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7.1.1 I n t r o d u c t i o n  

The f i n i t e  element coding f o r  s o l v i n g  the  Navier  Stokes, 

cont inu ing,  and general energy equations may be subdivided i n t o  

a number of subrout ines each o f  which may be f u r t h e r  reduced i n t o  

subsections. Before d iscuss ing  the  code d e t a i  1s on a subrout ine 

basis,  the  o v e r a l l  s o l u t i o n  s t ra tegy  may be seen i n  the skeleton 

f l o w  c h a r t  o f  F igure  2.2. The ac tua l  code comprises many l o c a l  

loops/branches, however these are high1 i g h t e d  by comment statements 

i n  the  program 1 i s  ti ngs. 

7.1.2 Master (Main) Segment 

This i s  the program master segment and i s  used t o  c a l l  the 

var ious subrout ines i n  the re levant  order.  

7.2 Subrout ine DATAG 

This  subrout ine i s  c a l l e d  from the  MASTER segment and i s  

p r i m a r i l y  intended f o r  i n i t i a l  i s i n g  c o n t r o l  va r iab les  and arrays. 

I n p u t  and the  associated v a r i a b l e  name has received d e t a i l e d  

coverage i n  user  repor t ,  Ref. (1 ) , however knowledge o f  the  f o l l o -  

wing va r iab les  i s  important.  

ND1(=4) declared channel f o r  e l  im ina ted  equations, appears 

and used i n  FRONT, FRONTA and BACSUB, BACSUBA, RESOL 

NTR the  i t e r a t i o n  counter 



NTRA 

Vectors 

coded 1 on f i r s t  entry t o  FRONT, O a f t e r  - used 

t o  code nodal number negative on l a s t  appearance 

i n  the mesh 

a non-zero value indicates a s ing le  nodal degree of 

freedom fo r  s ing le  equation solution;  zero indicates 

mu1 t i p l e  degrees-of-freedom f o r  coupled solution in 

FRONT, FRONTA ., 

NOPP ( I  ) the vector NOPP holds the location i n  the solution 

vector (VARI) of the f i r s t  degree-of-freedom f o r  the 

node I ,  typical ly.  NOPP(4) holds the location i n  

VARI of U4'in { u  p v} calculat ions.  When used i n  

conjunction w i t h  the vector MDF(1) the location of 

P i ,  V i  e tc .  may be found in VARI, generally i n  the 

program the procedure i n  {u p v} solution i s  

MI = NOPP(1) 

M2 = ~ l + l  1 a t  corner nodes 

M3 = MI +' MDF(1) - 1 

1 a t  midside nodes 



then 

Ui = VARI (MI) 

Pi = VARI(M2) 

Vi = VARI(M3) 

TEMP(1) the vector of nodal temperatures in uncoupled 

solution, TEMP(I) holds the temperature a t  node 1. 

LPR(1) h01 ds the side code for gradient boundary eval ua ti on 

associated w i t h  element I ,  this i s  used in VARCALC 

in calculating the vector of right hand sides 

VARI (I)  the solution vector which holds the calculated f ield 

and i s  s e t  up a f t e r  solution in VARCALC 

VARA(1) may be used to hold a relaxed f ie ld  for accelerating 

sol uti on convergence rates . 

7.3 Subrouti ne DIAG1 (7)  

This subroutine checks the overall control parameters which 

govern the number of nodes, number of elements, in i t i a l  conditions, 

and boundary conditions for  the problem being investigated. I f  an 

error  i s  detected i t  i s  associated with a specific number NEROR,  and 

an appropriate message i s  output. Si nce control parameters are 

mnemonic, the errors appearing in the program l i s t ing  are se l f -  

explanatory. 



Error ' Number 

7 

8 

JEROR 

Type of Error 

I f  to ta l  number of nodes, (NH), is  specif ied as 

l ess  than or  equal t o  zero. 

If the number of data l ines  referr ing to  nodal 

points coordinates, (NNP) i s  l ess  than or  equal 

t o  zero o r  greater  than t o t a l  number of nodal 

points ( N H ) .  

I f  to ta l  number of elements, (NE), i s  l e ss  than 

o r  equal to  zero. 

I f  the t o t a l  number of node points ,  ( N H ) ,  i s  

greater  than the product of the to ta l  number of 

elements and the number of nodes per element. 

If the number of essen t ia l  type boundary condi tions 

to  be specif ied,  (NB), i s  greater  than the t o t a l  

number of possible degrees of freeom. 

I f  the t o t a l  number of i n i t i a l  conditions, ICOND, 

to  be specif ied  is greater  than the t o t a l  number 

of possible degrees of freedom f o r  MARK#3. 

I f  the number of elements which contain a gradient 

type boundary condition, (NIT), is greater  than 

the t o t a l  number of elements, (NE). 

If the number o f  gradient  type boundary conditions, 

(IRT), is  greater  than the  t o t a l  number of possible 

degrees of freedom (va r i ab l e s ) ,  (NP) . 
Local e r r o r  i n d i  cator .  



NECHO(80) Array used t o  s to r e  remaining data temporarily. 

NEROR(8) Error indicating array. 

If any check f a i l s  the data which had not been read to  t ha t  point 

wi l l  be read and,printed. 

. , :  

7.4' Subroutine DIAG2  (7 

I f  the checks on the control data prove to  be sa t i s fac tory  then 

the remaining data i s  checked using this subroutine. ,The main sources 

of. e r r o r  a re  usually associated w i t h  e i t h e r  the  coordinates o r  i n  

defining element topology i .em (geometric data e r ro r s ) .  NEROR i s  

used again a s  an indicator  for  par t i cu la r  checks. 

Error ' Number 

If the f l u id  density o r  the f l u i d  molecular 

v iscosi ty  is l e s s  than o r  equal to  zero. 
.~ . 

10 I f  there  a re  two or  more nodal points w i t h  
.. . 

ident ica l  coordinates. 
' . 8 .  . 

I f  a node number appears more than once in any 
' *, 

element. 

I f  a node number is  outside the  permissible 

bounds. 

I f  the number of i n i t i a l  conditions specif ied 

as input i s  g rea te r  than the  t o t a l  number of 

variables f o r  PARK=3. 



The va r iab le  JEROR, and the vectors NECHO and tiEROR are e x a c t l y  

t he  same as i n  subrout ine DIAG1. S i m i l a r l y ,  should any check 

- f a i l ,  the  data which had n o t  been read t o  t h a t  p o i n t  w i l l  be read 

and p r in ted .  

, -. . *  . - *  : 

7.5 Subrout ine CORDGEN 

. . This i s  c a l l e d  from the  r o u t i n e  DATAG and i s  p r i m a r i l y  intended 

t o  s e t  up element geometry. 

I n ,  

NBN(=8) h o l d s  the  number o f  element nodes 

NCN holds the  t o t a l  degrees o f  freedom (dof) per  

element (20 f o r  upv, 28 f o r  upve) 

NDF holds the  do f  a t  corner  nodes (3  f o r  upv, 

4 f o r  upve) 

Vectors 

MDF ( I ) holds the: degrees of- freedom associated w i t h  

node I . .< .-, 

holds the  number o f  nodes associated w i t h  

,element I. : ,  



7.6 Subrout ine ELGEN (8 B 9 

Subrout ine ELGEN can be c a l l e d  from CORDGEN and i s  used f o r  

mesh generat ion us ing  the isoparametr ic  concept. It can deal w i t h  

mesh generat ion f o r  domains w i t h  complex shapes and f o r  mu1 t i p l y -  

connected domains. This  r o u t i n e  i s  se l f -exp lanatory  i n  the 1 i s t i n g .  

NXL Number o f  elements i n  t h e  ( 5 )  d i r e c t i o n  

NYL Number o f  elements i n  the  (n) d i r e c t i o n  

N N F i r s t  node number 

ND D i r e c t i o n  parameter 

= 0, elements a re  numbered sequen t ia l l y  along 

l i n e s  o f  constant  (n) 

= 1, elements a re  numbered sequen t ia l l y  a long 

l i n e s  o f  constant  (6) 

Vectors 

XM(81 

YM(8) 

XPT(1) 

YPT(1) 

NS(I) 

SHP (8) 

holds X-coordinates o f  master nodes 

holds Y-coordi nates o f  master nodes 

t o t a l  number o f  X-coordinate p o i n t s  i n  the mesh 

t o t a l  number o f  Y-coordinate p o i n t s  i n  the  mesh 

s to res  a l i s t  o f  node numbers o f  ( 5 .  -1) f o r  

a l l  mesh,points , - 

shape func t ions  f o r  ( c , ~ )  coordinates of each 

generated, node f o r  each element 

(5)  coord inate o f  t h e  master nodes 

(n) coord inate o f  t h e  master nodes 



7.7' 'Subroutine ' WRITELP 

This routine i s  ge~e ra l  ly called from VARCALC and i s  used for  

printing the in i t i a l  s ta te  and the i terat ion results.  Where output 

is large th is  routine may only be called every i . n t h  i teration and 

on convergence of the solution. 

7.8 Subrouti ne DATAK 

Subroutine DATAK i s  called from the MASTER segment and i s  used 

to read i n  and assign coding to the boundary condition vectors. 

NBV this  holds the number of constrained values in 

coupled solution where care must be taken not to 

duplicate boundary value prescription, the variable 

i s  used i n  BACSUB, the backsubsti tution routine. 

given a code 1 for constrained dof I where I i s  

calculated using NOPP and MDF vectors, typical ly 

l e t  v4 be a constrained value, then 

M3 = NOPP(4) t MDF(4) - 1 

NCOD(M3) = 1 ~ - . * 

NCOD i s  zero for  #an unknown global value and i s  

used in FRONT ' 

is the prescribed value associated with NCOD(1) 

as defined above 



can be used t o  ho ld  the  g loba l  l o c a t i o n  i n  NCOD 

of the  i t h  (as read i n )  dof  t y p i c a l l y  i f  v4 was 

the  10th constra ined value read then 

NODV(10) = ,M3 

t h i s  can be used where s o l u t i o n  requ i res  i t e r a t i o n  

between coupled and s i n g l e  equations where vectors 

NCOD, BC are  a l s o  s e t  t o  h o l d  the constra ined 

values. i n  Jhe s i n g l e  equat ion so lu t ion .  

VALV ( I ) the  boundary va lue i n  assoc ia t ion  w i t h  NODV(1). 

I 
2 .  

7.9 Subrout ine VARCALC ~ ! 

Th is  i s  the r o u t i n e  i a l l e d  from t h e  MASTER segrnent'which i s  , 

, 

j 
used f o r  s e t t i n g  up the v e c t o r  of r i g h t  hand s ides (RHS) t o  which 

the element vectors q  (see ~ e c t i d n  2.3) c o n t r i b u t e  and a l so  i n  
1 
I 

c a l l i n g  the  s o l u t i o n  rou t ine ,  t e s t i n g  f o r  convergence and p r i n t i n g  

r e s u l t s .  

ERA se ts  the  conv&rgbnce to le rance on the  v e l o c i t y  

RMAX 

' .  , 

f i e 1  d  f o r  successive i t i r a t i o n s  

t h e  g rea tes t  r e l a t i v e  change i n  any computed 

v e l o c i t y  , thus RMAX l e s s  than ERA' denotes s a t i s -  

f ac to ry  convergence 

ITERN AN a  marker f o r  .uncoupled so1"t ion g loba l  i t e r a t i o n .  
* 3 



A V A R I  (I ) 

- - 

R2(I)  ' t h i s  i s  used i n  PRESCR t o  s e t  up the vec to r  o f  

RHS where prescr ibed grad ien t  values are supp l ied  

as i n p u t  t o  the  program 

t h i s  holds t h e  problem s o l u t i o n  as re tu rned from 

the  f r o n t a l  s o l u t i o n  procedure FRONT where ' I' i s  

as de f ined f o r  the vec to r  NCOD 

holds a  re laxed value of the  s o l u t i o n  f i e l d ,  f o r  

t he  case shown as under re laxa t i on ,  over re laxa-  

t i o n  may be used too, t y p i c a l l y  i n  the loop DO 15 

AVARI(1) = a  SK(1) + ( l - a )  VARI(1) 

where a ( > l )  i s  an ove r - re laxa t i on  constant. 

I n  t h i s  work a = 0.5. 

holds the  boundary c o n d i t i o n  values f o r  (u,p,v) 

i n  the  uncoupled s o l u t i o n  f o r  t he  nex t  g loba l  

i t e r a t i o n  s o l v i n g  (N-S) equations 

NCODV(1) holds t h e  coded (dof) as boundary cond i t ions  fo r  

(u,p,v) i n  t he  uncoupled s o l u t i o n  fo r  the nex t  

g loba l  i t e r a t i o n ,  s o l v i n g  (N-S) equations 

holds the  boundary c o n d i t i o n  va l  ues f o r  tempera- 

t u r e  (9) i n  t he  uncoupled s o l u t i o n  fo r  the  nex t  

g loba l  i t e r a t i o n ,  s o l v i n g  the  energy equat ion 

NCODT(1) holds the  coded (dof) as boundary cond i t i ons  f o r  

temperature ( e )  i n  t h e  uncoupled s o l u t i o n  f o r  the  

n e x t  g loba l  i t e r a t i o n ,  s o l v i n g  t h e  energy equat ion 



7.10 Subroutine TEMPCAL 

This  r o u t i n e  i s  c a l l e d  from VARCALC and i s  used t o  c o n t r o l  
. .. 
s o l u t i o n  o f  the  temperature equations, no tab ly  i t  i s  used f o r  

reading i n  boundary condi t ions,  s e t t i n g  up vectors NCOD and BC 

and i n  e x t r a c t i n g  the  s o l u t i o n  f o r  storage i n  the  vec tor  TEMP. 

NBT holds the t o t a l  temperature boundary cond i t ions  

and i s  used i n  the  r o u t i n e  BACSUB 

provides temporary s torage f o r  NP the  t o t a l  

degrees o f  freedom f o r  upv c a l c u l a t i o n  

provides temporary s torage f o r  NDF 

provides temporary s torage f o r  PIC# 

NP, NDF and NCN a re  then assigned values (NH, 1, NBN respec t i ve l y )  

i n  readiness f o r  s o l v i n g  the energy equat ion us ing  FRONT w i t h  

MWGA=-1. Before r e t u r n i n g  t o  VARCALC, NP, NDF and NCN are reassigned. 

~ u r t h e r  should i t  be necessary t o  so lve  t h e  uncoupled equat ion 

i t e r a t i v e l y  then d i r e c t o r y  vectors need t o  be s e t  up t o  ho ld  boun- 

dary values, here UPVBC(I), NCODV(I), TBC(1) and NCODT(1) are used 

as i x p l a i n e d  i n  ~ e c t i b n  7.9. 

7.11 Subrout ine HCOEF 

A r o u t i n e  c a l l e d  from e i t h e r  VARCALC o r  TEMPCAL where boundary 

temperature gradients- ,  r e q u i r e  eva lua t i on  . subsequent t o  o b t a i n i n g  a 

converged so lu t i on .  



TESTX ) 
1 

TESTY ) 

TESTS' 
1 

ELX 

these are  used t o  t e s t  i n t e g r a t i o n  and f o r  an 

edge i n t e g r a t i o n  TESTX and TESTY should n e a r l y  

r e f l e c t  the change i n  X and Y over the  s ide  of 

the  element, TESTS = (TESTXZ + TESTYZ) 

the cosine of the  angle between the outward 

p o i n t i n g  normal on t h e  element s ide  and the x  

a x i s  (see the f i gu re  below) 

ELY 

Arrays 

B(1 , I )  

as ELX b u t  i n  t h e  Y d i r e c t i o n  

the  g rad ien t  aNi/aX a t  node I evaluated a t  the  

gaussian p o i n t  I G  ( I G  = 1  t o  3) 

t he  g r a d i e n t  aNi/ay, .. 

7.12 Subrout ine PRESCR , :  

Th is  r o u t i n e  i s ,  c a l l e d  from VARCALC when non-zero boundary 

p r e s c r i p t i o n s  need eval  uat ion. The r o u t i n e  i n t e g r a t e s  over t h e  

element s ides/faces and assembles the.  elemental  vectors (9) i n t o  a  



global RHS vector R2. Further the routine may be developed and 

cal led  i t e r a t i ve ly  t o  update non-zero g r a d i e n t h t r e s s  boundary 

condi t i  ons , see Section 7.33.  

7.13 Subroutine SURFINT 

Subroutine SURFINT i s  ca l led  from PRESCR and HCOEF and i s  used 

f o r  integrat ion over an element side/face according t o  the variable 

NSID/NFACE (see Refs. 1 ,  7, 12). 

GPG = -1.0 this corresponds t o  the element side/face a t  the 

parametric coordinate 5 = - 1.0 integrat ion i s  

carr ied  o u t  i n  the di rect ion n(GPH(I) where 1=1 

to  NGAUSS) , the number of gaussian points for 

integrat ion.  

Similarly-GPG = 1.0 corresponds t o  E = + 1.0 

while GPH = 1.0 o r  -1.0 re fe rs  t o  edges a t  

rl = ' +  1.0 and in tegrat ion i n  d i rect ion 5 (GPC;(I), 

I = 1 t o  NGAUSS). 

DETJ t h i s  is  the determinant of the Jacobian matrix [J] 

and is used for ,ob ta in ing  [ J ] ~ '  t o  form the global 

%..shape function der ivat ives  (2) 

these a r e  the components of elemental edge 

increments o v e r  which in tegrat ion has occurred, 

TESTX = 1 DXi e t c .  
i =l  



Arrays 

CJ(1,2) 

CJ(2,l) 

C J ( 2 9 2 )  

CJI(1 , l )  

CJ I ( 1 , Z )  

CJI(2,l) 

CJI ( 2 , Z )  

this i s  the contribution a x / a c  to the Jacobian 

matrix 

the contribution ay/ac 

the contri b u t i  on ax/ an  

the contribution a y / a ~  

the inversion ax/aE 

the inversion a x / a n  

the inversion ay/ac; 

the inversion aylarl 

the element shape function derivative a N i / a c  

the derivative aNi / a ~  

These i n  conjunction w i t h  the inversion CJI(L,M) are used to f ~ r m  

the elemental shape function derivatives w i t h  respect to  the global 

coordinate systems which are stored in vectors B ( L , M )  as defined 

in Section 7.11. To save on computer space many of these arrays 

associated with forming shape function derivatives are equivalenced 



t o  the SK vector (primarily used in the solution routine) and thus 

inter-routine data transfer economically effected. 

.7.14 Subroutine DIRECS 

The purpose of this  routine is  to evaluate the direction 

cosines ELX, ELY and i s  called from routine SURFINT. The values of 

the array CJ are also generated in th is  routine as they are necessary 

in calculating ELX, ELY. 

7.15 Subroutine ABFIND 

This routine is  called from FRONT and i s  used for calling the 

appropriate element matrix assembly procedure. 

7.16 Subroutine DERIV 
. " .  

This routine i s  called from the MASTER segment and from VARCALC 

when upwind weighting i s  employed. The function of the routine i s  

t o  calculate nodal shape functions a t  the integration Gauss points 

for  each element and  t o  s tore ,  these on peripheral storage in readiness 

t o  assemble the elemental s t i f fness  matrices. 

NGAUSS the number of integration Gauss points i n  one 

direction 



Vectors 

XG(1) I=1,3 

CG(1) 1=1,3 

DDA( I ]  

the parametr ic coord inate o f  t he  Gauss p o i n t  

t he  associated i n t e g r a t i o n  weight c o e f f i c i e n t  

the  area increment (analogous t o  DX, DY) asso- 

c i a t e d  w i t h  the  Gauss p o i n t  where a va r iab le  

TESTDA may be used such t h a t  f o r  an element 

i = N ~ a u s s ~  
TESTDA = 1 DDA ( I ) 

i = l  

then TESTDA should c l o s e l y  represent element 

area and i s  useful f o r  debugging as t h i s  checks 

o u t  t he  e n t i  r e  shape func t i  on -de r i va t i  ve rou t ines  

p ( I )  t he  va lue o f  t he  shape func t ion  a t  node I evalu- 

a ted  a t  the  Gauss p o i n t  

wp(I as f o r  P(1) except f o r  the  upwind shape func t ion  
, s 

DP(I) the vec to r  con ta in ing  a l l  the  P(1) f o r  the  
. . 

r '  I 
, . .~ 

, , 
element 'which i s  w r i t t e n  onto pe r iphe ra l  s t o r e  

I i - 
through channel 10 

DWP(I) ' as  DP(I) f o r  upwind shape functions, b u t  w r i t t e n  
., . . . . *- 

t o  channel 8 

as DP(1) f o r  superparametric element, s to red  

on channel 10. 



Arrays 

the  d e r i v a t i v e  o f  t he  upwind shape f u n c t i o n  a t  

node J w i t h  respec t  t o  1 ( I = l = ~ ,  I=2=n) and 

evaluated a t  the  Gauss p o i n t  

t h i s '  contains a1 1 t h e  arrays B(L,J) evaluated 

a t  Gauss p o i n t s  and i s  w r i t t e n  t o  storage 

through channel 10 

DWH (L, I) as DB(L.1) b u t  f o r  upwind shape funct ions,  

w r i t t e n  f o r  channel 8 
I 

CB(L,I) as DB(L,I) f o r  the  superparametri c  element, 

s to red  on channel 10. 

* .  

7.17 Subrout ine ABFORMl 

This  i s  c a l l e d  by  ABFIND ( c a l l e d  by FRONT) and i s  t he  assembly 1 ' 1  
r o u t i n e  f o r t h e  element s t i f f ness  m a t r i x  ( f o r  normal v e l o c i t y  g rad ien ts ) .  ' 1  

I 
The procedure i s  t h a t  element shape funct ions and d e r i v a t i v e s  are read ! 

o f f  channels 10 (and 8 where appropr ia te )  and the  elemental matr ices 1 
a re  formulated where w i t h  the  except ion of body fo rce  terms a l l  m a t r i x  

I 

I 

con t r i bu t i ons  occur on the l e f t .  hand s i d e  (LHS) , and even those can , 

be taken t o  the  LHS. 

Vectors 

holds t h e  RHS eva lua t i on  o f  ql a t  element node I 
, . 

h o l d s  the  RHS eva lua t i on  of q3 a t  element node I 

.holds the  superparametri c  shape funct ion f o r  

we igh t ing  t h e  c o n t i n u i t y  equat ion a t  node I 



Arrays 

BB(I,J) holds the d e r i v a t i v e s  of the  superparametric ~ 
element ( I = l  =x e t c )  a t  node J and i s  used i n  

eva lua t ing  pressure g rad ien t  terms i n  the 

momentum equat ions 

holds the  element s t i f f n e s s  m a t r i x  and i s  

equivalenced t o  ESTIFM f o r  t r a n s f e r  o f  data t o  

the g loba l  assembly procedure i n  FRONT,FRONTA. 
, :  

7.18 Subroutine ABFORMZ I 

i 

I 

This i s  c a l l e d  by ABFIND and i s  t he  assembly r o u t i n e  f o r  s t ress  I 
! 
i 

boundary p resc r ip t i on .  The s t r u c t u r e  i s  i d e n t i c a l  t o  ABFORM1 . 

7.19 Subroutine EFVISC 

j 
Th is  r o u t i n e  evaluates e f fec t i ve  v i s c o s i t y ,  e f f e c t i v e  c o n d u c t i v i t y  

by f i r s t  c a l c u l a t i n g  the  l eng th  scale and k i n e t i c  energy o f  turbulence. I 

ZLX1, ZLX2 

ZLY 1, ZLY 2 

ZPT1, ZPT2 

ZLLX 

distances o f  .a  p o i n t  from the  p a r a l l e l  w a l l  t o  

the x - d i r e c t i  on r e s p e c t i v e l y  

d is tances o f  a p o i n t  from the  p a r a l l e l  w a l l s  

perpendicu lar  t o  the  y - d i r e c t i  on r e s p e c t i v e l y  

distances o f  a p o i n t  from the  para1 l e l  w a l l s  

perpendicu lar  t o  t h e  z - d i r e c t i o n  r e s p e c t i v e l y  

l eng th  sca le  o f  tu rbu lence (eu)  f o r  t h e  p a r t  

of , t he  domat n under consi  d e r a t i  on 



TINS 

VKON 

I WTS 

turbulence i n t e n s i t y  i n  the  p a r t  o f  the  domain 

being considered 

absolute, normal i sed v e l o c i t y  vector  

a, i s  square r o o t  o f  k i n e t i c  energy o f  

turbulence 

' " ,  
holds o r i g i n a l  value o f  k inematic v i s c o s i t y  ( v )  

, I '  

holds o r i g i n a l  value o f  thermal conduc t i v i t y  ( K )  

ho lds o r i g i n a l  va lue o f  upwinding choice i n d i -  

c a t o r  ~IUPWIN) 

Vectors 

holds o r i g i n a l  laminar  k inemat ic  v i s c o s i t y  f o r  

each element i n  the  mesh i 
holds o r i g i n a l  laminar  molecular v i s c o s i t y  f o r  i 

each element i n  the  mesh 

VCOND(1) holds o r i g i n a l  laminar  thermal c o n d u c t i v i t y  f o r  I 

each element i n  the mesh 
. . 

I 

EMUT(8) holds c u r r e n t  element nodal t u r b u l e n t  dynamic 
1- 

I 

v i  scos i ty 

EMUE(~)  h01 ds' c u r r e n t  element nodal e f fec t i ve  dynamic 
. . 

v i  scos i ty 

CONDFT(8) h01 ds c u r r e n t  element nodal t u r b u l e n t  thermal 
- 1 

conduct i  v i  ty 

CONDFE (8) 
" 

ho lds c u r r e n t  element nodal e f fec t i ve  thermal 

c o n d u c t i v i t y  



Vectors UU(I), VV(1) and the array DIS(3,I) a r e  f u l l y  explained in 

WYSET (7.25). 

. , 

7.'20 Subroutine TLSKIN 

I s  ca l led  from EFVISC to ' s t o r e  and t rans fe r  via COME?ON/TLSKINl/, 

TLSKIN2/, the element nodal values of length scale  of turbulence, 
. ~ 

turbulent k ine t ic  energy, turbulent  v iscosi ty  and turbulent conduc- 

t i v i  ty.  These are  printed by VARCALC a f t e r  solution convergence. 

Vec toi-s , . 

TLS(1) holds length sca le  of turbulence value f o r  each 

point i n  the mesh 

EKE(1) holds kinet ic  energy of turbulence value f o r  , 
1 

'each po in t  i n  the mesh ! 
I 

TRMU( I ) , 
I 

holds  turbulent dynamic viscosi ty  value f o r  each 

p o i n t  i n  the mesh ! 

TRCON D ( I ) holds turbulent  thermal conductivity value fo r  

each point i n  the mesh. 

7.21 Subroutine FVPROP (10,11) 

This routine evaluates 'the molecular and kin.ematic (p,v) viscosity 

thermal conductivity (K)' ,  coef f ic ien t  of thermal -expansion ( 8 ) .  spec i f ic  

heat capacity f o r  constant pressure (CP) and the nodal f l u i d  density (P) 
. 8 .  

on the  bas is  o f  variable property constants  dependent on the temperature 
0 

( K). I t  has t o  b e  ca l led  f o r  each element for laminar flow only, i n  

a 'sirni l a r  'manner as  ca l l  ing EFVISC. 



T$I . -  i ni t i a l  or f 1 ui d bulk reference temperature 

Vectors , . . .  

DVISC(8) ' holds newly formed current element nodal mole- 

v ,  xula r  viscosity 

EKFON (8) . holds newly formed current element nodal ther- 

mal conductivity 

STEMP (8) hol ds the current element nodal temperature 

values (OK) from l a s t  i terat ion 

. " 

The above routine can be used with both coupled and uncoupled solutions. 

7.22 Subroutine ABFORM5 

Again called by ABFIND contains the formulation for  free or rcixed 

convection. 

Vector 

th is  holds the elemental RHS contribution q4 

a t  element node I and comprises contributions 

from the Newton-Raphson algorithm. 

7.23'Subroutine TEMPM .. 7 

Cal led from ABFIND, this routine assembles the elemental matrix 

entries for  the decoupled energy equation, 



7.24'Subroutine SFR 

SFR i s  called by e i ther  DERIV or SURFINT and contains the 

elemental shape functions and derivatives fo r  both parabolic and 

l inear  elements, the l a t t e r  used to  assemble the superparametric 

element for pressure interpolation. The routine a1 so contains the 

upwind weighting . . .  'functions . . and t h e i r  derivatives. 

7.25 Subroutine WYSET - , . . 

This routine i s  called by DERIV and SURFINT and evaluates the 

optimised parameters-a and for  the upwind weighting functions. 

A1 = a1 .(see References 1, 3; 4, 9 and 12) 

Vectors 
. . ,. 

UAVE(1) average velocity along element side 3,1 ( =  U31) 

VAVE (1 ) 

VAVE (2) = '71 

uu( 1) = u velocity component a t  current element node I 

Vv(I) = v velocity component a t  current element node 1 



Arrays . . 
,- , , 

DIS(1 ,I) the u  component o f  v e l o c i t y  a t  node I 

DIS(2,I) . ' .  the v  component o f  ve loc i  ty  a t  node I 

D I S ( ~ , ~ )  (T) - temperature a t  node I 

7.26 Subroutine FRONT, FRONTA 

This i s  t he  g loba l  m a t r i x  assembly and e l i m i n a t i o n  r o u t i n e  and 

i s  ca7 l e d  by VARCALC, TE?!PCP.L, PSICALC and WCALC. Detai  1s of t he  

s t r u c t u r e  o f  t h i s  r o u t i n e  may be found i n  Ref. (5) .  However the  

present  vers ion  i s  more e f f i c i e n t  due t o  implementation o f  work done 

by Wal t e r s  i n  Ref. (6).  Three e r r o r s  regard ing  NCRIT and NMAX s izes,  

and element m a t r i x  s i n g u l a r i t y  o r  i l l - c o n d i  t i o n i n g  are se l f -explanatory 

once they occur. 

7.27 - Subrout ine BACSUB, BACSUBA : 

This i s  a  backsubs thu t i on  r o u t i n e  and i s  c a l l e d  by ~ ~ 0 e s u b s e -  

quent t o  complet ing the  e l i m i n a t i o n  phase o f  so lu t ion .  
. . ' . ., * 

. - 

7.'28 Subrout ine RE SOL(^) 
. _ I' 

This r o u t i n e  provides a r e - s o l u t i o n  f a c i l i t y ,  where i t  can 

compute co r rec t i ons  . . t o  the equations system depending on t h e i r  

res idua ls .  



7.29 'Subroutine' PSICALC (1 ~ 1 2 ~ 1 3 )  

This subroutine calculates stream function ($ )  from a known 

velocity f ield.  

IAUTO = 0, specify stream function values a t  every 

node on the boundaries 

= 1, subroutine AUTOBC called to compute stream 

, ,. . function values a t  the boundaries 

NB 
, .-, 

total  number of boundary nodes 

NOD node number for  boundary conditions 

VAL stream function boundary condition val ue. 

Vectors 

' PSI(1) holds each nodal ( q )  value in the mesh 

NODP(1) holds boundary node numbers in the mesh 

VAl.P(I) holds boundary ,node ($)  value in the mesh 

Certain temporary variables storage similar t o  Section 7.10 i s  

necessary before the i r  original values are reassigned. This i s  

straightforward and can be followed very easily in the l is t ing.  

7.30 Subroutine WCALC (1 ~12,131 

This subroutine calculates vort ici ty (u) .  f i e ld  from a known 

velocity f ield.  . .  . 



NB, NOD, VAL 

Vectors 

NODW (I ) 

VALW ( I  ) 

R2(IJ 

similar as in Section 7.29 

holds each nodal ( u )  value i n  the mesh 

holds boundary node numbers i n  the mesh 

holds boundary node ( u )  value in the mesh 

7.31 Subroutine AUTOBC (1 ,12)  

This routine determines boundary val ues for  the stream function 

f ield (Cartesian coordinates only). 

KINL 

KOUT 

PSI F 

NLB 

NOD 

NUB 

Vectors 

number of elements on i n l e t  boundary 

number of elements on out let  boundary 

($1 value on fixed boundary (specified as 

datum boundary) 

total number of boundary nodes on fixed boundary 

n0d.e number 

total  number of boundary nodes not on fixed 

boundary 

holds length of elements side f o r  in le t  boundary 

holds length of elements side for  out let  boundary 

holds element numbers for  in le t  boundary 

holds element numbers for out let  boundary 



7.32 subrout ine ABFORM6 (1 ~ 1 2 )  

Element assembling r o u t i n e  t o  be c a l l e d  f rom the f r o n t a l  

s o l u t i o n  r o u t i n e  f o r  stream f u n c t i o n  o r  v o r t i c i  ty. 

JAY = 0, f o r  Car tes ian coordinates 

= 1, f o r  axisymmetr ic case. 
k 

i 
The vectors have the  same meanings as i n  Sect ion 7.17 as w e l l  as the 1 
o v e r a l l  s t ruc tu re .  

7 - 3 3  Procedure ' f o r  Updating Nonzero Gradi ent /St ress Boundary 

P resc r ip t i ons  

The r o u t i n e  PRESCR i s  used t o  assemble non-zero g r a d i e n t h t r e s s  

boundary cond i t ions  i n t o  the g loba l  RHS vector .  I t  may a l so  be used 

w i t h  l i t t l e  m o d i f i c a t i o n  t o  update unknown g r a d i e n t h t r e s s  values 

dur ing  each i t e r a t i o n  o f  ca l cu la t i on .  This  may be achieved i n  the  

manner out1 i ned below: 

i ) C a l l  PRESCR i t e r a t i v e l y  f rom VARCALC w i  t h  t he  appropr ia te  

NSID/NFACE code 

i i )  For  g rad ien t  values form i n  loop DO20 (see Appendix 11) the  

appropr ia te  l i n e a r i s e d  values g, etc .  which may be achieved 

t y p i c a l l y  a t  t he  edge Gauss p o i n t s  

G1=0.0 

G2=0.0 

DO 20 L=l ,  NBN 



NN=IABS(NOP(NELL ,L) ) 

M1 =NOPP(NN) 

M3=M1 tMDF (NN ) - 1 

Gl=Gl tVAR1 (MI )*B(1 ,L) (au/ax) 

GZ=GZtVARl  (M3)*B(1 ,L) (av/ax) 

20 CONTINUE 

iji ) For stress., values a s i m i l a r  procedure may be used except p i s  

evaluated from the  superparametric i n t e r p o l a t i o n  

i v )  The gradient /s t resses,  evaluated a t  the edge Gauss po in ts  may 
I 

then be assembled i n t o  the  RHS vec to r  i n  t he  loop DO 60 which 

needs small changes, t y p i c a l l y  
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A T'';'I' Introduction 

The following are program instructions i n  fu l l  detai l s ,  

reporting the problem types which may be tackled using the two 

dimensional and axisymnetric version option. Hence this  can be 
, , 

regarded as an instruction manual f o r  running the program. 

The f i n i t e  element algorithms uti  1 i se the eight-noded, quadri - 
l a t e ra l ,  isoparametric elements (Serendipi ty fami ly)  and are struc- 

tured to  solve four different  problem types: 

1. Isothermal - (laminar), 

2. Forced: convection - (laminar), 

3. , Free or  mixed convection - (laminar), and 

4. Buoyant; reci rcul ating free or mi xed convection (turbulent or 

, , -  , .  mixed). . .  

For problem types 1 and 2, formulations are included fo r  solving 

the Navier Stokes equations (see Schlichting, reference 1) i n  both 

Cartesian (x-y) and axisymmetric (r-z) form. Further, f o r  these 

two equation s e t s ,  the algorithm caters fo r  boundary conditions of 

the following form: 
i - .4 

a)  prescribed ' .  

b)  - normal velocity gradients (n.v.g) - 

c) s t ress- '  (see reference 1 ) .  

The nondissipative energy equation (see reference 1) i s  'also 

solved fo r  problems- of category 2 a f t e r  having f i r s t  obtained a 



converged velocity f ield.  However such a procedure i s  only 

acceptable where fluid properties are largely independent of 

temperature. Solution of the uncoupled equations in both Cartesian 

and axisymetric .form i s  effected only for  prescribed values and 

zero temperature gradients on the domain boundary. 

Natural convection occurs when density changes occur in the 
. . 

fluid. For this  reason, the energy equation i s  linked to the 

right hand side of the Navier-Stokes equations for  the uncoupled 
' , 

solution, where each time the Navier-Stokes equations are solved, 
. s 

the resul'ting velocities are used to solve the energy equation 

u n t i  1 overall convergence i s  achieved. Another formulation for  

this problem type i s  included where the energy equation i s  coupled 

into the velocity f ie ld  calculation and solution for  temperature 
. . 

differences with respect to a reference value effected through the 
. , .  

domain. This procedure is subject to  both prescribed and gradient 

boundary conditions . 

A 1  - 2  Im~lementation on Different Com~uter Svstems 

This program i s  written to conform to the American National 

Standard FORTRAN 77 (ansi 77) and is s e t  up to run on the Honeywell 

Mu1 t i c s  .(DPS8/M) operating system. Different computers have di f f -  

erent operating .systems and thus some guidance on implementation 

i s warranted. 
. ' f  'i 

. < ,  , Input to  the program is effected through channel NCR (=5)  

whereas l ine printer output , is  diyected to channel NLP (=9). 



The program may also require two further channels for  input/output. 

Channel NCP ( = I )  - ( f i l e  C P g ) ,  fo r  dumping o r  reading i n  in i t i a l  

conditions (e.g. extrapolated values) and channel (2) - ( f i l e  cdl ) , 
which i s  used for  dumping data fo r  use i n  r e s ta r t  should there be 

insufficient time available to complete the computer run i n  one 

attempt. ~ u r t h e r ,  working space i s  required by the program in order 

that excesshe' storage i s  not consumed. For this  purpose, scratch 

discs need to b e  assigned to channels 10, 8 and 4 ,  the former two 

are used i n  assembly of the element s t i f fness  matrices and appear 

in subrouti nes 

DERIV 

ABFORMl 

ABFORM2 

ABFORM5 

and TEMPM 

T h e  discs are written to/read from SEQUENTIALLY and having 

been read from require REWIND. However not a l l  compilers feature 

these instructions and may require conversion of these f i l e s  to 

DIRECT ACCESS form, the declaration of which depends on the computer 

operating sys tem. 

, ,  

Scratch disc 4 i s  encountered in the solution procedure and 

holds the reduced equations on channel ND1 (=4), th is  i s  also 

written to i n  a SEQUENTIAL manner and occurs in subroutines: 



FRONT, FRONTA 

and BACSUB, BACSUBA 

A f u r t h e r  feature of t he  program i s  the system c lock  f u n c t i o n  

c a l l  i n g  subrout ine (TIMER). This  f u n c t i o n  occurs i n  many places 

throughout t he  program and i t  i s  suggested t h a t  e i t h e r  a dummy 

r o u t i n e  i s  i nse r ted  o r  a r o u t i n e w h i c h  c a l l s  the  c lock  func t i on  

. o f  - t h e  p a r t i c u l a r  opera t ing  system us ing  a subrout ine such as ours: 

. . SUBROUTINE TIMER (K1 ) 

IMPLICIT DOUBLE PRECISION (A-H ,0-Z) 

C , Cal1:system c lock  f u n c t i o n  ( i n  seconds) 

" .  , . .  I X=UMILL( I) ; - 

' I ' . K l  =X 

RETURN 

END . , 

For t he  Honeywell Mu1 t i c s  system a [PL/ l ]  program had t o  be w r i t t e n  

t o  d e f i n e  the  above [QMILL(.I) ] f o r ,  t h e  system and t o  r e t u r n  i t  i n  

seconds. 
., , , . . . , , 

A I .  3 Arrays and t h e i r  Dimensioning 
, . . ,  . . ,  

AI.3.1 Arrays i n  COMMONJGEPI 

, The numbers shown are  the  ones used i n  t h i s  thes is :  



NOP(a,8) '(122,8) R l  ( c )  (1553) NODV(d) (550) 

NDN (a) (122) R2(c) (1553) VALV(d) (550) 

LPR(a) ( 122) V A R I  ( c )  (1  553) 

TEMP(b) (461) VARA(c) (1 553) 

CORD(b,2) (461,Z) NCOD(c) (1  553) 

RSPEC(b,6) (461,6) BC(c) (1553) 

NOPP(b) (461 ) AVARI (c )  (1553) 

MDF(b) (461 

The va lue o f  ' a '  must be a t  l e a s t  equal  t o  t h e  number of elements 

i n  t h e  problem, w h i l e  e n t r y  ' b '  needs t o  be a t  l e a s t  t he  number of 

nodes i n  t he  o v e r a l l  mesh. The va lue  o f  ' c t  must be a t  l e a s t  t h e  

t o t a l  number o f  degrees o f  freedom ( d o f )  i n  t h e  mesh, w h i l e  I d '  must 

be a t  l e a s t  t h e  number o f  cons t ra ined  degrees of freedom f o r  t h e  

problem. :Some knowledge o f  these values i s  necessary 'a  p r i o r i  ' - 
e s t i m a t i o n  of which i s  b e s t  i l l u s t r a t e d  by example as shown i n  t h e  

mesh below, F igu re  A I .  1 : 
,. ' 

FIGURE P.I. 1 



Clearly there are 16selements, then a 2 16, there are '65 nodes, 

hence b 2 65. The number o f  do f  requires further calculation. For 

the velocity and pressure f ield,  velocity i s  interpolated quadra- 

t ical ly w h i  l e  pressure i s subject to 1 inear interpolation, thus the 

x (or z) velocity component ' u ' ,  pressure ' p '  and y (or  r) component 

' v '  are solved a t  nodes ' X '  while only u and v are solved a t  nodes 

0 ' .  Thus fo r  the mesh , the total  degrees of freedom i s  given by 

- ,  .. . , . . 

thus c > 155 
. , , 

L ; 

When the temperature f ield i s  solved for  a coupled equation se t ,  

temperature i s  quadratically interpolated and thus the variables u ,  

p, v,  e are solved a t  corner nodes and u ,  v ,  e a t  midside nodes. 

For a particular problem, the number of dof associated with an 

element i s  echoed as the variable NCN and the total  dof for the 

problem .is output against the name NP. 

A 1  . 3 . 2  Arrays in COMMON/GUARD/ 

The numbers shown are the ones used i n  this  thesis: 
. . . . 

NCRIT = 80 



The values of p,- r and s a r e  the  most d i f f i c u l t  t o  estimate, 

'q '  must be a t  , l eas t  the number of dof associated with each element, 

when solving f o r  u ,  p, v, 0 - q >,:28. ' The value of p has a minimum 

value a s  i n  certain, ;subroutines,  local a r rays  a re  equivalenced t o  

SK to  save space, f o r  the present p2438OC). The maximum value of 

p, r and s a r e  sole ly  dependent on a developed form of Hood's f ronta l  

solution routine (see references 2 and 3) as  the  global s t i f fne s s  

array i s  equivalenced t o  i t  in t he  solut ion procedure, t h u s  some 

know1 edge of solution ' frontwi d t h  ' i s requi red. 

An estimate of t h i s  value may be obtained again w i t h  reference 

t o  the example mesh, Figure AI.2  below: 

FIGURE A 1.2 

Solution proceeds w i t h  ascending element numbers, a t  a par t i cu la r  

solution stage e ight  elements have been processed resul t ing in a 



'front of part ial ly assembled. equations as shown (contributions from 

elements 9 t o  12 are required to fully assemble the matrix on the 

' f ront ' )  .. The total number b of* partially assembled equations for  

u ,  p ,  v .solution are; 

. .  . 

plus space to assemble the next element 

Therefore for the unsymmetric matrix, the storage required i s  (43)2.  
. .  - . 1 

Estimation of the value-of NMAX i s  ,also subject to  boundary 

prescription and thus. i t s  precise value is  d i f f icul t  to evaluate 

beforehand. 

-The estimation of NMAX controls the value of ' p '  which i s  now 

se t  such that  p 2 (NMAX)2, whereas r Z NMAX. The INTEG array i s  

'formed by equivalencing integer arrays i n  FRONT and BACSUB, FRONTA 

BACSUBA, these arrays are shown together with- the numbers used i n  

t h i  s thesis: ' . - , .  . .  . 



The value of ' x '  must be a t  least  the total number of dof fo r  an 

element (28 for  u ,  p ,  v ,  0 )  , whereas y 2 NMAX. However, should 

there' be any underestimate of NMAX the solution routine will stop 

and the appropriate diagnostic message printed. 

A further 1 oca 1 .  array which .may need redimensioning occurs in 

subroutines (WYSET) and (EFVISC) under  the name DfSC(.3,e) where e 

should be chosen t o  be t h e h i e  as ' b l  in Section AI.3.1 i.e. e = 461 
+ .  

as i n  this work. 
,,., 

, . . r 

AI.4 Program Input 
- 4 , "  . I ,  % ' . ,  , 

The following section describes program i n p u t  data including 

the program variable name and the format t h r o u g h  which i t  is  read. 

Reference will be made t o  da ta  l ine se ts ,  these may constitute a 

single l ine of i n p u t  or many lines. 

1 TITLE (12A6) , 

TITLE ( 3 )  1 ines of i n p u t  t o ,  describe. the purpose of the computer 

run (2  l ines could be l e f t  empty). 

2 MARK, NAX1, NEWTON, IUPWIN , ITURB , (515) 

MARK-1 Normal Velocity Gradients (nvg) boundary specification 

MARK=2 Stress boundary specification 

MARK=3 Free or  mixed convection formulation; ,nvg's or u ,p ,v ;  

gradient or prescribed value on e 

MARK-4 Forced or mixed convection, nvg boundary prescription on 

U , P , V  
,L , 

MARK=5 Forced convection, s t r ess  boundary prescription on u,p,v.  



NAX1 =O x-y coordinate sys tem 

NAX1=1 z - r  coordinate system 

NEWTON=O standard i t e r a t i  on procedure 

NEWTON=1 Newton-Raphson i t e r a t i o n  procedure (should y i e l d  

h ighe r  convergence ' r a t e s  f o r  laminar  f l ow  on ly )  

IUPWI!l=O no upwinding, i .e. we igh t ing  func t i ons  equals the  
, . 

shape funct ions 

IUPWIN=l upwinding app l i ed  t o  the  temperature equat ion i n  

f ree @r n i x e d  ccnvect ion problems 

IUPWIN-2 upwind we igh t ing  appl i e d  on t h e  momentum equations 

i n  advect ion dominated problems 

ITURB=O laminar  f l o w  on ly  

ITURB=l ' p a r t i a l  l y  tu rbu len t  o r  f u l l y  t u r b u l e n t  f lows. 

This c a l l s  subrout ine (EFVISC) i n ,  which e f f e c t i v e  v i s c o s i t y  

and e f f e c t i v e  c o n d u c t i v i t y  are evaluated f o r  each element. 

This subrout ine should be ad jus ted  f o r  each i n d i v i d u a l  problem. 

For isothermal  s tud ies  proceed t o  card  s e t  4. 

3. CONDF, BETA, CPF (3F20.10) ' 

CONDF = thermal c o n d u c t i v i t y  o f  the  working f l u i d  

BETA = c o e f f i c i e n t  o f  cub ica l  expansion 

CPF = s p e c i f i c  heat  capac i ty  a t  constant  pressure 

4. EMU, RHO, X, Y (4F20.10) 

EMU = dynamic v i  scos i ty 

RHO = dens i t y  



= x 'component' of body force 

= y component of  body force 

5 NH(I5) 

NH = number of nodes i n  the  mesh 

MTRD=O no r e s t a r t  i n p u t  required on channel - ( 2 )  namely [edl] 

f i l e  . . ,. 

MTRD=l input required on channel 2 f o r  r e s t a r t  

NCARDS=O no output of converged f i e l d  f o r  post  processing 

(p lo t t ing ,  extrapolat ion f o r  r e s t a r t  e t c )  . 
NCARDS=l output of converged velocity-temperature f i e ld s  on 

convergence on channel NCP(=l) , namely [cpg] f i l e .  

8 MTRIT(I5) 

MTRIT=O no dump of unconverged calcula t ions  onto channel 2 

f o r  r e s t a r t  
..,, 8 ,  . , 

MTRIT=l dump of unconverged ca lcu la t ions  onto channel 2 f o r  

r e s t a r t  

LTIM = duration of program execution before dump f o r  r e s t a r t  

i f  MTRIT=l , otherwise execution s tops ,  the variable 



LTIM i s  compared aga ins t  t he  argument der ived from 

t h e  system c lock  us ing  SUBROUTINE TIMER, 

10 NNP(I5) 

NNP = the  number o f  nodal p o i n t s  i n p u t  t o  the  program - 
nodal coordinates need o n l y  be supp l ied  a t  element 

corners, i n t e r p o l a t i o n  o f  midside nodes occur r ing  

au tomat i ca l l y  where element s ides a r e  s t r a i g h t  

For NNP=O, go t o  card s e t  14. 

11 N, CORD(N,l), CORD(N,Z) (119,2F15,10) 

N = node number 

CORD(N,l ) = x (o r  z )  coord inate o f  the  node 

CORD(N,2) = y ( o r  r )  coord inate o f  t he  node 

There should be 'NNP' l i n e s  of data t o  i n p u t  t he  coord inate 

sys tern. 

12 NE (15) 

NE = the number of elements i n  t h e  mesh 

13 N,NOP(N,l) .,..,, NOP(M.8) (218, 715) 

N = element number 

NOP(N,l) = g loba l  node number corresponding t o  the 'element' 

node number 1 o f  element N as shown i n  F igure  A'I.3 

below: 



81 82 8 3  
w 

NOP(4,7) NOP (4,6) NOP (4,5) 

45 NOP(4,8) t element 
4 

I NOP(4.1) NOP (4,Z) 

FIGURE AI.3  

Then f o r  element f o u r  t h e  i n p u t  l i n e  i s  

N. B. (a) counterclockwise nodal numbering 

(b) t he re  should be NE l i n e s  o f  element data. 

I f  NNPfO go t o  card  s e t  16 
. . 

14 ( i )  IMESH(I5) ' 
IMESH=l, A r b i t r a r y  o r  complex mesh generat ion. 

Now go t o  15 

IMESH=O, Equi d i s  tance' (equi spaced) mesh generation. 

Carry on 

(ii) NROWS, NCOLS (215) 

NROWS = number o f  elements rows 

NCOLS = number o f  elements columns 



( i i i )  . DX,DY (2F20.10) 

, DX = element X increment 

DY = element Y increment 

Go to 16 

15 i )  N X L ,  MYL, N N ,  N D  (4110) 

- . N X L  = , total  number of elements i n  the ( 5 )  direction 

N Y L  = total  number of elements i n  the (n) direction 

N N  = f i r s t .  node number of the mesh 

N D  = 0, sequential numbering of elements along l ines of 

constant (q) 

N D  = 1,  sequential number of elements along l ines  of 

., constant ( 5 )  

ii) (XM(I),.YM(I), I=1,8) (2F10.3) 

Reads i n  (8) cards fo r  the x,y coordinates of the master 

nodes -of the mesh, on the basis of 8-noded isoparametric 

quadrilateral, element mesh blocks. 

The procedure+(15-i)+(l5-ii) can be repeated for  as many 

mesh blocks as required, then these mesh blocks are 

interconnected t o  form the mesh. 

16 ICOND (110) 

ICOND=O pass to  card s e t  18 

ICOND = number of i n i t i a l  conditions on u , p , v , ( e )  which have 

been extrapol ated from previous runs o r  guessed, these 

are read off channel N C P ( = l )  



17 L,K,PHI (215, F20.10) i n  the  f i l e  assigned f o r  channel 

namely [cpB] . 
L = node number 

K = do f  number 

K= 1 f o r  u o r  Vz 

K=2 f o r  p (on l y  a t  corner  nodes) 

K= 3 f o r  v o r  V r  

K=4 f o r  0 (temperature) 

PHI = magnitude o f  t he  DOF 

18 NRT (15) 

NRT = .  0 pass t o  card s e t  22 

NRT = number o f  elements on which g rad ien t / s t ress  boundary 

p r e s c r i p t i o n s  are appl ied, however zero grad ien ts  are 

assumed and do n o t  need e x p l i c i t  eva lua t ion .  

19 LE, NSID (215) 

LE = elementnumber 

NSID = element s ide  code (see F igure  A1.4 below). 

NSID=4 

FIGURE AI .4  



20 IRT ( r5 )  

IRT = t o t a l  number of gradientls  t r e s s  boundary prescript ions 

L = node number 

RSPEC(L,l) = au/ax f o r  nvg formulation 

RSPEC(L.1) = a f o r  s t r e s s  formulation 
X 

RSPEC(L,2) = au/ay f o r  nvg formulation 

RSPEC(L,2) = Tyy f o r  stress formulation 

RSPEC(L,3) = av/ax fo r  nvg formulation 
, . 5 .  

RSPEC(L,3) = T fo r  s t r e s s  formulation 
Y X  

RSPEC(L,4) = av/ay f o r  nvg formulation 

RSPEC(L,4) = oy f o r  s t r e s s  formulation 

RSPEC(L,S) = W/ax fo r  f r ee  o r  mixed laminar and/or turbulent 

convection 

RSPEC(L.6) = ae/ay for' f r e e  or mixed laminar and/or turbulent  

convection 

In cyl i ndri cal coordinate sys tems 

22 NB' (IS) 
. , 

NB = number of constrained degrees of freedom, care must be 

taken t o  avoid duplicat ion as  this a f f e c t s  the solution 
. , 

prbcedure 



23 NOD, MDEG, VAL (215, F20.10) 

NOD = node number 

MDEG = dof code (as K of 17) 

VAL = prescribed boundary value 

For isothermal data, input is now complete. For coupled f r e e  o r  

mixed laminar and/or turbulent  convection problems, ao to  card 

s e t  28. For uncoupled forced o r  mixed laminar and/or turbulent  

convection only, continue. 

24 NB (15) 

NB = number of prescribed temperature values, again taking 

care t o  avoid dupl i ca  ti on 

25 NOD, VAL (15,-,5X, F20.10) 

NOD = node number 

VAL = prescribed temperature value 

26 NHEAT (15) 

This ends input data fo r  uncoupled forced or mixed laminar and/ 

o r  turbulent  convection problems. 

NHEAT= number of. elements on which heat t rans fe r  coeff ic ients  

need calcula t ing 

27 NELL, NSID 215) 

NELL = element number 

NSID = element s ide  code (see 19) 

This completes i n p u t  data f o r  uncoupled forced o r  mixed laminar 

and/or turbulent  convection problems. GO t o  30. 



28 NHEAT (15) 
1 ( .  

Used i n  coupled free o r  mixed laminar  and/or t u r b u l e n t  convec- 
. . 

t i o n  problems, b u t  has the same f u n c t i o n  as card  s e t  26. 

NHEAT = 0 completes i n p u t  data f o r  f r e e  o r  mixed convect ion 

problems. , ,. 

n p % "  , . 

29 NELL', NSID (215) 

As card  s e t  27 and completes i n p u t  f o r  f ree o r  mixed laminar  

and/or t u r b u l e n t  convect ion problems. Go t o  30. 

IPSW=O t h i s  i nd i ca tes  t h a t  stream func t i on  and v o r t i c i t y  values 
, , . . , 

" .  
c a l c u ~ a t i o n s  are no t  requ i red  and ends i n p u t  data f o r  

r: - .  
e i t h e r  forced o r  f r e e  convection, o r  any o ther  case. 

. . 

IPSW=l program goes on t o  c a l c u l a t e  stream f u n c t i o n  and 

, : I  , . v o r t i c i  ty values from known, v e l o c i t y  f i e l d s  us ing  the  

(FEM) , and hence f o l l o w i n g  data i s  requi red.  

31 IAUTO (15) 
, - I '  ' . , 

IAUTO-0 t h i s  means t h a t  stream f u n c t i o n  values a t  boundary nodes 

have t o  be spec i f ied ,  hence c a r r y  on t o  32 

IAUTO=1 subrout ine "AUTOBC" i s  c a l  l e d  t o  compute stream func t ion  
, , values a t ,  boundaries .-. Go t o  34. 

32 NB (15) To ta l  number o f  boundary nodes f o r  stream func t i ons  

only.  



33 NOD, VAL (110, F20.10) as many data l i n e s  as (NB) i n  32 above. I 

I 

NOD = boundary node number 4 

, 

VAL = stream f u n c t i o n  value a t  t h i s  node. 

34. KINL (15) Number o f  elements on i n l e t  boundary, (.for $ )  

35 KINZ, ALEN (110, ~20 .10 )  as many data l i n e s  as (KINL) i n  34 above. 

KINZ = element number 
- * 1 , *  

ALEN = length  o f  element s i d e  

36 KOUT (15) Number o f  elements on o u t l e t  boundary. 

. . . .  b 

37 KOUZ, BLEN (110, F20.10) as many data l i n e s  as (KOUT) i n  36 above. 
i 

KOUZ = element number 

BLEN = length  o f  element s ide  

38 PSIF (F20.10) Value o f  stream f u n c t i o n  t o  be s p e c i f i e d  on 

datum boundary. 
, I ~ . . .  ' 

, . . - 

39 NLB (15) To ta l  number o f  boundary nodes on f i x e d  boundary, fo r  (IJ) 

,. \:. . I  

4b NOD (15)   ode number, as many data l i n e s  as (NLB) i n  39 above, f o r  ($1 
. 4  , .= 

4 1  NUBz(I5) .  To ta l  number o f  boundary nodes - n o t  on f i xed  boundary, f o r  ($1 



42 NOD(15) Node number, as many data 1 ines  as (NUB) i n  41 

above, f o r  ($1 

43 NB (15) To ta l  number o f  boundary nodes f o r  v o r t i c i t y  only.  
ew, - 

I f  (NB=OJ,,. t h i s  means no v o r t i c i  ty values 

c a l c u l a t i o n s  are requ i red  and hence, t h i s  ends 

the i n p u t  data, otherwise, proceed. 

44 NOD, VAL (110, F20.10) 

NOD = node number 

VAL ' = v o r t i  c i  ty value 

As many data 1 ines  as (NB) i n  43 above. 

AI.5 D e t a i l s  of t he  Auto Mesh Generation Features 

AI.5.1 E q u i d i s t a n t  (Equispaced) Mesh Generation (MESHSO) 

This i s  a s imple a l g o r i t h m  f o r  auto generat ion of a REGULAR 

f i n i t e  element mesh (see data s e t  1 4 ( i i ) ,  1 4 ( i i i )  of Sect ion AI.4). 

I n p u t  f o r  t h i s  s e c t i o n  i s  b e s t  i l l u s t r a t e d  by example shown below 

i n  F igure  AI.5. 



FLUID DOMAIN ELEMENT DISCRETI SATION 

. " 

FIGURE AI. 5 
R a " * 

For the problem there a re  6 rows of elements (NROWS=6) and 
: , 

4 columns (NCOLS=4), then f o r  the geometry shown 

AI.5.2 'Arbi t r a r . ~  o r  Comolex Mesh Generation (MESH=1) (4 )  

This is an algorithm .whi  ch uses the isoparametric concept t o  
, - 

deal w i t h  complex domains shapes and, mu1 ti  ply connected domains. 



FIGURE M.6: CURVED DOMAIN 

Using t h e  curved domain i n  F igure  AI.6on t h e  r i g h t  #hand side, i t  

i s  regarded t h a t  the whole domain i s  one b i g  i soparamet r ic  element 

and def ined by the e i g h t  master nodes. A s u i t a b l e  mesh i s  obta ined 

by us ing  l i n e s  o f  constant ( 6 )  and ( r l ) ,  l e f t  hand s ide  t o  d i v i d e  

the  " l a r g e  element" i n t o  (n) elements i n  the ( 5 )  d i r e c t i o n  and (m) 

elements i n  the  (0) d i r e c t i o n .  The coordinates o f  any p o i n t  (j) 

(4 )  are g iven as: 
.1. 

I f  grad ing  o f  mesh i s  requi red,  we igh t ing  fac tors  can be  in t roduced 

t o  create  unequal dimensions i n s i d e  a " l a r g e  element". A s imp le r  



way to  s h i f t  the origin of (<,TI) axes towards the corner i n  which 

a denser mesh i s  desired i s  shown i n  Figure AI.7. 

NORMAL MESH 

GRADED MESH 

FIGURE AI.7 

For detailed examples and discussion see ,References 4 and 5. 
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Variable print quality 



9 - .. .. 
a , .  , i.,. * 

$ . .  

. F I.' ' 
, $  
~ 2 ,. - - 
,i; et;t . s . 
. - -  - 
'..i c; : , .- .. - .. .j &;:r. 

. . - -  . 
, < p' . :  ... .-. i.. .... . 
. . - -  ... 
,:;! CI:!?. :. - _.I 

c $7.. , ,,. 

'1,- .'? 
- 4  - "" 
':f ,? -, 
- 3  1---.'. ..{ ;;,. : , 

.' - ..:'.2 - ,,: ,? - . t  -,- - . 
I . .  " . , * r  , -  dm, ,:..;-,-,:, 

* -. 8 . .  . - , . , - , - , -. - - . . . - -. .- ; r r :  ,. ,' -. -5 .I .. . - . < ,  " 2 .  . % -  - , , - . A ,  , . d,;.,. ... , I *  . + . i , , ~ . f < i  , .<* -.,. > .- ... - , 2 , ! v :  ..,", , A t  t 'kf . . '  



-7 .' ~r \ C)q!.L T I / f : , y l . :  /<! 
f 7 T !iF.= 7 r- j --.I 

: : u -  - I 

IJRJ Tg(',VL4,, i2/?;1.: 1 T I N E  
CELL OEPII,' 
C"iL i  T I P E Z c ' I  f .i 
1 T47,+?E21 T-; -2 
b/RiTEi;NLF., 122,) i TJ[ff 

C8LL DHTf lK  - - , 

CHLF b'fiEc,9L C 
Cf - ;7 - - Cc 3; 2 ., 5 Tfi TI,fs= " KEE,Z ' .I ' 
- 1  F ,.. :? .- - - ,..r.-- 
I,. L c. , c , .- I I .+ TUS=" fi. 5 L: ,+ .? 
'I, - F  . -  

',LL?>r- (;:.. 5Tfi T!:c',?-.'fiE;ETc' .) 
2'<7:;( d . , ~ ~ ~ ~ ~ ! / ~ : . * .  f,iz-;TE... . j  

[ {? 5,: !; g.z 2- ;,g T;/s= ;, r L  ?- = ., 
C . -  . 

-: -.-- a . .- L;-...-.,".- .. ., .-, p. ,. .-+.  ' -..- , ... - ,,.'::',: ,. i iy i <'t"' "cLE ... ! .- 
,-. ,7L---:. - -- --, . - . .--* ,. , 

c f 

... ., ,. - .- , .3 , 3 i : : j 2. :.= .' .(: ,: .- ,-. A .. . 
-,: -,.-- . ,-. .--.- - 9  ..- . . .C- -  . , 

.,,, ,- 1 .! 3 ,: ,' .: . -7 ; ,T ! = . :.; :: -. , ; , ,- ,.-, .- a,. - - A+.,(,., ,-,-, p ,  +; t ,  .*' ,FA-);ITE ~ ~ - ~ ! ~ ! ~ j ~ ~  F , F G ; : ~ * - + ~  .,,,n,</ 1); a rf,.T.T,,..IT-.---,-,: , + ~ . ~ ~ j r , ~ ~ y g : ~ t ~  b ~ c  - \l'i2.~.t.!:.f5 . t C . - . - . - . t t -  2 / 1 .! 
> - , .-. - -  - ,. ,- +; ? ,-- ,?.?d'[;;.?'E 7 : : r ; . - - . r  + 7 : *;- . t  .= - > " C  , . .  - - - -  - - - -  .a i . . , i d  " R,?fi-it.t,.:. 8 , . * , 8  . *r  . - -  ; .-- . .  - . k. r-. . 1 ." -. - . . -  . . . . .  .-. L,&d',,) -.;... - ..,:.-- -,. -:.-- - 2  r i 2 : .  . ! . . C..: 8 ;;/.,/; : yr : ,,, ri7c JJC;.$-!-?,~J- ~ : ~ q ~ : - . i ~ ~  .% ; . . t  

. - . - I - - ' . . - , : -  - -  - - - 3 .  - - - - - . -  - -  - .  -.- -...: .-.;.: ,-.,--,-. ,..,? ,..-...-.. ' - c.:!.d:7 .f-!j',f.: -,..It, 2 &-,?...- . - , k ; b k  
'- . ,-. , : 1 - - , ,  ; '  EL-,!-: : - . , - : -~ l - l f -p ' ,~~ ,  , ' f l , R : ! - : ! - ! : ~  ?,...' - - -  c- 

-: ! - : ?. ;- * ,  ;.i 6:;Ci + A  - , - ,qi,.?=F!: ,z,:,z: A;.= TZ.25 ,  ... . 1' c :  .. (-1 . ,, I _  , I , . I . -  .- ,' i ,  / 7 

: r!.r,! . t l : .  . 1 1 . 3 : . : I - Y ' r : - : * . a  r . .  ; * . . I  ..,., <,.,: *,,; ,,., il/,;C:, , * . 2 . z . t ; , .  . - .  . . . . , 
I . ,  :, 8 1 .-. , . t I : . i . 4 C t i 4 '8 4 . i 9 l I .  I 1 i . . C , L , ", . . . ,.. , , , . , . : ,,.,,,-.- i;, ;;l ..; ;. ;'. i ;  (.; ,:; (., ;.( ,.; . i. I - . 31*L?5i-!.?,:/;pL* . :.f 3 .,t - 9 -  - ., - . . ..* i : . a :  . . .  , ... , t 1.7 <;:- ; $7 ,* - ,:, .-? 3.J  7 t.; f7, ; ,: 
zt>,.'::. ~ * t l ! ~ : * l a l . , l f l ~ I : , ~  - - ' -  - .  . . - . i  - ' : ' # ' 1 . ~ r t 8 : 8 : . t * ! a . t ; t . . ' t . * . r . : :  I :. . . . . . . .  . . , 8 ,;;,;.; . . - . . . , . ; .  ; , . . . , ,: ,.. i. . 

6 l J f  F Q i q j , q - : . ' : 2 : ,  .?$q :-- ,. ---,.---I -,v - - - . :  , - - -  .I :.  -- - - ..- - - -.. , . L r r - l.: . '"+ -. . 7.7. ;c , * :  y :  : . . . . .  - :: 7: ==...2 :. ., 
C - - -  - -  --.- - . -  - :  ...-,.- --.-  .f .>i.j ,Zi:,2.'.Tfi ~ , ~ , . . ~ ~ ~ ~  .: - . - . -  - - : .  . L . .. i ~ ~ y p ~ ,  1 " ,%, : ! :as:-# 

- _  - . . .  -. .- , , f -. = , : ,7 ; .* - " . " . ; -.- - - . 5. i .: 
I . , . - .  - - 3 b J . ' *  3 -  - - : : . -  - -  . -  - - - . - - - - .  . - . .  r - , . . -  ."-C- I- - - r  .-, 

A L -  - f j',p'd~?g JG c:: : y:L '. ;)-;$ L.: :7 * ,,, , * : - - ,- , - , : , . L ~ ; ' , ~ r ~ ~  . :: T): . .. . .: tew 
--.-.t I , %  1 5 :.. - , :-, ;. .! 





01 51 : .**.*.*.*.*.* .*.*.$.* .*.*.*.$.* .*.*.* *.*.*.* .* *.*.*.* ,* .* 
8i52:C EEi iD I N  CONTROL Yl'riR.?ffl?LES 
012 53 ; C.+:*.* .+ .*.*.*.*.*.it.* .$.*.* .*.*.w.* .*.* .* .$: .* .* .*.* .*.* .* .j. 
dl5J:C 
Of 55 .. R E H D O / C R . * - 9 8 2 . ~ ~ t l H E J ~ ~  NFIXI ,  NEW TON, i l iPb/IN.t  I TUEB 
8156: W R I  TE('!J;r'Lf .I 6G.i ) 
dlS?: 60 r0('20., 22, 24, zg., 28),, !.fR,?&' 

18158: 26 CONTINUE 
01 55 : I F i ' N R X I .  E8:kI.) WRf i E f N L P . t  293} 
b i ~ i ; " :  IFr'NFlA'f. Ei?, P ! I?IRI TE(NLJ2.* 21 7.; 
dl,gi ; l*/R I TE C NLF.1 250.3 
81 62 ,- REHfiifJC:?, 680.3 Ci?/d$F Bf T A l  cP.F 
&?i 63 : jJR1 TEo4LF'.l 1500) CONDF.I BET& CFF 
Ol64 : GtJ TI:, 38 
0165: 2Q CONTiiVl-iE 
0966: I F ( N ~ ~ X I .  ~ 4 7 .  g.;jdfil rE ( l i i t pa l  292.1 

1 d l 6  J: IFI:'NRXI. EQ. P ) I * /R I  TE<rt'Lr'., 21 6.i 
i316$ : GO TO 28 
Q f G j :  CUNT.fMCiE 
up 178 S f  Ti I F ( 'N@Xi .  EQ, ~ . ! { J P ;  I TE(N(,p.l 2f 4 )  

t-. -. 
d m :  iF(//fi,!y'i. r!.r. .5[11llffI TE<:t'LP., 2f 5 )  
011 72 Gi! TO 38 , ., 

0173: 4 r.lONTINCiE 
0173: . IF(P;n",!y'I. EB. O.>WRI TEiNLF. ,  2i9) 
L7175 : IF('Nj?XI. EQ. 1 ,li.i.PX TE()dLP, 221 .> 
,(;7p7~: fl$ f TE() jLr ' :  250.; 
01 77: I:'NCR, gog.1 CONOF, BE rd.. CPF 
up 75 : l t l ~ ~  ~ g i t . t ~ ~ . .  689.; C O N ~ F ,  s~rfi., CPF 
bl;f 74 : -& (J'Q TO 2.~7 
dP;sij : 28 C(.'?EiT.!NL/E 
L ~ P ~ P  : IF(Nftt!fI.fi1.ir7.) blRJTfc'NtP.Iz24) 
~ f g z :  I F ~ N ~ , : \ ; ' I .  €8. 1 .) i l i ~ 1  rt'c'fi ' ip, 226.; 
B id ; :  NRI TECEIL P.1 258.> 
61.54 : i;;"EHr/!'NCR, GOO..; L ' I ? N ~ ~ F . ~  B E 7 4 ,  ~lp,F 
Qi;<5 : TEc'NL?., 600) Cc'rti.L~F.I 8ETfl.l CFF 
on$G ,* 30 CONTINUE 
Qf 87: S,/RITEQNLr",S 222.,Mt?E.f;;'.1 N f l X 1 ,  EIEWTON, l i / F b i I N ,  I TLigB 
01 194 : REflGcNCR, iS4 )E t . 1U ,  RHO., l\;.t t' 
02 .?P: V=Efl[!,*'EHO 
8i:zg : Ni;;"f TEz't/i.r"> ;-I"SZ.>EPIU? RHO.# it'aI ti., y 
0231: j JPITEi 'NLF,  602.) 
01 q2 ; , 33 , itjtifi .? TE ( ?Ji F.C ;If ~7 .,) , - .  L 

Bi ' . f ' .  .,--, PF40(f/CR., f O;ll")#N 
0" -C .- cj . . WRITE<NLr'.t 2017-1,:fNH . ' .  

' uiS.5: DO 98 I 2 l . l  NH 
0136: 18 J=p, 2 
d l 3  J: 1s C L ? R C ~ ( I , ~  J.)=Q. 
679 ?:$ : RE3Dc"MCR.t i82.1 t.fYRI; 





IF(1.IflRI;f. €0. 3. HND. NDFc'L) .  EQ. 3. 1;7E/D. #. EB. 3.) K=2 
IF('MflRE:'. €0. 3. dND. F t D F i L ) .  €0. 3. HND. K. €0. 4 )  K=3 
IFCtlflRX. NE. 3. ANO. t.IDFit j. E!?. 2. 8EiD. k'. EB. 3.) k'=2 
IF( t ' lHRK: NE. 3. f3Nft. k'. Eh?. 4 )  GO TO 34 
,~=//uPF ( L  .) +K-I . .  ' 

. b l f i E I ( J ) = P H I  . ... . . 
ljo TO 3s 

34 CONTINUE . . . 

T E f I P l L  .>=PHI 
25 CONTINUE 

W R I  TE<'j'iLP.: ;tl"t?Q ..) 
Cf lLL W R I T E L F  
IFc'PIHEk'. L T .  4 )  1;U Ti? 33. 
W R I  TE <Pi1 F.e 2LU 
DO 28 I=fl NH - . ~, - 

NAI7Ec'MLI-t.: Z4&,:'1.1 T E f I p ( i )  
2,s Lli?tlTf MCIE 
?4 -. Co)/T.F?d[iE 

WRITE('NLP., 227) 
l ~ / E l T E ~ N L P ,  Pk?S)CN> &I?P,?{?J.).: r;'CQRfi<#j t'l).: /f=lq1 2j.r PfGf (&).I N=S.a 

00 80 L = I . *  / /E 
L P R ( L  .)=k? 

88 CONTINUE . 
I>c7 $2" L =i, 6 

82 :"=P,NH 
- 8 -  - T 

/?>f'Lz~. ( 1 . 8  /- J=O. 
82 i.71INTINUE 
$3 COMTlNCIE 

REfiD (NCR.1 1,@2.)NR T 
lf,lRJ TEz'EILF",: 23$.>!tRT -. , . 

IF(Ni;;"T. EQ. #)GO 2 7  SQ 
il/RI T E  0 ~ L . F . ~  2 74.1 
r/0 46 L = i i  NET 
PEflQ ('NCR.8 36)LE.c PisIE) 
Ni;;^.iiE('rt(LP.D P8d)L.E. N S I O  
LPRCL E,)=NSI D 

46 C0NTINi .E '  
W R I f E i N L P . :  242.1 . 

. -  REfifr(NCR.,j.@2,jI&'T 
W R I T E t N L F ,  rtZl;'r) i f f r  
WRI  Tr'CtllL F.1 f 22) 
DO 85 J'.I=P3 I R T  
REHD<NCW.: 2Jg.;)t, (E'S'PE'C(L> I.;.# .f=f 3 6') 
WRITECNLP.* dLit5:iL.: (R.5FECtL.V I), 1zP.t 6) 

65 CONTINUE 
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) 0317: CHLL 0 1 N G 2  

. ., . d3iY:C 
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8322 : 122 Fc?l;c"flH T(' S.i\;', ,4H NODS.t zI(r L;H $ U / " f 3 , ! f . S  d,k:,B 6% fiL/,."D tfr .(.,l\i.r 6H 0 V,bCDS 

9 - a -  . k12.2. 2. , 2, 4 ;\I, BH 0 !!/'o Y, .jl BH r/ r,-'flx, SH c t  Tl-'p 5" 
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034 7 ,- : /H) . i lSCr f t . IMETE~ ,4URFdCE STRESSES 'SFEC~,F1Efi '~,~'.h 
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8261 : 227 ,g,i?pfi~ rt:/"' NODE NOPP X OR Z-COORDINf lTE \' OR R-C00&' f i lNRTE" 
83 62 .* *' /foFp' ,-'.I - ,  

-r -L - . .  
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0x8 : 25~7 FwflRTukl,!~', &H ~ ~ ~ ~ D F . t  J JX, .?.ci EETR., fixnl BH CFF.I. - 
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0 3 ~ 6 ' :  END 
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6390 : c 
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0403:C 
b 0484:C.*.*.w S C R U T I N Y  O F  CONTROL DRTR 

0405: C ,: 
, . 1 ,  / 1 . .  

0408: IF i 'NZPON.  EQ. 0) NRf ON=NPOIEf-CNEL EM.*3:I 

J ~. 0403: C . ..." ' ,,  , , . 

&IQ; C.$.J;.~C SCRCITINI5E CONTROL DflTi7 H N D ,  P R I N T  ERROR MESSRGE 
klJI1: c . . 

I F c N P C l f N .  LE. 8.3 6412: NERf lE  (2  .:( =i 
0413: IF (NRPr7N.  LE. k?. OR. EIRFCN. GT.  NF'c7IN) . NEROE !'2.:1=2 
0414:  IFCNELE!!. LE. k?,) NEROR (-?)=I 

I F t N P U I N .  GT. NELE??.*d.> 843:s: NEgORC J?=P 
jFCNRCON. GT. NF'L7IN-*NffF) ' B 4 i B :  NERt..RCS)=P 

) 042 7: ERNE2=NPOIN+NP 
b4iG: IFI :b lREk ' .  NE. 2. tihrD. Nlr30EI. Or. E,WNE3.1 f/EROE 6) =f 
8413: IFr 'NEECN. GT.  P/ELft.l,\ , . NERaR( 7) 

I F (NNGCN,  GT.  N F I  032Q: .,, . - N E R O R ( S ? = I  

0423 : c 
JE3OR=O 0424 : 

8425: fit7 20 IERc?R=P, S 
3 fl426: IFCNt='ROR!'IERc7R:l. EQ. 0,'l ' G L ~ '  TO 20" 

JEROR=P - .' - .. - &I 427: 

$430 : c 
8421 : WRI T r ' ( 9 ,  2088.5 IEROR 
8432.  Zk? Ci7E/TlNLiE 
8433: IF(JERL72.  EQ. O) RETLlRN 
g4;4 : C 

) O J ~ S :  C**r LIST OHTH RE#I?INIHG HFiER C O N T R O L  PHRRflETERS 
4 - .- 

6936 : !: 
6437: d.IRITEC!?.* 2610.; 
Od38 : 38 CON T I N L I E  
0335. i S t  1 BOB.> EJECHL? 
0 4 d Q :  flfilTE(S.l 2k728.5 NECgt7 ' ' 

% O.+'.(i : rjo TO ~g 
0442 : i i j u k ?  FORME TCl3BfiP .> 
0443: 20G8 FOPt.lPTC/'i f 4.7;lX.t 33HC0NTRt7L PflRHHETER Er="ROR.$.+.+.+.*EERBE.* 15.) 
0.144 : 2 Q l d  FL~EMHTC,.'.~ PBX, 42h'DftTH FOLLL?/I]~NC: ERROR CONTRt ; l ,  Drl Ti!  L II'(ES,.':t 

)13445: 20;'@ FORt.lk'T(10,%'., 80RZ) 
O4Jb: ErJD , .  . 

,844 J;C 
(jqdQ:C 
6443 : C 
8458: C 



U4U c 
~7.152 : C 

' 67452:C' b 

If 8354: 
f 64 55 : C.*.*.*.*.*.*.* .*.* .* .+ .* .* .+.* .*.*.*.* .*.*.*.*.$ .*.* .*.*.*.*.v*.*.**.*.** * .* * .* .* .* .*.* .+: .*.* .* * .*.* .* # .* 6 .* * .* * * * -3. .* .* 
1 ,J456:C . .. ,.. .I , +. 

! 0457: - WBROWTINE D I H G 2  
POJ58:C . ,,. 

1,7 4 53 : ,$ +.* .+: .* ,$ .3: .* .* .w .* .I .3: .* 4: .$ .* -9 .* .3:.3: .w -3: .3: .* -3: .* .* -3: -3: # .$ .* .~f: .+:,* .* .* .$: ,JI' .* .$ rf: .* .+: .* 4: JE: .+: .3: 8 .$ # .* .c 6 .+ .* .6.3:.* .* .w 
I OjC;,iJ: I!7PL I C I  T OL7U61-E FRECISIi7N CH-HA1 0-2) 
i 0jC;I: CO)iI.IQN/'CC7 N TR,.' 
f @JQ: - 1 ;;C, Y.1 V., C0NDF.I EET8.l CPF, RH17.1 HCOFXI HCQFf'.l 
I 1;74cj'3: - :> (3PF.v GP6.S GPH.1 EbtU.1 XGCZ.>.t CG(S.2.t 05.1 fix, fi$'.l 
! t74gj; -. 7 N f  .; NH.1 NE.1 NE.1 NDF.1 NCN.1 MSN.I I T I J  NDi.8 !'.ITRr/ 
i 8465: 4, NT/t.IIE.l !.lt?F!~.l tdTR, L Tlf1.e f l T R 1  T.l NCHRD5.1 ! ~ Z I C I . ~  !VHj\;'I 
k 0466,. 5.1 NRT.1 t.IM~:'tl.* EIE1P. NEL L.1 NTRH.1 E/l;n"CJS5.s MPR: NCR, Ni P.1 ?/C? 

0467: 6.8 rVC0RD.l I G.1 NG.1 !ti?!!.* fdE 7.1 NEIJ TOtJ.1 I TlIR3.t 1 
8466: Cr,7t.!PIC7 N/'G EPt.' . . 
0462: 1 TEfIP {' 4 tSi .> .I  Ci?RD Q 4 61 .I 2 . I ,  RSr" EC ('4 ., 6) 
0470: 2.# Ri1:':!553).1 f2C15531.. !.~ff1('1553.>, yt.3~ft(i55;):, s ~ ( i 5 5 3 )  
0 4 z  : 3, b'HL!.'i56B.‘/.I H!!flls;"IC2553), N L ~ , Q ( J ~ ~ . ~  //pN(l22,!, LFR( i22. ;  / 0472: 4, blOPP(469 .).I f l D f  (46? .!.# N C ~ ~ ( P 5 , 5 ~ : 7 ) ,  //0D!!('563,5 
047:: COt4MON1>'WUt? ED/ 
lb$Jd: 1 S~'CJ@CL?&~:(, ESTiF! IC2S' ,  a), GISH('6k7Q:(.I #TEC('270fia5 

: 0475: CO1.!/!0 Nf'CrP N I FIr' 3 0476: 9 I7fiP.I HH2.2 gS.1 t12.1 BSS.1 682, 6Sc 82., fii$(-?.l 451) 
! 43477: L " .t MP('S.>.* flr"/EL(Z.I s)., !J&(2,1 $.).I DMG('2 ,  J2.;,l oMp('J2.;, 7T( ' .q8  , I 

d4i'd: 2, UC/('b 1, VVc'8.2, C:fib'E(z), vfif,!E(2.,, I i i P N  f M, 1 ~ ~ 5 , .  ( !KIN, vE.;'I~N 
0479: PI f lENSION !/ECHO<'SL~.>, NE2t;Rc' lZ: ' )  
tJ4SO : C 
BJ85 : NTO T!r=NP 
0 . i ~ ~  .. DEPISY=RHO 
0483: WEL Eiq=ME 

MF L?IN=NH d 4 I 4  : 
6485: NEL EPl=NEL Eft 

& J , ~ , :  NI'Jc?DP=NGN ' . , 

0487: NFOIN=NH 
0.319,s: . \.'ISC I.'=EMCI 
0483 - 1: 
0.190 . ;.+:a.* 5 C h " I l T I N I S E  ELZMEN T HND N170fiL POI,Vr  T H  
8431.1: 
0492 : C' 
0433: r j w . 3 :  ItJITIHLIZE ERROR HRRrSY 
6434 : C 

)oQs: DO 18 IE?OR=I.l 13 
0636: NERORCI EROR.I=B 
0497; 10 CONTINUE 

. . 

0 498 : C 
0453 : C.*-.+.* CHECK PHYSICH L FRc~FER T I E %  
O!jflfii : C* . . 



FETff$OLll'tlC {COP/T. .) 

b . , $3 

IFCOENSY. LE. 8. 0. OR. VISCY. LE. 17. 0 )  NERORCS)=i  ! 0501: 
i 05QZ:r: .. L I '  

j - 05433: C.*#.$ CHECC{ NOf/t?L CiJORDINflTES 
i , 0584 : c . J . . . ~  CHECK FOR TWC? I G E N  T I C H L  COOEDINfl  T E 5  
0505:C . . 

b . @SO&. .DO 4L7 IPOIN=2.t  EIFOIN 
0507: J P O I N = I P O I M - I  3 050e: . DO 30 !: 'POIN=f, J P O I N  
6589 ; I F ~ C O E D ~ l P O I ! J . ~  1 ) .  NE. CBRDCKPOIN, 1.3. OR. CORD( ' IP0IN. t  2 ) .  
0596; ONE. CORDck'POIN~ 2.) .) GO TO 28 . ,  
0511 : , . N E R L ~ R C I B . > = ~  
6512 : 28 CONTINUE 
1 ;  - 717 - C~7hfrl NIIE 
f l5i . i :  40 CONTINUE 
8515: I: 
OSrG : C.e.+:.$ CHECK EL EMEjtlT NOGfiL NU!?BERS 

4L)5?7:~.+.+.$ 6 - R E F E T I T I O N  OF 9 No05 NUflBER i N  ONE ELEIIEHT 
@5iS; C.J;.*.+ B - NODE EiUtdfBE? CiilT5lFE F'ERflISSIsLE fiOYND5 
8515 : C 
dsz(j : DO 50 IPL?IN=S,~ N P O I N  

i 0521: DO 58 I EL EPI~1.t.FIEL EkI 
0522 : LCONT=O 
0523 .- - 00 SL7 ImfiE=f .t NNIJfiF' 
0524 : " I F i ' ! iOP~ t ' lE iE f l . t ~  INc7DE.i. NE. I P O I N )  617 TO 

LCL~NT=LCL?NT+~. 0525: 

3 u5'$: IF( :LCONT.  .GT. f .> !dE2OR('il.>=I 
1 05kr. : . 58 CflNTINCIE , ,. 

I 07.-7.- * ~ b .  1)0 ti70 IELEltl=PI WELEM 
t;$ fNi?LIfE=i.,#N1.7pr" '- . ,  0523 : 

8538 : Jf(NOr"r ' lEtEi l l . .  l'NOi7E.I. LE.  0. oft. NOP(iEL.5i.l.. INi7DE.I. C;T. NFllIrt(.i 
-NEROR ( 9  2 )  =I - .  . . 0531 : 

0 5 ~ 2  .. 60 CONTINLlE 
C75j3: C: 
O S ; ~  : C.+.+.r. CtiECK OEl NUld7;ER ??F IHI T I f i L  CL7NDI TI17NS I N P U T  

0546:  c 
8547. C.*.*.* DECIDE WHETh'ER Ti? CONTlNllE L?R ECHO Q H T H  
0~dS:'s: - dSJ.9 : 'IF('JERO2. EI?, d )  RETURN 



4 05s2;C 
i. 0552: l l /RI  TE(9.t  2k710) 
0554: 80 C O j l T I N U E  
8555: REiSD45, f Ot?8,1 NECHO 
0556: l t l R l  TECS,  2k?2e?) NECHO 

t dSST.* GO TO 88 , 

~ 5 5 i :  1888 FORMHT(Btli7L.) 
?Us59 : 2UBB FORPl&T!','f O,i.l, P OHDE TH ERROR, 15.) 
/ 0568 : 201 FO,Ff?ff r [ / i  Pr!f> S J HREflH IN l r ' i l ;  TH.3 
: 85GJ: 282~3 ~ O R ~ . I / ? T I ; ' ~ & I X . ~  S8r!ii;~ . 

, 8562: ElVD 
,-; 6563:C . 
i: es&j..c , , !  

I - 0565; C 
5 :  . , . 
c%0557 : L: 
!'056g : C 
\. HS@: c 
i 8598: 
i k?5TJ ; ,* .+; .* .* .* .y: .* ,* .$ $ .+: .* .* .ji .* * .$: .+# .$ -* .$ .* .* .* 

0572: - G(, iEROUTINE CORDGEN 1 ~7,573 : C.*.**.**.**.*.*.~.*.*.*..~:~$c.~*.*.* .*.* .*.* 
1 0574:C 
r 8575 ; c.j..3; $.+.*.$.*.*.*.+.*.* ,+:.3: .+::I.$.$ .%.$ .$.*.*A .*.w 

9576: (! .I GEflEER TE C O U R D  I?/# TES 
. 057," : ~~~.$ .~ .~~.$ .~ .~ , j . .~ ,$ .~ .~ ,+ .+: .k .~ .# .6 .~ .+ .~ .+: .~ : .+ : ,~  , + 

.' 0578: L' 
k757p : I / * I F L I C I T . D O I i B L E  PRECisiON f f i - i i . l  i?-Z..\ 
0560: ~~7f . ; t .117~l , -~ 'C~N TRi.' 

1 85:Si : 1 ,!$,t Y.s V, CONfiF.: 5ETH.t CPFj RHc7.l HCQF,+'.I HCL?FY.~ 
os$2: . 2 i;pF.l Gpcl GPHJ EfiU., x13{3)! CG(3.1.1 0S.q 0x8 

i. 1,583 : 7 /JP, NHJ NE, Ne.8 NDF.1 NCN.: NBiVz 1 T P i  ND9.t PITRD 
:$ 0 ~ ~ d :  d l  N'ilP?E.I tlflRE.:'.* NTi', I  L T l t i l )  PlTRITt  fiCRRLf5.t NSIO., N H X i  
b 0 5 ~ 5 .  c 5 l fiRT.1 t.IWGE.8 NNP.: NELL.1 NTEH.1 NG'HL1SS.I N f R ,  N C R ,  NLP.1 NCP 
F J ~ S , ~ ~ ;  : 6, NCORli ,  IG.: NGr t.165!.1 ! / i )Tr  NEI.IT0N.I I TCfRr3.I. f C O N D  *,* 

~ ~ t . l f l ~ 7 N P Q E P i * '  .i u5g7: . , .  

i! 0586: 1 . i E l l P (  461 3.. C O E Q ( 4 6 P 3  2).; RSPEC(i(6,t, 6) 
I 05j'p. 
' t  

(J553.:12 E2(:!551.1., ! tH ,Q I ( f 55J ) . l  t 'RRfi( '1553.>.1 30c'P553} 
.I 0530; -5 

J ,  ! I t f iLY( '56~7. i ,  H5rfiP~(('95,52.i., NL;/3(12;-r"., $)., & ~ N ( f ~ 2 j v , - L F R ( i 2 2 )  
I 0551: 4 ,  NOPP(469 .>,I kiDF('46f I . l  NCflCf(i5553).l NODV('56@.', 
f 11~2 ;  COP1fjONl-.'GUH R fir.' . . 

059.7: a 1 ~ K ( ' . 1 ~ 7 ~ i . 3 ~ $ . ,  E S T I F / j ( ' 2 $ . ,  28.>.l G I S H ( E B k ? ) i  iNTEG(27Qk7) $::", COMt.ION,.~'UPi.IfN;' . 
c -  - 1 filjf.1 HHz.l Hi.I HZJ BR1.1 882.1 s i r  82.1 D I S ( 3 . 1  455 ) ; us"&: 2, ldpl.:'8.>.1 WfiEi('2,, jJBCZ.1 13,:&.t DblB(Z.8 ,.c:2.1 q.7 t D 1 1 / ~ ( 7 2 . ) . 1  T ; T ( S )  

% 

;? 8537: JE (,!/1(8.5, \!r/'(S)., UflyE<'2.>, vHr/'E(2.>.. I/.!PW{#,, jM.TS.,:VI;;'IN, VKQN 
; ~7ssg: c .. . . .h ' 

$ tI539 : NgN=# 
;g : Nc'j',/=ZO ., . 
I 
i 

h 



0bO;l: NDF=3 
Odd2 : IFiMHRI;. PIE. 3.) GO TO 7% 
0i;OJ : NCN=2S . 
86j34 : Nr/F=4 
8605: 72 C L ~ ! / T ~  NUE 
0686: REfiD 7'NCRr rlQ2 .>)/I?(? 
8607 : l d R i  TE!'NL P., 286:IEiNr" 
0688: 017 78 l'=l.l NH 
i?683 .. 70 t . lr/F<'I.:)=NDF-l 
061 0 :  jd,iRITE(NLr"J 2P2.5NCN , 

ggj  9 . JF(NNP. go. b . : t ~ i ~  TO 72 
k?&i 2 : lJRITE(NLP. ,  267.) 
Ot?'l?: c 
8 t; f .j : c.$. * .* .+: .+:.* .* .* .* .* .3; .* .+: .* .* -$: .* .* -3: .* .$ .* .* -9: .* ,* 
061 .fi . RE90 I N  ELE!?ENT OilT;.! 
0 61 6 ; C.* .+: .+: .$ $.+ -3: .3; .+: .+ .33 .* .*.* .* .+: .* 6 .* .+: .$ .* .3: 

06.2 J: c 
Gfb'iS' : 1)0 P6 /.=I.* NFd'F' 
0 Gi ;j .. REflQ I;'NCR.~ f g3.;P/, (Cl?l?llc'N, H ) . ,  1;1=f, 2) 
dgzg:  96 cfc?lhrTINUE 
fl&zP : TE/ 'NLP, 25=Ti/.!# 
~ 7 6 * ~ . 7  .CL - .  . ' REflD (f/c,?, 182 .> YE 
gg23 : r 1ir l4RiTEI;'NLf.t 2@lg.j  I.,., 

!*/,? I T,E I' gi, f ., 22 4.5 k762 4 
g 9 5 :  QI-7 it? L=P.a !if - .? .- NONlL  . I = $  

I 3 : 
9 6;z 7 ; REfir"?c't'jcR.a 165)  N.1 (EiOF ('E/. ,  )1 .2,  M = I ,  NBN.:t 
og28 ,. j l/R.ITEz'NLP.l Pc?6.i?i.l CNOf t.l:ll !?=I> N B N i  
Ut5'3: .L f 8  CONTINUE 
47630 : l j f l  T L ~  7s 
&7:p : c 
86 32 ; L' .* .* .* .* .* .3( ,* .* * .* .* .* .*.* .* .* .* .* .* .* .* .*: .* .+: .* .* .3: .* .* .+: ,+ .* .* .* .* .* .* .3: ,+: .* ,+ .* ,* .* .* ,* -3: .* ,Ji .* .,LC ,* .* .* .* .J, .* .* 3: .+: 
-9- Bb2::. : C CHL CULB Ti NOPflL L?E T i i  FOR # Hi!T~7GElt(Ezfl T I /$? :  REGULflf i  !IESH. 

k? 6 7 J . + .* .+ ;+ #: .* .* .+ .'# :+ .* -3: ?r. .* .J. .+: .Ji .* .C .* ,* .* .* .* ,* .* :# .j. .* .+: .$ .*: .+ .& .* .* .& .$ ,$ .* .* .* .* +# # .$ :# .+: .* .$ .'$ - ,  
--r . ~762 -7 . L' . I . '  1 -  

i7636 : 72 CONTINLIE 
t' . 96'3?. RERD CNCR, 102) 1 / jEzH  . 

~767$ w : IF('..tRESH. Ei?. 9 . )  70 77 - L ... 
bJb ,\:? : REflD iNCF.1 :! 02.11 r"lRONS.I MCOLS 
154 0 : lljE. 1 TE!'Ni..G., 2,56.> NRC7.!44c ,'-Jl:QLS 
Oi;jP : E;('EfiD (NCE., ij J .> OX,, Qt' 
176.12 : j * /RI  TEI; 'NLP.~ 268)fiX., Ot' 
fl$dz : N!!=?.\r.(riR(,7l1/5+2 
k?644 : NE=N,/?O!d!?.*!i'COL 5 
'0635; 00 76 1ei.t !/ROWS 
0 6 ~ 6 :  00 75 cr=j.t NI-:I.;LS 
0647: N=Ni;;"Ol~lS-li: (,T-;l .I t I 
0648 : N0Nc'Pi.s =8 

: NOF(N.8 f )=,;'J-i ,).+.+)/[!+2.*I-:! . 

Bt;58 : N6P <!%I 2.s=t.f.j.tJ(./t j-N.F~?ld5-1 



NL?P (N.I 3,) =J.$N[I+2.$ f -1 - 
NL?? ( N., 4 .:I =LT.*NU".* 1 

(N. ,  5.? =J.*NUt;-I"* I +I 
&.:+=Ll'.*NU+ I-N,SONS 

NOP tfJ,, 7) = ( J - P . l  . J~NU+~ .WI  + f , 

N17F ,'Net :$,) = (J-I -5 .+.PIi/+z.~il 
CL~RP('NOF'<N., i), 1 .>=!'J-ij*oX 
CORD (NflP ('N., 2.) .t f .) =cT.*O,!( 

(HOP (N.. 5.j.1 1 .l =J.+:F:.;' 
c~F~~'N~?FI ; 'N.~  3, 11 .;=c",r-1 .:I*GX 
ccRfi/:p/ef /N ,  I.?., 2.'/=('f -:!.'(.t;oy 
CilRD!'N(?F"(P/, ;.;.# 2.>=(1-:!).*$+' 
CcROff i~?P(.+j .~ 2.>=i.~io+' 
CCACI ,;'?J.IOi='(t?l, 2.) =;.+:by 

76 j'C)A/Tr'f(!lE 
1tjRI TE(;viP.,  224 ,I 
CjEiTE(MCP.1 105.: c'l/OF\c.'N., fl.:I.I fl=iJ N ~ N . ; I . ~  N L ' ~ , ~  NE.:l 
Go T L ~  78 

77 CALL ELGEN 
i jg  713 33 ' ,  

,!.I 673 : ,$.* ,* .*.* .* * .* * .*.* * .*.* .* .$i *.* .$: .$ .* .* ?& .* .* .j: .* .* 
0675. C -..) - , gtf i' 5 : 78 CQNTI'NUE 
0677: DO 54 I'J=j,, %E 

,l'=NDNCi'I.? -i 8678 : 
~ i ; 7 p :  og 54 x=a., ,r., ,: ..) 
@g;?t;7 .. flnF(NOf (!d.l K.I :I =WfiF 
8681 : 00 68 Nz1.t )/E - ,- -la ,Tfi)/=!$fiN I:'$.? k f e : ? ~  .. 

- 7 -  k?bh~. : ,013 65 i=2, ,JON, 2 
&Pd. NN=WOF c'iJ.t I .> 
g6s4: L=I+l 

IFc ' l .  EG, PIRN.2 L = 9  flF?G; 
7 : 63 J=& 2 

0668.: IF~:'Cc'!RD!',c'NPI, J). NE. 9. 8.1 G o  Tt; 53 
b7 ,z;? 3 , r I .v 3 C C ~ R ~ ~ ( ' N N . ~  J.~=CL'L;E'D~NL~P~'EJ.~ f -P  3,  rT)+CfORfi('Ni;p('fi.l L :t, ,T/ r,- ;, 

62 Ti iVUE fl<;q? .. 
*aG>:! : &5 CON T./NUE 
06" 2;' &.;8 c ~ ? t i T l  NC;E 

94 CfiNT,S,'di!E 8693 : 
7 : 102 Fc.E/IHT(215,'( 

) g n : ~ ~ :  183 ~ g ~ t . 1 f i n - ~ ~ ~ , ,  2 ~ 1 1  1 0 )  
7 ,  FQEt.fBTI;' 2i$.t715.) 
0697: i i j  F ~ ? ~ ~ . I ~ T C ~ F ~ ~ ? . ~ P I : ? , >  - . . - . ; .  , 

06?$: Z J ? ~  FORtjrHTc'SH NCN=.l 13.) 
Oe;''.7?: 336 FC7RPifiT/'SH //'/NF=, 13 )  . 
0 7 0 ~  ; 208 F O R M ~ ~ T ~ ~ H  ME=., 13)  



;-a -$ -%. --.. 
4 ++ * rzf 
'z .* !Xi .& --*a 

'1s ;+ b! .%. 3- 
.y ti. -I. 3- 

rc . u !.c r --.. I- r. - .x. rr- r :* co 
r=i -*. % *.-, ' 

.$ 3: j: -. - - <- 
-. .. -a 3. l .1~  :f -'. 

@'r Y ,J % 
cZs --, .% rt. % --., 
r, -7. --. .* * rrJ 
2 . 1; 13 + .I=, + %- 

I hh 3 t-. r:; + --% 4 
2- --.. + C? - % r ~ .  + CSJ 2 :C 

+ t r ~ - x .  'Ir -*.. q.1 * pa  XI 
a r4 C- .$. V q  -4 -. 2.d -. -. 3 . 2 %  * CJJ 2 -\ 

?t: L- * +O*Z + c-. --4 -. 
h Q lc f.0 l.0 3 8:s . if rA -4 rl. I-;-% 
't '5: & 6 

3. C r l  & C, -C - . * & .  13 b- r-4 c\J 
Lsd r . c j x  + '-4 ... C 3  -. . t ,  % x .  .- 

-3 2-3-4 . % + k t  + d< r4.. t c ~  --: '?.J --; 2% (1 1 ' Z 

3 C-r . . .r. rx r+; + Q: 4 -. C-.J .* Pel -. =L1 
a: irl pd I=j t 22 . , - fa t  .- 1- t 

C> q & l?sl ?,J .$ 1.~1 Q + - -. & f r u  *-. 'W I-- .".. 
A. c, . 'C: h. 4 - c ,  a . - c 5  rc. =3: uj ---- *.a I- -1 Q- Tq \. 4~ -. -. $. 83: .%. >. 3- CL + rd r21 U, 2 Wr z '-a 2 + 

I q 14- c:, rp. Ixt 2 fa - 9 - w  + - r l j s ~  
.g I&: '3 . + - rz -. 2 -. b v  --, -.4 2 xs. -. 2 k.., --.\ IJ.~ pd I:, r L I t a . 1  2 :  . .  c *  - '.a 11, -. c, h 5.3 ---. + I- 
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APPENDIX IV 

CUBIC SPLINE PROGRAM T O  EXTRACT VELOCITY FROM ANEMOMETER VOLTAGE 

OF HOT-WIRE CALIBRATION CURVES 
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APPENDIX V 

CONVECTIVE HEAT-TRANSFER CORRELATIONS AND HEAT FLOW 

BY RADIATION I N  SOLAR COLLECTORS 

The mechanism o f  energy t r a n s f e r  by  n a t u r a l  convect ion i nvo l ves  

t h e  mot ion of a  f l u i d  p a s t  a  s o l i d  boundary which i s  the r e s u l t  of  a  

densi ty d i f f e rence  r e s u l t i n g  f rom the energy exchange. Because of  t h i s  

i t  i s  q u i t e  n a t u r a l  t h a t  the  heat - t rans fe r  c o e f f i c i e n t s  and t h e i r  co r re -  

(1  l a t i . ng  equat ions w i l l  va ry  w i t h  t h e  geometry o f  a  g iven  system . 
The n a t u r a l  convec t ion  system most amenable t o  a n a l y t i c a l  t r e a t -  

ment i s  t h a t  of a f l u i d  ad jacent  t o  a v e r t i c a l  w a l l .  

GRAVITY 

FIGURE AV.1: SOLAR'COLLECTOR 



Shown i n  the f igure  above is the  configuration and nomenclature per t i -  

nent t o  rectangular  enclosures. These cases have become much more 

important i n  recent  years due t o  t h e i r  appl icat ion i n  s o l a r  col lec tors .  

Clearly,  heat t r ans fe r  wil l  be affected by the  angle of t i 1  t ,  0 ;  by 

the  aspect  r a t i o ,  H/L; and by the usual dimensionless parameters, 

Pr and R a .  

The ho t t e r  of the  two large  surfaces i s  designated T I ,  and the 

cooler  surface i s  a t  temperature T2. Fluid propert ies a r e  evaluated 

a t  the f l u i d  temperature Tf = (TI + T2)/2. Convective heat f lux  i s  

expressed as: 

Case 1 : Horizontal Collectors, 0 = o0 

With the bottom surface heated a c r i t i c a l  Rayleigh number has been 

determined by several  invest igators  t o  e x i s t .  For cases where: 

conditions w i t h i n  an enclosure o r  a s o l a r  co l l ec to r  a re  thermally 

unstable and natural  convection wi l l  occur. A cor re la t ion  f o r  this 

case has been proposed by Globe and Dropkin(2) i n  the form: 

( AV. 2 )  

f o r  the  range 3 x 105<Ra < 7 r lo9.  



When e = 180°, t h a t  i s ,  the upper sur face i s  heated, o r  when 

Ra c 1700, hea t  t r a n s f e r  i s  by conduction: thus, Nu = 1. 

Case 2 :  V e r t i c a l  Co l lec to rs ,  0 = 900 

This  i s  the  case o f  our  experimental  system. For  aspect r a t i o  of 

l e s s  than 10,  atto tor^(^) suqgests t h e  use o f  t h e  f o l  lowing co r re la t i ons .  

when 1  c H/L < 2, l o w 3  < Pr < 105, l O 3 <  Ra Pr1f0.2 + P r ) .  

Th i s  c o n d i t i o n  o f  aspect r a t i o ,  Pr, and Ra i s  t h e  one app l i cab le  t o  

our  convect ive channel ( s o l a r  c o l l  ec to r )  , and 

. ' 

< 

when 2  < H/L < 10, P r  < l o 5 ,  Ra c 

For  h ighe r  values o f  H/L, t h e  c o r r e l a t i o n s  of MacGregor and Emery ( 4  

a r e  recommended, which are: 

f NU = 0.42 (Ra) ( P ~ ) O * ~ ~ ~ ( H / L ) - ~ * ~  (AV. 5)  

F o r  1 0  c HIL  c 40, 1  P r  c 2 x 104, 104 < R a  < lo7,  and 

(AV. 6)  



For  10 < HIL c 40, 1 < P r  c 20, 106 c R, < l o 9 .  

Case 3: T i l t e d  V e r t i c a l  Co l l ec to rs ,  0 < e < go0: 

Numerous r e l a t i v e l y  recent  pub1 i c a t i o n s  have d e a l t  w i t h  t h i s  

con f i gu ra t i on  . , Co r re la t i ons  f o r  t h i s  case, when the aspect r a t i o  i s  

l a r g e  (H/L 5 12), a re  the  f o l l o w i n g ;  

1708 NU = 1.0 + 1.44, (1.0 - ] (1.0 - 1708 (Sin 1 . 8 0 ) l a 6  
Ra C O S ~  I 

R, Cose 
+ [ ( - 7 3 3 - ) 1 / 3  - 1.01 (AV. 7) 

when HIL > 12, 0 < 0 c 70°. In app ly ing  t h i s  r e l a t i o n s h i p  any bracketed 

t e r m  w i t h  a negat ive va lue should be s e t  equal t o  zero( ' ) .  Equat ion 

(AV. 7) was suggested by Hol lands e t  a1 (5) w i t h  c o l l e c t o r s  near ing  the  

v e r t i c a l .  Ayyaswamy and  att ton(^) suggested the r e l a t i o n s h i p :  

NuL = NuLv (Sin e ) f  ( AV.  8) 

For  a l l  aspect r a t i o s ,  and 700 > > 900. The value 0 = 700 i s  termed 

t h e  " c r i t i c a l "  t i 1  t angle f o r  v e r t i c a l  c o l l e c t o r s  w i t h  H/L > 12-  For  

sma l le r  aspect r a t i o s  the c r i t i c a l  angle of t i 1  t i s  a l s o  smal ler.  A 

rev iew a r t i c l e  on the sub jec t  o f  i n c l i n e d  rec tangu la r  c a v i t i e s  i s  t h a t  

(7) of  Buchberg, Catton and Edwards . 



Heat Flow by Radiation: 

The process of heat t ransfer  through f lu ids  between two sol i d  walls 

of different  temperature may, and probably wi l l ,  involve a1 1 three modes 

of heat t ransfer ,  namely conduction, convection and radiation. 

In the computer program only the f i r s t  two modes were considered. 

When the f lu id  i n  a duct, channel, or cavity between the walls i s  

i t s e l f  non-absorbing, the radiation occurs independently of the presence 

of gaseous conduction and, convection. Therefore to  f i n d  the heat f l ux 

across the duct or  channel ( so lar  col l ec to r ) ,  the radiative component 

must be added to  conductive/convective components. 

The zero method described by Hottel and ~ a r o f i m ( ~ )  can be used to  

determine the amount of heat t ransfer  by radiation i n  a duct or a 

so lar  col lector ,  Consider the case where the so lar  collector of Figure 

AV.1 can be divided into four surfaces. Two walls a t  different  temper- 

atures (TI), (T2) and two adiabatic or known temperature walls a t  temp- 

erature (T,) as  shown i n  Figure AV.2.  I t  i s  assumed tha t  each surface 

is uniform i n  emissivity (€1 and temperature ( T ) .  

For a given ' so la r  col lec tor  geometry, temperature dis t r ibut ion and 

walls properties, the'following matrix equation i s  valid: 



where: 

TRANSFER MATRIX 

Fi j 
= c o n f i g u r a t i o n  f a c t o r  o f  t h e  areas 

r e l a t i v e  t o  one another, where 

s u f f i x e s  i and j represent  t he  areas 
. . 
concerned 

*i = sur face  area 

pi 
= 1 = 6i = re f lec tance o f  t h e  sur face 

Wi = l eav ing  f l u x  dens i t y  

E = e m i s s i v i t y  o f  emi t t ance  o f  a  sur face i 

i = t o t a l  emiss ive power o f  a b lack  body, 

RESPONSE 
VECTOR 

-4 
d 
0 
In- 

EXCITAT ION 
VECTOR 

= oTi where a = Stefan-Bol tzman constant.  

FIGURE AV.2 



After  solving the  above matrix equation f o r  ( N i ) ,  t he  net  

radiant  f l ux  a t  surface (Ai) may then be found by: 

Configuration fac tors  of the  areas r e l a t i v e  t o  one another a r e  calcu- 

l a ted  according to  the geometry(g). 

The quant i ty  of heat l o s t  from ins ide  the  heated area ( A 1 )  t o  the  

outside area ( A 2 )  by radia t ion must be added t o  the heat f lux across 

the s o l a r  col 1 ector .  Radiation 1 osses a t  d i f f e r en t  temperatures were 

s imi la r ly  computed and tabulated by sadhu(l0) .  For f ixed geometry and  

'material proper t ies ,  the rad ia t ive  heat t r ans fe r  increases with increa- 

sing temperature difference. 

The assumpticn of uniform surface temperature is not rea l  i s t i c ,  

b u t  the  theory given gives a f a i r l y  good physical approximation. 

Probert ) used an experimental technique, "vacuum analys is" ,  t o  

d i s t i n g u i s h  the  convective/conducti ve components a t  the  steady-state 

heat exchange through gases. 
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ARPENDIX V I  

LIMITATIONS OF SCALE MODELS AND TURBULENT 

WALL JET VELOCITY PROFILES 

V I  .A: Scale Models L i m i t a t i o n s  

I t  i s  a fundamental law i n  the  ventilation/air-conditioning 

technique t h a t  a  ventilation/air-conditioning i n s t a l l a t i o n  can never 

1 be b e t t e r  than the  a i r  d i f f u s i o n  i n  t h e  space concerned . 

The aim of the v e n t i  l a t i o n l a i r - c o n d i  t i o n i n g  model system u t i  1  i- 

sed i n  t h i s  work and por t rayed i n  Chapter 4 i s  t he  assessment and 

ana lys i s  o f :  - 

i ) t h e  a i r  f l o w  r a t e s  requ i red  and dimensional parameters opt imi-  

sat ion;  

ii ) the  d i r e c t i o n  and v e l o c i t y  of a i r  i n  t h e  var ious  regions of the  

sys tem; 

i i i ) the  admiss ib le temperature d i f ference between the  room i n l e t  and 

e x i t  t o  a l l o w  f o r  an acceptable a i r  temperature v a r i a t i o n ;  

i v )  t h e  admiss ib le i n l e t  v e l o c i t y  tb the  room t o  a l l o w  f o r  an accep- 

tab1 e v e n t i  1  a t i o n l a i r - c o n d i  t i o n i n g  w i t h o u t  causing draughts used 

i n  keeping w i t h  the acceptable temperature v a r i a t i o n s  mentioned 

i n  (iii) above. 

. . 

For  a non-isothermal f l o w  i n  a room, i t  i s  s u f f i c i e n t ,  besides geome- 

t r i c a l  s i m i l a r i  ty, t o  main ta in  e q u a l i t y  of t h e  Archimedes number i n  
2 

t he  model and the  o r i g i n a l  i n  o rde r  t o  o b t a i n  the  same f l o w  features . 



On a  f l u i d  element the Ar-number i s :  

A r  = buoyancy force - - pg e3 B A ~  - - ge 0 ~ 0  
i n e r t i a l  f o rce  

p a2 u2  u 

where: g = g r a v i t a t i o n a l  acce le ra t i on  

e = c h a r a c t e r i s t i c  l eng th  

u  = c h a r a c t e r i s t i c  v e l o c i t y  

B = c o e f f i c i e n t  of cub ica l  expansion 

( f o r  a i r  B = ' 1 
'(abs I 

P = c h a r a c t e r i s t i c  d e n s i t y  

A0 = c h a r a c t e r i s t i c  temperature d i f f e r e n c e  

between two p o i n t s  

I t  has n o t  y e t  been proved exper imenta l l y  t h a t  t he  above 

c o n d i t i o n  i s  a l so  s u f f i c i e n t  f o r q u a n t i t a t i v e  s i m i l a r i t y  of both 

temperature and v e l o c i t y  d i s t r i b u t i o n .  Th is  i s  why the d i f f e r e n t i a l  

equations of c o n t i n u i t y ,  mot ion and o f  energy, which, together  w i t h  

the  boundary cond i t ions ,  govern the  f low and temperature d i s t r i b u t i o n ,  

were solved i n  t h i s  t hes i s .  Using the same equat ions and boundary 

cond i t i ons  f o r  bo th  model and r e a l  s i t u a t i o n s  w i l l  r e s u l t  i n  s i m i l a r  
. . 

so lu t ions .   he equat ions a r e  s i m i l a r  if the  va r iab les  a re  made 
. . 
dimensionless. 

Since these equations equal l y  , descr ibe laminar and t u r b u l e n t  flow, 

s i m i l a r i t y  between model and o r i g i n a l  i s  v a l i d  whether the  f low i s  

t u r b u l e n t  o r  not.  The i n t r o d u c t i o n  of t h e  t u r b u l e n t  v i s c o s i t y  and 



turbulent conductivity are not a requirement for  similarity,  b u t  are 

the resul t  of the particular geometry used and values of Re, Ar and Pr. 

I t  i s  not possible to obtain Re(m) = Re(o) and Ar(m) = Ado) in 

the same time i f  both the model and original gases are a i r .  ( m )  i s  

the model and (0)  i s  the original system. I n  fac t  i t  i s  very d i f f i cu l t  

to  find a useful f lu id  as a -  medium that will simultaneously f u l f i l  the 

requirements of Re, Ar and Pr with workable velocities and temperature 

differences i n  both. (m) and (0) .  

For flow condition which i s  most general in ventilation/air-con- 

dioned rooms, namely non-isothermal turbulent flow, equal i ty  of (Ar) 
1 i s  much more important than equality of (Re) . 

2 ' : '  ~ i l  lejans has shown that the general form of the flow in a 

series of model t e s t s  was similar a t  different ( ~ e )  and only dependent 

on buoyancy and (Ar). Wall j e t s  such as the inlet  duct to  our venti- 

lated/air-conditioned room are a1 so an example of flows which can be 

similar a t  different ( ~ e ) ~ ~ ~ .  Due to  the variety of the inlet  a i r  

duct conditions and variable geometry a fixed value for  (Re) above 

which the flow will be (Re) independent cannot be given- 

. . . .- , , 

The numerical model shows that  when changing the convective 

channel a i r  in le t  velocity, and hence (Re), the ra t io  of the velocity 

measured a t  different places i n  the solar room to  the convective channel 

a i r  in le t  velocity remained constant. The experimental measurements 

seem to agree with t h i s ,  b u t  probably mre  elaborate measurements are 

required. 



Temperature distribution similarity requires radiant heat to be 

equal. Heat transfer correlations and heat flow by radiation i n  

solar collectors i s  described in Appendix V. 

Local velocities cannot be predicted very accurately, a1 though 

i n  the solar room deviations-can be less  than 17%. Small differences 

in in le t  geometry lead to  large differences in attachment point and 

recirculation size. Velocity measuring instruments used, namely hot- 

wire anemometers, must be used i n  the same way in the original system 

as i n  the model because of the i r  directional dependence. 

Non-isothermal scale model experiments are only possible for  

restr icted scale ratios up  to 1:8 for  good insulated models. If 

radiation can be neglected, or i f  only the higher velocities such as 
", 

inlet /out let  velocities, are of in teres t ,  then higher scale factors 

are attainable1-, . see Figure VI-1 (overleaf). 

Model experiments do not give a 100% re1 iable solution, th i s  

i s  why the solar ventilation/air-condi tioning system was designed 

with variable dimensional parameters. This, for  instance, makes the 

in le t  duct flexible i n  delivering a i r  quantity so that adjustments 

can be carried o u t  easily.  Similar design features were incorporated 

for  temperatures. 



FIGURE V1-1: Re la t ion  between v e l o c i t y  r a t i o  u,/uo and temperature 

d i f ference r a t i o  Aem/seo f o r  var ious  scale fac tors  5 



VI.5: Turbulent Wal 1 Je t  Long i tud ina l  V e l o c i t y  P r o f i l e s  

The experimental i n v e s t i g a t i o n  on plane wa l l  j e t s  was s t a r t e d  by 

~b . r thmann~ ,  who reduced a l l  mean v e l o c i t y  data t o  a s i n g l e  p r o f i l e ,  

by normal is ing  them by the  j e t  th ickness and the  maximum l o n g i t u d i n a l  

v e l o c i t y .  The s i m i l a r i t y  o f  r a d i a l  and p lane w a l l  j e t s  was s tud ied  

3 later6' ,3.  Schwarz and Cosart deduced the  f o l l o w i n g  expressions f o r  

t h e  maximum v e l o c i t y  across t h e  j e t  ( U X )  and leng th  scale 6, 

[ th ickness of the  j e t  a t  (UmX/2) i n  t h e  ou te r  l aye r ] :  

(VI . 2 )  

and 

where xD and xo are  the  coord inates of t he  i n l e t  plane and the v i r t u a l  

o r i g i n  of t h e  j e t  - see Figure VI:2. 

current  p r a c t i c e w  i n  ' the  design of v e n t  i 1 a t i o n / a i r - c o n d i  t i o n i n g  

systems i s  t o  assume t h a t  d i f f e r e n t  * in1  e t  arrangements o r i g i n a t e  se l f  - 
s i m i l a r  t u r b u l e n t  j e t s  which may s t i l l  be f i t t e d  by a s u i t a b l e  s e t  of 

values xo , c u ,  eu and csU. 

Works by schwartzbach8 and the  AsHRAE Handbook o f  Fundamental s  
7 

support  t h i s  assumption f o r  severa l  types of i n l e t s  and d i f fusers.  



FIGURE VI-2: Parameters used i n  w a l l  j e t  assumptions f o r  the  i n l e t  
duct t o  the  solar v e n t i l  a ted /a i r -cond i  t i oned  room 
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APPENDIX VII 
- -  ~ ~ ~ ~~ 

VALIDATION AND FURTHER CALCULATIONS 

VII .I Val idation of the Computational Model 

i he procedure used i n  this thes i s  and i n  the turbulent validation 

problems is tha t  of imp1 ementing zonal turbulence mode1,l ing. 

The central question t o .  be considered here is whether a unjversal 

model f o r  turbulent flows can be created o r  whether i t  is preferable 

t o  undertake zonal modelling, as  i n  t h i s  work, i n  order t o  obtain 

r e su l t s  of engineering accuracy f o r  the  practical flows in hand. 

This question was addressed t o  a group of act ive researchers and 
I 

government monitors a t  the NASA Langley Research Centre i n  May 1980, 

and resulted i n  a sharp and re la t ive ly  even division of opinions. 

The inspection of universal i t y  of turbulence models is a crucial one 

because i t  influences the central  s t ra tegy of how one models turbu- 

l e n t  flows. All man-made models of laws of nature a re  w i t h  some 

1 imits of range of domain and a l s o  ' w i t h  some residual uncertainties.  

This l imi t  can be e i t he r  broad or  narrow t o  the relevant c l a s s  of 
, 

systems. 

'The question i s  not whether a mode2 i s  totaZZg universal; 
none are adequate for a22 systems. The reZemnt question 
becomes (what i s  the dormin over whbh WIis p a r t i c ~ h ~  
mode2 gives adequately accurate predictions about nature?). 
This is precisely the question .that confronts turbuZence 
mode l lingu ( 4  ) 



There . a re  ,advantages obviously for  a universal model. I t  would 

allow turbulent flows t o  be.modelled once and for  a l l .  I t  might 

be constructed more easily and quickly than a variety of models 

each f i t t e d  t o  ,special circumstances. I t  would assure true predic- 

ti ve rather ,than postdictive computations. A universal model would 

a l so  appeal to  the sense of mathematical f i tness  and elegance. 

However, the t e s t  i s  not elegance or seeming f i tness ,  nor is i t  some 
.~ . 

desire  t o  emulate ~ewton or Einstein. The only proper t e s t  is the 

practical one which is a fundamental requirement of design. 

It , . 

When the Navier-Stokes equations are time-averaged, information i s  

l o s t  which are' inherent i n  the Reynolds s t resses .  For incompressible 
. ' 

flow, these s t resses  are  symmetric second-order tensor that  is i n  
' .  . ' .  

general a mu1 ti point function of four ~ a r i a b l ' e s ( ~ ) .  Such a tensor 

i s  a complex quantity mathematically. For compressible flows we must 

deal wi.thfa,.!number of different variables each of which has this 

complexity even i f  :simpler-forms of the equations are used. 

. : L i' ' , , - :- ,, , . 

A geometric analogy would be t o  consider the nature of a model tha t  

m i g h t  describe the topography of a complex terrain.  Would a simple 

algebraic o r  different ial  equation w i t h  few adjustable constants 

describe such a task? 

+* 
, . ' ' @ .: 

Turbulence is  not a , -s ingle  or  even a simple s e t  of s ta tes ;  i t  is a 

very complex and variable s e t  of s ta tes  tha t  often react i n  unanti- 

cipated waysto a great variety of circumstances. 
, 



The resul t s  i n  the 1980-1 981 AFOSR-HTTM-Stanford Conference re1 evant 

t o  the question of universality of modelling(4) were: 

i ) No si ngl e turbulence model is accurate. over the ent i re  range 

of flow cases, however 1 imi ted they migh t  be . 

i i )  There i s  no correlation between sophisticated ( i  .e. level) of 

model and accuracy of resul ts  over the fu l l  range of usable 
, ' 

models. 
~, 

(In the conclusi~ns of th is  thesis item 15 i t  was stated tha t  
I -  ... 

numerical prediction accuracy i s  not proportional t o  the number 

of par t ia l  differential  equations used i n  calculating turbulent 

viscosity and conductivity. I t  could well be. t rue that  the 
. . 

accuracy required fo r  many design and engineering applications . 

is obtainable from a simple well engineered model). 

i i i ) Several times i n  discussions , individual computers reported 

success on some class followed by. degradation of resul ts  when 

attempts were made t o  extend the range of domain using a single 

method* 

"The Z e s s o n  t o  be drm from aZZ t h i s  i s  that  there is a def in i te  

trade-off betueen accuracy of output and the range of domains 

When we know enough about the physics, the structure 

of a given flow zone can be b u i l t  in to our model t o  obtain good 

accuracy, 



. i ( I  

To build separate models f o r  various flow classes or  applications 

is a hopeless task. There is an inf ini te  number of sc ien t i f i c  flow 

cases as we1 1 a s  an in f in i t e  number of geometries of practical and/or 

commercial importance. The task will be endless. 

1namost flows of in te res t  there are only ' a  limited number of identi- 

f i ab le  structural*flow zbn& where the flow f i e ld  w i t h i n  each has 

roughly t h e  same k i n d  of flow structure. The computer has no parti-  

cul a r  d i f f i  c ~ l  ty  i n  keepingv track of where various zones 1 i e  through- 

out the computation, we know where we will need t o  patch or  match (4) 
. ,_ " . . I ,  _ . . 

' 2 

The idea of zonai modelling t ied - to  stiuctural flow zones is n o t  new. 
. , '  

I t  i s  inbfa;t  central t o  the famous (1904) paper by ~ r a n d t l ,  t o  the 

anily;is 6 f  isotropic  flow and shocks. ' The concept of the boundary 

1 ayer is a zonal model as we1 1. 
, . 

I t  will almost certainly accelerate prbgress if we i t e r a t e  turbulence 

models with.kxperimbnG on stru'cture, not i n  general, b u t  rather for  

particular s t ructural  'flow zone; one by one. 
, . 

The evidence suggests tha t  the i table  road for engineering calcu- 

la t ions in  the near and intermediate future is rf~ystemrtic e spzo ik -  
,A41 t i o n  of Z O ~ Z  modeZs t i e d  directztj $0 structure features of the  flms 

This approach has been extended and the de ta i l s  have been perfected i n  

the .'work done i n  t h i s  thesis  and i n  the subsequent validation t e s t  

cases. 



An argument is sometimes made t h a t  tonal model 1 ing  will be more work 

and wil l  proceed more slowly than universal model 1 i n g  . This is 

cer ta inlyk untrue because no sing1 e ,  simp1 e ,  adequate turbulence model 

(4) ex is t s .  ltNbthing slower than a search for the non-existentn . 
i 

The work i n '  this t h e s i s  has shown tha t  the zonal approach holds 

promi'se, and t h a t .  design needs compel us towards development o f  the 

simpler forms bf such 'zonal models i n  para1 l e l  w i t h  fu r ther  develop- 

ment of ' higherc order ' model s. 

Merging the various zones can be handled on the  bas is  of known o r  

observed/visualised phenomena so as t o  adjus t  the zones as  per the 

physics .  hen using a universal model known physical zonal readjust- 

ments a r e  simply ignored and not incorporated i n  the  models. Universal 

model 1 ing has been almost the only recognised game i n  town(4). The 

leaders of the t h e o r e t i c a l  and computational research on turbulence 

and perhaps a l l  the "mathematicians" have been l iuniversal ists ' i* The 

only users and f r i ends  of "zonalism" have been some experimentalists,  

engineers, and some inh ividual s 'in leading companies "such as Boeing 

(USA), where" the engineers were face-to-face with the need t o  m k e  
. . -  

design decisions -sometimes with bizZions of &Zlars inpzications - 
and therefore had urgent need t o  parantee a c m t e  results.  These 

,,, . 
engirieeri, under these conditions, chose to use models that oere 

knom t o  be exp l i c i t l y  tailored to specific classes o f  f2m sih.mtions 
. .  . 

i n  orderto.guarantee o~curcite r e m ~ t ~ t t ( ~ ) .  ~t should not be surprising 

then t h a t  t he  zonal app roach i s  correct ,  though 'universal model 1 i n g  

has been favoured and "oversoldu. 



The governing d i f f e r e n t i a l  . equations conta in  a1 1 the  physics and 

no more. Then any un iversa l  model t h a t  i s  s imp ler  than the  gover- 

n i n g  equat ions must represent  l e s s  physics. Th is  i s  t h e  problem o f  

un i ve rsa l  modell ing, I f  t h e  model i s  ad justed t o  f i t  few f l o w  classes, 

i t  w i l l  n o t  fit i n  a t  l e a s t  some o ther  classes because t h e  model does 

n o t  r e p r e s e n t  a l l  t h e  physicse Suppose we now a l l ow  adjustment o f  the  

turbulence model, f rom c lass  t o  c lass  i ,e. zonal view, then the  model 

can be f i t t e d  t o  t h e  physics:  c lass  by c lass  w i t h  t h e  ga in  o f  us ing  

more app rop r ia te * in fo rma t ion  on the  physics f o r  any given type of 

f 1 OW zone,. , , 
+. 

I : 

'/The centrat purpose of zonat modeZZing Cs preciseZy t o  enabte U S  . - 

t o  incorporate more physics in to  the t o t a l  se t  of models ohiZe stiZZ 

keeping computation s i ze  within the  l imits  of avaitabZe computers. 

. If oe couZd get enough physics in to  a universal modet!, we W O U Z ~  not 

r r ( 4 )  need t o  go t o  zonal representation . 
, .  . 

The zonal approach has , been . adopted and imp1 emented success fu l l y  

throughout t h i s  work where f l o w  zones have been assigned d i f f e r e n t  

1 ength scales o f  t u r b u l  ence , whi 1 e z turbulence i n t e n s i t y  was averaged 

and ad jus ted  from measured values fo r  each zone. 

.I ' .  

The au thor  suggests i n  a d d i t i o n  t h a t  e f fo r t s  should be d i rec ted  a t  

t h i s  p o i n t  towards d e r i v i n g  an . . empi r i ca l  r u l  e(s) f o r  determining t u r -  

bulence* i n t e n s i t i e s  i n  g iven f l o w  s i t ua t i ons ,  so as t o  use the  cu r ren t  
. +  . 

method w i t h  h i g h  . degree , of confidence i n  t h e  absence o f  experimental 

resu l  t s .  



This section describes i n  detail  the calculation of various t e s t  

problems' t h a t  have been mentioned i n  Chapter ,6 through which the pro- 

gram was tested for  correctness. The problems have ei ther  theoretical 

06 experimental solutions avai lab1 e to  compare them w i t h .  
. . + 3 .  

. I  , 
+ ,  

In addition other relevant problems t o  the configuration which is the 

subject of this thesis  as t e s t  and validation problems were imposed 

by Ref 1 .  T h u s  the t e s t  problems selected contain the ingredients of 

turbulent ,.- buoyancy i nf 1 uenced f 1 ow w i t h  heat transfer across wall s. 

References ( 5 )  and ''(7) and/or (8) were suggested. References (5) and 

(7)  were-,chosen, and are called t e s t  cases (VI1 .I .9) and (VII .I .lo). 

VII .I .l Developing Flow Between Para1 le l  Plates Using a Natural 
Vel oci tv. Gradient Boundarv P r e s c r i ~ t i o n  

As flow is.  expected t o  be symmetric about the film centre l ine,  

Figure VI 1-1 shows only ha1 f the flow domain. Boundary conditions 

ons the  fixed,)surface re f l ec t  a non-slip condition (U = V = 0) whereas 

a.,symmetri c prescription i s  used a t  the mid-f i lm position. Downstream 

conditions r e f l ec t  a developed flow f ie ld  w i t h  pressure specified a t  

one p o i n t  on an element corner node. Upstream prescription is the 

most. . , ,  _. d i f f i c u l t  : , ,  t o  apply, f o r  the present solution a square axial velo- 

c i t y  profi le  'is used w i t h  a zero gradient on the cross-stream momentum 
f 91 

L. J 
equation i s  thought t o  be the most applicable. + I , , The f i n i t e  element mesh 

for  this problem is shown in ,. . Figure , v11-4A and dimensions are  shown i n  
. . 

Figure VII-4B. The mesh . b .- ,. , assumes a weighted form w i t h  f i n e  elemental 

discret i  s a t  ion i n  the developing flow region. computation has been 



carried out a t  a Reynolds number of 100,where the distance between 

the plates i s  used fo r  the chanacteristic length. Figure VII-5 

shows the velocity , vectors. Figure VII-6 shows the velocity con- 

tours. Figure VII-7 shows the pressure contours. The output was 

exactly as per the t e s t  case output(*) t o  w i t h i n  s ix  decimal places. 

VI I .  1.2 Developing Pipe Flow Using Stress Boundary Conditions 

Figure VI 1-2 i 11 ustrates the boundary h e s c r i p t  ion for  the developing 

pipe flow problem. As i n  VII .I .1 the specification ref lec ts  non-slip 

conditions on the bounding surface, centreline symmetry and a deve- 

loped downstream profile.  Similar t o  VII .1 .I a square velocity pro- 

f i l e  i s  used a t  the upstream edge. However the s t ress  formulations 

obviate the need for  pressure specification as  this is coupled into 

the s t ress  prescription. The solution is fo r  a nominal Reynolds num- 

ber of 100. Figure VII-8 shows the velocity vectors. Figure VII-9 

shows the velocity .contours. Figure VII-10 shows the pressure contours. 

The output was exactly as per- the t e s t  case output(2) t o  w i t h i n  the 

same accuracy of VII .1 .l .  

V I I .  1 . 3  Forced Convection i n Devel opi ng Pipe Fl ow 

The boundary conditions fo r  the fluid flow equations are  identical t o  

those discussed i n  VII .2. Temperature boundary conditions, see Figure 

VII-3, are  applied t o  the energy equation i n  the form of a fixed sur- 

face and bu l  k i n l e t  temperature, prescriptions on the pipe centre1 ine 

and outflow ref1 ec t  symmetry and ful ly  developed condi t ions respectively. 

The mean Reynolds number f o r  this solution was 100 and Prandtl number of 
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FIGURE (VII-1) BOUNDARY PRESCRIPTION FOR DEVELOPING 
FLOW BETWEEN PARALLEL PLATES-VELOCITY 
GRADIENT FORMULATION 

FIGURE (Vll-2) BOUNDARY SPECIFICATION FOR DEVELOPING 
PIPE FLOW STRESS FORMULATION 
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FIGURE (Vll-3) BOUNDARY SPE[~F)CAT~ON FORCED CONVECTION 
IN DEVELOPING PIPE FLOW 
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FIGURE (Vll-46) FINITE ELEMENT MESH DIMENSIONS FOR PROBLEMS OF FIGURES(VI1-1)- to-(V11-3) 





FIGURE VII-6: Test Case (VII .1 . I )  Velocity Contours (Isovels) . 
Developing Flow Between Paral l e l  P l  ates 
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200. Figure VII-11 shows the velocity vectors. Figure VII-12 

shows the velocity contours. Figure VII-13A shows .the pressure con- 

tours; ~ i ~ u r e  VII-13B shows the temperature contours (isotherms). 

The oiltput was exactly identical t o  the t e s t  case output(') t o  w i t h i n  

the same accuracy of VII.1.1 and VII.1.2.' , . 

VI I.  1.4 Free Convection . i n  a Rectangular Cavity 

Boundary conditions and domain discretisation for  this problem may be 

found i n  Figure V11+14. The mesh used is shown i n  Figure VII-15. 

The boundary conditions o n  the, momentum equations ref lec t  non-sl i p  

conditions on fixed surfaces w i t h  pressure' specification a t  one point. 

.-,r " " .  L .  ' s . ,  ' < %  ,. 

For this problem type the energy equation is cast  i n  .temperature d i f f -  

erence form and thus boundary values express a difference w i t h  respect 

t o  a reference,,value on the l e f t  and right hand sides of the cavity, 
, ., . ,. 

l inear  interpol ation on t h e  bottom side and zero gradient on the top 

side. Figure VII-16 shows the velocity vectors. Figure VII-17 shows 
..,. ,,,- ~ . -~ ~, 

the : axial veloci ty contours. Figure VII-18 shows the overall velocity 

contours. Figure.,VI,I-19 shows the pressure contours. Figure . ~*. VII-20 

shows the temperature contours. Again the program output was identi-  

(2) cal t o  the t e s t  case . ". . . . ,'- 

VII -1.5 Laminar Flow 'Past a Cylinder ., ~ - 

Two dimensional laminar flow past a cylinder 1s one of the bet ter  

documented problems bf la'minak f ibw;  1 tp ro j jdes  a very useful practical 

model for.verif . ication of the program. This t e s t  case shows tha t  i t  is 
- ". . .. . . - o .  . , . 



FIGURE (Vll-14A) BOUNDARY PRESCRIPTION - FREE CONVECTION , 

IN A RECTANGULAR CAVITY 

FIGURE (VII-14B) FINITE ELEMENT REPRESENTATION OF CAVITY 
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FIGURE VII -17: 

Test  Case (V I I - 1 .4 ) .  
Ax ia l  ve loc i ty  contours. 
( Isovels) 
Free convection i n  a 

rectangular  c a v i t y  





J67E -3 I Test  Case ( V I I . 1 . 4 )  
.BIE -3 '-1 Pressure Contours ( Isobars) 

1 Free convection i n  a rect -  
1 

t- - 1  angular c a v i t y  
,138E -3 





theoretically and numerically possible t o  obtain solutions which 

predict symmetric stationary zones of separation behind the cyl in- 

der. Such solutions can be used to  check the validity o f  a computer 

based numerical model ( 3 ) .  The parameters associated w i t h  the current 

example are: 

Reynolds number Re = 20 (based on the cylinder diameter) 

Molecular viscosity p = 0.7 

Fluid density p.-= 1 .O 

Fluid for  f ield velocity U = 1.0 
00 

and subject to the boundary conditions shown on Figure VII-21. Body 

forces are assumed to be zero and, due t o  symmetry, only one half of 

the domain flow need be considered. The subdomain discretisation 

and correspondent element numbers are shown i n  the mesh i n  Figure VII-22. 

Figure VI 1-23 shows the velocity vectors. Figure VII-24 shows a blown 

up view of the velocity vectors i n  the separation zone behind the 

cyl inder. Figure VI 1-25 shows the velocity contours. Figure VI 1-26 

shows a blown up view of the velocity contours i n  the separation zone 
,* . 

behind the cyl i nder. Figure VI 1-27 shows the pressure contours. 

The program output was identical t o  the t e s t  case results of Ref. 3 

exactly, 









FIGURE VII-24: A blownup view of the velocity vectors i n  the separation zone behind the cylinder. Test case (VII  . I  .5) 
Flow p a s t  a cyl inder 



IGURE VI 1-25: 
est case (VII.1.5) 
el oci ty contours 

Isovels) 

low past a cylinder 



FIGURE VII-26: Test Case (VII-1.5). A bl own-up view o f  the velocity contours in the separation zone 

behind the cylinder (Isovels). Flow past a cylinder ' 



FIGURE VII-27: T e s t  Case (VII  .1.5). Pressure contours (Isobars).  Flow past a cylinder 



V I 1  .I .6 Two Dimensional- Laminar Flow Over-aBackward Facing Step 

Separation occupies an ''appreciable portion o f  the flow domain. In 

such a flow the advection t e n s  i n  the momentum equations have become 

significant. Separation has been shown t o  occur a t  very low values 

of Reynolds number. The particular parameters for th is  problem are: 

Reynolds number Re = 73 (based on the step height and average upstream 

ve 1 oci ty ) 

Molecular viscosity y = 0.00457 

F l u i d  densi ty p = 1.0 

/ / I / / I / / / / / / / 

The extent of the physical domain taken for the numerical model is 

shown superimposed on the mesh used i n  Figure VII-28 and consists of 

30 elements and 117 nodes. Figure VII-29 shows the velocity vectors. 

Figure VII-30 shows a blown up view of the velocity vectors a t  the 

separation (recirculation) zone. Figure VII-31 shows the velocity 

contours. Figure V I  1-32 i hows the 1 ongitudinal "el oci ty contours-- a t  

the separation ..(recirculation) zone. Figure VII-33 shows a blown 

up  view of the velocity contours a t  the separation (recirculation) 







vectors at  the separation 
L. (recirculation) zone. 

Flow over a backward facing 

Test case (VII.1.6) 
A blown up view of the velocity 

step 





FIGURE VII-32: 
Test case (VII . I  .6). A blown up view o f  the axial (m 
velocity contours (Isovel s )  in the separation (recirculation) 
zone. Flow past a backward facing step 



Test c a s e ( V I I . 1 . 6 ) .  A blown-up view 
o f  the  overa l l  ( i l J 2  + V 2  ) v e l o c i t y  

contours ( Isovels)  i n  the  separa- 

t i o n  ( rec i rcu la t ion )  zone. 

Flow past  a  backward fac ing 

step 
. . 







zone. Figure VI 1-34 shows the pressure contours. Longitudinal 

dimension1 ess velocity distributions are shown i n  Figure YII-35 and 

a re  seen t o  compare exactly w i t h  those published i n  Reference 3. 

VII.1.7 Fully Developed Turbulent Flow i n  a Pipe 

Flow i n  a smooth walled pipe comprises a t ransi t ion from a boundary 

layer flow near the entrance, Figure VII-36, t o  fu l ly  developed tur- 

bulent flow some distance downstream. The manner i n  which the flow 

develops is governed by the gradually thickening boundary 1 ayer ad ja- 

cent t o  the pipe wall whose displacement thickness varies from zero 

a t  the pipe entrance t o  half the pipe diameter a t  some distance down- 

stream. Under such conditions the free stream flow is completely 

masked and f u l l y  'developed flow is subsequently established. 

For fu l ly  developed flow theboundary layer width can be assumed equal 

t o  the radius of the pipe ( R ) .  

Adjusting the turbulent intensity to  give the same values of effective 

viscosity as  per the entrance nodes for  the known nodes velocities 

from. Reference 3 and util isi ng Nikuradse length scale of turbulence 

fo r  flow.in pipes i , e .  

(VII . I )  

Fixing a density of unity, the only further requirement to defi ne the 

pipe Reynolds number i s  the value of (T ) and (P). Thi s  is achieved 
W 





by manipulating the boundary conditions relating to  the pressure 

since the wall shear s t ress  i s  linearly dependent on the pressure 

gradient. For a specified sect i  on o f  pipe, length (L,): 
. ,  

(VII .2) 

. +  : ,~ . 
i n  which (P,) and ( p i )  represent defined "values of upstream and down- 

stream pressure, respectively.   he complete se t  of boundary condi tions 

r e q h  red to  solve for' f u l l y  deve1oped'~flow .Figure $11-37, are 
. . 

P = P U  [ to  give 4 . 5 . ~  105 depending on L ) ,  x = 0, 0 < r ( R 
. , 

. , %, 

Ini ti  a1 values are not requi red si rice the non-1 near convect; ve terms 

are exactly zero fo r  fu l ly  developed turbulent flow. The particular 

problem analysed is for- Re = 4.5 x 105. 



A f i n i t e  element mesh consisted of eight elements across 

the pipe radius, and eight elements across the pipe length, each 

decreasing i n  thickness i n  a geometric progression using a geometric 

constant of 0.35. The widths are shown ,In the mesh Figure VII-37 

and a corner blown up is shown i n  Figure VII-38. Figure VII-39 shows 

the velocity vectors. Figure VI 1-40 shows the velocity contours. 

Figure VII-41 shows the pressure contours. Figure VII-42 shows the 

length scale of turbulence contours. Figure VII-43 shows the kinetic 

energy of turbulence contours. Figure VII-44 shows the turbulent 

viscosity contours. The output of the program was absolutely identi- 

cal t o  tha t  of Reference' 3. An error  of 1.2% js due to  the f a c t  tha t  

the model of turbulence i n  Reference 3 feeds i n  the effective viscosity 

f o r  each node i n  the element matrix and i n  the numerical integration, 

while i n  t h i s  work a1 though the ve is evaluated for  each node b u t  the 

average of elemental nodal ve is fed for  each element i n  the element 

matrix and i n  the numerical integration. This is w h a t  we meant when 

we said i n  the discussion o f , t h i s  thesis  t h a t  there was a slight d i f f -  

erence i n  the absolute values. However Figure VII-45 shows an abso- 

1 utely identical plot ,  f o r  the :.n(jrmjl ided ': axial velocity a t  various 

normalised radius values a t  the pipe ex i t .  

VII.1.8 Developing Turbulent Flow i n  a Pipe 

Reynolds number is limited here t o  Re = 1 .o x 105, because above such 

values a special wal J element will, be needed as  per the work of Ref- 

erences 1.2. The boundary conditions are  s jmil a r  t o  those used i n  , 

the previous section VII .I .7, except t h a t  the pressure is now defined 
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FIGURE V I  1-43: Test  case (VI I .  1 .7 )  kinetic energy of turbulence contours. . 
Ful ly developed ' turbul ent pipe f 1 ow. 
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u = mean inlet velocity 
u = local axial velocity 

AXIAL PLOT OF VELOCITY AT X/D = 40 



a t  the downstream section only where the flow has been assumed t o  

be ful ly  developed and,the velocity i s  assumed to .be uniform across 

the entry. The same mesh of VII.1.7 i s  used with the following 

boundary conditions: 

Figure VII-46 show; the velocity vectors. Figure VII-47 shows the velo- 

ci ty contours. Figure VII-48 shows the pressure contours. Figure 

VII-49 shows the length scale of turbulence contours. Figure VII-50 

shows the kinetic energy of turbulence contours. Figure VII-51 shows 

the turbulent viscosity contours. Figure VII-52 shows the axial 

veloci ty distribution a t  various longitudinal distances for various 

pipe radii. X/D = 0 i s  the entrance, X/D = 10 1s the seventh column 

of elements i n  the vicinity bf the exit ,  due to  the regression used 

i n  dimensioning the elemental distances. Figure VI 1-52 shows a 

perfect agreement with Reference 3. 



FIGURE VII-46: Test case ('JII.1.8) velocity vectors. 
Developing turbulent flow i n  a pipe 
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Ci = mean in le t  velocity 
u = local axial ve loc i ty  

FIGURE (Vll-52) DEVELOPING TURBULENT PIPE FLOW 
VARIATION IN AXIAL VELOCITY Re = 1x10'~ 



VII .l. 9 The Velocity Characteristics of 'Venti 1 ated Rooms : 
Turbulent J e t  Induced Flow i n  Rectangular Enclosures 

- - - - - - - - - - - - - - 

Reference 5 has measured and calculated values of the velocity 

characteristics of a model 1 ed room w i t h  ventilation arrangements. 

The measurements were obtained by laser Doppler anemometry and the 

calculations by a (K-E) f i n i t e  difference model. The geometrical 

arrangements used aKe shown i n  Figure VII-53. 

. . 

FIGURE VI 1-53: ~eometrical Arrangemnts of Test Case (VII .I .9) 

The model was constructed from perspa  w i t h  a height (H = 89.3 m). 

Other dimensions correspond t o :  
, ' 



Two values of the w i d t h  of the i n l e t  s l o t  were used t o  a s s i s t  the 

determination of the extent of influence of a three dimensional 

inlet  flow on the velocity characterist ics of the room. However, 

i n  this t e s t  case we are only considering the value of the i n l e t  

w i d t h  t h a t  equals the w i d t h  of the room, since (our analysis is  two- 

dimensional. The parameters used i n  the wall j e t  assumptions are  

those mentioned i n  Appendix VI of this thesis.  The measured mean 
P U , ~  

- 5000, where Uo i s  the velocity profiles were done a t  Re = - - 
lJ 

j e t  i n l e t  velocity. The mesh used t o  represent this problem us ing  

the f i n i t e  element zone technique together with the boundary condi- 

t ions is  shown i n  Figure VII.54. The flow domain has been sub- 

divided i n t o  three flow zones. The f i r s t  is the i n l e t  w i t h  i t s  

extension throughout  the length of the room. The second is the 

room i t s e l f ,  and the third is the ex i t  duct. As was done i n  the 

thes is ,  Buleev's length scales were used i n  a s t ra ight  channel flow 

f o r  the i n l e t  and ex i t ,  while the room was having the mean total  

horizontal and to ta l  vertical  flows t o  simulate the flow separation. 

Figure VII. 55 shows the i n l e t  length scale  for the wall j e t  flow 

together w i t h  a blown up zoom view of the i n l e t  detai ls .  Figure 

VII..56 shows the length scale of turbulence distribution i n  the room 

i t s e l f  fo r  a t o t a l l y  horizontal flow. Figure VII.57 shows the length 

sca le  of turbulence distribution i n  the room for  a to ta l ly  vertical  

flow. Figure VII.58 shows the mean of the l a s t  two length scales of 

turbulence distributions of Figures v I I  .56 and VII 3 7 .  Figure VII .59 



*o FIGURE VII-54: T e s t  c a s e  (VII . I  .9). The mesh and  boundary  c o n d i t i o n s .  
3 T u r b u l e n t  h e t  i n d u c e d  f l o w  i n  r e c t a n g u l  a r  e n c l o s u r e s  

= 0 
P U = V = O  

P = 0  ( a t  c o r n e r  nodes)  t5 



FIGURE V11.55: Test  Case (VII . I  .9)  length scale o f  turbulence f o r  the inlet wall j e t ,  
w i t h  a blown up zoom view o f  the inlet 
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FIGURE VII.59: Test  Case (V11.7.9) length scale o f  turbulence for the room e x i t ,  with a 

blown up zoom view 



shows the length  scale o f  turbulence o f  the  e x i t  duct w i t h  a blown 

up zoom view. F igure  VII.60 shows the leng th  scale o f  turbulence 

d i s t r i b u t i o n  f o r  the whole f l ow  domain a f t e r  assembly o f  the  sub- 

leng th  scale zones.' The turbulence i n t e n s i t y  was s e t  as a func t ion  

o f  a x i a l  pos i t i on ,  i.e. 

X For  the j e t  length  sca le  area: I1 = (0.25 - =)%, . 

and f o r  the  room i t s e l f :  X I, = (0.21 - =)%, . 

While f o r  the  e x i t  duct: I 3  = (1.2)% was f i x e d  as constant. 

F igure VII.61 shows the  v e l o c i t y  vectors, the  he ight  o f  the room i s  

increased i n  order t o  c l a r i f y  t h e  f low mechanism (no t  t o  scale). I n  

r e a l i t y  and computation the  room length  i s  three times i t s  he igh t  as 

mentioned before. Figures VII.62 and V I I  .63 show the small r e c i r -  

c u l a t i o n  zones i n  the  top  r i g h t  hand corner and bottom l e f t  hand 

corners respect ive ly .  Ref. 5 confirmed the existence o f  these two 

small r e c i r c u l a t i o n  zones bu t  d i d  no t  show them. Figure V I I  .64 shows 

the v e l o c i t y  contours. F igure V11.65 shows the pressure contours. 

F igure V I I  .66 shows a blown up zoom view of the  pressure contours a t  

the  room i n l e t .  F igure VII.67 shows the  k i n e t i c  energy o f  turbulence 

contours. F igure  V I I  .68 shows t h e  tu rbu len t  v i s c o s i t y  contours. 

F i na l l y ,  F igure  V I I  .69 shows a comparison of normalised a x i a l  velo- 

c i t y  between the experiment and p red i c t i on  of Ref. 5 and t h i s  work. 

The excel 1 en t  agreement needs no fu r the r  explanation. 



FIGURE VII -60: Test case (VII  . I  .9)  length scale o f  turbulence o f  the whole f l o w  domain after 
assembly of sub-length scale zones. 
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FIGURE V I I  .62: 

Test case (VI 1.1.9) velocity vectors 
a t  top right hand side corner of the 
room showing the small reci rcul ation 
zone 
Velocity in venti 1 ated rooms 



FIGURE VII .63: 

Test case (VII .I .9) 

velocity vectors a t  
bottom l e f t  hand side 
corner of the room 
showing the small 
recirculation zone. 
Vel oci t y  in  venti l ated 
rooms 
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FIGURE VII .67: Test  case (VII.1.9) kinetic energy of turbulence contours. Velocity in ventilated 
rooms 





Ref. 5 Experiment ooooo 
Ref. 5 Prediction 

FIGURE VII.69: Test case (VII.1.9) comparison of normalised axial velocity with Ref. 5 experiment and 
prediction . 



VI I. 1.10 Buoyancy Effects on Turbulent Transport i n  Combined Free 
and Forced Convection Between Vertical Para1 1 el  Plates 

Ref. 7 investigated turbulent ,mixed flow of free and forced convec- 

t ion experimentally and theoretical ly. Experiments .were carried out 

i n  the upward turbulent flow between vertical parallel plates a t  

different wall temperatures, In this condition, the a1 di ng and 

opposing flows arose simultaneously on the heated and cooled sides, 

respecti vely , - and a f ul ly devel oped condition was establ i shed. 

Buoyancy effects on the mean velocity and temperature profiles were 

, examined and confirmed. ,Figure VII.70 shows a schematic diagram of 

the flow and heat transfer. 

6 = distance from the 
cooled wall to  the 
maximum-veloci ty 
locations 

b = distance between 
para1 1 el plates 

FIGURE VI1.70: A schematic diagram of the flow and heat transfer 
a t  the measuring stat ion ( fu l ly  developed flow) 



\ 

Ref. 7 noted' that  the concept of eddy d i f fus iv i ty  may become 

inadequate when the velocity or temperature gradient I s  zero, espe- 

c ia l  l y  when the Reynolds s t ress  i s  not. equal t o  zero i n  sp i te  of the 

zero velocity gradient. They expected these phenomena t o  appear i n  

t h e i r  flow configuration, since the distributions of mean velocity 

and turbulent properties are not symmetric a t  the plane of zero velo- 

c i t y  gradient. These fac ts ,  however, d i d  not cause a serious error  

i n Ref. :7 predicted mean velocity and temperature prof i 1 es . Thus i t  

is assumed as Ref. 7 d i d ,  t ha t  eddy diffusivi  ty  has a. zero value once 

the velocity gradient vanishes. The distribution of the Prandtl number 

was not influenced very much by the buoyancy force7 so t h a t  the rela- 

t ion f o r  the turbulent Prandtl number i n  nearly-isothermal flows was 

assumed appl i cable t o  the mixed convection. The experimental arrange- 

ment i s  shown for  the parallel plates i n  Figure VI1.71, which shows 

the t e s t  section (duct). The i n l e t  length was about 100 times the 
~. . , 

equi val ent diameter. 

There were two jackets behind the heat.  t ransfer  surface. Through one 

jacket, cooled,water was circulated to  maintain the cooled wall a t  

constant temperature. . Steam or  heated water flowed through the other 

jacket . t o  maintain the wall a t  higher temperature. Side walls were 

made of phenolic-resin plates 1 mm chick i n  order t o  prevent heat 

conduction through the walls. Air was introduced upwards into the 

duct and discharged from the duct into the atmosphere. The difference 

i n  the b u l k  temperature between i n l e t  and ou t l e t  sections was adjusted 

t o  be 'as small as  possible i n  order t o  establ ish the ful ly-developed 



EXIT 
A 

I 
INLET 

FIGURE V i i  .71: schematic diagram showing ( isometr ic) view o f  the duct 
w i t h  the t e s t  sect ion (plane of measurements) 

temperature d i s t r i b u t i o n  i n  a  shor ter  entrance length. The measurements 

of v e l o c i t y  and temperature, both mean and f luc tuat ing quant i t ies ,  were 

made w i t h  wi re  anemometer probes. The experiments were made a t  

Re = (41 70 - 8270) and (g) = (1 .I 2 x  10'~) - (1.82 x 10 '~ )  . Two 

t y p i c a l  d i s t r i bu t i ons  o f  t he  mean v e l o c i t y  and temperature were shown: 

G r  
, 1) For (-) = 2.2 x loo3,  and Re = 5870 

R€? 

G r  
i i ) For (-) = 1.49 x loo2, and Re = 5140 

R# 



These two cases above were simulated using the  current  t he s i s  model 

of turbulence u t i l i z i n g  the f i n i t e  element technique. The mesh used 

together  w i t h  the boundary conditions for both cases a r e  shown i n  

Figure VII.74. 

For Case a: 

AT = 6.803, and s ince  AT = (TH-TC) where TC = 0.0, . . T H = 6 . 8 0 3  

where: pl = 1.2494 

"1 = 0.0000176416 

Cp, = 1006.06 

K1 = 0.024928 

Prl = 0.713 

B1 = 0.003536 

For Case b: 



where: p2 = 1.08528 

y2 = 0.0000196722 

Cp2 = I008 

K2 = 0.03 

The measured turbulence in tens i t ies  varied i n  the following manner: 

For Case a: 

COLD 

, 
, ,  - . . FIGURE V I I  .72: 

. " ^ ,  



FIGURE VII .73 

These variations i n  in tens i t ies  can be accommodated i n  a formula as 

a function of axial position i .e. I = f (x) , varying as .per the inten- 

s i t y  figures (VII.72, 73).above. Due t o  lack'of time and to  follow 

i n  the footsteps of the work done i n  this thesis,  this has been cut 

down to  an average approximation as was done for zonal intensi t ies  i n  

this thesis. Hence the r i g h t  half of the duct had a different average 

intensity than the l e f t  half. The following plots are shown f o r  

Case (a): 

Figure VI I. 75 shows the velocity vectors, case ( a )  
. . 

F i  gure VI 1.76 shows the velocity contours, case (a) 
, Figure VII.77 shows the pressure contours, case (a) 



FIGURE VII -74: 

Test case (VII .I . lo).  

~urbulent  mi xed convect3 on f 1 ow 
between vertical para1 1 el plates . 
~ h ;  mesh utilized and the boundary 
conditions 

aT - u = o , p =  av - 0, - -  0 (a t  corner nodes), - - aY aY 



FIGURE VI I .75: Case (a) .  Test case (VII .1 . lo) velocity vectors 
Turbulent mixed convection (b .v .p .p)  





FIGURE VII .77: Case (a) .  Test case (VII .I -10) pressure contours 
(Isobars).  Turbulent mixed convection ( b  .v .p.p) 



Figure VI1.78 shows the temperature contours, case (a)  

Figure VII.79 .shows the length scale of turbulence distribution 

contours, Cases (a)  and (b) 

Figure VII .80 shows kinetic energy of turbulence contours 

Figure VII.81 shows turbulent viscosity contours 

Figure VII .82 shows turbulent conductivity contours 

As for Case (b): 

Figure VII.83 shows the velocity vectors, !case (b) 

Figure VII.84 shows the velocity contours, case (b)  

Figure VI 1.85 shows the pressure contours, case (b)  

Figure V11.86 shows the temperature contours, case (b)  

Figure VII.87 shows the kinetic energy of turbulence contours, case ( b )  

Figure VII.88 shows the turbulent viscosity contours, case (b )  

Figure VII.89 shows the turbulent conductivity contours, case (b) 

Figure VII.90 shows the mean velocity and temperature profiles of Ref.7 

and compares them with the results of this work. The splendid correla- 

tion requires no further explanation. 

The predictions (Figure VII.9OB) do n o t  agree very well with Ref. 7 

(Figure ~11.90A) a t  X/b - 0.1 and X/b c 0.9 where there i s  a transition 

from the boundary layer type of f1 ow t o  a mean flow. This i s  where the 

peaks take place in Figures VII.72 & VI1.73, i.e. highest turbulent inten- 

s i t i e s  positions. This i s  t o  be expected since only the average intensi- 

t i es  were taken as mentioned before, i n  order t o  demonstrate the validity 

and applicability of the zonal approach. 

If the turbulence intensities were taken as functions of positions i .e. 
I 

I = f(x)  as was done successfully i n  t e s t  case ( 1 . 1 9 )  and as per Figures 

V11.72 & VII.73 curves, very accurate agreement is foreseen. 



FIGURE VII .78: Case (a) .  Test- case (VII .I .ID). Temperature contours 
(Isotherms). Turbulent mixed convection (b .v.p .p)  











F JGURE VII .83: Case (b) . Test  case ( V I I  .1 . l o )  v e l o c i t y  vectors. 
Turbulent mixed convection (b .v .p .p)  





FIGURE VI I .  85: Case (b) : Test case (VI I .1.10). Pressure contours 
(Isobars). Turbulent mixed convection (b.v.p.p) 
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vII.2' Further: Calculations 

Further calculations are  t o  be performed on the solar-ventilation 

and -air-conditioning experimental rig, aiming to capture the domi- 

nant d r i v i n g  force of the flow i n  the room. T h i s  i s  t o  investigate 

the natural convection layer on the room-side of the solar heated 

wall which was partly ignored ,because no measured temperature boun- 

dary conditions were prescribed on it; this imp1 ied no flux due t o  

the absence of the contour integrals. T h i s  further simulation r u n  

will 'attempt t o  model the flow w i t h '  the temperature distribution on 

the room-side surface specified. 

Two very' important po'ints' ought ' t o '  be mentioned' here: 

i )  The experimental measurements of velocit ies and temperature that  

have been performed on the rig are  the true values regardless of 

any simulation or calculation done i n  this thesis. 

i i )  These experimental measurements were only done a t  certain access 

positions and the so lar  col lector  back surface was not one of 

them and hence cannot compare w i t h  measured values. The flow 

zones in the model were made t o  simulate the information from 

access positions measurements and visual isation observations. 

Hence it i s  possible tha t  certain zones were forced to  aid i n  

the flow mechanism role of the e x i t  buoyancy flow as  per visua- 

l isation observations. , Hence agreement w i t h  access position 

values was maintained. 



/-- 

VII.2.1 The Analysis of the Numerical Results 

I t  was pointed out t o  the author1 that  i n  the second .case of flow 

simulated i n  this thesis ,  (taken as a typical case): 

. , 

The maximum temperature of the convection channel black surface is 

56OC, one third the distance from the top  of the room and e460C a t  

top and bottom. Looking a t  the experimental resul ts ,  Ref. 1 ,  noted: 

a )  . The temperature i n .  the in1 e t  channel is general ly  above ambient, 

temperature f a l l s  from the wall adjacent t o  the t e s t  section 

towards the outer wall and the fluid temperature increases as  i t  

moves down the channel. This led t o  suppose tha t  the f luid was 

being heated from the l e f t  hand (i.e. t e s t  section adjacent) wall. 

. .~ , T h i s  i n  turn must be receiving heat presumably from the t e s t  sec- 

t i o n  (radiation)? 
. . 

I t  ought t o  be' mentioned tha t  these said temperatures were actually 

measured and fed i n  a s  boundary conditions t o  the program. The 

assumption of an indefinitely ideal ambient environment around 

the i n l e t  channel can be found only i n  textbooks. One s ide of the 

channel tha t  was facing the t e s t  section was a l so  facing the labo- 

ratory l i g h t i n g ,  while the other side was facing a spacious open 

surrounding. The average difference i n  temperature between the 

two, faces is only .(0.25?C), and this argument is ent i rely 

explainable i n  these terms. 



b).. From t h e  comparison graphs o f  experimental and numerical values 

o f x  temperatures i t  was seen t h a t  t h e  f l u i d  enters t h e  room a t  

=22oC, b u t  t h a t  t h e  temperature i n  t h e  bulk  o f  t h e  f l o w  i s  much 

h ighe r  =(24-25O~). The temperature outs ide the  w a l l  j e t  i s  

, t h e r e f o r e  = ~ O C  h i g h e r  than the  j e t  i t s e l f .  

Thus t h e  f l u i d  i n  t h e  room i s  rece i v ing  heat  from some source o the r  

than the  i n l e t  f low.  Es t imat ing  the  Richardson Number (known as the  

Archimedes number - see Appendix V I  o f  t h i s  t hes i s )  associated w i t h  

t h e  w a l l  j e t :  

( V I I  .2) 

From F igu re  560, page 270, peak v e l o c i t y  o f  i n l e t  w a l l  j e t  =0.1 m/sec 

and t h e  h e i g h t  o f  t h e  w a l l  j e t  =0.04m. From Figures 5.54 t o  5.57 

A9 = 2OC. Using a va lue  o f  $ = 3 .316~  1 0 - 3 / 0 ~  

1f t h e  (L) o f  t h e  w a l l  j e t  i s  taken as t h e  w id th  o f  t h e  room = I m ,  

Th is  i n d i c a t e s  a mixed convect ion and n o t  a s o l e l y  dominant buoyancy 

d r i v e n  n a t u r a l  convect ion. T h i s  i s  due t o  t h e  entrainment r o l e  i n  
. ,  . 9 t he  common chimney . 



However, dominant buoyancy effects do ex i s t . .  but '  are not  so 
(1 1 overwhelming as  ' suggested Consider the heat transfer 

from the so lar  collector wall into the room.by conduction: 

If  the heat flux through the wall is (q): 

Thus 

where K = conductivity of the wall 
W 

s .  

h = heat trdnsfer coefficient 

values of quant i t ies  i nvol ved: 

K = 0.1 25 W/m°C (Kaye and Laby - for  homogeneous plywood) 

(VII .3)  

Tb = 56O~ (black surface temperature) 



Let .mean Nussel t number fo r  heat  t ransfer  from the wall t o  the f l u id  

layer  on the  room s i d e  be 'KT: 

Then 

- 
Nu a i r  h = - +  

. .  . 
213 0.4 

= 0.0246 ( ~ r ~ r ) " ~  [ (Pr)  '16/[1 + 0.494 (Pr) ]] 

(VI I .4) 

(VII .5) 

where: Pr = 0.7, and 
). r - 

(VII .6) 

where AT = temperature drop-wall t o  gas = (TS - 25Oc) 

I t e r a t i ng  around equations (VII .6) then (VI1.5) then (VII .3)  + (AT) 

converges t o  t he  f ol lowing resul ts' : 

Ts = 46.98Oc (corresponding t o  56 '~  on the  convection channel black surface)  



2 0 Thus: hr2.85W/m C 
K 

W whereas#,.T = 6.94 w/m2 OC 

These are beautiful calculations, however, the temperature corres- 

ponding t o  the 56O~ on the convection channel black surface was 

measured u t i l i s ing  three different  engineering methods: 

i ) Thermocouples with calibrated microprocessor (20.01 OC) , 
i i . ) - Ordinary thermometer ( 2 ' 0 . 5 ~ ~ ) .  

i i i )  Liquid crystal strip ( 2 0 . 2 5 ~ ~ ) .  

The temperature was found t o  be 38.8O~. Now this can be explained 

since plywood homogeneity was assumed 5 n the calculations, and not 

taken as a composite material. All the nodal temperatures on the 

e x i t  wall were then measured and fed i n  the program as boundary 

conditions . 

Figure VII .91 shows the velocity vectors of the old simulation without 

the newly measured wall temperatures prescribed. Figure VI I .92 shows 

the old temperature contours. Figure VI1.93 shows the old temperature/ 

velocity relationship indicating tha t  the so lar  collector back wall flow 

is w i t h  no heat f lux and is due solely t o  conduction i .e.  velocity vec- 

tors  perpendicular t o  the wall isotherms. 









After prescribing the newly measured temperature. values a t  the 

ex i t  wall , Figures VII .9U: and VI I .95 show the velocity vectors 

and temperature contours respectively. I t  can be seen from the 

l a s t  figure tha t  heat flux is varying up the exi t  wall now and 

convection i s  taking place. This resulted i n  an increase i n  the 

average flow velocities of about 4 2 % .  This was combatted by increa- 

sing the exi t  yal l  j e t  flow zone turbulence intensity by =(14.2%) 

and the room ex i t  part  of the common chimney elements intensities 

by ~(5.2%). This resulted i n  b r i n g i n g  the flow back to i t s  original 

magni tude with an average velocity error of +2 -1%. 

Figure VII.96 shows the new temperature/velocity relation indicating 

the type of heat transfer a t  the exi t  wall is due to  mixed convec- 

t ion w i t h  dominating buoyancy natural convection force. This conf inns 

dominantly buoyancy driven boundary layer up the exi t  wall which i s  

jus t  i n  the turbulent regime. In the old velocity vectors/isotherm 

simulation agreement w i t h  experiment was achieved due to  the prescrip- 

tion of zonal roles which forced the flow to act real is t ical ly.  The 

transport of heat w i t h i n  the room was almost entirely by diffusion 

i .e. heat diffused back from the chimney into the room against the 

flow. This is further confirmed by examining Figure 5.79 (page 286) 

for turbulent conductivity and Figure 5.78 (page 285) for  turbulent 

viscosity which implied turbulent Prandtl numbers =0.001. 

The abi 1 i t y  to  manipulate zonal properties, not jus t  turbulence 

in tens i t ies  made i t  possible t o  counteract the h i g h  gravity forces 

i n  the f loor  i n l e t  wall j e t ,  



I t  is  t o  be remembered t h a t  the  old calculations and simulations 

a r e  s t i l l  cor rec t  and val id  f o r  a l l  the access positions and as 

compared w i t h  experimental measurements. 
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