv
1 a g t : i  ng ia n  11 vd i’ u Cu  u t t  -

—

wh et ’ e t h u  ( ‘h a l i g u -  in v o l u m e is

- 

~~~ 
A ~v 2 t 1) ~ ‘~~ At~ At

Thus  t b i t -  - H : u n g e  ifl  t l t t i u n a l u ’ l t t - I ’ g v  5

L II - ;  
~~~ 

1 9 
— I

‘~~ 

~ 
) At ( I i  - 1) i

)

~t t l ( l

- p 1)
A IKE mi1

2\

If ~v u -  W a nt  - SIb -  I u  eq~m u i  A K U , we nu t s )  uS ( ’  t f l  , 1 ( t ’ ( l  u t t u u t i l  a gi~ en by

t i - i l t i - i ) , )
-- ( 2

- — - — --_-.__ —-—— ._- ,•- — ----—---—- - - -,- -‘-- — — 4



w h i c h  is the  f o r m  of t i-ic acce le ra t ion  used by Sappenf i e ld .

The t i m e  step is n t i r i -n a l lv  de t e rmined  by c a l h i  m u g Subrout ine
I ) 1 -  L’1 INI  - I i e f u u u - e  ‘ de r iv ing ’ the expx ess ion  given in  DELTIM for DT ,

xe fi  m’s t r eca l l  ti -ic Courant  c o n d i t i o n  f o r  det e i— u n i n i n g  t i - ic s t a l) i l i ty  of the

d i f f u  u -o nce  equat ions  of h v d r u i d v n a  un i cs - The Cou x — ant condi t ion  [RM — (~7

P. 29 8] ,

c
DELR - ’DT -

v i i t re c is t he  sound speed and DELR is ti -ic cell wid th , s tates  I H i —  (5a

i hat ‘‘t he  t i m  u step must be smna l l  enough so that  a dis turbance t r ave l ing

at local soum d speed cannot t r a v e l  a fu l l  zone width  • u u t h e r w i s c  h y d r o —

(lvnam i c’ d i s tu  rbatices can escape eons i dci’at iou - i . ’ -

Geoi’~~e N.  Whi te .  - I r .  , ‘ u t  LASL has long used a genera l i za t ion

it t h e  C u-u m’ : u mi t  c i  t n d i t  ion f u u r  deterr i i  i f l ing ti -ic s tabi  l i t  v h f  I h i ’  d i f f e r e n c e

u ’ q u a t i u u u i s  u t  h v d u u u d v u u a m i u i c s .  H i s  method was  i nitiai l\ c l c i i v e d  c t n p i r i —

( ( l i v  t o t -  u s in e a r ly  I i  is A l am o s  codes and lat e m’ d e u - t v u ’ d  in  a n i e m u t u ’ a u i —

durn • ‘ l i t  i t  l i d “An A r n u  Iv sis  it  h i m g r a m t g i : t n  One— D i m e n s i o n a l Shock

f I \ — d u td ’ ,- u I a l l l u e  D u t t e m - e n c e  l ; ( I u a t i u u n  St ab i l i t y  by A ppl~c i t t u u i i  u t  Rout h ’ s
( ‘ t u t u - r t u  i n .

’ ’  l ’ : i l l ( l lV  p t u u v t d c d  by C. ( .  [)avis M) L A S ! .

Tb i s  nu c t - i - i t t  i— andu m lu ad been i t i  iv t ( i t  d t i It. D. Ri ch tm vet ’ , f t

RI rht  iii ~er u NT u i -t ot - i  [ RN-I — ( 7 ,  addendum tin  p. 3 a t )  I st a t  u I ha t  (i . N.

~~Y ! i ) i  ( ‘ u ) i i i t f l U l u i ( ’ : t f c ( I  an t x t e n s i v e l v — u u s c d  s t a h ~ t h t t ’ ,’ c u u n d i t i u u m i  t o t ’  t i i e  \ i s —

( ‘ i  u S i t  v u - i - i c )  h tu  id

2 ~V~~
’1 

-(~~~) - ia 2 
~~~~~ 

-
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k he re  we have  (- i u r  u— ectcd a ma i spr in t  in RM— 67 by w r i t i n g  ti -i c f ix — st  t e r n - i

a s t f u : t  t e d  q u a n t i ty  i n s t - ’ad u - i f  as a fl u— st—power  quan t i t y .  Here , a2 is

t h e  ( h i r u l e n s i o n l t ’ s s  ( t u e l t i c i e n t  i l - i  the  qu a dua t i c  fo rm of the a r t i f i c i a l
\‘ iS  ci us it\’ .

To show the expression we use for  the t ime  step, we start

wi th  the  expression

WN = ( 
~-~

) CS2 + 4 DDTSRV - DT ( 1)
D DE LR X (WS)

w h ere

WN the White number , set to be 0. 6 in Subroutine DE LTIM .

Di ’LR = RTOP - RBOT

WS = (RTOP + R B O T ) — 2

CS2 = alleged “sound-speed squared”

= 4. 166 P:p

DI)TSRV — rate of change in steradianal volume.

DDTSRV - DT = change in steradiana l volume.

DELR - ‘ (WS)2 = approxim at e steradiana l volume.

Equation (1) is simila r to Eq. (9) in G. N. White ’s memorandum : how-

ever , it d i f f e r s  in that (a) the details of computing the volume are

changed , ju st as RM-67 altered them , (b) the sound-speed squared has

the my sterious factor 4 . 166 , unrecogn ized by Sappenfield , Zinn , or

MRC personnel , and ( c )  White ’s a 2 has been set equal to 1. Equation ( 1)

is v e t - v  close to Sappenfield’ s expression for the White condition; it dif-

fers  in that (a) Sappen field ’s first  term is only one-half as large and

(b ) the details of the volume computation differ.
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Now , rewri te  Eq. (1 )  as

I DT \2 CS2 4 DDTSRV V DT1 = k DELR J 
-

~~~~~~~~~ 

+ 

~~~~~~~ DELR ‘ (WS) 2

and define

B = 2xDELR V DDTSRV/ [CS2 > (WS )2 ]

C = (DE LR) 2 W N C S2

so that

(DT)2 DT X 2B
1 =  C 

+ C

oi-

(DT) 2 
+ 2B DT - C = 0

i i i -

D T = - B + ~~~B
2
~~~C j

w h i c h  is the expression in Subroutine DELTIM for de t e rmin ing  the  t i m e
st Cl).

j Having the tin e step , we are now ready to advance tFi e hy dx’o

equations in t i m e ,  don e by looping over the cells in a column i u two

- t phases. In Phase 1, we conupute  the  total pressui’e in  each of t i c  cells

at t i m e  t by adding the real pre ssur e  and art i f ic ial V iScuj U s  p r e s su re

( f r o m  the previ ous  Phase 2). The i— ca l pressure is computed by usu t i g

a cons t an t—gamma equation u ) t state , wi th  the mass d e n s i ty  and specif ic
internal energy fx’oun th ( ’  p rev ious  Phase 2. Thus , the  t ot a l  pressure
i m i Cell K is

PTO’l’(K) = P 1 K)  Q (K ) K = 1. NC1-;L ’/. -
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Our a ss ign in em it  it the  bouncla m v —  condi t ion  pressure at I h - ic f i c t  i t i u us

(‘eli c e n t e r  aU uve  the top boUnda m - \ - is au -i ad hoc procedu cc that  u u i a v  need

iun p ia )V emcn t  . Curi’ eu - it  Iv .  th i s  constant p ressuie  (p r io r  l i i  a rezone )  us

t ak e n  to be the  a uu ’uh ien t  pressure at the i n i t i a l  a l t i t u d e t i C  t i - ie fi  H i t i ous

cell— cent em a hove the t op boundary;

PTOT (I~~1AX) PI~vlAXZ

where  I~I~ v1AXZ is de te rm ined  in Subroutine ATMOSG and passed to

I I YDRO 1 throu gh HE iGH T Common.

in Phase 2 , ti -ic d i f f e r e n c e  equations , app lied in sequent ia l  order

f , i  each c’cll bef ox -e i i i  t - i v i ng on to the next cell , y ield  values for  the  fol—

Ii wing quant i t ies:

a. \ lean accelerat ion u u f  boun dary du x — ing DT.

b. Radius of bounda i— y at t im n e t -
- n ’ l

c. Geocentric radius (and altitude) of cell bounda u v  at t i m e
t

i-i ~ 1
d. Thickness of cell at t in - i c t

i-i - 1
u .  V u ’  l oc i tv  of (‘eli bounda u -v at ti m e t- n -i- I
f.  Steradian a l volume of cell at t ime t n~ I
g.  Change in st eradianal volume of cell dur ing  DT.

h. Speci f ic  internal eri e rgv of cell at t i n t  e t- - t - i+ 1
Mass density of cell at t in - ic  t

- - n+ 1
j.  A r t i f i c i a l  vise ius p r essure  of cell at t i m e  I

- n . l

We let K = 1 denote the  lowest boundary and lowest cell , and

Ki K - 1. Then the equations are:

Acceleration:

ACC = {PTOT(K 1) - P T O T (K) :~ ~t~~LK)i
2 

~ DT~~~R (K ) ~ V E L ( K ) ~ - G [R (K ) ]
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~‘hic u - c

( ;(A ) - Gl~~ vZ - (ItL , A) 2

Radt  u s :

W K )  = 11(K) I V E L ( K )  + 0 . 5 -  ACC V I)T ] Di

~\ l t i t u ( 1e :

flu uunda i’v:

HB ( K) = R(K) - RE

Cell Cent er:

H C ( K l )  0. 5 ‘— [HB (K) HB(K1) I
Cell Th ickness :

DR — R ( K )  - RI K 1)

Vel u ( ’ u t y :

Vi L(K)  = V E L ( K )  + ACC X DT

Volume  of Cell KI :

V O L U M E  = 1R(K) 1
3 

- [R(K 1 j 3 3

~ u i l u n i u ( h a n t ~e of Cell KI in DT:

DVOL = V O L U M E  - V OL (Kl)

St u j ~ . V o l u m e  of Cell Ki:

VOL (KI) - VOLU MI ~

In t e i n a l  E n e r gy  of Cell Ki :

EPS(Kl) = EPS (Kl )  - 
PTO1 ( K1 )~~~DVOL
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Densi ty :

CELM(K1 )O(K1)  - 

~~OL K1

A r t i f i c i a l  Viscous  Pressure:

EPSI :- Qi EPS2~~~Q2 , DVOL -~~0
Q(Kl)

H , DVOL~~ 0

where  the l inea r  and quadra t ic  viscous pressures a x e

QI = - 11.67 :’ P T O T (K 1 ) s  R H O ( K 1) ] 2 Y 0 . 4 V D D D V

Q2 0.4 > RHO (K1)x (DDDV)2

I)DDV = DVOL :- DR [DT VOL(K1 ) ]

Real Pm-essure :

P(K1)  = GAM1 RHO(K 1 ) ‘ - EPS(K 1 )

3 . 4  ENERGY CHECK (SUBROUTINE E N E C H K )

Wi have provide d an encu’ gv ch eck  f u u u ’ t i ic SAIHYI) , to  be used

at l eas t  du u i  ng t he dcv elopnu ent st a~’u-s  i t t  the  u ide - Such a (‘heck is

n u a d i -  in ~ u i u u  u i i )  u : ~e 1- N E C i I K ,  I h i s  i’ u t u t i n e  is ( ‘aI ie ( l  t o  p e u t o u m  in c of

t ’ -,k u i  I p t — I ’ )  c ; i l e u l a t u u t n s ~ ( 1 )  i t t  ( ‘On pUt e t h e  l i l a !  enei gv ( E T Z )  in a

( - u u l u u i u t ,  r u n i . s i — t i n g  ui i n t e r n a l and k i l l - t i c  ( tueI ’ i~\ , i - c arded  :ts t h u  m ’ e l e u —

C f l ( € em - 
~~~l V C u t  Corn pa t ’ i  son p u t - p u  is es and  ( 2 1 ’  u ( ‘ornpute the  ( ‘Ui ’ t ent

t u u t a l  cue rgy ( i - I ) in  a i - u u lu t itn , i i  u u u s i  s t i ng  ‘ i t  n t i t  on1~’ I he ( ‘U t ’  u t - i t t  i u’t t t cmi i

and k i n e t i c  i - n e z - c i t ’ s  but a l s u t  t h e  t u i t t i  w i - i r k  don e  l iv  f t i e  c o l u m n  s i t - i cc  t b - u

t e t ( - u - l i n ( ’ e  u ’ n c u ’ g v  ( E l Y - ) was  last u’ ’ u m u i 1 i u u t t d  and up dated i n  S u i u u ’ t u t t u i u

C I I E N I ( ; )  by t h e  r e t u r n  ‘ i t  u ’ u 1 c u - g ~’ i t  ‘ u l l i  the  c h u ’ u i ~u s t r v  l u l t i t i t ’s . l i i i ’  ~I u t , t 1

I it

-‘ 
- 

~~~ 
-  ‘ -—- 
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W t u  i-k ( lu ine c- i in s i s t s  ( - i f  ( a )  w o r k  aga ins t  gu ’ a v i t y  and (U ) work  by the top

(‘eli a~a inst ti-ic downward—a ding backpressure. Aftei ET is computed ,

t h e  f r a c t i o n a l change in the total energy  (FDELE) i s computed ,

FDELE lET - E T Z ) - E T Z

The formulas used are, for  K = 1 , NCELZ :

In te rna l Enei’g’v:

El = ~~ [EPs(K)~ CELM(K)j
K

Kinetic Energy :

i - K  = 0 . 5 ’ — ~~ B D Y M ( K - 1 ) Y [ V E L ( K ~ 1)I 2

V~’ u u k  A ~a ins t  G i— avity :

EG = GZRE Y.  “ ~~~CEL\l ( K) 
~RE + 0 . 5 I ( H B O ( K )  u I l f i0 (K -u l )  - 

RE - i - nC (K )~

W i u u — k Against  Backpressui — e:

EW = I~l~ vIAXZ > [(RC 1~v 1x)3 
- (RC I~~IXZ ) 3 I 3

w h e r e

EPS(K) -- specific internal energy (ex’gj g)

C E L M ( K )  - (- eli steradiana l mass (c m ’g 1 ’ s r )

BDYM(K) = boundary mass (g /sr)

VEL(K) - boundary velocity (cm/see)

GZRE Z = g (RE) 2 (cm 3/ sec 2 )

P KMAXZ = consta t -it backpressure (dyne /cm 2 )
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RCK~VIX - - RE u HC( KMAX)

RC KMXZ RE HC 1~~1XZ

II CKM XZ 0 .5  s: 13. :- H B0 ( I~ v lAX) - H B O ( N C E L Z ) 1

A 7cr I ( or  u n i t )  value fo t - am - i index flag ( I E N C H K ) , i-cad by DRIV E It

wi th  N a m e l i s t  S E T U  P1 and passed t h r o u g h  LIN K Common , is used to b u y —

pass (ci -  p e r m i t )  ti - i c use of Sub rout ine  ENECH K. W i t h i n  Su :brou t i n e

l - N E C ’ I I K .  a ‘iei- ’ u v a lue  f u u j ’  t h e  h v d r u t —  cy cle  c u t u n t e m —  in Column 1 (KCYC( 1))

a flows i- ’I Z t i  he t -u i m i ip u ted  :und a rmom zel’o ~‘a lue al lows ET to be computed.

S u l u r u  cit inc l- N I - C I I K  computes ETZ upon1 c. 1s f r o m  ( a)  DRIVER

if : inthu~-~ t ( u  u n d i t i  u fls  a t e  being t \  a luat  ~d in i i  eneni. ,  tas been deposited

1 or an event and Ii )  Sub m ’ )u tj  u RE / O N  l- a f t e r  the  column has been i- u ’—

z i , m t c u b .  Subr i l u t i n e  I -~N E C 1 I K  c u i t ipu te s  I - i  up tn :i call t r o u n  S u b i ’ ou t t u i e

ilYDRO1 ut t h ~’ end ol a h v du ’o  update  in t c i ’val .

3. T~ RE 7ONE ( S t T L i ~( ;U T I \ i -  RE ’/ ONi - )

3. i . I P ur p ’ ’s c

I c  pi’ i t \ ~i (k ’  1( 11’ m : u u i i t : I t m u u n L ’ , a u u a s i ) n a b l ( -  ( ‘I ’ll i ’csol utiom -i uu t he

( m i t r e  I rnp i  ml a m i t ) 1 t W i t po il ion it I h i -  h A G  : I s a ( ’  u t i u m n  expands to v e i -v

Iii ~
- i t  alt t t u d u  - , we have LI — - v c l i i i~ d ~—~u 1)I’t tu tu  nìc i?j - t ( )N  i- -

3. f’s . 2 Genera l  I u a t u m ’ i’s u t  ~ub u - i t u t  i n c  1{i- ZONE

S i b  u - u iut t n t  RE t ON i- reset s 110 i)oUnda ries and pi ’ t ipe I t  i t s  u u f  t lie

t ells t o r  ft si ’  c u u l u u n n s  v ;hi t~ i ’  t e u u c e u t  n c  r a d i u s  of t h e  u p p e u ’ n u u i s t  b u u i U ~ l J —

a u - v  eX ( ’ i - u ’ u I ’ -- a t I V t uu g e i u ( u t t t i ’ i ( ’  u - a d i o s  l t \T ~\ X  it the  hvd i ’ u — a d v a n ct ’ t i n - i c

TS i’OP I he n u m l u t r ( i f  (:elIs in a I’ t ? u , t u t ’d C i i I U f l i n  i s  kept t h e  s a l — I t ’

~N ( ’ 1 - ,LY 1. i ’ b i~ n t v ~’ i ’ell t h i ( ’kt l e s se s  ( l ) E l ~l -iA2 (K ) )  I i i ’ i-cad by I ) I U V  i-il

i n N t  m c i  st SE I I’ P1 and passed t h r o n  II RE ZON N Cot ruuii u in ,  If
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I)E LHA2(1) - 0. , the rezoned t h i c k n e s s es  an e set equal to t h e  or iginal
cell thicknesses ( I ) EL 1IA (  K )) set im I) RIVER by a Data S ta tement .  Ta—
b ’le 2 g ives  the  c u r r e n t l y — u s e d  values  fox — the i n i t i a l  and r ez ’in ed cell
thiclcnesses and a l t i tudes .

In our t i n t  gi nal v e u ’ s t u u n  u t !  Subrout ine  R E Z O NE , we used the
j ) m ’t f l c i p les (I c i t l s e r V at i ( ) n  u t !  mass , m oun entu m , and ene t - g~ t t u  der ive

t h e  n e z  t ied quant i t ie s .  This  vers ion  usually w i n k e d  well , but we some-
tim e - s had (1) a n e g a t i v e  in te rna l  energy , p i e suma b lv  due to t i i e  coarse—
U ( ’55 ‘‘ 1  t i’u e cell st i’ucture , am-id (2) Ofle 01’ more  u - ie W h j u u i n d a r i e s  w i t h  Ze fo

v - l u  i c i l y ,  if t h e  l u t w e s t  old cell expanded s u  muci - i  that its c e n t er  became

h i c, he u- than the  uppe i - boundai -v uu f  one ox — more  new bound ax’ v— cells.
i - a t  1mg to f in d  a u v  i - i  d i n g  e r ro rs , we re luctan t ly  cave  up ti - i c p r inc ip le s

~t mI) m u ’ !lt ml .i nd u ’n ex — g v c ’onse i-v ati on and ru st )  t I e d  to  l in ea i in t e r p i  la —

l ion I ’ ’  f i n d  thc ne ’~ v e l u i c i f u e s  and lo g a r it h m i c  i n t e r p o l a t i i u n  to f ind  the
1 t W  p n e s su r e s .  i l u i w e v  en , ~ hav e re ta ined  c tun serva t ion  of mass w i t h i n

i l u  t u n d a n m t - s  i i  e a ch  new cell a-i-id a s imila r cu u m - i s e r v a t t o n  t u f  the t u i t a l

u k - u t u’on t h e r m a l  and exci tat ion c m l c m ’ g v .

S u ( u  i ut i n c  RE ZONE is ca 11cc! i - u - t i n-i I )P_ I V VII a t t  u- i ’  a l l  columns

have  been :idva need i i  n st  i o u ’  h v d u ’ u i ( lyn a m in s  and t h e n  f u r  chemis t  cv . In

I ’ op u n g  u i vc r  t he  n o lun i ns , Sub i — out ine  R E / O N  i-~ rez ones on ly  those c i i i —
ujm~~~~~ l i t - w h i c h  a u e z t u n e  t h a t ’  hIU - Y ( N N ) )  has been ‘L t t Lri~~i - d  u - i n  t h e  z c —
z ne c r i t e  t u t u - i )  in  So li i ’  ) ut i t e  II YDROG in  medi a l  clv at  t ci’ Subrout i t - i c
h U t  l ) 1~ 1 c ’ t i m p t u - t  u~s t h e  h v d n u  t d v u i a m b ’s  fo x ’ C u u l u r n n  N N .

It 11e  r e t - i l flag has been s i - I  t i ) m  ( ‘ u u l u m n  N N , then  Subi ’ou t i n

[CIII ) is ( a i l e d  t o  u b t a t u l  t i  co l u m n  ( 1 U ; i t u t i t i u S  t t i ) f l i  l i m e — S l o t  2 -  [or

di v u - l u  t i l t ent })ii m .
~ u u u~~i ’~~~v e p m u u i t  t lie s t a t  us oi I lie La c a ti t a n — c e l l  quar t  i—

t i e s .  and a l so  t h u  m i i l c ( ’u l a m ’ — I u u n  d e m t s t t y  and i t - a~’v — p a t t i c ’ l e  t u n l p u ’ r a t u i u - ,

u i - i - u i  m - , - z u u m l - , M i t - u ’  t h e  uu- - .~- cc li  ( l u a n t i i t e s  a r e  u l i ’t ’ - r u u i n u ’ u l , i - :u d -v R u i u t
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l - C \ V R in S u h u r u t u t i n e  [( ‘RD is ca l led  t i  st o r e  the (-t i ll q u a u i t i t i u s i n  ‘ l t i i i ’ —

Slot 2. _- \ c a in ,  f o t  d e v e l op mnc u t ~) U t ’p  cu - s . we ~ i i t 1 t  t u e  n ez ’ i t ’d  cel l

p n i pe r t i e s , i n c l u d i n g  t he  n i t u l t -cu la  u- —i o u - i  du i i s i i  v a nd I u u - a v ’ ; — — pa u t  i d e

te t - i - ipe i’atu nu  ‘ -

3. 5. 3 ~-\ It it ude in A u n b i  cut Atm i isp hi c ‘c Cu u ni ’e sl)( m d i i i  t ’ , N e w
(‘elI Locat i i  t i - i s

One of t h e  needed p i u ) p e i t i e s  ‘ i t  a ccli u s  t he  a l t i t u d e  ( I l i t O l  K ))

in the ambien t  atm u sp h er e  eor i ’espon d it i g  to the  h u w u ’ t  b i i un d a  ~~~\ i t  t h e
( ‘11. Si~i ( h  111 4 u )  r n iat i on is used li v S ub n u iu t i n c  l - N E C H K  in (‘ u im p u t i n g  t h e

work  (b u n t  i g a i n s t  gi ’ a v i t v  s ince t h u -  stai ’t  ‘ 1  the  p1 t h u -rn t i n  s inc - the

las t  x’ t ’ z u  t i c ,  Sub t ’ou t inc  R E Z ( ) N I ’  bus es  linea r in t e rpo la t ion  between t u e

ap~) n i p u ’ i a t u ’  l u a u u s  i t t  t h e  old v a l u e s  u i f  t he se  a m b i c n t — t i t n i o s p he t - e a l t i t u d e s

ob t a in  the  f lew v a l u e s .

3 . 5 .4  F I u u i ~~t ’ r v a t u u n l \ 1 a s s ,  Spe c ie s ,  au-id l o n — P r o d u c t u u u r i  Rat e

To t t i i ’ i l u t a t u ’  u t f l p l c u i t e n t a t i i ) n  i i !  the ‘nt l s e l ’ v at i u )n l  laws , wi-  de—

V ci ’ up ed Sub i’ u t i ne  1- l ( C V ( )  I ~, i a  I! i’d f t — n m Subi’o ’it i it RE Z ( ) N  V , to ( ‘ u  u - i —

put e th e abso lu te )  t t a c t  iona l ~ i ) l u r n u - s  DVOL i  N I ) )  i t t  a new cell sliced

lu y  o l d — c e l l  b u uu nd a u ’i s, In t h i s  ‘~ ay ,  u~’. g. , t he  t , u t a i  una ss  i t t  u new ccl i

i~ ‘( i C - ta l  t i  t h u  SC- il - il u t  th u  p r u - i c h uc t s  of t h e  mass  deu —i t v  and fi’a -t i on , i l

v u i l u m c ’  fr - i’ the old cells ovenl app ing in cu n a m ed wi t  b in  a new cell. TI -ic

de n s i t y  i n  t i t -  n u ’ .~ c— eli  is ‘ ‘ h u t a u n e d  iv dividing its t o t a l  t i i ass  hi \ -  i ts t , u t a l

v ’i lu m - .

A s i m i l a r l)r o(— cdu m ’ u~ is ft  l i i  iwed i ii’ u - a  cli densi t  v—dependent

q u a n t i t y ,  (~~ c . , the  speci u -ST n u m b u -  n ( I t ’ l l  s i t u  t ’s and t lx - ci’fect I \ c a m bi e n t

I n  j ) n ’ u u l u u t ’ t l o n  r i t e .
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:3. . S ( , , s ~~ t y t t l i u n i Sum t i- l cct  u - u i i  T h i - r n u i l  a i d  I - x c i t , t t i o n

i’ ;n t ’x’ i~ I t

I t  i’  un pute  t h u  u icw va I C - t i ’  l i i i  t h u  - t i~lfl~~t T I  t u r t ’  I i  k u - i  o l i t  t h e

( ‘ t n h l i i u u u )  ,‘ : i I u t ’  i i i  t h e  u ’ I e u - t n u t i s . ~ v u hu i ti t i ’ i n til h \ ’ I~ t i l l t l t r -

6 —Ou
’3 P) p u i p (uiTiIi u tuI ntiti ), Wi ( ‘ i t u s i nv u ’ t i r - -  su u l  i t  l i i i -  k - c t  i - ml l I e u - . i i

i - n e  r~~ ’ and the  ex t it i t  I i i  n - t i  r gy  i u i n  ( 1( 1 1)) and  ~ 2 
y d  n a t  I l l-i - l u - i  ( , i l I  u —

p u t t n g  t h i s  - \ l ’ i t t l l l u u l l  c u t - i -  ‘~ne  l i s t  t hu  s t i t n i ’  pJ i ’ l u l l e t u ’ r s  t S  C - u S e d in  f b i -

G1-~ i - d e v e l u i p e c l  S u i u n ’ u u t i u i e  T E X K  [K~T _ 7 - 1 , KJ -74b  i , A t t e n  t b ’  u 1 1111

- i t - 
~!l eV1~V l i t - u ’  u t o t  ‘: ‘l t i ! f lC iva u i a l u l e  b i n  pa i ’ t it i ( t l u l k ~ , u i i l l i f l g  I I i ’  I t  i - i ’

t i i u u d c s  i s kmi~i ’n , as wel l  as th t ’  dens i t ies  u t  “
~2 

r I I u ici ’ u l u s ,  ( I  u t i u J l~~ , , u i t d

u h - n t n ’ ) u i s , Su u h - 1 - - u C - u i i ; ,~- I l - \ I s  called f rom RE ’/ ,ON h - t i  u u - l u l l )  t h e  t en  --

p e u a t u u ’ e t i nt  t o ’  un t - t t h e  t hinec-  r n u u ( h t  -s .

3, 5. \ e l t u c i t v  I n t i - u p i i l a t i o f l

‘ l b  ‘, elro ’i t v  f i t iew ( u - i l  h u t u n c l a  u -v i s  f u r - i d  Oy l i i i t c m  u l v  i n t e r -

v i a l i n g  b, -t \~ -Cl i  t i l l ’  v e i t  ic 1 ics t i  t i - ic  I ~ 0 b r a c k e t  n~ u u ld h i u u l d T i  ni

3’ 5 .7 P - cs suu ’e I n t e i p u l a t  c u r

T I ’  i e s s u i e  u t  Ti u - i l - ’- ” c ’e ll , a s sur ed to be - p e c t t t t i h  u t  t i c

‘l u - i ’  - i t  t h e  ( ‘C l i .  s f ound  li v l u u i -Tl i — IV i n t e rpo l a t i ng  i t l ’ t \ ¼  c i  t h t ’  l i ~’ u

i ’ t t t i
~
n

~ 
i t  t h e  ) I t - c c C - t r ( - s  at t h e  t w i t  h u u - ,i u - k u - t u n : ’  u t i d — c e i l  u - c o t - u S .  In  t h i s

x ’ u u c e d u t u - , I i i  p u - s s u u u ’  ~l ) i \ \1A X I N N ) i  in t h u .’ i i ( - t i t i u ) t 1 ~ t ell at t h e  to 1)

b t i  - i - i  u l u j n  n i t — , ‘ t i - I  e i ’ t l i  m i-u i i i  t lie s:i in n - -  \ u / t V  -

3. 5 . H \ r ’t i f ~~- i ; t l  V u s - u u ~ - P t e s s u u  n-i

I i i  H u I )RO I W t  (‘u ) f l i p U t  u I l i t  a i ’ t i t  u ( ’ I a i  \ u s e ’  us  i t  \‘ l u ’ u i t i i

QI K I ) I - : Pt- I QI - 11 P52 ‘ Q2 2)

I t  - 1  t -

01 — t — Q U I (  1 . 67 PT ) ‘ I ’( K i t  - I th1 () I  Ki ) ) 
~~- W I ~ ~ 1 ) 1 ) 1  \ (3 )

66

__________________ ———— — —-- ——— ‘— --— •— — — - - — . . - - - iT



(~~~9 V~h~ T- ’ I t h I O ( K i  ) - I ) l ) J ) \  - h ) I I ) \  (‘1 )

P I (  ) 1 1  V I  = 1 > ( K )  - 0- V t  ( 5 )

W I t  h 4 ( 6 )

I) 1)I)\ ’ I ) \ ‘ ( ) I > 1) 11. - I I  ) ‘l ’ - V( ) I! Ki ) ) ( 7 )

I ) \ ( ) I ,  ( \ u u l l u l l l t ’ )  — (\ ‘ i I n - u u n e ) - (8)
T I i  - ‘~k old

T i i t ’ t ’ u- a n -  t w i t  d i f f i c u l t i t ” —  i t  t - o m p u t in g  Q up un a t i / u  n e t

1 . 11 u C-C- I u ( ‘Ot~ put e I)DI )V 3

2 . ho w t u  u handle PTOT ( s i n c e  it depends ‘ r i  Q) 3

l ’ b ìc i— c d i f f i u - u l t i c s  h a v e  been u v e i ’ ( - u i u l l e :

1 . - I - u u ha ndle l)I)DV , we rep Ia i - n - -  DVOL/DT in ( 7 )  by

DVI )1’. - R~ t -~ U. - R~ U . , (9 )
I i — i  i — I

S u )  that

I)I)I)V = I )V I)T - - I) R VU I , t  K I )  ‘10)

u ’ , i t h  i t s -  P u u u h ) ( ~ t I t t t ’ u i t t u i ! l  paid t u  t t l d i c t - s )  i n  both  Q1 and Q2 .

2. ‘F it b a n d i t ’  P 101 ’  and Q1 , we w u i t u  ( 3 )  as

Q - - 
‘ 1. 67 P p - ‘ H x !)I)1)~ ( f l )

1 l i i

= — ~ i . 67( 1~ 1 ~~1 ~Q
2

) p  W13 ~ I)I)I )V ( 1 2 )

67



2

(w~ 
- DDI)V) 1. 67t P ‘ c 1Q1 

(
2
Q

2
) p (13)

i i i ’

2 
- 1 . 6 7 p  1Q1 - 1 .67(P  + 202 )p = 0 ( 14)

WU ‘ I)DI)V )

S u t  that

2 ~~~~~> 1. 6 7 p ( P  +

1.G7p u 1 (l .G7p c 1 ) 2(W 13 - DDDV )
2 (WB — DDDV )

w h t - n t ’  the  n e g a t i v e — s i g n  solution is discarded because must  be

~
) u s  i t  i V  e.

Thus , we should f i t — st  compute Q2 
fi’om (4 )  in which  DDDV is

g i v e n  by ( 10) ,  then coniput e Q1 
f r o n t  ( 15) ,  and f inal ly  Q f ro m  ( 2 ) .

3. 5. 9 Initial Total Enci— gy After Rezone

If t he  i-ezone flag (IENCH K) equals 1, Subrou t ine  REZON E calls

Siul u ut  t i e  h - N 1-CHK t i  com pute a flew value  for  the to ta l  energy in t h e

rezone d colum n u - i ,

3. 5. 10 Rese t t i n g  Veu - t  b - a l — D i  r ec t i on  Ind i c e s  of l i m e—De p endent
• 1- :v u -n t  P o u n t s

A f t i -  u - the basi ( ‘ p r - I t  u r n  of the i’ezoning has been completed , the

index ( K X t l , t )  f o r  th e  cell , if a n y ,  c o n t a i n i n g  t h e  e v e n t — p o i n t  I is co in—

puted , as well as t h e  f cact i u ui i i  1— di -st anec ’ b eat i - u t - i  ( FRC ( L) ) w i t h  n t h e

GB



cell. Ti - i t - sn - -  q u a nt i t i e s , FO ((L) and FRC(L) ,  a u -c passed th i — ou gl - i  EVENTX

(S u t n m u ) n .  If t he  pu t in t  of in teres t  is above the  rezoned co lun u  n , a message

t o th kt  e f fec t  is pr in ted .

3.5.11 Hy di — o Cy cle Counters

At ti - ic ct-id of Sub i— out inc RE ZONE , pri  iv ided at least one colun ’m n

has been i - ( - z u u n e d ,  the  s tatus t u f  the hvd m’o cy cle counters (KCYC (NN))  is

pr in ted  and then ti - ic counters are  zeroed.

3.6 VER TICAL MOTION OF A POINT (SU BROUTINE ‘I’IMVAR)

T i  u- i - i eet the needs i - i f  PDI , in t hei r ove i— lay f i rebal l  model ,  to

follow the  mot ion of a specified Lagran gian poi nt (in par t icu lar , an

event - re la ted  point ) ,  we developed Subrout ine TIMVA R. This rout ine

u otn l)uteS the  t in - ic—dependent  position of a Point X at-id i ts  corresponding

ve l o c i ty  at the  evaluation t ime .  In application , we have followed i )n lV

the  event point s , but the pI — ogi— arn could be easil y modif ied to follow the

m u - i t i o u  c i i  any  desired po ints , e. g. , the positions of selected debris

locations .

As input , Subroutine T [MVAR needs the three indices (IX , ,JX ,

K~() u ) f  the  (‘d l conta ining the  point to be followed and the f i— act iona l

v e r t i c a l — p u  u s i t  ion (FRC) of the point wi th in  the cell. TI-ic quant i t ies  h’~(

and FRC are  neset  at i ezone. The position and ve loc i t y  of the point at

an evaluat ion t i m e  a u- c l inear ly  int erp l ) la t ed from the positions and

v e l o - i c i t i e s  i t t  the boundaries of the i— el i eou n ta in ing  the specified point .
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4. N R L I I Y I )  (Dl i- F E R V N - I - I A L — Q U A D R A T u R F :  I- ’OIt~l OF
LAG~ A N G I A N  h YDRODYNAMICS )

1.1 INUI ’IA L i / A T  JON OF LAGI~~ N GiAN POINTS IN A C O L U M N
I N! ) V R A~ h I 3 l E N T  CONI)ITIONS

I t t u -  i n i t i a l i z a t i o n  of the  L a g u - t i u l g i a t i  pr- i t - its in  a co lumn us s t a r t e d

by a c a l l  l u ’ i - i u it  S~il t i ’outi ne CR1 I)ON to ( the  N R LI I YD fo u — u - i t  u i )  Sub ) ci iut mi - i c

A l \ I O S G .

-1 .1. 1 l~ i g u ’ ang i an -Po in t  Al t i tude

Wi ’ have placed a NRLHYD Lagrangian p-i i nt at the center u it

c a o h  t ) f  the  SAIHYD cells Plus a (pe rmanen t ly )  s t a t i u u u l t i  I’\ point at the  h ot—

t l ) f l u  l ) r -U n (I a nv (IIA BOT) of the SAIFIYD column id  ce l ls  - Thus , -~t-e must

m u-se t the value ‘ i i  N CI - LZ used in SAIHYD ace r - i— din g  to the  expression

( N C E L Z ) N I~,LflyD = (NCELZ )
SA IFIYD ‘ I

F u 1) !’’ C - i  ( i i  - f r - t  ‘cell boundar ies  that can lie used fr - u ’  (?IW nC - L V — ( b e t )  us i t t  u i t

v~m n i ) u  s t- s  in N RL HYD , we reset tile value ut !  HA BOT used it  5-\ I l l  V i )  ac—

cu u ’d i ng t ’ u t he  expr ess ion

(lIA I
~~

T) N [t Llj y i)  - (HA F3OT) SAIHYD - 0. 2 5 ’ - DEL II A 1 )

4 . 1. 2 L a g t - i t n g i a n —  Point Veloci ty

l ite C- -e l () ’ i t \ ’  ii each of the L ag i— ang ian points is set t u )  ZCI ’O.

4. 1.3 L a g i - a t i g i a n —  Poin t  P ressure

T i n-  ~ i -ssu u - ’ - a t  t su ch id the  Lagrangian  pr -i m t s  us  set by ti - ic

C- t i  l u - i -  u t  t h -ic a t u m i d  ent p u - - i ’ssu u -c ( PAM I fl passed ti -i u’ou gh ATMOU P Cu im mon

by ;t ‘all to S u b r u t u t i  ne AT M (  )S1 2 , Ill ’ KM ), w u t i m  II CKM the  a l t i t u d e  l ) f

f lu e E a t ’  u T i  t u  I t  I t  P oint .
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1. 1. -i L a g u - a n g i a u i — P ’ u u n t  I)cnsity

‘I’he i i i  a ss  d u - u i s  tv at t - ; i ( l l  it  t l i e  L a g m - a m i t ’  an  pu n  mit  s is  set bC - t h e

v a i n - m e  u i the ami)ient density (RIIOAM 1~) l)~15 t5l t hr u u um gi m A IM ( )I ~P Coin - i t -i- i t i t t

‘v t I e  ( ‘ t i l l  I S u b r o u t i n e  :\ l ’MO SIJ (2 .  I I C K M ) .

-1. 1. 5 L a g r t u m i t ’ i a n —  Point  ~ p t - c u u - s I ) en s i t i u - s  and O the r  C h u ’ m t u i s t r y
Q u a n t i t i e s

Spec ies  d en - si t u ( 5  a t l ( i  -i l l - icr c-hem ist m y  ( J u a n t i t i n - - -- a i-c not requ m t e d

t i  i i ’ t h e  hv d i i  ) dvna f l i  i (‘5 hut  I l i n - \ ’  a re  i i ur  t h e  chemis t  i-v - In genera I ,  t he se

qu ant i t  I t S  a. nc del cnn m e d  in Sn - u b n u - i u t i n e  AT\ IOSG at the  l u c - g i  n n i n g  of a

I t i p  i C - i n  t h e  cells iu a (‘olurri n b\- three calls to Subrout ine  A ’1’\IOSU(2 ,

1ICKM). lO\()S Ut 2 , F l C K ~ 1 t , and S P C M E N ( 2 , HC 1~ v1), wlt eu— e HC }~ v1 is the

a l t i tude  ( i n  k i lomete r s )  i i t i-ic Lagrang ian  point . We list mt - i Table 1 ( in

S c c t i u i n  3. 1. 7) the chern ist i -y quan t i t i e s  and how they  at — c de te rmined .

4. 1. 6 Wei ght ing  Factoi — s for  Local T i— uncat ion E ni’r -r  in  NRLHYD
Integi—ator

W eigh t ing  factox — s , called I11 - V I - P S(K ) in  Subrout ine  ATM OSG.

are  set fo r  e s t i m a t i n g  loca l t r u n c a ti o n  ei— n oi ’s  in  ( i t t ’  NRLIIYI )  i n t e g i ’ a t u u r

(Sui) I — o u t ine  RKA\1 2G) .  whe re  ti -icy a r e  called A U X  K , 6) . F u n  u n t e g r a t —

u n g  the  a c ( ’ e l l - u a t i u i t l  f i t  o b t a i n  the vel uui ’m t v , t h e  w e i g h t i n g  f act o r s  are

H E V E P S ( K )  - lift NCELZ

I’ m i n t e g r a l  in g  t h e  ~‘ e l u u e i t v  l i i  obta in  the  rad ius , t i - i c  w u - u g h t i n g  factors

a m m -

I I l - : v I- : P s(K)  
~i~i’i N C V L ’/ .
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4 . 2  CONTROL ROUTINE FOR AI)VANCING THE
IIYI)RODYNAMICS (SUBROUTINE HYD ROG)

Sub u— out inc  HYDROG , the i— outine controlling the subroutines

doing the  a c t u a l  a.d~-an cement  of ti -ic hy dr odynanu i cs , p e i f <  t i—m s the fol-

lowing funct ions:

a. I- stablishes the p t— ope l— headings for  the two sets of time-
s l u t data by tes t ing on the value of the parameter  (IDREG)
fo r  the number  of h y d r u t  and chemis t ry  updates. IDREG ,
un itiall y set and updated in DRIVER , is passed t h r ou gh
PRPRE G Common.

b. Controls the looping over all the columns in the grid while
the hy drodynamics  is being done.

c. Zeroes the emergency -rezone flag ( IEMREZ ) .

d. Ef fec ts  the transfei ’  of the NCOL Lagran gian-point quant i-
t ies  for  the column of inter est f r o m  large core n-i ern ory
(LCM) to small core men ory (SCM). This t ransfe u  is
done by a call to Subroutine ECRD(BUF , IWI , NCOL) .
where

IWI = (NN - 1) - ‘ NCOL + NT 11~4E1

s t  that NCOL quantities starting at index IWI in LCM are
t i-ansferre d to the BUF ar i— av in SCM.

e. 1. Ini t ia l izes  the following variables before calling Subroutine
INLHVE wh ich initializes the variables for the NRLHYD
integrator (Subroutine RKAM2G):

Geocentric radius of Lagrangian-point K:

Y(N + K) = B U F ( L O C + 1 ) ~~~RE

ZZ(K)  = Y(N + K)

Vel ocity of Lagrangian-p oint K:

V ( K)  BUF(LOC u 5)
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Weight ing factors used for local t runca t ion  er ror  in Sub-
routine RKAM2G:

HEVTEM(K)  HEVEPS(K)

HEVTEM(N K) = HEVEPS(N ~ K)

Mass densi ty  of La gu — a n gian-poirit K:

RHO O(K) BUF(LOC 2)

Pressure  at Lagrangian-point  K:

P0 (K) = BUF(LOC + 15)

e. 2. Calls Subi— outine INLHVE to in i t i a l i ze  the d i f f e r e n t i a l  quad-
i’ature variables for the column of un teres t .

f.  Calls Subroutine RKAM2G to advance the h v d i — r-dv n a i - i m i c s
in a colun n f rom the start t ime  ( T I M E )  t i - i  ti -ic s l ip  I irn c
(TSTO P).

g. 1. Provides a p iocedure  for an emergency rezone i i i  t h e
column , in an attem pt to keep the prob ln --m r n - I nn ing  a f ter  11
halvings of the t i m e  st ep in Subroutine RKAM2G , indicated
by EHLF 11, fail  to enable the integrator to achieve the
desi red accu racy .

g. 2. Pr ints  a message if o)ne emergency i— ezone is insu f f i c i en t
for  Subroutine RKAM2G to achieve the desi i-ed accuracy .

h. 1. Checks whether  ii i -  not Cu - i lu mn NN needs to be rezoned ,
based Ofl the value of the  geocentric radius of the topmost
Lagrangian point relative to the cr i t e i— ion  radius (HGTMAX),
and sets the rezone flag (IRE Z(NN ’t) if required. IREZ (NN !
is incre mented by one if rezoning is requii — ed for Column
NN , thus m a k i n g  i ts  v alue  odd. Af t e r  rezone is p e r f o r m e d
in Subroutine RE ZONE , based on IREZ(NN )  being odd ,
IREZ (NN) is then incremented by one in Subroutine REZONE ,
thus making its value even. The number of rezones alread y
pei’ foi ’u~~ed on Column NN can be found i)v d i v i d i n g  I REZ
I)V two.

73 

~~~

__ _ ___ -y-
~~
- 

~~~
--  — -



im .  2. P r in t s a m u - s - s a l t ’ , i i  a u’ i - i ’ u t i u -  u s  u’e qui  u - - i ’d , and  i — t a t  es t h e
u e z u ui e  i t t i i i i t m ’t and! t h u m  a s s u i c i t i t e d l  t i m e .

Oem p et  — t he  f- l i t  u \ C -  ni ’  h v d u ’odvnami c s  qu au ’u t i t  ies t u t ’  t a  o t t  ci t
t b  I a g i - a n g i a n  p o in t s  in ( S u l u u n n  N N  at t i m e  ‘I S  I (  ) H

l )  I n d e x
2 )  A l t i t u d e

( 3) Mas s  ( l i -t o - a t C-

(4 ~ C- u- I c i u ’ i t v
5 i  It - ’ t ’ -  of cuu ’ i -ent n - l t- io- - t t v  to i n i t i a l  d e n s i t y

1 ( T )  Sp t - m d i c  i n t u - i n a l e m - i e t g v
7)  P r e ss i m m e

i p ( l a t l S  t i n -  lft~F ai- i— av ( c o t l l p a n e  St -p n-’ . 1 a t t u v e ) .

k .  i - 1  t u e t s  the  t i - t i n s t c u ’  of the  N COL Lagran g i a n — p o i n t  q u a n t i —
t i e i -~ f r - u  t i - ic  (‘ u l u u - i - i m  u - i f  i n t e res t  t i — t en  SCM t i  LCM l i v a call

r- l-~~t u v  Point  i- CWR I3UF , IWI , NCOL) in Subr m wt i  ne I - CRI) .

1. St - t  and p r i n t s  t h e  va lues  of the altitudes and C- - u - I ’ u n i t  es ml

t h e  t i m  u- — diep cn dent  event point s b (— alli ng Subrout ine
1 I M V A R .

1. 3 I N I  I IA LI7A ’I IUN ROUTINE FOR NRLHYJ) (SU RROUTI N 1-
IN L1I\ ’ I-: )

S ubr o u t in e  INL HVE initialize s the vai-iables in t h e d i f f e r e n t i a l —

qu a d i— atu  l u -  I i— eatm ent  of the Lag i— ang i an hy drodynamics  } u~ Ci)m p Ut i f lg  ~it

t -a ( ’h  of the  La - - an g i a n  points in ti -ic c ’u i l u mu the i n i t i a l  values of

a. The density n a t i u t , RRO(K) = 1.

b. F i i e  p r e s s u r e — t o— d e n s i ty  r a t i o ) , CSQO( K) P0 (K )  RHOO( K)-

(‘ . The (n e g a t i v e )  I i u g a r i t h m i c  pi’~-ssu cc de t — iva t  u v e ,

N
I ) P l ) Z O ( K )  — — coi-; F(K ,  L) ‘ - In( P0 (L) I

L I

hi - ri COE I ’) K , l~) is t h e  a ri - t n - v  u f  c m - i e f l  ucue n U- ~ in the
I t i  t ’ m t I t l g t ’  ( l i t  i i -  rent m al i -in l ’ i i m u l a , set l iv  a (‘all t u ’ u u i u
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H e i r  - i u t u u i t -  I N L I I \  l-~ t ’  H o t i m m ’ o u t m m i t ’  H - I  L I N  and pa ss - i -c l
t i u u  u o u - ~h i \ A I ( 1  (‘ m u m - u -m m ’  in.

4. -i l~O( 1 NI - - I O l ~ LA(~ft - \N ( ;l — I ) i i - ’I ’I - ;It1 -~N l  T - \ J I N—- }’O RM I LA
( 01- I’ I ’ l ( ’ l I - ,N ’ l S S t - I t R u I l I N E  si-:’i i- I N )

Su b i ’ i u u t i n u : -  S L I l - T N ( \ i ) n m m p i m t m - s  t h u  u )  t i n i - t u t s  ( OI-~ I - I , - !)  in

t u e  l ; i o i — t i n g u -  d i l f c u e m t t i a t u - i n  formula , n - b r i e  \1 is the  maxmmn -un i nun -i —

b i t t’ o u t  pr -it ’ul s u — e d  in ( t C - l e u l a t l u l g  ( h i -  c u u m - t l t e m i - m o t s .  -\ v a lu - i i i  f i v e  t u u i

\1 is -as -d t i - i ’  t h u  t i - u i - i ’ d  and h i g h c r — t ’u u i i t l n - m  if p r -m i s  t i - t i l T  m - i t h e m  u- i d ‘‘ I
t he ( ‘ o ) lu n t  u - i u t p u u i n t  5 .  1 - m m  t h u  i - T t ( u i f l d l  p - i l  il l I t i n t  an end , ,m t h u - u - u - — po in t

i ’ - r mu f a  is used. For an eon- ! p u u o n t  , a , m u t t - — s o  W I  t w i t — p r - n u t  I i  m l i i  n - mla is

u sed,  T i l t ’  (‘ ne i l  m c i  t~-n t 5  i n  Row I m t  the (~O l - F’U , - I t  - I  i’ i i \  t t i  e used t i m

calculat e ( h i -  d e r i v a t i v e  of a t u n ( ’ t i r - n  at I t o o t ’tu n g t t t n — p u - i m n t  I u n  t i - i c

( ‘ i t  l u mt - i t - i .

Thu I a sn-’a ny c  int e n--p ula t tn - u-i t u n ’ ’m-nula l u - i  a po ilv nm - in nil ‘ Yt dcg re - i,’
un — I I AS— ~;-1 i .  878~ is

in
f t x )  ~~~ - i T . X )

j~~I

nc
IT i x )

u - i - i
= _______

) ( x — x ) 1 T  (x
I Dl

Ix - x 1) . . . - ix - x . 1 ) ( x  - x . 1 )  - . . . ix -

(x - x ) . . . . i x ,  - x.  ‘) x .  - x.  . . - Ji~~
’ 

- x
1 1 ,l — 1  I i i i  I in

• ‘JJ ( x — X~~)

k t j

11(x. - xk
)

7~
-’

- ~~~~-— ‘ 
- - - - 

—-
~~~~~~~~~~~~~~~ 
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The l a  g m a  ui ge d i f fe ren t i a t ion  fo i— mu la [AS— 64 , p. 882 1~ 
ou b t a i ned

by di f fe i— ent  i a t  i ng the Lagrange inter pola t  i( in fo rmula , is

f ’(x) = c~(x)  f ( x . )

w h e r e

n-i

(x - xk)

c~(x) = 
k~ j 

n-i
(x - x , ) ( x.  - xk )

k~ j

N - o w  let x -

~~ 
x . ,  a special case needed in NRLHYD:

tim

1-i-i 
~~~~~)x - xk

)

~~~~ 

C , ( X . )  = m

Ix . - x~ ) ‘
~~l~~x.  — xk )

k~ j

This f o r m u l a  is given by Ga rdner lGa-74b , GP-74 , GP-7 5 1 in the fol-

l i u w i n g  form

in 1 
(x. — xk )

- = ‘V ” ~ o - 
~ 6 .

i J L—.i x — x m~ u i - i i t“J’ ”f (x . — t ( k )

I ’

U he e t u m - f f i r u e ~ut 0’ . ,  is (- t i l l e d  (
‘
( )h I ’ l l , ~J )  in  Subr’o i t i ne  S E T F U N .

I i
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4. 5 IN-l’ i-;GRA ’li)lt FOR THE N Itl IIYI) 1)1 1- ’ I- ’l- ; RENTIA L EQUATIONS
( S U B R O U T I N E  R K A M 2 G (

Sub i’u )Ut i n c  RKA~u-1 2G i -va lua t  es t h e  ~el u - i c  i t v and i i  ( t i  f i t  i l l  of t i - ic

E l g i - t i n g i a n  p u nt i t s in a ( ‘o lUmn . ‘J ile i n t e g r a t i i u t - i  ui - i  ( iDle  u s  pc i ’ fun ’med

by u s i n g  a i laun u - i - i i n g — t v~)e m o d i f i c a t i o n  [ LS—7 1c , p. 1 55 to the  Adams—

B a si l t ’  m rth t n - Vu u — s t  ej) se ( ’u ) nd— o m d c i ’  p i’edi cto r equa l  m u - i n  U S— 71 c , p. 1 ~b ,

Table 4 . 1 A— 13, k 2 ) 1  and the A d a m s—  Mu uu l tu  t t l  - i n c — s t e p  sec u i nd—o i ’d em-

co r rec to r  equa t i u - i n  [L S—7 1 c , p. 180 , Table 4. 1 ( A — M , k 1 ) ,  wh ich

r e s u l t  i n am - i - ) \ e i a l l  modi f ied  pred i d o  i’— c or r e c t o r  procedure  f thi i’d

l ) i ’det’ LS— 7 ic ,  p . 157 j . Ti -ic i— equi red two—step starting values fr -u ’ ti - ic

m o d i f i e d  p i ’ c d i c t u - i m — o ’u in  i ec tu  m c scheme at — c obtai ned f r om a s e c o n d — o i — d er

Runge— Kutta in ethod [L S— 7 1 c , p. 41 , Eq. (2. 1—11) J , supplemented by a

c’ur m e  ( t  ‘ i i -  c~ilculat ion.

Subroutine RKAM2G , oi— i gi u’ially prepared by N R L .  ha5-~ been

modified by SAl in the fol lowing pr inci pal i espects:

a. Redu ction r- f the value for  ti -ic t in - ic  step (PRMT ( 3 ) ) , set as
a 1)ata Statement  in DRIVER. from 10 sec used in NR L IIV4
t i m  I sec used in earl ier  versions , as found n e c e s s a u v  by
H A L in several test pr oblems to avoid having the Rungc-
Kutta portion of RKAM 2G abort due to i t -g a l  ive numbers
being raised to I) W ( -  rs in Subrout ine  FUNCT.

lj . Removal o f  the const i— aint u 0i the u-i-i od i f i c d—pred i c t or—
ci in  n e e t o u r  por t ion  of RKAM2G that it could not double the
t in - i c  i-I CI) with respect t o PRMT(3).

c. 1. Removal of the t acit  o - m u n s t  u ’aint , fr -i— prope l— w o i ’k u n g .  that
the t ime  interval  f rom the s t a r t — t i m e  to the s top—t in - i c wa - s
exactly d iv is ib le  liv the t i m - i - i c  step.

c. 2. Addit ion of th i e c apabi l ity  to interpolate to oi)tain t i m e  values
r-f the vein cit v ( Y (  K)) and posit ion (Y(N K)) at the s top—time
( X — I ~R M T ( 2 ) )  when the in tegra tor  oveiste i) s  the specif ied
st op p in g  t ime .
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d. Reduc t  l iii - ‘ I  t h e  C -’ a In - me ft  or ti - in - -  Lx uund m o n  t hu — t run (-at i i  on u - r m’ m u u-
( I - - I °SHE l’ 1~ i~\1’I ’ ( 4 ) ) .  ~ u i as a Data H t i t m - n i u ’ u - i t  in  I u l { I \ 1 - ; R ,
I m mi i i  ( ‘il u s i - ( l  in N R I I I V - 1  t i  100 ~~ us ed in e a r l i i - r

C-_ t O  s u m u t i s , I - i )  hel l) p u e v e n t  ai)r - r t l u i y ,

e. \ , du l t t  ion of a i t v d m o t — c ’ m - o ’ i i - c oun te r ,

t .  l - l i u m i i n a t i r -n i i i  t u e  o ’ ap a h i l i t y  t o  in te n - t u - a t e  ba ckv ’ a i u 1  in
t i m e.

A d d i t  m u l t i  cI a te st  in Su mbru n i t i ne  IJ YDR O G t ( u  d et n - -nt  C - C - h e n
Hubrout  uk RKA\1 2G , i t t  e i the r  ti - i c RK o m m  A M  2G pou’tion - m l

t h e  i’ u u u t i ne ,  I T O I i -~ l u  a l ’ h i t C - e  t he dcsii’ed i n t e g r a t i o n  ac—
( ‘u i - a t - C - -  i t t m r  11  h a l v u n g s  u f  t he  tim - i - ic - step and i’e t u r n s
c la n m d es i  i i t t - I ~- I - i )  Su i um ’ u - i u t i r me HYDROG . It - i  such a c —i uT um—
i-da nce. u t t e r  l i i i ’  P~ ’°P n-~ ’ ~t i v i u l g  and r e s - a - t t i m i g  if i e z u i u l e
I I tu g i - ., S t u i t r o u t i m m n -  II  Y 1)RO G calls Subrout ine  RE/ ( )NE t i
l~ i’ tu u  i’m au i n ie nt ~e m i cv i’ezone ( l u - i the  c u - l u - i - i - i  u- i u help ccli eve
t h e  t I w k C - C - : l i ’ d  c r - m i d i t u u m t i s  i t i c i t i g  t i - i c  i n t i - g i ’ t i t ’ u r .  l i i  t h u s  Fu ’—
‘
/ tic ’ (h i  top t i n t -! it ’  i t t - i n n  Lagi ’-a u - i y i t i n  p r - i t - i t s  a i — e kept t x i - d
anc ! t i m e  i n t e t - mn - i u p u - i u i u t s  t i r e  un i fo rm  it ’  ptr -- ’d. To aciue’,-

~-
he e m i t - i  i ’yenc~- n ez  il k , a l)u0 1)c i ’ s h u f f l i n g  I the column

l T u t ; i  is m ade t o u  T i u n e — S l u ut 2 for  s t a r t i n g  t h e  r e z u in e  and
h at — k t ‘ l i m e — S i t  it I a l t e r  ti - ic i’ezone fom’ lat e u— u se  bC - t i - ic
c l t e m i  i-~~t i’y r’ o )ut in es.  Sub r out ine  RKAM2 G is t h e m - i  pu ru - i - i i t t  ed
( m u  i i f u - ~~m t i t e  t m - u  t i - i c c o u l u m n n .  Only one such u ’ u - 7 u i i o u ’  i t  :1
g i C - - t u  t i n-ic is p t m t  t i l t  i a l l ~’ useful , s i - i  au e x i t  is called if  t h e
p u - g u a n o  a t t e m p t s  to i i’ t p t ’ i t  such an em _- i ’gu _-nc v  i ’ ez -- u e.

h. R u - v i s i o n , am id e x t e n s i v e  a d d i t i o n .  i t  (‘olll mim i m I t ( l i ’ d L ,

-; .  i; 1)11- I I - , I~ I - N T LA I ,  I - Qt AT IO N K I - OR I J Y D R O D Y N A M I U S  IN
N R I I I Y L  (T 1l1’ [iI RI \-’ A I I V  1-; HOt f ’ F I N V , SUBROUT IN 1-~ h- ’L ’N ( ’ l

Suhjo u t i n - t u u u ’ I- ’UN (’T o - u u n - ipu t es  the  d eu’ iva t iv i - s  ( t i - in - -  v e l i n ’ m t C - -  l ildi

I o - ( ’ e ! e m ’ T i t t m t  at t i i u  I a v u , u i i i n a i i  ) ) i u o - i ( S )  f or  the u t t ’ d m na i— t ’  d i t t u - i u - n t u i l  - ( t i m ! —

t u t u - s  ( t o t  the 1,-i m s t t i m o and vel u citv at ti n- i a t t u a i t g i a n  po in t s )  u m i t e n i — t m t e d

in Hr - l u - ’ u t  u t e  R K \ \ 1 2 G .  1 I i -  ‘ - i t — di r - a  r~- d i f f u u’ u - n t m a l  equa t ions  h ive  lo t ’ . ’ m i

- t h u t m i n e d  Gtm— ~~- b , u  . Ga —-7- i b , ( . P —  ‘14 , ( P — 7 5 J  f i t - r n  the pa r t i t 1 c i i t f e t ’ t n t i t u l

u - ( I u a t m i u l i s  m l  i u v ( h 1 ’ u ( i vn tm rn i ( - s  I O V  t s u i l l i t i g  isent i’r-pi (’ (shou’k—free) flow amid
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by i ’eplac ’i t ig  t he  c i i m ’t  i a l  ( 1 ( - i — i v a t i v e s  i n  t h e  s p m t i i  I cli u u - c - t i m - i u m  by d e r i v a t  C - ’ ( -  — -

i t  t~ n a nti l -; t I c  l i t  f u n c t i o n , in acco rdr -m -c with ti -ic tim et hi id - i - i f  di l i e  rent  m a l

q u a d n a t u  i-c L i t  K—7 2iu  . , - \ s a r e stilt ml t i ,  -se a s sumpt  i i  ons . the  ‘ m u i i u -  m—ation

at ~i i ti yi’ l iU~itlfl pot m n t can t i e  u-xpni -ssecl il-i t t ’  run s - mt

a. The u t t i t t a l  n- ’ t l l u u - s  of

1) The pr c ssui- c — t i m — den sit  - -  r a t i o  it ti -ic- point and

2 ) The lu ug a i — i t h u n i c  pi ’essure den va t  ftc at t he  point and

I t . ‘I he c-ut ’ re n t values of
( 1) Ti-ic rat io m i t  the  cur rent  L a g r a m i g m a t i  gcr -cem it i’ic radius

t i  the i n i t i a l  L a g m - a n g m ; u r l  ge uce u t u i c  radius ,

(2) The r a t i ( i  i ) f  the cu i’mu ’iit densit y at ti-ic I)r - ifl t l u  t he
in i t i a l  d c - n s i t y  at ti - ic pr -u -it , and

(3)  Ti-i c f i t — st  and sect -nd ( o r d i n a r y )  d e r i v i t  iv€ -s  n-if the  cur-
t — emit La grangian geu c ’entr ic  radii w i t  ~t t—espect to  the
i n i t i a l  Lagr angian gel u c cn t r i c  i— adi i .  evaluated by dif—
fe u -eu - it m r - t i  ng p i I \ - n u u u n  ial f i t  func ’ti u u t - is fr - i— t he  n- -~-:1— el-it
Lagr angian  g eu i cen t r i c  r ad i i .

Thn - equ at i om i s of motion in N R LHYD , as w i — i t t e n  b y  Gax -dnc i—

Ga— 74 h , G P~74 G P — 7  5 in a f r - m t requi  u _ i rig o u t U  t i - i c iu ’i i t i a  I p i e s s u t — e ,

dens i t - . , and ve lu, ci t v at t h u  i n i t i a l  f l u i d  e l i -i-i-i ent Ii uc at ions , at — c

~n- It  i’, I
— v ( r , t)

~v ( r , t )  ~~~~~~~ R (r , t ) 1 2
~
t
~~~ ~I t ln , t ) 1~~— - — 
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r — i n i t i a l  yt ’ ( i ce u i t t ic radius - i t  I a g r a n u z i a n — p r - i n l  K.

i t -  m— . t )  = c u t — r n - n t  g eu x ’ e n t n i c  r a d i u s  m u f  I t i y m i n g i a n — p u i u t i t  K.

v ( r , I ) ( ‘urI ’ u- nt t e i  u ( i t ~ o u f L a g m - a m t g i a n — p o i m i t  K.

— i-u ni - c-u - i t t t ( ’ce lel ’at i om of I i c i i n i & i a n — p o i t t  K .

p1 - i b 
I i m i i t  it i l  l) I ’esS e at L a g n a n g i a n — p o m n t  K.

- i u i i t i a l  d t - n s i t v  at L a g i - t m g u a n — p o i n t  K.

‘I he i cr i sp’ 11( 11-m ice between t l i t - s e  va r iab les  and the  F o r t r a n  va nu a b l e s

m s r i v e n  in Table  3 , wh l e r e  we hat e also given the expressions u s u d  t i m

i - V t lu ti t e  the  v a r i a b l e s :  of pai’ticula r importance us the e v a l u a t i u m m i  of t h u

p. ‘ al cit u i v a t  i n - es by use : f the p m l t - nom n ia l  f i t  func t ions , i i i  a c co rdance

‘A mm h t he d i l l -  - i i  - n-it itt 1—quadrature ni ethod.

In terms (of the  Ft u i ’t r an  t’a riables , ti-ic cquatiomt s io f  na - t o m

C - V u )Uld be - >~p ru- - s - st ci as l ul l  -C-V s

Di - RY N — KI

1 o 1 GANI MA(
Di - ; I ty ~ K } C SQ O(K ) ~ L~ ’~ ~~ 

2 ‘D P I ) Z O ( K)
(A3)

(~~\\1 MA > ‘ E A 2 >  A l  u zZ~K (
~ 

- - GI~~ V

1I ( u w ( - v l - m ’ , in  t in -  N R L  Sn - ibm -ou t m i -  FUNCT,  there  a re  t w i t  d epar—

tu r n - i - t m - u n  t h e -  t b - s c r i p t  ion ii’i Gp—74 and GP—75. I- ’u ist , the fi i-st at-id

su-u’r,nd d i - u - t v t m t  i V t - i -~ m l  t h u  L a g i — a m - i g i a n  posit ions ( l u - i t  i m t  en - 1 ’  pot m i ( s )  a re

r u im p u t e d  f m  f l u  a C - V e i g t i t e d — t i V e u ’iY , t p r o i ’e d u t e .  In add i t i on  ( I )  the d e n i v a —

( m v - i - s  computed In -  u i -a- m i t  t h i -  l ) 1) l V m ~~i f l h i t I 1  i i t — l t m m t ( ’ t l o ) f l S  f l l e n t i m t t i u ’d a b m u t e ,
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dt i ’ i v t i t i v ~- i -~~i r t I s t t  o - ’ u i i l p n - m t t - ( h  t o y  b i k i n g  I i  o - -i and ecr -t id d i f l u - i u - u l i - ~- ,

I he ( ‘ o n t n i i ) U t i m t l l  u - I  t u i e  d m n t - n t — d i f f c r u - n c e  ( h m - r m v a t i v ( -  t m  ( l i i ?  d i - i ’ i v a t m n - ’ u ’

u l t m m i t  clv U s u ’(l t iu - pu- ndl s t i n  a n - v ( - t g h t m u l g  l a ( ’ l t i n  ( I I I )  SO o ’ h - u s u - n  tha t  it is

n m t i t ,  a t  t h e  ~- d t u ’t in g  t i n - n e  an ( h  t t i i ’  an t ’  ( u m i u l p r e s i - i O n  ~i t d  d u - n i ’ u - , i - ’ L-s l m ’ ’ m i i

a i n m  -; a -s ‘x p i n s l  ion  oc c u  u - - s  -

Thus , N R L  hiti -s i n t i -  - dn - tc c d  the I i h r-wing quam it uti u c— -

:\2 I Mtt ~~i lW K ) ,  0. 25 1

- - [- - Z Z - K  1 ’ - ZZ J K 
2 

I 7 / ( K )  - Z 7 K-  1)  ~2l )
( 111 = \ l u n  ~1. ml I X L  ~~~u I  J~~~~~ +~~~ ‘ ~~~~~~~~~~~~~~~~~~~~~ j

~
I [ / . 7 (K  + 1) -  Z Z K )  Z ’/ , K(  - ‘/ , /(K  - 1 )

A 1 2 [ Y N  ~- K T i T ~~~~ N - K  Y I N  + K ’) - Y I N  7~~~~
’ ”’f

~

— 11 — ( ‘ i l l )  > A2 - C I I I  - ‘ A4

- K ~ H - Y I N  K)
A r -  

~~~~~~~~~~ - 1

Y N  + K )  - Y I N  K - 1)1 
________  

2 
_______

/./ F-
~~i 

- / / 1K -  I I  j  Z Z ( K + 1~~- Z / ( K - -  H

Al ( 1 — ( I I I )  ~
‘ A l  +- C I I I  X AS

It is t l m i - s u -  C i l I - w c - i n i i t e d l  - x p m u - s s i o i u l  fr - i’  Al  am id A2 that  ar e  ac tua l l y  used

i n - i  l i i i -  a co e lu t a t  u r n  e q u at i on .

The  seer -mi d  depa r tur u ’  is that , l u - i  p a r t i a  l iv  c u - i n i p e n s t i f e  l i i i  t h e

i-~inip1il y in g assutnj)tir-ml i t t  i s en t r ( i I ) i (-  t l i u w , N R L has in troduced  o u t  a i — t i —

f i c i a l v m 5 ( ’ u i .’~ i t V  tn - -i ’m i t  all )nterio )u- pm )im lts ti - i hell) m aintain t o smoot h

sr - lu t i ti mi , i .  ~~- . , u m i  t i - i - i -  r i t - h t — l l a n( l s ide of t i - i c ti (’ (’eli i ’Cltil )tl eqoituti on there

i s  u i t O - i d  t ue I cnn
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I ) V I ) / P  Y I ) \ I ) / I ~ - 
- I ) \ ’ l ) / \ l I ‘

w h e  ri -

= \ N U  > L z Y ( K  ‘ 1) - / / ( K  - 1 ) 1 -  I t l t I K ) j GA
~~

T \ T A

— \ N U  0 . 1

I) I)/I~ 
l )ERY N - K - 1)  — D I - ; I t Y I N  K )

-- 

Z Z ( K  - 1) - Z Z ( K)

a m -md l)\ I ) / \ 1  + q U t o i S  t h u  value it I ) V D Z P  ft -  u i o i  t i - ic  prev i ous pasi -t t h r r - u :. h
the  1)0— I i  up iv em’ the pr-i u-it s in  t h i n - ’  ‘o lu u - i - in.

In a d d i t i - u u - i  t o  t i ie  I l ) - - \ ’ u ’ —— m e t t i o t i e d  cicpa m t n - u t e s , HA L hi t t  math -
t w u u changes  in the  N R L  Subrout ine  i- CN( ’T.  F i r s t , t~ c- h at u- mu-idified

the N iti - po - ticeclurc at  t i c -  ( s t : o t i o n a u - v )  h ot t ot im 1 : o n i ’ : o n g i t o n  p r - i t - i t  by x ’ t - q u i r —

in c . ti - in - - cleni-;m( y i - i’emain constant ini - - t t ’:oi of lct ti ia- it be uin- ter ni im e u { by

th e  t i n t -  - ui - it I - !  m u t t - t n  n - mt l c - m g i t m - i e  ht t h i n - - si-cr -nd—i - west pr-it -it - Th u t m ’ u - t i t —

m - i -~ . u t  tLme ho ttom—p o )imt dhu - omsiin - u h u v i u u u s l v  affects t h e  I I A G — i m m t i - r p i l u t u ’ i

va lu ci-- fr - u— the d i m - i s  i t  V bet C - v e n t - i  (he t n - t i  u I ’ u vest  La gia ng iam -i p0 oi mit but (su i —

pi’usinc.ly) ot d o o m -s u i u u t  affect ti-ic nnit o uu i i t  any of t i m e  mim u i \ ’ ing  l t o n r : o i t l l a i i

1)0)11-it s ut O i l t bii- o ’ u t lu t iin ha s l i t - u - i t  ei t biu- i ’ u estar’ted ( w i t h  a u - it-C - C - ’ i n i ( i a l i - i t t —
t o n) i i i ’  m - u- ,”;m iu-d t o  l s u u  with a h u n - C - ’  t ri otot o li zatio n) . With  a new initial i zco —

to - - i t  ti - i i~-i~t~- i s  a m i t - V  pI- ssui—c prr -fi lt- , pa m’t i : o IIn - n - lu- li- u’t ni n ed b y  ti - me

bounda r-; cr -ndmt u - _ u - i p~’ u- n t~j l i i  -0 ft i i ’  the dcu sit y at t h e  lowest o m i  mi t . It is

t h u s  new p o t - s i - a i m - i -  p r o f i l e  t h a t  t ( t u ’ o ’ I s  (h e  m o u t i o n  of t h e  p r - i t - i t - s  .o l u t e  t i m e
0
1 l io n - ta - s t .

to
(in-u i’ s i - c -  rmd c h a n gu -  m u - i  Sub u — out i t ie  FUNCT is that we hm a~ e pro —

t’idiedI a I u - 5 (  to dete r ’rn um i c  wh e t h e r  or— u mu ot RRO ( K),  t h e  u -at u t  of the  (‘U n t n - - r i t

- h - r u t t y  l o t thou- i n i t i a l  ( i ( - m i s u t v  it Lag m ’an~- i t i t i — p o i nt K , is m mu - cj ot i ve as t i

u-suit ‘ m l  t w i t  a dj ; o oi-tit I ) m u i i f t s  ( ‘ t o s s i ng  o w i n g  ( i i  t o o ku- u a (m i - i - it- i - t i ’!).

(11 RH_()(K) is m i e c . ; i t  i t a - , t b - i -  p i ’ u o g i ’ a u - m I  used l u - i ah u im i without h a v i n g  t i chance
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t a  t i— v a s m a l l e m -  ti rm i e step. ) To pu’event  an a i ) o ) r t i o n  tn - -b er m RRO (K) is

nu ~t to t  i n - c , n - V u t’equi ta - the  p i - og i— am t m u  r e t u rn  I-a nea r the begtnnin g 1)1

Sub t— o o u t i n e  I tKA\I  2G t o o  t i - v  a g a i n  w i t h  ( - i n c — t e n t h  t he  prev i ous t i m u - step.
‘I ’ n-V u S n - i (‘h eme r gen cy n etu  i’flS a iuJ  p ci — mn i t t  en -h be fo  u— c a i i m - n - t o n g  t h e  co i lum n

- - u n d u - i - g i m  au - i n -me i -g e n (-y  i ezone , i n i t ia ted by a m t i f i  c i a l ly  se t t ing  ti - i c

b i s u n - t i t r n  counter I HLF to 11 tim id c’ausing a i’eturn to Subrout ine  HYD ROG.

4 . 7  i t l - :ZON E IN N R L H Y D  ( SUBROUTINE R E / O N E )

4 . 7 .  1 Pu u p -  ise

1’ - pr -n - - ide  for  m a i n t a i n i n g  t i r -casonable  r esolut ion  o if t h e

La c. m - t t i i c . i t i u i  p u i u i t . ifl the  ( n m o r e  impor t a nit ) lower portion of ti -ic HAG

t imoi du i c  as a co lumn expands to n--c u ’s- h igh  a l t i tude , NRL developed a i— c-

L - n-i n- - p i -mo c edure  which we n i oc h i f i ed  and incoi ’porated imito Subroutine

Rl-~Z V N K .

4. 7. 2 G e n u - u a l  Features of Subr out ine  REZONE

H n - u l - i ’ ut - iu t i ne  R1- / ( )N I  i- i-sets t i -ic positions amid p r o - i p e i— t i e s  of t h e

I t i  gr an g i at ’i p o in ts  t - i i ’  each ( ‘u i lu n i u i  n - t h u  it- c g eocem itr i  c radius  ml t h e  upper—

m r - s t p ii mi t  i x  r u - u  -0- s a g iven  nt - - u ( ’u ’n t  i i c  radius  JI GTMAX at the hvd r o—

ti ( l \ ’ t I t ( t  t i m e  TSi ( ) P . The number  o o f  L t i g m’ an g i an  p- iunts in  a rezoned

colun ’in is kept t h o u -  sau - i i e  I N C E L Z N R I  = N C K L/ SAI 
1). Ti -me n u - n - y

I t o t  i i  rigian— pr-i mit i-~epto i — a t i  on di st an cn -- s  (DE LHA2( K ) )  a me read bn - DRIVE R

in  N t t o u i  c- l is t  SI-~l U  P1 and I ) a s s (  ti-i m — ou g h R E / O N N  (‘om u’noin.  If

I)I ’ LI IA 2 (l) — 0. , t h i -  u i  ‘im - in ed  s i -p a  u -at i i  - in d i st ances  a i— c n - -n - - eu lv pa red ti s

pi ’r-pose( ! h o -  N R I , .  Table 4 g iv -s th u cu t — i e n t ly im se d values  I - u -  t i m e  i n - m i t  i a l

and n— u - z one d L a u t r t o u i g m t o u i — p o i n t  sepa m ’ t m t i u r n  c I t s I o u u c e s  t i n d  altitude s,

Sn -u b~~- - t i t i m m e  R E / O N E  u - s u - t~ l i i i - i - t i  u ’ i mit c i ’ p o l a t u o ) m  f - u t —  v u i u u c i t n - - ,

e l m ’ u ’ t r - , m u  t e u i p u - t o t u r i - , t iuid N~~~v i b r a t i r - n  t c i i m p e r t i t u i ’c a nd uses ) ‘  ‘g t i n i t h n

I - - h

- - - -
- 
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imte n I i u l : o i i u n u  for  p res sn -m m’n - - and d e n s i t n - — d - i - p c - u o d c m - i t  n - - t i  m ’ t ; o h l u - s .  T i n - s i  i i i —

temp ‘hit i - u u i -~ a u-c unade lot calling Subi’u u t  inc  INT E RI~.

t—~n - i h u i ’ u u t i m u c  R E / ON I -  is rti l l - d f i — o ’- immi DR I V [R  aftt- n’ till t b u n  n -a l—

ui -i -i t - i - s ha n - u- lu - i-i- ti advanced f i t - s t  f o r  hvd i’ -i ( l \ ’mia f l )  ics  and t i - i - i - n  1 - o r  c h u t u  i—I  rt - .

In ii m o p ing  u n - c m ’  t i m e  ( 0  iluni u -is , Sub i— out inc  RI-: ‘/,()N i- t n - -z o om - i - i-s ou i l v  I h - - s i -

n - - l u t e  iu ~ l ou’  w h i c h  a m e ” -  i n n - - fit ig ( f R E Y  N N ) )  has in n- ti Sn - - I  h t o s -n - ’ d  u u u  t h- i c

et 7-  ‘l i t  c r i t e r ion)  in Subi i t i t o i i t  I I Y I ) R (  ) ( i m m e d i a t e l y  a f t - - i ’  ~ u h - t - o u i t m r o e

RNA\1 2( it ’ mu ip le tes  the  u n - d r  ‘oh o t t o  mi - i i ( 5  t o o t ’  Co lumn N N.

If t h u -  m u — L i - n e  l l t o n  has hi -en  sn - -t  f - m r  (‘r - l u uim n NN t h u c t u  ~t u b u n u n - t t o m u o -

ECRD i- s — a ll ec l  t i  obtain t ime  i - i l - m m q u a n t i t i e s  f i’ otn T i m u - —~~ 1m i t  2. f - u n

du n-’ eli up un emit p u m p  m s u - s  , n-V t: p r im - i t  t i - ic si at  us o u t  the  Lag i - to u git i n — p oi nt  q uan—

t i t  i es ,~~ it i d  also the  m o l e c u l a r —  h t u i  dens i t y  and h c t to n - - v—pa  u - t i  ( I m:  t c u n p e m a —

t u t  m - ~ b o o - f r - i t  o e zon€e  — \ f t e u  t i m e  n ’ Loe , i - a n g i a u — p u t u n t  ( I t i t i u l t  o t e -~- ti i’ e

u i u ’ t u n - i n e d ,  l umt m v — P - m i n t  I- I TWIt in S u h u j u n - i t i n - :  1- CRI) is - r u i l -d t o  ~l - - r e

t h i n - -  L a g i a n g i a n — p ’int  q u a n t i t i e s  im T u n t u - — S l ut 2. _-~~ I _ o o u i , fr -i ’ d m ’ v e l ’ u p o o - n - - n t

pu rpr -s u - - -- . n - n - C  I ) m i t ~t t h e  t’ i - ’i ’ i o u n - ’ u l  L a g u  - i n g m a n — p ’ u n t  p t - o p t - i l  es , i n c l u di n g

ti - ic molecular— ii oum d iensi ty and i u t - t i v v — p a n to ( i c  t e m l) c i ’a tu r c .

4. 7. 3 R u - s i t  t o  n -un V c- i— tic a 1— Di m ’crt o m m i  m di i r n - s  of Tm mu ’ — !  ) pi n d m - t t

Ln - ’ -n t  P o i n t s

A f t - n  t i m e  h t r — i r  
~
) t t r - i f l  - t  t i - i c  m ’ e Z ’ u t i m n g  has l i e u - m i  i - m p h m t i - d .  t h e

iou oi - ’~, ( L X  I ) )  t i - i ’  the  I t o  o L m ’ t m o I o -  in n  p - t i n t s . ii ’ t in t ’ , t o t - s ) ( - m a t i ’ d  n- n - m t h  t he

i i i t — pi ‘mi - it 1 is  I ’  i t n  pu t ed .  as -V c l i  a t h o m ’ fm tu ’ t  i - - o t t o  I n-- n - - i - I t o - t o  I — p u~~ i t  m i - i n

p t t i ’ a u i u u - t m - r  ( I  R ( i L ) ) .  ‘l i t - i - s n - -  qutintit i o’s . K X ) I . )  t im - i c !  I - R ( d L) ,  . 1  mu-  pass -d

t h o r - u gh  I Vi - N ’I \ ( ‘ - i on  o t u o m o .  I f  t h u  p o i n t  ~t u o o h - m n s k  is t O o  u t - u -  t i - i t  i- c ’, o u m e d

(‘ i ) l u u o i n , a u n ’ ~~s ;igc -  t o o  t h o t i l i ’ t t u - o ’ t  is  p u ’ i o o t c d .
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4. 7. 4 1 Iv d  i - a  Cycle  Co u n t e m ’ s

At t h e  cool o u t  Subi’out in c  REZONE , p t— ovidc d at least o m e  cr - I—

u u i i n  i- ins been N / i n n - - c l , t h e  s tatus m i f  t he  hy dn o cy cle  ( 0  o u r - i l  ni ’5 ( K C Y C (N N ) )

i s p r i n t e d  t iu i d  t hen  t i -ic  cr -um i t i -  m’ s a u— c Z(~ u’ te d.

4 . 8 I N ’ l E R P O L A T I ( ) N  R O I JT INI - :  IN N R L I I Y D  ( SUBROUTINE
I N ’ i E R P )

S u h i ’ r - u t i i i n -  IN - I’ EI (P K. I ) U M X , I ) U \ I Y , v1 , X , Y , MOl ) l - )  i s

(‘ailed Ii’o ) m t—I u h i m o  t i t l e R E / O N  I ;  t o - i  p u - o u t - i d e  i u i tc i’p olated values if t he

I~t o g i ’ t m m i g i a n — p u u i n t  q u a n t i t i e s .  The d e f i n i t i o ns u o f  the ai ’ o t ’u m n u - n t s’ ar- c t i s

- - I I ’  - V 5 1

K - I nOn -t x f - o r  w h i c h  ti -ic ah s ( ’o  t - sa  va lue  I X ) ,  at ‘n - - h ich  -at - ic wishes
~i d e t e r -m i n i -  the  r - i ’ d i n t o t i -  value (Y ) ,  - t o t i s t i c s  t i - i c  o u l a t i o n
N - K )  < X < X( K - I) .

1)1, °~1X A u  u - to y  o i l  t i l u sc i s s as  (old I t u n u ’ t u o o e o t u n — p i o u u O  i l l  itud es ) .

Dl_ \ 1 ”i :\ m i ’ t i n -  i - f  - u u ’ d i u t t i t e t - - - t - t i u - i t o h l e  o h - p m  u o o ho ’ mi t i o n  m it! I , t o 0 4 1’ t i m g i t t u l —
p - u i - it altitu d es).

~1 r ) i  in u- o s! - on - - I 1)1 M N and I)t \1 Y,

X X— rio - mm - d o not o- it w h i c h  m t - i -  n’ - l i t  n--d v t o l it u - l ion’ V is d esired
i o u _ -n - n - ’ Lagu ’annutmn — pr-int al tit ’ i oii s).

V It~- t u mo u u-o ~b mu d - i o p om hm tec l value.

~1OD i- . 1, ii Iin - t i I ’ t ‘ V m  -— p’ ott - it i u t ct’j) u ltil o om .
2, Ii og t i  u - it hfl l  C -  t n - V o l — p m  - mutt i u- it em—p oin t l o o m - i ,

1 . 1 VI- ifl’ICA L \lO 1 ION 01-’ A l 1 n - i } N I  (SI I3RO I I INI - : Ti \1\ -\1~ i

• S - i -u - Si- - i- t on 3 6  in ~- A I I I V I )  h u m  t o  tt u-m oi ’i ’ :iI d ms ou ss o - i un m o f  t h e  pu’i ’p-

u - u - ti - i -s o o f Su I t - u t i t i n u -  T i \ i \  A R , ~ i i i c ’ i -  t h e  NR1 IIYI) n- m i n i on i s  n - _ n - - i t  s i m i l a r

t b i i -  1_ \ I l l ~m I )  n - i - i ’ s i - o f l , - i- x ( ’ - i - I ) t  f i r - ’  t n - n - u m’ - i-I o te d l t i -t i t i m i’es. l o o ’ - ’ t i t o d  m u !

n - - i - i ’ t i u - a l h  I m r a t m n g  t h e  f t - o n !  X as h t t n - ’ o n g  a tt’ , o r t t - i i o i I — d i - —- t h u t ’  1 (i(’atiomi

87
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tV lth in  a cell as in SAIHYD , t n - c use the f r ac t iona l—dis t ance  between the

I’ ~V o u  r i m  u sest  Lagi’angian pr -i nts . We also speci fy  the i i-idex 0 ) 1 t he  closest

L t I g m a n g i a u i — p l ) i f l t  K , with an assigned PIUS Or - ui -m i nus sign tn -- i denot e

wheth e  i’ the P um nt X is above mu ’ i) e l ’  ow Lagrang ian—po l nt K , u’ eSpe ( ’tiv elV .
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~ . 
(‘( )N ’I ’R () I ,  ROUTINE I”()R A I ) ’n--’ANC ING THE CIIE\1  I STRY

IS U RROU l ’I N I- :  ClII- : \ I G)

Sub i t  iut i  tin - ’ CII I- MG , t he  i’outi ne ( 0  m n - i t m ’o l l i  mig t h e  sub m’ t )ut  i ncs
do in g  t he  to r t u a  1 t i On --a nce m cm ’m t (if t i- ic ( ‘he m i st u~t , pe m l  - i o n - o s t h e  I - i l l - - n - n - - u  t - ig

fun c t i o  t u ~ -~.

a .  C ont r ols the  l o ) o p !u’og u n - i - u ’  a l l  t he  o - u l n - m e ns i n  t h e  gr id  n - n - h u e
t h e  ( ‘hem ist i v  is hem t -ig di )t 1C.

b . E f f ec t s  ti - ic t i ’ ansf e i — - of the  NCO L cell q u a n t i t i e s  f r - n  the
c o lu u n n  of i n t cm ~-st I mr - m u laI’gc n - u  tm - c  n l e u n m  i i ’ ’~ to S n i t l  11 ( - u o u ’ -i~i
u ui n - - o u u -  m v ,  si mila r tn - u  I l - i t -  t i— amm sfci ’ e f fec ted  f r o m H YTI)ROG in
pr -epa u -at i i iu l o u  r doi t og t Ime hvd m - - 0 n- ’nam i r s .  In aci d it i o i n  to
t r t u n s t e r n i n g  ti - ic jus t—desc ’n ibn - - d  data f r o m — i  T i m e — S l ot 1,
da ta a r t -  a l s o t u’ am sfei’rcd fr oni  Ti o n e — S b  it  2 si tmc ’ c soni c of
t 1 n --s - data t i r e  m c q u i  u — ed fr - i’ the GET— chen’ m i s t  u - n - ’ mt ic lu lc .

c. Pi’inots , fr - i ’  ( l e v i - l u  0 1) 11 eu-it ~)Ui poses , t i -i c s ta tus  - o t  t i - ic
Lt o u - ti  t u g  t i  n - i— ( - u:  11 qu ant  it o u s , amid to 1-si 0 the mo i l ecu ia  n—ion
du o - inn! v am - id h e t ivn - - —p a i ’t i r l c  ten’op c na tuo - e ,  before ( b o i l  ng the
chcni  i s !  r n - .

0. I n i t i a l i z e s  t he  va o ’iable s iii S PI - (j l -  F’ Con-i t - i - io u - i bef o u - e n a i l in g
S n - m l o i ’ m iu t  inc CIU - ME F. These va i - iab les  for  Ccli K
( K =  1, N CI - :L z )  au -c :

RH O( 1 ) — I n ! ’ I l ( L O C o  2 )  Dem mu tn - ’  at T i m - i - i c  Ti
‘1 i - ; i ,  1) I t t ’F l ( L O C +  3) i - :iec tnon t c rn p e i ’ at u r c  at T in c TI

b f l ’ I - l (L O C+ 4) E u - i - t i - -in density at T ime  11
I - ,N 4 5 l )  l t L I : 1( 1 4 0 C + 7)  N( 1S) clc t-isitt - at ’I’ ime ~1~i

~:N 2I )  1) = h i ’F l ( l A ) C  8) N( 2 1) ) d e n s i t y  at T ime  Ti
OA 10\ l( 1)  RU F 1 (L O C  Ii:-  0 dcn s i tn - -  at Tir u m e I i

* K N 2 ( l  ) N L I - i ( I , 0 ( ’ + l O )  N 2  (1t~o i s i t ’~’ tol l ime  Fl
0 2 1 )  — Nb [1 (10C -iui ) 02 t b - i - t o -- o t t  at T i m e  I I
I - N 0 ( 1)  BUF1(iOC 12) NO (l i -O l SOn - ’ at I’ t i - i - i c  11
l-:NP (1 ) — H U L 1 ( L ( ,°( ’ + 1 3 )  N d c u u s i t - :  at Ti rmun - -  ‘II
O P 1 )  I W F I ( I , o ( n - 1 4 )  0’ d c m u — o tn - - it T i m e  ‘ I I
PRI - ;S- 1)  I t I  1 - 1 ( 1 1  )( - 

~~ 5} P r m - s s u i ’ e at  T im e  I I
T V I h N 2 )  1) — I l i J i ’  1 ( 1 . 1 u (~~ 17) N 2  v o h i m - t o t o - m n  t e t i o p c u ’ : u t a i m - , o t l im e  Ii
( 02( 1) LUI- ’ l ( I , u ) (  - 18) ( ‘

~ d emi su tt -  a t  T i u u - u - TI



(~A\1  ft 1) = h U F I  ( hOC - 2 0 )  - \t nhi u- oit jo) fl ~ n d l U (’ t i l )t i  i’t - i t t  tot I iuii u ‘II

UI’ (l) 13! ’h l L0(’ o 22 ) l ie t h - i - n i s i t n -  it T i m e  TI
RHO 2) B1 J F2 i hOC - 2) D u - n s i t v  at T i m e  T2

U t I - 2 ( b 0 C ~~15) Po ’ u ssum ’e tit ‘ l i me T2

\V e not t : 1) f l u -  is  u - i - - I  u - s t - u i  u m i  t h o u ’  ( f t ’ J ’ —nlu c m i n t u ’ v  but is  used  in t he
N R L— i ’h emui  1st  m n -  mm idu ln - -  , (2 )  t i-ic elect i- - i - in 1+ - I -m o pn -ti’ atu i c  and N 2 n - - i l )  r a t iona l
0 e t u  pe 1 : 0 1  U i n - -  to  m s - f l u e  s to r t o e qua nt it t ’  iu t he  GET— chemis t  r n - but t i m - c chu f fe t - —
t n t  il - i  m Io n - - N RL — ( ‘hemi st  r n -  m u  cluic,  and (3) p i — es s u m e  at T i m e  ‘I ’2 is  use d
in the  CI’ . — c- hen - i  iSt  rv  i)Ut is uiot used ii i  t he  N R L —  c h e m i m i st  rn - module.

c. (‘ t o  i t s  Subrout ine C’ ! IF \-1 F F t o o  a O n - - a  m r - c  t i e  chem ist i’v in a
(‘ O ) l Ui lm ii t i’i )fli t lie st a i— t t im - i - ic Ti t i i  t ime st-al) t i m e  T 2.

f. C i ’oi putes , f o o t ’  the benef i t  i o f  Sub iu u t inc I -Ni’ (IIK iii SA IHYD
if ti - ic e u e i - n - n - t - — ( -heck f lag (bENCH K) equals i t o e ,  t h o u -  I - o t t o  1
n - - r t t - m t n -v netur n ed i  l i i  time - cll h r  li l t ’ o i’ u’ u uiis t o-v-

Up dates t I - i n - -  I ~t. I F2 a u - ra y  ( ( ‘Oiflpa i--i,- ~Ht C I ) 0 ti h- o n - u ) .

h .  O u t p u t s  Ur n-’ t o -  i l - u n - n - i mug ch emist u-v qu an t i l i e ’- fr-i n C o m l u m n  NN
t o t  T ime  T2 : I - lect ion  t emp e u - t t tu  i— c: N )  n- i i i  i’ai i - ont o  I tenipena—
t u r e ;  c l c n s i t i n - s  out n -- lectr - tu s , N ) 4 5) ,  N (~ D), 0, N~~, 

~~~ NO ,
N - 

, t i u d  0 0 .  p r essur e :  h - i - t i v n - ’— p a i - t i n l c  t cn - ip cu ’a tu n ’ n--s at
T i m - t e n  f i  amid ‘ 12

I’ f f cets  t h i -  t r a n s f er ’  n-if t i m - i -  N ( ( ) I - cell q u a n t u t i e s  for  the n o  - 1—
u mn  of m i t t - n e s t  t n - i o u  sm a l l  o - o - m ~ - un u ’ l o - m u - i r n -  t o )  Ito i o ’ ,~ - c - u r n - -

mo e n l o u n ’ v  Liv a i - t i ll t o t  I- nt u— y P - - t n t  l - : ( ’ W l (  m~-~ Sub m- ui ut mne ECRD.

‘ l i t
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Li , ‘o-:s’i PROBI i-: NI A N  I )  R I N N IN C TIMI - : S

‘lu l u  m tn p a  i — c t h u  tn - n - n--i h\ (I i’ m u dv t i a m ic -s modu bus , SAIIIYD and

N R L H Y D .  n - n - u’ p m - n - - scm -it i’ t- ub t s t ut u ti t i unc e—u i -o i n u t c  P m’ b 1c~’~ i t o  w h i c h  the n -

is a it o r g u ’— n - m n -  i— g-n--’ evet it at 200— km -n a it dude at t 0 si -c ,  The gu i d ~n - lL5

liuii itt-id t o o  a i- o o n - n - - - - I s~x (‘-alum ns, spa c- -d 100—km -i-i apa it at 100— ku i a it i t  ide

The at n - ui  - - s - a l t e r - c  used! c oo  u’respu -imult - in  t I - i c  CIRA— 1965 t t t r tmsp h ie mc- f o r

‘ n - h i  eh I h e sola r t’iux , SI ~A H . equ to  I s  I Ti7 . 57 see \ ol. I 4 t o ) .  T h e

event  p oo i u i t  n - V t l S  p l a c e d  at t he  o - o -t o t n - -m n-- if Co lumn (3 ) a r h i u - v n - - d  bn -- i’ esettit mtn -

t i - ic  en - - em i t  po 0 u - it a f te i— t h e  gr id  n - n - t t s  n--~- t  to b - i t s  hed ) .  The prob h u l i  n-va s i’un

n - vit h booth SA b i t  VT) and N RLHY I) . hu t  n - n - - i t h  - o u t — inn - c ’hemi st u n -  ui odule ,

Cl-: -I CU NI .

1 3 m m - t o  k d o u n - n - - m i s  ‘ o h  t hiu i’uumu iuig time and the  bo vd i’ m dvnam r-~ rn - o l i n -

f o o t  t h u s  p u u i ) l n -~m are  g i v e n  in T ab les  5 t ind  6 , n e s p e n t in - - e l v .  SA IHYD - -- n - a s

t i l l -  )Ut 3 ~ I i n m e s  l i s t  i n  t i - i t - i- u-i N HI 11 YD fr - i’ t h i s  pt -  u i i leu r  . I’ - - i  t i l t -  t n - n - - - —  event

sa m p le pi ’’ o I I u - u i t  p u - e s o - o n - t e d  in \ ‘oj i .  13 , S \IIIYI) ~ as t h u - t o _ i t  f i Rm l i o i u I ’ -

I t o — I - i - i’ t i o a n  N P L I I Y r ) .

I- i gu m t - s  13 and 14 si - i-  un - V t he  al t  i tuc i c— v ’- — t i t - i - in - - p n o i f i  In -n t of eve rn-

- i t  b i t - n -  L t i g t a u m g i a n  c e l l - c t - o t t e r  ( i - i m  b - i - - i l l - i t) f o o t -  ( ‘ - - l u m n s  Li ami d 3. o t ’ - ~p - i ’o - t i v n - - I v .

f r - u ’  b oth  SA I I I Y I )  amid  N R L I J  Yl) . ‘I’he u - i - i 00 0 - i l - is  pu’ t d u  o - i u - d  i o n - -  t h e  t n - c - -  f o r u m s

- o f t h e  hvdi ’ u d y t t o o u in s  5~~m ’ io  t o  - a g r - - i - - i  q u i t e  n-v n - ’I l , -an t h e  wh )le.

I-on - tim - i- 15 nhu un -n-’s t h -  i -leo- m r-ui densit y po - um l oi c in C-iul urnmi (I i t

= (30 ~; - itc ’ f r - u -  I - - o h t—e\IEIYI) and N R L I I Y I ) , ti n !  l o g .  I Li s i - i - - in - n - -n t h m ’  Stui l ) t ’

inf r - u - u - i rio l u - i n  t o o r  ( ‘ olun -i r-i 3 at  I I 2~) so - n .  Th u -  cons t t i n ( ’y  i - if flu ( - I e (  t r i m - i

th- n s o t  -_ - - n - u - o  a givn --n altitude in ! ii c’ o u u m - i - sptind s to t h e  t iss un -o u - d  tint-

f r - u  n t i t  V u f  t h o u -  m i - i l  P1’- i i P i - u ’ t  ie t h n i i u g h m u u t  a cu-li ,

¶ 0 1

-
~
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Table 5. I3 i ’ e a k du i n -n - ’n  ( if SA T — H A G — M o d u l u -  Runn in g  Ti me on ( ‘I ) C _ 7 ( 3 0 r )

fo r  Or - ic— I - v  i ’m -it ‘l n - -st P i— ob l emn f - i o n ’  SA III  Yl) a li d! N RI Al YI ) - 
a

— \ O O I Y O , ,‘- t  - - i O  
- 

n o u t  r- 0 - ,
- - a , i  - , ‘_ 0 i - ~ ~0 - - 0 i i  ~i O ~ u ii - i — _- 0 i - , -i i , - i -  I 0 - ~ - ( I t  - i 0 ,~ i i ;- - , ’ ’ i 0 ’

-
‘ - 1 0 0 ,  ,_ t _ i , - ~, - i  00 . ( oC t  n - , o ’ , i:o

to t U t ~~~i, t - ’ - , i t t ~ t— - - m m  u i _ ( t O t  u _ u c-o tt

u -u ,  I - m r - j

- ii - - O u t s  ~ - i t  - i - t o t s  i - 7 n- 0
0
~

0 — I  -~~- &- [0 . ~O 1  00 21 ( 1  0. 11 t o , 7 , 0 /

1 — 3 (0 . 0 : u o  o. tt lo m U  r _

3 — m i  ( u _ i ’ - : -  0 , 1 2 0 0  0 : —c _ i o n to

1 - 3 : ’  0 i ° -: o i o , 17 0 , ( 150 0 . 1 4 1

- t o  0J)72 Ci 1 : 0  0. - O C t  0 , 1 4 1

n - - u — - 0 _ - m , :  0 . 0:0 t t o —  s- 1 (1 u

0 , 0 0 0  0, 0: 0 1 0 3 ( 7  U _ I l - :

( - - u - - . -I . u, Ii 0 . 00 ( 1 ,  ( ‘ n -  4 - -07

9 (m — 12 00 n-i . ( i t - s  &~ — o  0 , 3 - i t t  0, i _ i t o

t ’ i - i .  tO 0 1, 01 (‘ - - I - - - ( 1 1 .  Ot U , - - i - i

i to o — u :~ii u_u , 0(17 ii - i  0. 2 - 0  0. 1 1 1

t:- i~—~ - m -
- - i_ - - - ,, i : - ° -  (~~~- O - - ~~~3 o_ -0 u. n - i t

I ‘1 ( 0 — t u t U f0 -_ n-__~± It . 0~O - -
- 

- 
ii. 27 7  I -  0 ; - -  

—

, i_ i - _ i _ - 0 . ~‘tm t .  2 ( 0  - - . 0 ’ -  -j, n - to 2 , 7 2 . - o -:

i - I - — u  _ tu i i , 0- -0 ’ ’- i 0 ’ d ~~ - -  ,7u t O  t ’ l -
I L  O u t - U  -- i - ~ -k O 0 . ’~:~

n - v  i - ’ ~ 243 8’ :-

i i i -  - c i ’  2 _ —
- i 0 _ 3 1

- - , - , - u ~~~ - 
- : , i t t  u t _ u i ’  - - , - -

i i  O~) i t  3 1m, - . 0 0  I i -  i - - t i m  , - - l - i -  ,,  i t m i - -  s t o o - -
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Table 6. Cycles for the Two Versions of the Hydrodynamics Module
Used in the One-Event Test Problem .

______  
SM H Yl)

~~çvc:les fu r  C lumn Cumul at ive  Cycles for  Column
.~t . sec 1 7 3 4 5 6 1 2 3 4 5 6

0-1 2 2 2 2 2 2 2 2 2 2 2 2
1-3 1 1 1 1 1 3 3 3 3 3 3 5

3-10 2 2 2 3 6 8 5 5 5 6 9 13
10-30 4 4 4 7 13 19 9 9 9 13 22 32
30-60 3 4 7 10 9 18 12 13 16 23 31 50

3 5 7 6 5 5 15 18 23 29 36 55

90-120 3 4 5 4 4 4 18 22 28 33 40 59

12 - 150 3 4 3 3 4 5 21 26 31 36 44 64
150-ib O 3 4 3 3 4 4 24 30 34 39 48 68

________________ 
N R LHYI) 

_________________________

0—1 2 2 2 2 2 4 2 2 2 2 2 4
1-3 4 4 4 4 4 8 6 6 6 6 6 8

5- 10 s 8 9 14 14  26 14 14 15 20 20 34
10—30 11 14 22 40 39 63 25 28 37 60 59 97

30— 6 0 14 19 19 34 32 54 39 47 56 94 91 151

60-90 14 19 21 28 19 19 53 66 77 122 110 170
90—12 0 14 15 18 19 17 19 67 81 95 141 127 189
120-150 14 14 14 15 14 14 81 05 109 156 141 203

150-180 14 14 14 14 14 14 95 109 123 170 155 217
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Column 3 of Test Problem for SAIHYD and NRLHYD.
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Fig. 16. Electr on Density Prof i les  in Column 3 at t 120 sec of
Test Problem for  SAIHYD and NRLHY1) .
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p
For the reader who desires more detai led resu lts for  the hy-

drodynamics (and chemis t ry ) ,  we are providing the  coni puter pr intouts

for  both the SAIHYD and NRLHYD runs.  Before doing so , we provide

the following general  guide. At t = 0.0 , before the energy deposition

from the event , we pr in t  the cell quant i t ies  for  ambient (gr idded) at-

mospheric conditions. A guide to th is  print , as to the input to the hy dro

and chemist i-v at t = 0. O~ and to the output from rezone, is given in

Table 7. The entries in the blocks of hy dro and chem i stry quanti t ies

are defined in Tables 8 and 9. The computer printout is given in

Tables 10 and 11 for  SAIHYD and NRLHYD , respectively .
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Table 7. Guide to Printout for  Cell Quantit ies.

No. h ead ing 
__________ _____ 

Quant i t y  
___________________

I UC C e l l — c e n t e r  a l t i t u d e , cm [SAIH YI) 1
H C Al t i t ude  of poin t , cm [N R LH YD ]

2 R h O  Mass  dens i ty ,  g/crn 3

3 T ELECT Electron t empera tu r e ,a ° K
4 E NE Elec tron densi ty ,  cm 3

5 VCENTR Cell-center ve ioc , tv , cm~ sec ~SAE HYD 1
VP OINT Veloc it y  of point , en ’ , sec [NRLHYD ]

I~ VEL Cel l—top-boundary  ve loc i t y ,  cm sec [SAIHYD ]

- - Not used [NRLHYD ]
7 EN4S Density N( 4S), cm 3

8 EN2D Density N( 2D), cm 3

—39 0 Densi ty  0, cm
10 N2 Dens i ty  N 2, cm 3

11 02 Den sity 02, cm 3

12 ENO Density NO , cm 3

13 ENP Densi ty  N~ , cm 3

14 OP Density 0~ , cm 3

15 P Total pressure , dyn e/cm 2

16 Q A r t i f i c i a l  viscous pressure , dyne .’ cm 2 [SAIHYD]

-- Not used [NRLHYD ]
17 T N2v 1B T ELECT
18 C02 Density C02, cm 3

19 -- Not used
20 QAMB Effec t ive  ambient ion-pair  production rate , ( ion-pa i r )  ‘ crn 3

21 (II TOP )0 Al t i tude of ce l l—top-b ound ary  in ambient  atmosphere , cm [SAIHYD I
-- Nut used [NRLHYD ]

22 HE Density f He , cm 3

23 M Density of molecular  ions (e-NtO~ ), cm 3

24 TH Heavy-par t ic le  k ine t ic  t empera tu re , ‘K

a A ( I U I I I V  t empera ture  cun in ion to electrons , O( ’D)-to-0( 3P) populat ion ratio , and N 2vibrat ion.
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Table 8. Guide to Printout for  Hydrodynamic Output Quantities.

Column
No. Heading Quanti ty

1 K Cell index

2 CEN. ALT. Cell-center alt i tude , cm [SAIHYD ]

ALTITUDE Alti tude of point , cm [NRLHYD ]

3 DENSITY Density, g/cm 3

4 VCENTR Cell-center vertical velocity, a cm/sec [SAIHYD ]

VEL Velocity of point , cm/sec [NRLHYD ]

5 VOLUME Steradianal volume of cell , crn 3/sr [SAIHYD ]

DEN. RATIO Ratio of current-  to ini t ia l -densi ty  [NRLHYD J

6 rNT. E. Internal energy , erg/g

7 PRESS. Pressure , dyne/cm

8 Q Art i f i c ia l  viscous pressure , dyne , cm [SAIHYD ]

-- Not used [NRLHYD I

9 TOP ALT. Cell-top-boundary altitude , cm [SAIHYD]

-- Not used [NRLHYD ]

10 VTO P Cell-top-boundary veloci ty ,  cm/sec [SAIHYD ]

-- Not used [NRLHYD ]

a
~ Iean of two adjacent boundary velocities. Posit ive sign is upward motion.
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Table 9. Guide to Printout for Chemistry Output Quantitiesa
~ 

d
(from CHEMEF e).

Column
N o. Heading Quantity

1 K Cell inde x

2 TEL Electron ternperature,hi °K

3 TVIBN2 TEL

4 ENE Electron dens i ty ,  cm 3

5 N(4S) Density N(4S), cm 3

6 N(2D) Density N(2D), cni
3

7 0 Density 0, cm 3

8 N2 Density N2, cm 3

9 02 Density 024 cm 3

10 NO Densi ty NO , cm 3

11 NP Density N~ , cm 3

12 OP Density O~ , cm 3

13 PRE S Pressure, dyne/cm 2

14 TEM(1) Heavy-particle temperature at TDAT1,
1 °K

15 TEM(2) Heavy-particle temperature at TDAT2,c °K

aAll quanti ties are at t ime TDAT2 except TEM(1) which is at TDAT 1.
b
Temperature common to electrons, 0(1D)-to-O(

3
P) population

ratio , and N 2 vibration.
CTeniperaturc infer red  by subtract ing electron pressure from total
pressure .

dThe molecular ion densi ty ,  regarded at [NO t 
~
, may be computed

from charge conservation: [NO~ 1 = ENE - NP - OP.
eChemis try developed by GET personnel.
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