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CHAIYARIT OUPICHIT : ANALYSIS OF METAL FLOW UNDER EXTRUSION
BY THE FINITE ELEMENT METHOD. THESIS ADVISOR: PROF. PRAMOTE

DECHAUMPHALI Ph.D., 196 pp. ISBN 974-346-454-9.

This thesis presents a finite element computational method for two-dimensional metal flow
under extrusion in which metal flow has the non-Newtonian fluid behavior condition. The thermal
effect from metal deformation and internal heat flow is coupled in the system. Finite element
equations corresponding to the problem were derived from the related governing differential
equations using the Galerkin weighted residuals method. These derived finite element equations
were then used in the development of the computer program that can be executed on the standard
personal computers. The program was verified by comparison with the results from the metal

deformation analysis theory and experimental data.

Various extrusion problems were carried out using the developed programs for predicting
detailed flow behavior. The program was also used in the analysis of sheet metal rolling problems.
Results were verified with solutions from theory of metal rolling as well as experimental data. The
rolling force and rolling torque were computed and the flow phenomena consisting of velocity,
pressure and temperature were presented. The adaptive remeshing technique was also applied for

improving result and effective computation.
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Y
ABANUAUAININ (Normal Stress) ALY y

Oy
A 9 =)
Tyy ADANUAULIRNDU (Shear Stress)
A J A
m AemANunila
<
u ADAUTINULUIIAY X
<
v ADAS INULUIAY y
p ADAINIINAU
A T a = ) Y
k Aemdulszansmsihnmsou
c AeAINNNAA WS DU UL
p ADAAIMUH UL Y
A 1 F) A o a d?
Q ARAIANNS BUNNBAIHATLLID

A 1 9
Oyierd  NOAIATIMIAUATIN

A L d' =} a a
fAamoas mslasualasnnunsenllszansna

ml-

J Aemneid T ULL/a39UMena (= 42.65 kg.cm/cal)

do d Y
3.1.2 ‘WQf‘l‘lfHﬂ1’i1.]53N1mcﬂﬁlﬁluﬂjﬂQ!?)E!NNGI!!U‘U?(HJ!ﬂEEIN

a a J @ dyd Y Aa 4 = Iq 9 a o A

'J‘V]fJ"I’LlWL!‘ﬁﬂ‘]J‘ULl!ﬁ’f)ﬂGlGIfL’E)ﬁLlIu@]ﬁ'TNLﬁﬁﬂiﬂJ"l‘]Jﬁg‘c}ﬂﬁﬁl“ﬁ TagoaumuALL UM AN
dy = d o - . 1 o A a J A
Hagdlengsumsdszuanielu (Interpolation Function) 9 2 ANHUSAD  (BANUATINNAYY

wU 6 a9 [6] dxdanyaemstlsznamelunuuaIaas1fin (Quadratic Interpolation) d1%31)
<

a A o =

o o a 4 { 1 % o
Auruauls AITULTIASYUHHY NANHULADANUATINNATUULD 3 @mafﬁﬁaﬂymz

QU

I a Y . . 9, v o v v W
malsznameludlunumFadu (Linear Interpolation) 1w sudmmmdulsanuduacgils.s

ul’Vl’Tl’pl

uZ’VZ"TZ’I‘)Z

u3 ’V3 ’T3 ’p3

a

{ a : 1o [% <
i‘ﬂ‘ﬁ 33 Lf’)ﬁllll!ﬁﬁ']lllﬁaElllLL‘]JUﬁﬂﬂﬂ@ﬂﬁ?ﬂﬁﬂ@?&!ﬂﬁﬂ?ﬂlﬁ'Jllagﬁﬂqﬂ!ﬂﬂll

G G

HazaNgany dIMIUAIMIANNAY



annsadouilsFumsdsznanmelulieglugduuy ol
u(x,y) =[N Jiu}=N; (. y)ug )
v(x,y) =[N J{vi=3N;(xy)v,
1x6 6x1 >
pex,y) =[H]ip}=3Hi(x.y)p
T Y) =[NJTI=Z N, )T, )
1x6 6x1

a 4 Jd @ a J a
Tas |N]| unuwasngvesilasdumsdszmunsluvesedmuduuunionsian

a 4 J o a 4 a 9
[H| unuwaSngvesilandumsszmanmesluvesedmuduuusadu
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(3.10)

o o a 4 Z a 4 { 1
Handumsszunamelueamuaniae U I INUAT MM ATNIIUYN)AAD 1]

v o Jdo Jou Aw dy A o\ dy
anudniusnuilaiFuinavesiunlugluuuaseelai

N, = Li —Ly(L, +L3)
N, = I—22 —L,(L;+Ly)
N; = L23_|—3(|-1+L2)

N, = A4L,L,
NE“= - 4Ll
N = ALyl
= i=123

o Aaov 4 { %
Tag L unuiladsuiinavosiiun s ldannauns

L = a +bx+cyy -i=1,23

dy A a 4 a ° Y
A UNUNUNUDUDANUAT UK AYY ﬂ"IU’Jillllﬂinﬂ

A = %[xl(yz —Y3)+ X (Y3 — Y1)+ X3(Y4 _y2)]

(3.11a)
(3.11b)
(3.11¢)
(3.11d)
(3.11e)
(3.119)

(3.12)

(3.13)

(3.14)

(3.15)
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[ a v J [ A
waqmﬂ”ls?fﬁum'iwamgwumm‘ﬂtymﬂszﬂauﬂuaﬂymzmiﬂixmmmﬂ‘lummma

4 =3 o 9 4 a 4 YA U Z’ v Y
LUUR i]\i’ﬁ'nﬂiﬂ‘ﬂWﬂ'li’(ffﬁN’ﬁiJﬂﬁU],‘V\lhlumﬂﬁlll‘u@]I@‘IUi“]f']‘ﬁﬂﬁﬂ’)\ﬂﬂﬂuﬂlﬁklﬁﬂﬂ%i (Method

of Weighted Residuals) 1ag15u910 [1]

[ W,RdQ=0 i=
Q

A o J o :l @ K g
AoMlaNFuIMIN (Weighted Function)
R ADIANANA (Residual)

A o LY 19 1 a 4
m  feswauad ligalueauug

a 2 1w Ia
uagIagndsaziden Wi = Ni 493902100 Tun-n1aesAu (Bubnov-Galerkin)

(3.16)

o @ £ A KR o w
MmsdszygndaumsIFoynuENg 4 aums Aedums (3.6ab), (3.8), (3.9) AW&AY

Y
Tagl¥33MsornihmineEanf 9Ty (3.16)

INi(GX’X +txy’y)dA =% 0
A
[N (T x +0,,)dA =0
A

/{Hi(uyx+v]y)dA =0

pC /{ N UT = VT ) = K(T, ) = k(T ), — QdA

0

(3.17a)

(3.17b)

(3.17¢)

(3.17d)

o = 4 Y o A 1 Y a A Aa o
ﬂigﬁﬂ@ﬂﬂyaﬂﬂﬂlﬂﬁLﬂWﬁ (Gauss’s Theorem) (UINUANUNIT (3.17a-d) ena linandunnsa

9
uumammmamamumﬁﬁma"lflJﬁ

jNti’di = J'(Niox)'di—j'Ni’XGXdA
A A A

= [Njo,ldS; ~ [N;,0,dA
A

So
[NjtydA = [(Nit,,),dA- [N
A A A
= INiTXymdSO — INi,yTxydA
S A
J-NiTXy,XdA = J.(NITXy),XdA__.'N
A A A

i,x v xy

So

[N;T,, 1S, — [N, 7, dA
A

(3.18a)

(3.18b)

(3.192)
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[Njo,,dA = [(Njo,),dA-[N; o dA
A A A
= [N;jo,mdS; - [N; o,dA (3.19b)
So A

INI(TX)XdA J(NlTx)di - IleTdi
A A A

= | N;T,IdS,, - [N;,T,dA (3.20a)
Sw A

INi(T,) dA = [(N;T,) dA-[N; T dA
A A A

= N.T,mdS, — [N. T dA (3.20b)
iy w iy'ly
N A

{ 7 s & { o
Taguanenaglii 3.4 1 waz m penemela lxivewammosvilanize 1 AGMINAUYOUVDA
A v [ Y 1
Yyunivg S, Aeveulsumszniena S AvveusuMIzANNIOU A ApuRUDg

a J
BDALNUN

517 3.4 Soulvveurvaves Tamuilan

unuadunnsaluauns (3.18) 84 (3.20) adluaums (3.17 a,b,d)

INI,XGXdA+ INl,yTxydA = INI(GXI+TXym)dSO (3213)
A A So
[N; xTydA+ [N; o, dA = [N;(14l+0,m)dS, (3.21b)
A A So

pC|N; (uT, + VT’y)dA +K[N;, T dA+k] Ni’yT’ydA
A A A

= K[N{(T,I+T,m)dS, + [N;QdA (3.21¢)
S A

w

Mmsunuaanuaunnaums 3.7) W ldluaums (3.21a) wag 3.21b) udrhimsdaglina
v : o Yy A A 4 a 4 v
HazMITANMS (3.21¢) AABAAIY pC TasAwed p gnimvualinifiaaeanuioamud 1214

Y
FATUNTALL
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_/.A'.\NI,XpdA + 2“£Ni,XU,XdA + MJ Nl,y (U’y + V'X)dA = I NIPXdSO (3223)
piN;, (U, +v,)dA- jN pdA + 2pj N;, v, dA = jN P, dS, (3.22b)
A So
j'N (uT, +vT )dA+ jN,XTXdA p—jNi’yT'ydA
- J’N q,,dS,, +— jN QdA (3.22¢)
pC
P, = oyl+tym (3.23a)
Py = ’Exy| +6,m (3.23b)
Qw = KT, J+kT,m (3.24)

A A o At A a Y} A '
(11!‘1/]14! PX,Py ﬂallﬁ\ﬁfnﬂﬂaﬂigﬂWWﬂlﬂUﬂl@\iIﬂLNu{lﬂJWT g ﬂf’)ﬂﬁﬂﬂlmﬂjquﬁﬂumllﬁ'ﬁﬂ"lu

Youvad Tamuilym

qAuNS (3.22a,b) auUMT (3.17¢) Hagaun1s (3.22c)

1 1] o o w Y o dy
gﬂLLUUﬂJGQﬂWGHWHﬁWTN’dTﬂUllﬂﬂ\iu

j(zua—“—pja'\'w UL AN ga = [N,P,dS,
Al ox X ay ox ayd S,
- (ou ov)oN v \oN; |
—+ +| 2u—~-p |—=|[dA = [N;P,dS
J\_“(ay 8XJ5X (“ay pj A S.[)ly 0
j(a—“ aijdA 0
oX oYy
0T g T s N T K AN oT
A oX oy pCa OX OX pCa Oy oYy
=—quWdS +
pCs,

o o <} a
Hansumsiszmameluvesnimig WATYIUNHN

o Y v dy
Tugdoyiusamuninny x uaz y ladail

u_ [@J{u} ;

oX oX %U
Slal oSS
alalm - S

awnsoleunazingllieglu

(3.252)
(3.25b)

(3.25¢)

jN QdA  (3254)

iaaunIs (3.10) @sndeu 1oy

(3.26)




31

UNUAFUNT (3.10) tag (3.26) aalu (3.25 a-d) 3z 1@

T R T e

= Sj {N}P,dS, (3.27a)
0165 e AR e gt o A 7
B Sj {N}P,dS, (3.27b)
it )[‘;':JdA{up e )[f;;leA{} (0} (279
u /{ {N)[i—l)\(leA{Th v /{ {N)'%%JdA{TM % Aj\ {Z—THZ—T JdA{T}+ % /{ {%H%JdA{T}
- is{v {Nig,,ds,, +% /{ {NJQdA (3.27d)

aums (3.27 a-d) annsaden I lugduuuasae il

2uM o Jfut+ My Jut+ Mg fivi-[H, T} = (R (3.28a)

uM )+ 1M Jiv+ 20(my J -, fip}= R} (3.28)

H, ] [H [H{v)= {0} (3.28¢)

ulK, JT) vk, I + [M Jm k[nvl = (Dl+1{Q} (3.284)

Tag M, |= Aj\ {zN H E;I)\(I JdA (3.29a)
[ ] J{?;IHZDI A (3.29b)

My, =M, [ =] {aNHZ')\(' JdA (3.290)

[H]= I{ X}LHJdA (3.29d)

[Hy]: | {aN }LHJUIA (3.29)

K, ]= /{ {N }[(’;N JdA (3.291)
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K, ]= j{N)[%JdA (3.299)
Rut= ;J\{N}deso (3.29)
R,}= SO{N}PdeO (3.29i)
D)= éSW{N}qusW (3290
Q)= % Af\ {NjdA (3.29K)

HUUNe -

) Y
1. 1193910 I UNTLUIUMITAIUINILIINTENINAUMNMT (3.28a-¢) P (3.29d) A9iUAIT u ag
A 1 [~ 1 d‘d‘ Y ) 0'.1 [ 1
v Tuaums (3.28d) azdoudluminann laanmssiuaaauns (3.28a-c) 1uee ddazna Iag

azieealurinde 3.3

a 4 A 4 A a s A 1 9 [
2. WaIne {D} quUNMTN  (3.29) AOWATNFNNAVINMTOVINAINS D URIUYDVUDI TALY

E4
~

Y 4 a a J o 1A o ' o <
Py iiiesnnineniwusnivil inonsandensdiainan wwamnsosmualiidv o

a oA 1 1 a Aa o zﬂy ~ a J v '
wasnaneglugivesmdunnTauuiunveueamuafaasluaums (3.29a-k) 20
a 4 a o 1 @ { o a J
lugdvesedmudwasndnaunsoutassdlfedluansuz ansoii 14l umsseavs

Tsunsunounanes i ludoamudasnazuansluridoda 'l

F% a d a J
3.2 MIAINAUDAINUAUNAINDY

a o J a 4 o a 4 a o a { [
Tumsilszang Wsunsu T Tudiedwudszdosimsasaeamudwasngnnauiod
4

a a dy d‘ A a a Y L] d' 9 a
Tuztvesmsunmsauuiiuil viemsoumniauuvey egluginannsalslumslszavg

a 4 o Y a J { ] 1 a A
Tsunsupeuiames  dwsuAWUALUIAINKATN  zlgasdusalumsmaaunnIa

@ v A = o o a 4
ANNATI Tﬂfﬁ]%!illmﬂﬂﬁlall8u7\lﬂﬂﬂfuﬂ15ﬂ§$u1mﬂ181utﬁlﬂLiJ‘L!Gﬁﬂﬂﬁllﬂﬁ(}11) uag (3.12)

Tugtuvvdai [4]
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[NJ=[R][A] (3.30)
1x6 1x6 6x6
;
wio {N}:[I_R J[A]} _[AT [RT 33D
6x1 1x6 6x6 6Xx6  1x6
Ll
Hi=1<L, (3.32)
L3
Tag
[ ONOM )P - . —1
0 1 0 -2 0.1
[A]T: 00 1--1 -1 O 5.33)
6x6 000 4 0 O
00740 § O 4 %0
000 0 0 4]
L5
L%
L2
Ri=03 (3.34)
6x1 L2L3
L3L1
L1L2
ﬁmﬁmmgﬁuﬁ’mmWqﬁﬁi?uﬂmJwmmmﬂimﬁmﬁauﬁmmu X Ay
ON T O
—: = Al —iR 3.35
{8X} [6><6] OX {6><1} (3-35)
6x1
ON T O
— = |Al —IR 3.35b
{5')/} LSXG] ay{le} ( )

6x1

o J J 1 o’dy v
moyiusvewnmes (R} 91nauns(3.30): Tavawine lunnwesiiszedlugiluuy
1 v Av f { o % 1 v o
agvesilangunnavesiunawdadluagums (3.13) deezegluzilvesdins x waz y hld

U Y] S Y 1 A
ﬁﬁJWiﬂWWﬂ”li’)lng!‘ﬁulﬂIﬂEN”IEJﬂi’]



L3 [2b, 0 O
L5 0 2b, 0
S 12 |0 0 2b
OX oX |L,L, 0 by b,

=[B]' {H}

Tuiweuneiny

L2 bl 0
L2 B 20 0
O Ry & G740 \ N\ OOz
ay ay I—zl—g O CS C2
¥ c; 0. ¢

=[c]"{H}

Seiud NS e AN (3.35) 1ni'lar S9ii

(2} - e

B = AT

6x3 3x1
6x1
Tag

2b, 0 0]

0. 2b, 0

0 0 2b

[B]T _ 3

b3 0 1
_bz bl O |
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(3.36)

(3.37)

(3.38)

(3.39)

(3.40a)

(3.40b)

(3.41)



35

2c, 0 0
0 2¢, O
[c]' = 0 0 2 (3.42)
0 ¢ ¢
c; 0 ¢
LC2 G i

wwudiuwaing [A]" [B]" wag [C]' dumiasi luvagi (R} uaz {H} 1zeglu
o Aaw dy ~ a 4 a I o Y o a a
simanavesilenduiinavesiuil  Taslumsntedmudwasndinnusuiudosinmsdui

1 A A £% 9 r e &
nsamanemantl Feamnsonla laeldgasduiaaail [4]

1311
jLetbinda = P op (3.43)
A (c+B+y+2)!

A dy A a J A
Iﬂt’l A ADWUNVDUDAUNUN TN YN

a 4 a J 1 1 a oA
Laamumumﬂﬁmnﬂuﬁumi (3.29 a-k) ﬁWNTﬁﬂﬂTVlﬁiﬂﬂﬂﬁﬂﬂ?ﬂﬂ?ﬁllﬂuﬂ"lmﬁﬁﬂ“ﬁﬁ

Y 1 1 Y
advuluaumsn (3.30-3.42) U32noUAUMIoUNINTARITUNITN (3.43) saee Tl

msvumasnd M, ], [M,, [, [M]

Tumsm [M,, ] deaunish (3.29 a)

[Mxx]zi

{ ) H‘ ; Jd
oX J| Ox
i]glj'lliﬂﬂﬂﬁmﬂu?IWIﬂﬂﬁNﬂﬁ (3.40a)

M J=[AT [BI (iRl H aals]iA]

L?L L1L2 L1L3

:[A]T [B]TI Ll |—22 Lobs dA[B][A]

|Liks Lol L3

2 1 1
_[AT'[8T % 1 2 1|B]A] (3.44)
11 2

M., ]=[A]'[B]'[c][B][A] (3.45)



36

2 11
Tag [G]:% 121 (3.46)
11 2

wasnd My, [uaz [M,, | fawsomIdludnuazideaiulag

=[A]'[c]'[c][c][A] (3.47)
=M, [ =[AT[c]" [c]B][A] (3.48)

[
[m
msvumasnd [H, ], [H, ]
wasn [H, Juaz [Hy | ennsomIdluimesdeadude
o - [ e
o I'[B]" {H}LH JoA

=[A]"[B]" [{H}H oA (3.49)
H.]=[A]'[B]'[c] (3.50)

aunsom [H, | 1&ludnyaziondu
[H, = [AT [cT'[e] (351)

msmamsnd [K, ], [K, |

a ] 1 [
wasnd [K, Juaz|K, | frunsomIdiswdesnunsdididu fevnaums 3.290

i, 11| 5 o

UNUMIAIBANMST (3.31) UaE (3.40 a)az 16

[K.]= [[A]'[RT[H[B][AJeA
=[A]T [{R]H]dA[B]A] (3.52)
[, ]=[A]"[FI[B][A] (3.53)



' = @ a 4 A Y
LYULAYINU LUATNY I_KyJ ICUAUNINY

K, ]=[AT'Flc][A]

Tag

[F]= /{{R}LHJdA

Il
> —

Il
&> fi

Ly

L

L5
LZLS

Lsly

L,L,

L
L5L,
L5k,

L1L2L3

Lol

MINGATOUNINTA AuMT (3.43) 3zlA

L LiLZ

Ly

Ls

LiL,
L
L3L,
L5Ls
L1L2L3

LiL5

L, |dA

Lils
L5Ls
L3
L,L3

L3k,

LiL,Ls |
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(3.54)

(3.55)

dA

(3.56)
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msvumasng {R,}, {R,}

9 s a < A o A o A
ANHUSNINNIYNTNUDIUINAD TLUATNY {RU}LLEI$ {Rv} AADULINAUNNTENTINUDUUDN

AU e ndnyazveIduiniazegludnuasduinianaonvouvouAIUA WINYDL
1 dyd a S [ J 1 A 1< 4 '
mariiduvewsawuanegaelulawuilym  ussdenanvzauga nanneaziugud ua
1 dyd a P a 9 ~ A 1
mnvevveunartiluvesedmuanuvevvesTawuilymezna laasensal Aonn ludius
A a o w 1 | 4 19 =
nnannmeuennseinylawuvedtlanm  Anzdugud  uaIMINTLIIINMEUBNIN
o 1 1 g J o ' v A A dq Yo a4 o = [
nsgitr Aoz ludugud dusuilgmimsonia minfidveslanznldoaiatinnudeanmuny
a ] . 1 (~? d 3 9 & A =\ A [
AIUBMUYITY (Container)  A192 lillugud iWludu Fusowwesnnudoamuiiinanoszuy

E4
~

9 U = [ Y] 1 v A = 4 ~
tazlananndluunda’ll dedevesssgunvemedanuanaaslaegili 3.5

A v o Al a J A
5UN 3.5 USIAUNTLIMNVO VYD UD AN UAT NN AN

U

E4 ' v
ModilsgiinserunsginveuueupamudAILgade 3-4-2 NilAnwe L d@wsn

=

Gounnmedmaind R, Juaz R, ) 14eedt

L, |0 L, |1
R, = _Pamy L Pty (3.57a)
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0 0
1 0
R} = —% ’ —psé'x : (3.57b)
2 2
0 0
0 0

Tas  p, ABANNAUNYAdDHNIEAY 2
A [ L:' 1
p, fAPANNAUNIAGBNINGEY 3
a J
L A0A2INE1NINDIBUBIATY 2-3 YBUDANUAVULNY X

Ly ﬁammanmwmammé’m 273 mmmamuﬁuuuﬂu y

4 N 3 T Aa @ a
Lﬂ?@ﬂﬁﬂTﬂﬂlﬂﬂ!?ﬂL@]ﬂ{m@ﬁﬂ“lﬁ]$ﬁuﬂﬂﬂﬂﬂﬁﬂ1ﬂﬂlﬂﬂlﬁﬁﬁ1ﬂ|‘g Tunamauny x tazuny y nIni

QU

a = @ <] A g a v a A g
nANAgINULAUNIEIANT LYIn NINFAIUNANINNY Nagiantuay

msvuuning  {Q)

a o"ds’ SR 9 R 4?‘ a s A =
mmﬂﬂnuﬂwmﬂmmmmmumn@mmmummaiumamumummmmﬂaﬂugﬂ

vodlany Aaauns (3.29k)

Tasmsunuaums (3.31) aaluauns (3.29¢) 9z ld

Q)= | lAl ] iRjoA @3
Q - 2Al'E (359

pC
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Tag

{E}= i{R}dA = — (3.60)

M3 g taz Q

4

A 1 A 1 Y = o Aa K
IHDINAIANUHUA (L) gazAmANUIoUNnoNuLAYeIN1e 11 Q uanglagaunis

(2.17) uazaums (2.60) MUEIA Ao

= cyyield

NET

)’
@ J

< T W 1 3 o o 1 A a . % Y
wimunmaInanIuegiuda imslasunlasnnuniealszdniva () vaulasunlagly
a J W 09/’ 1 A 1 Y A1 o A d? <3 A
AMupAUA auiumanuriatazanuseuneiuiavueinielu neznfasunaslia

a d =S o v = a A A
DANUAFUALINY A1vaIANNATanlseaninane [31]

€ = .J28;8;

= 2ty +EyEy +28,8,) (3.61)

Tasaroasimslasundasnnuasganand lagaums (2.13)

. ou
$%H (3.62a)
&, = v (3.62b)
oy
Eyy = 1 (a—u + Q) (3.62¢)

Y20y ox
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1 -~ J o a 4 A
lumsvan € aansolsfedsumstsznameluvoseamuauuurudy  Iasls

< [ d' ° [ d‘ =\ 1 o Y
ANUITIYARRNYNINMIIUMIAIBATINMIasunasnunIean1eY HanFumstseuna

a 9 = a A
Meolunyusadutaa lagguns (3.12) ﬁmwsmmauiugﬂgmiﬂcﬁﬂ@

[H]

TagA1ved L, uandlagauns (3.13)

(L L, L)

L.

A1 a, b, c. uaadlasauns (3.14)

F4
v v

winmdanmadsunasnnuassamunsodenlalugil

& - Z—': {u} =Dbyu; +b,u, +byu, (3.63)
& = %;_' {Vi=cvy +c,v, +C,v, (3.64)
: 1| oH 1|oH

[ 1 o a L d‘ o L% d' =
e ansaii lldszasg llsunsuiedaammoamsulasuuilasnnunion

a a ) [ A i K A o a 4?’
se@nsHa uazi}zm”lﬂqmmmwuﬂuazﬂm:mJiﬁ]umm)mmmmmmﬂiu
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7 .8181 .3888
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R R R S R

*

MTFlow (v

2)

*

* NODAL VELOCITY TEMPERATURE AND PRESSURE SOLUTIONS *
hkkkkkkhkhkhhkhkhhkhhhkhhkhkkkkkhkkhkkkkhhkkkhkkkkkkkkkkkkkk*x

28-May-00

U-VELOCITY

.260285E+01
.260285E+01
.260285E+01

.000000E+00

.188905E+00

11:31:58

NUMBER OF VELOCITY NODES
NUMBER OF TEMPERATURE NODES
NUMBER OF PRESSURE NODES

V-VELOCITY

.000000E+00
.000000E+00
.000000E+00

-000000E+00

.000000E+00

183
183
54

TEMPERATURE

.539073E+02
.588143E+02
.623881E+02

.651590E+02

.615959E+02

PRESSURE

.510018E+03
.331173E+03
.143078E+03

.384544E+04

Rk b R

*

MTF1

ow (v2)

*

* VELOCITY PRESSURE AND TEMPERATURE TOLERANCE *

Rk b S R e R S S R S S

.0242
.9109
.8713
.3954
.0866
.8660
0 02
.5791

H PPN o

PRESSURE TOLERANCE TEMPERATURE TOLERANCE

4

9.7986
6.7565
.6359
.1203
—£i2lC) 2}
.3453
.3047
.2613

.3705
.8393
.1494
.3055
.7679
.3945
.1240
.9224
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PROGRAM MTFlow vl

hokkkkkhkkkhkhkkkhkkhkkhkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk*x

*
A FINITE ELEMENT COMPUTER PROGRAM FOR SOLVING THE METAL FLOW *
UNDER PLANE STRAIN EXTRUSION PROBLEM. *

CHAIYARIT OUPICHIT

*
*
*
*
*
*
*

NN NA

*

*
*

*

khkkkhhkkdhhkhkdkhhhhhhrdhhkdhohdhhdhhbrhhhdrdhdhhkhdhdhdhhhdhhdrhhrdhrrdrhkdhrhhx

THE VALUES DECLARED IN THE PARAMETER STATEMENT BELOW SHOULD
BE ADJUSTED ACCORDING TO THE SIZE OF THE PROBLEMS AND TYPES
OF COMPUTERS:
MXPOIV = MAXIMUM NUMBER OF VELOCITY NODES IN THE MODEL
MXPOIP MAXIMUM NUMBER OF PRESSURE NODES IN THE MODEL
MXELE = MAXIMUM NUMBER OF ELEMENTS IN THE MODEL

NN NA

PARAMETER (MXPOIV=971, MXPOIP=264, MXELE=444)
PARAMETER (MXNEQ=2*MXPOIV+MXPOIP)

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION COORD (MXPOIV,2), TEXT(20)

DIMENSION UVEL (MXPOIV), VVEL (MXPOIV), PRES(MXPOIV)
DIMENSION SYSK(MXNEQ,MXNEQ), SYSR(MXNEQ), SOL (MXNEQ)
DIMENSION VISCOUS (MXELE), SOL O (MXNEQ) ,STRINV (MXELE)

CHARACTER*20 NAME1l, NAME2
CHARACTER*10  ATIME, ADATE

INTEGER INTMAT (MXELE, 6)
INTEGER IBCU(MXPOIV), IBCV(MXPOIV), IBCP (MXPOIV)

khhkhkkhkhkhhkhkhhkhkhhhdhhkhkdkhhdhhhhhhhhdhkhkdhdhdhkhhrhhrdhkrkdhrdrhkhrhhxk

READ INPUT FILE

khhkhkkhkhkhhhhkhkhkdhdhdhkhdhdhhhhhdrdhrdhkhkdhhdhdhrhkhkddhrxdrxrkdrrkdrhkdxdhxxk

OPEN INPUT FILE

NN

10 WRITE (6,20)

20 FORMAT(/,' PLEASE ENTER THE INPUT FILE NAME:', /)
READ(5, ' (A) ',ERR=10) NAME1l
OPEN (UNIT=7, FILE=NAMEl, STATUS='OLD', ERR=10)
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OPEN OUTPUT FILES

11 WRITE(6,21)

21 FORMAT (/,' PLEASE ENTER THE RESULT FILE NAME:',/)
READ(5, ' (A) ' ,ERR=11) NAME2
OPEN (UNIT=8 ,FILE=NAME2, STATUS='NEW' ,ERR=11)
OPEN (UNIT=9 ,FILE='CHECK.OUT', STATUS='UNKNOWN')
OPEN (UNIT=10, FILE='CONV.OUT' , STATUS='UNKNOWN')

READ TITLE OF COMPUTATION:

READ(7,*) NLINES
DO 100 ILINE=1,NLINES
READ(7,1) TEXT
1 FORMAT (20A4)
100 CONTINUE

READ INPUT DATA:

READ(7,1) TEXT
WRITE (9,104)
104 FORMAT (' NPOIV ~ NPOIP NELEM ')
READ (7, *) NPOIV, NPOIP, NELEM
WRITE(9,105) NPOIV, NPOIP, NELEM
105 FORMAT (41I8)
IF (NPOIV.GT.MXPOIV) WRITE(6,110) NPOIV
110 FORMAT (/,' PLEASE INCREASE THE PARAMETER MXPOIV TO',I5)
IF (NPOIV.GT.MXPOIV) STOP
IF (NPOIP.GT.MXPOIP) WRITE(6,120) NPOIP
120 FORMAT(/,' PLEASE INCREASE THE PARAMETER MXPOIP TO',I5)
IF (NPOIP.GT.MXPOIP) STOP
IF (NELEM.GT.MXELE) WRITE(6,130) NELEM
130 FORMAT (/,' PLEASE INCREASE THE PARAMETER MXELE TO',I5)
IF (NELEM.GT.MXELE) STOP

READ MATERIAL PROPERTIES:

READ(7,1) TEXT
WRITE (9,134)
134 FORMAT (' YIELD STRESS INITIAL VISCOSITY MAX ITERATION')
READ(7,*) YIELD , VIS ,MITER
WRITE(9,135) YIELD , VIS ,MITER
135 FORMAT (2E12.4,1I4)

READ NODAL COORDINATES, BOUNDARY CONDITIONS, THEIR VALUES:
REQUIREMENT: MAIN NODES MUST BE NUMBERED FIRST

READ(7,1) TEXT
WRITE(9,138) NPOIV
138 FORMAT (' NODAL INFORMATION (NODE NO., U-V-P BC, X-Y COOCRD, ',

* ' U-V-P VALUES): [', I4, ']’ )
DO 150 IP=1,NPOIV
READ (7, *) I, IBCU(I), IBCV(I), IBCP(I),

* (COORD (I,K), K=1,2), UVEL(I), VVEL(I), PRES(I)
WRITE(9,152) I, IBCU(I), IBCV(I), IBCP(I),

* (COORD (I,K), K=1,2), UVEL(I), VVEL(I), PRES(I)

152 FORMAT (I6, 3I4, 5E12.4)
IF(I.NE.IP) WRITE(6,155) IP

155 FORMAT(/, ' NODE NO.', I5, ' IN DATA FILE IS MISSING')
IF(I.NE.IP) STOP

150 CONTINUE

READ ELEMENT NODAL CONNECTIONS:
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READ(7,1) TEXT
WRITE(9,157) NELEM

157 FORMAT (' ELEMENT NODAL CONNECTIONS: [', I4, ']')
DO 160 IE=1,NELEM
READ (7, *) I, (INTMAT(I,J), J=1,6)
WRITE(9,162) I, (INTMAT(I,J), J=1,6)

162 FORMAT (71I8)

IF(I.NE.IE) WRITE(6,165) IE
165 FORMAT(/, ' ELEMENT NO.',6 I5, ' IN DATA FILE IS MISSING')
IF(I.NE.IE) STOP

160 CONTINUE

WRITE (6,220) NPOIV, NPOIP, NELEM

220 FORMAT(/,' *+*%* THE FINITE ELEMENT MODEL CONSISTS OF:', /,
* ' NUMBER OF VELOCITY NODES =', I6, /,
* ' NUMBER OF PRESSURE NODES =', 16, /,
* ' NUMBER OF ELEMENTS =', I6 )

BUILD UP THE ELEMENTS VISCOSITY FOR THE FIRST ITERATION

DO 226 IE = 1,NELEM
VISCOUS (IE) VIS
226 CONTINUE

ESTABLISH ALL ELEMENT MATRICES AND ASSEMBLE THEM TO FORM
FORM UP SYSTEM EQUATTIONS

R R EE R RS R R SRR RS LR R R R R R R R R R R R R R R R R SRS

MAIN ITERATION

R EE R R SRR SRR RS RS R R R R R R R R R R R R R R R R R R R SRS

DO 1000 LOOP = 1,MITER

WRITE(6,225) LOOP
225 FORMAT (/,10X, ' **xkkkkkkkkhkkkkkkkkhxkkkkkn !
* /,10X,! **x%%* TTERATION NO.',6I2,' **%x%',

* /,lOX,l ***************************')

NEQ = 2*NPOIV + NPOIP
DO 180 1I=1,NEQ
SYSR(I) = 0.

180 CONTINUE
DO 190 1I=1,NEQ
DO 150 J=1,NEQ
SYSK(I,J) = 0.

190 CONTINUE

WRITE (6,230)
230 FORMAT(/,' *** ESTABLISHING ELEMENT MATRICES AND',

* ' ASSEMBLING ELEMENT EQUATIONS ***! )
CALL TRI (NPOIV, NPOIP, NELEM , NEQ,

* VISCOUS, COORD, INTMAT, INTMATF,

* SYSK, SYSR, MXPOIV, MXELE , MXNEQ)

APPLY BOUNDARY ‘CONDITIONS  OF NODAL VELOCITIES AND ‘PRESSURE

WRITE (6,240)
240 FORMAT (/,' *+*% APPLYING BOUNDARY CONDITIONS OF NODAL',

* ' VELOCITIES AND PRESSURES ***! )
CALL APPLYBC (NPOIV, NPOIP, NEQ, IBCU, IBCV, IBCP,

* SYSK, SYSR, UVEL, VVEL, PRES, MXPOIV,

* MXPOIP, MXNEQ )

SOLVE A SET OF SIMULTANEOUS SYSTEM EQUATIONS FOR SOLUTIONS
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WRITE (6,250)
250 FORMAT(/,' *** SOLVING A SET OF SIMULTANEOUS EQS. FOR',

* ' VELOCITY AND PRESSURE SOLUTIONS ***! )
WRITE(6,260) NEQ
260 FORMAT (5X,'( TOTAL OF', I5,' EQUATIONS TO BE SOLVED )')

CALL GAUSS (NEQ, SYSK, SYSR, SOL, MXNEQ)
CHECK CONVERGENCE

IF (LOOP.EQ.1) GOTO 900
WRITE (6,670)
670 FORMAT (/,'*** CHECKING CONVERGENCE **%!')
CALL CONVERGE (MXNEQ,MXPOIV,MXPOIP,SOL,SOL O, TOLV, TOLP
* ,NPOIV,NPOIP,NEQ)

PRINT OUT TOLERANCE

IF (LOOP.EQ.2) THEN
WRITE(10,500)

500 FORMAT (/’12X’l*****************************************l’/’
* 12X, '* MTFlow (v1) *,/,
* 12X, '* VELOCITY AND PRESSURE TOLERANCE *t,/,
* 12X’ IR R S S S EE TSRS RS SR SR SRS SRR EREEEEEEEEEEE S SR ')

WRITE (10,505)

505 FORMAT(/,5X, 'LOOP',10X, 'VELOCITY TOLERANCE', 10X,
* ' PRESSURE TOLERANCE')
ENDIF

WRITE(10,510) LOOP,TOLV,TOLP
510 FORMAT (5X,I3,13X,F12.4,16X,F12.4)

WRITE (6,370) TOLV,TOLP

370 FORMAT(/,' VELOCITY TOLERANCE =',6Fl12.4,/,
* ' PRESSURE TOLERANCE =',Fl12.4 )
IF (TOLV.LE.1.0.AND.TOLP.LE.1.0) GOTO 1100

900 CONTINUE
SOLVE FOR NEW ELEMENT VISCOSITY
WRITE (6,265)

265 FORMAT (/,'*** SOLVING FOR THE NEW SET OF VISCOSITY ***')
CALL ELEVIS (NPOIV,NPOIP,NELEM,NEQ, COORD, INTMAT, SOL
* ,VISCOUS, MXPOIV, YIELD, MXELE, STRINV)
SAVE THE RESULTS HISTORY
DO 910 I=1,NEQ
SOL_O(I)=SOL(I)

910 CONTINUE

1000 CONTINUE
WHEN THE MAIN ITERATION REACH THE MITER PARAMETER
WRITE (6,1010)

1010 FORMAT. (/,'*#****%* SOLUTIONS DO NOT CONVERGE #***#x%!)
STOP

1100 CONTINUE

134
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890

850

855

860

800

820
810

840
830

LR R R R R SR EEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESEEEE]

PRINT OUT SOLUTIONS

LR R R R RS EEEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESEEEE]

ROUND-OFF SOLUTION VALUES FOR NEAT OUTPUT:
ROFF = 1.E-6

DO 890 TIEQ=1,NEQ

IF (ABS(SOL(IEQ)) .LT.ROFF) SOL(IEQ) = O.
CONTINUE

WRITE OUTPUT FILE

WRITE (8,850)

FORMAT (/,8X, IR RS SRR RS SRR SRR R SRR RS R EE R EEEEEEEEEEEEEEEEE N , /1
* 8X, '* MTFlow (v1) *1 ./,
* 8X, '* NODAL VELOCITY AND PRESSURE SOLUTIONS *',/,
* 8X’ '*****************************************')

DATE AND TIME RECORD

CALL DATE (ADATE)

CALL TIME (ATIME)

WRITE (8,855) ADATE, ATIME

FORMAT (/,8X,A10,3X,A10 )

WRITE (8,860) NPOIV,NPOIP

FORMAT (/, 8X, 'NUMBER OF VELOCITY NODES : ' ,1I5,/,

* 8X, 'NUMBER OF PRESSURE NODES : ' ,I5)

WRITE (8,800)

FORMAT (/, " NODE U-VELOCITY V-VELOCITY PRESSURE', /)

DO 810 I=1,NPOIP

WRITE(8,820) I , SOL(I) , SOL(I+NPOIV) , SOL(I+2*NPOIV)

FORMAT (I6,3E16.6 )

CONTINUE

DO 830 I=NPOIP+1,NPOIV

WRITE(8,840) I , SOL(I) , SOL(I+NPOIV)

FORMAT (I6,2E16.6)

CONTINUE

STOP

END

SUBROUTINE APPLYBC (NPOIV, NPOIP, NEQ, IBCU, IBCV, IBCP,
* SYSK, SYSR, UVEL, VVEL, PRES, MXPOIV,

* MXPOIP, MXNEQ )

APPLY BOUNDARY CONDITIONS FOR NODAL VELOCITIES AND PRESSURES
WITH CONDITION CODES OF:

0 = FREE TO CHANGE (TO BE COMPUTED)

1l = FIXED AS SPECIFIED

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION SYSK (MXNEQ,MXNEQ), SYSR (MXNEQ)
DIMENSION UVEL (MXPOIV), ‘VVEL (MXPOIV), PRES (MXPOIV)
INTEGER IBCU(MXPOIV), IBCV(MXPOIV), IBCP (MXPOIV)

APPLY BOUNDARY CONDITIONS FOR NODAL U-VELOCITIES:
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110

120

100

210

220

200

310

320

300

IEQL = 1

IEQ2 = NPOIV

DO 100 IEQ=IEQ1,IEQ2

IEQU = IEQ

IF (IBCU(IEQU) .EQ.0) GO TO 100

DO 110 IR=1,NEQ

IF(IR.EQ.IEQ) GO TO 110

SYSR(IR) = SYSR(IR) - SYSK(IR,IEQ)*UVEL (IEQU)
SYSK(IR,IEQ) = O.

CONTINUE

DO 120 IC=1,NEQ
SYSK(IEQ,IC) = 0.
CONTINUE

SYSK(IEQ,IEQ) = 1.
SYSR (IEQ) = UVEL (IEQU)

CONTINUE

APPLY BOUNDARY CONDITIONS FOR NODAL V-VELOCITIES:

IEQ1 = NPOIV + 1

IEQ2 = 2*NPOIV

DO 200 TIEQ=IEQ1,IEQ2

IEQV = IEQ - NPOIV
IF(IBCV(IEQV) .EQ.0) GO TO 200

DO 210 IR=1,NEQ

IF(IR.EQ.IEQ) @GO TO 210

SYSR(IR) = SYSR(IR) - SYSK(IR,IEQ)*VVEL (IEQV)
SYSK(IR,IEQ) = O.

CONTINUE

DO 220 IC=1,NEQ
SYSK(IEQ,IC) = 0.
CONTINUE

SYSK(IEQ,IEQ) = 1.
SYSR (IEQ) = VVEL (IEQV)

CONTINUE

APPLY BOUNDARY CONDITIONS FOR NODAL PRESSURES :

IEQl = 2*NPOIV +-1

IEQ2 = NEQ

DO 300 IEQ=IEQ1,IEQ2

IEQP = IEQ - 2*NPOIV

IF (IBCP(IEQP) .EQ.0) GO TO 300

DO 310 IR=1,NEQ

IF(IR.EQ.IEQ) GO TO 310

SYSR(IR) = SYSR(IR) - SYSK(IR,IEQ)*PRES (IEQP)
SYSK(IR,IEQ) = O.

CONTINUE

DO 320 IC=1,NEQ

SYSK (IEQ, IC) =.0.
CONTINUE

SYSK(IEQ,IEQ) = 1.
SYSR(IEQ) = PRES(IEQP)

CONTINUE
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RETURN
END

SUBROUTINE ASSMBLE (IE, INTMAT, AKELE, RELE, SYSK, SYSR,
NPOIV, NEQ, NELEM, MXNEQ, MXELE )

ASSEMBLE ELEMENT EQUATIONS INTO SYSTEM EQUATIONS

IMPLICIT REAL*8 (A-H,0-2Z)
DIMENSION AKELE(15,15), RELE(15)
DIMENSION SYSK(MXNEQ,MXNEQ), SYSR(MXNEQ)

INTEGER INTMAT (MXELE, 6)
ASSEMBLING SYSTEM STIFFNESS MATRIX
CONTRIBUTION OF COEFFICIENTS ASSOCIATED WITH U & V VELOCITIES:

DO 100 I=1,6

DO 100 J=1,6

II = INTMAT(IE,I)
JJ = INTMAT (IE,J)
K I+ 6

L =J + 6

KK = NPOIV + II
LL = NPOIV + JJ

SYSK(II,JJ) = SYSK(II,JJ) + AKELE(I,J)
SYSK(II,LL) = SYSK(II,LL) + AKELE(I,L)
SYSK (KK, JJ) = SYSK(KK,JJ) + AKELE(K,J)
SYSK (KK,LL) = SYSK(KK,LL) + AKELE(K,L)
CONTINUE

CONTRIBUTION OF COEFFICIENTS ASSOCIATED WITH PRESSURE:

DO 200 1I=1,6

DO 200 J=1,3

II = INTMAT(IE,I)
JJ = INTMAT (IE,J)
K I+ 6

L =J + 12

KK = NPOIV + II
LL = 2*NPOIV + JJ

SYSK(II,LL) = SYSK(II,LL) + AKELE(I,L)
SYSK(KK,LL) = SYSK(KK,LL) + AKELE(K,L)
SYSK(LL,II) = SYSK(LL,II) + AKELE(L,I)
SYSK(LL,KK) = SYSK(LL,KK) + AKELE (L,K)
CONTINUE

ASSEMBLING SYSTEM LOAD VECTOR
CONTRIBUTION OF VALUES ASSOCIATED WITH U & V VELOCITIES:

DO 300 I=1,6
IT = INTMAT (IE,I)

K =1I+6

KK = NPOIV + II

SYSR(II) = SYSR(II) + RELE(I)
SYSR(KK) = SYSR(KK) + RELE (K)
CONTINUE

CONTRIBUTION OS VALUES ASSOCIATED WITH PRESSURE:
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DO 400 1I=1,3
II = INTMAT(IE,I)
K =1+ 12
KK = 2*NPOIV + II
SYSR(KK) = SYSR(KK) + RELE (K)
400 CONTINUE

RETURN
END

SUBROUTINE GAUSS (N, A, B, X, MXNEQ)

IMPLICIT REAL*8 (A-H,0-2Z)

DIMENSION A (MXNEQ,MXNEQ), B (MXNEQ), X (MXNEQ)
PERFORM SCALING:

CALL SCALE(N, A, B, MXNEQ)

FORWARD ELIMINATION:

PERFORM ACCORDING TO ORDER OF 'PRIME' FROM 1 TO N-1:
DO 100 IP=1,N-1

PERFORM PARTIAL PIVOTING:

CALL PIVOT(N, A, B, MXNEQ, IP)

LOOP OVER EACH EQUATION STARTING FROM THE ONE THAT CORRESPONDS
WITH THE ORDER OF 'PRIME' PLUS ONE:

DO 200 IE=IP+1,N
RATIO = A(IE,IP)/A(IP,IP)

COMPUTE NEW COEFEICIENTS OF THE EQUATION CONSIDERED:
DO 300 IC=IP+1,N
A(IE,IC) = A(IE,IC) - RATIO*A(IP,IC)
300 CONTINUE
B(IE) = B(IE) - RATIO*B(IP)

200 CONTINUE
SET COEFFICIENTS ON LOWER LEFT PORTION TO ZERO:
DO 400 TIE=IP+1,N
A(IE,IP) = 0.
400 CONTINUE
100 CONTINUE
BACK SUBSTITUTION:
COMPUTE  SOLUTION OF THE LAST EQUATION:
X(N) = B(N)/A(N,N)
THEN COMPUTE SOLUTIONS FROM EQUATION N-1 TO 1:
DO 500 IE=N-1,1,-1
SUM = 0.

DO 600 IC=IE+1,N
SUM = SUM + A(IE,IC)*X(IC)
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600

500

10

20

20

30

10

CONTINUE

X(IE) = (B(IE) - SUM)/A(IE,IE)
CONTINUE

RETURN

END

SUBROUTINE PIVOT (N, A, B, MXNEQ, IP)
IMPLICIT REAL*8 (A-H,0-2Z)
DIMENSION A (MXNEQ,MXNEQ), B (MXNEQ)

PERFORM PARTIAL PIVOTING:

JP = IP
BIG = ABS(A(IP,IP))
DO 10 I=IP+1,N

AMAX = ABS(A(I,IP))
IF (AMAX.GT.BIG) THEN
BIG = AMAX

Jp =1

ENDIF

CONTINUE

IF(JP.NE.IP) THEN

DO 20 J=IP,N

DUMY = A(JP,J)
A(JP,J) = A(IP,J)
A(IP,J) = DUMY
CONTINUE

DUMY = B(JP)
B(JP) = B(IP)
B(IP) = DUMY
ENDIF

RETURN

END

SUBROUTINE SCALE(N, A, B, MXNEQ)
IMPLICIT REAL*8 (A-H,0-2Z)
DIMENSION A (MXNEQ,MXNEQ) , B (MXNEQ)

PERFORM SCALING:

DO 10 IE=1,N

BIG = ABS(A(IE,1))

DO 20 1IC=2,N

AMAX = ABS(A(IE,IC))

IF (AMAX.GT.BIG) BIG = AMAX
CONTINUE

DO 30 IC=1,N

A(IE,IC) = A(IE,IC)/BIG
CONTINUE

B(IE) = B(IE)/BIG
CONTINUE

RETURN

END

SUBROUTINE MULMAT (A, B, C, I, J, K)

PERFORM MATRIX MULTIPLICATION: [C(I,K)] = [A(I,J)]

[B(J,K)]
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IMPLICIT REAL*8 (A-H,O0-Z)
DIMENSION A(I,J), B(J,K), C(I,K)

DO 10 IR=1,I

DO 10 IC=1,K

C(IR,IC) = O.

DO 20 1Is=1,dJ

C(IR,IC) = C(IR,IC) + A(IR,IS)*B(IS,6IC)
CONTINUE

CONTINUE

RETURN
END

SUBROUTINE TRI (NPOIV, NPOIP, NELEM , NEQ,
VISCOUS, COORD, INTMAT, INTMATF,
SYSK, SYSR, MXPOIV, MXELE, MXNEQ)

ESTABLISH ALL ELEMENT MATRICES AND ASSEMBLE THEM TO FORM
UP SYSTEM EQUATIONS

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION COORD (MXPOIV,2), SYSK (MXNEQ,MXNEQ), SYSR (MXNEQ)
DIMENSION A(6,6), B(3,6), C(3,6), G(3,3)

DIMENSION AT (6,6), BT(6,3), CT(6,3)

DIMENSION P66 (6,6), P36(3,6), Q036(3,6), P63(6,3)
DIMENSION AK11l(6,6), AK22(6,6), AK12(6,6), AK21(6,6)
DIMENSION AL1(6,3), AL2(6,3), ALIT(3,6), AL2T(3,6)
DIMENSION AKELE(15,15), RELE(15) ,VISCOUS (MXELE)

INTEGER INTMAT (MXELE, 6)

SET UP [A] MATRIX:

DO 10 1I=1,6
DO 10 J=1,6
A(I,J) =0
CONTINUE
A(1,1) = 1.
A(2,2) = 1.
A(3,3) = 1.
A(4,4) 4.
A(5,5) = 4.
A(6,6) 4
A(4,2) = -1
A(4,3) = -1
A(5,1) = -1
A(5,3) = -1
A(6,1) = -1
A(6,2) -1

ALSO COMPUTE [A] TRANSPOSE:

CONTINUE
LOOP OVER THE NUMBER OF ELEMENTS :

DO 500 IE=1,NELEM
VISC = VISCOUS (IE)
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30

40

FIND

II
JJ

KK =

XG1
XG2
XG3
YG1
YG2
YG3

( )
( )
= COORD (KK, 1)
( )
( )

ELEMENT LOCAL COORDINATES:

INTMAT (IE, 1)
INTMAT (IE, 2)
INTMAT (IE, 3)
COORD(II, 1
COORD (JJ, 1

COORD (II,2

= COORD (JJ, 2

AREA=

*
*

*

IF (AREA.LE.0.) STOP
AREA2 = 2.*AREA

Bl = (YG2 - YG3)/AREA2
B2 = (YG3 - YG1l)/AREA2
B3 = (YGl - YG2)/AREA2
c1 (XG3 - XG2) /AREA2
C2 = (XGl - XG3)/AREA2
C3 = (XG2 - XG1)/AREA2
SET UP [B] AND [C] MATRICES:
DO 30 1I=1,3

DO 30 J=1,6

B(I,J) = 0.

C(1,J) = 0.

CONTINUE

B(1,1) = 2.*Bl

B(1,5) = B3

COMPUTE [B] AND [C] TRANSPOSE:

DO 40
DO 40

BT (J,I) = B
CT(J,I) C

COORD (KK, 2)

0.5% (XG2* (YG3-YG1)
IF(AREA.LE.O.)
5 FORMAT(/,' !!! ERROR
' HAS NEGATIVE OR ZERO AREA

141

+ XG1* (YG2-YG3) + XG3* (YGl-YG2))
WRITE (6,5)
ELEMENT NO.', I5,

v/

! --- CHECK F.E. MODEL FOR NODAL COORDINATES',
' AND ELEMENT NODAL CONNECTIONS ---' )

CONTINUE

SET UP

[G] MATRIX:
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50

60

FAC = AREA/12.

FAC2 = 2.*FAC
G(1,1) = FAC2
G(2,2) = FAC2
G(3,3) = FAC2
G(1,2) = FAC
G(1,3) = FAC
G(2,1) = FAC
G(2,3) = FAC
G(3,1) = FAC
G(3,2) = FAC

COMPUTE [K11] MATRIX (WITHOUT
CALL MULMAT( B, A, P36, 3,
CALL MULMAT( G, P36, Q36, 3,
CALL MULMAT (BT, Q36, P66, 6,
CALL MULMAT (AT, P66, AK1ll, 6,
COMPUTE [K22] MATRIX (WITHOUT
CALL MULMAT( C, P26y 3,
CALL MULMAT( G, P36, Q36, 3,
CALL MULMAT (CT, Q36, P66, 6,
CALL MULMAT (AT, P66, AK22, 6,
COMPUTE [K12] MATRIX (WITHOUT
CALL MULMAT( B, o0 JP36 §+3,
CALL MULMAT( G, P36, Q36, 3,
CALL MULMAT(CT, Q36, P66, 6,
CALL MULMAT (AT, P66, AKl2, 6,
COMPUTE ACTUAL [K11], [K22],
DO 50 I=1,6

DO 50 J=1,6

AK11(I,J) = VISC*AK11l(I,J)

)

AK22(I,J) = VISC*AK22(I,J)
)
)

AK12(I,J) = VISC*AK12 (I, J)
AK21(J,I) = AK1l2(I,J)
CONTINUE

VIS) :

O wwo

VIS) :

oW wo

VIS) :

6
<
<
6

Y O OV OO
—_— — — —

o O O O

o O O O

[K12],

COMPUTE [L1] AND [L2] MATRICES:

CALL MULMAT (BT, @
CALL MULMAT (AT, P63,
CALL MULMAT (CT, G,
CALL MULMAT (AT, P63,
DO 60 1I=1,6

DO 60 J=1,3

AL1(I,J) = -AL1(I,J)
AL2(I,J) = -AL2(I,J)
AL1T(J,I) = AL1(I,J)
AL2T (J, I) AL2 (I, d)
CONTINUE

FORM UP ELEMENT STIFFNESS MATRIX AND LOAD VECTOR:

DO 100 1I=1,15
RELE(I) = O.
DO 100 J=1,15

P63,
AL1,
P63,
AL2,

6,
6,
6,
6,

~ ~ ~ =~

oW o w

AND

[K21] :
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AKELE (I,J) = O.
100 CONTINUE

DO 110 1I=1,6

DO 120 J=1,6

AKELE(I ,J ) = 2.*%AK11(I,J) + AK22(I,J)

AKELE (I+6,J+6) = AK11(I,J) + 2.*AK22(I,J)

AKELE (I ,J+6) = AK12(I,J)

AKELE (I+6,J ) = AK21(I,J)
120 CONTINUE

DO 130 J=1,3

AKELE(I ,J+12) = AL1(I,J)

AKELE (I+6,J+12) = AL2(I,J)
130 CONTINUE
110 CONTINUE

DO 140 1I=1,3

DO 140 J=1,6

AKELE (I+12,J ) = ALIT(I,J)

AKELE (I+12,J+6) = AL2T(I,J)
140 CONTINUE

ASSEMBLE THESE ELEMENT MATRICES TO FORM SYSTEM EQUATIONS:

CALL ASSMBLE ( IE, INTMAT, AKELE, RELE, SYSK, SYSR,

* NPOIV, NEQ, NELEM, MXNEQ, MXELE )
500 CONTINUE

RETURN

END

SUBROUTINE ELEVIS (NPOIV,NPOIP,NELEM,NEQ,COORD, INTMAT, SOL

* , VISCOUS,MXPOIV,YIELD, MXELE, STRINV)

SUBROUTINE FOR COMPUTE NONLINEAR VISCOSITY

IMPLICIT REAL*8 (A-H,0-Z2)

DIMENSION COORD (MXPOIV,2) , VISCOUS(NELEM) , STRINV(NELEM)

* , SOL (NEQ)

INTEGER INTMAT (MXELE, 6)
DO 500 IE = 1,NELEM
II = INTMAT(IE,1)

JJ = INTMAT (IE,2)

KK = INTMAT (IE,3)

XG1 = COORD (II,1)

XG@2 = COORD(JJ,1)

XG3 = COORD (KK, 1)
YGL = COORD(II,2)
YG2 = COORD (JJ,2)
YG3 = COORD (KK, 2)
AREA= 0.5% (XG2* (YG3-YGl) + XGl* (YG2-YG3) + XG3* (YGl-YG2))

Bl = (YG2 - YG3)
B2 = (YG3 -/ YGI)
B3 = (YGl - YG2)
Cl = (XG3 - XG2)
C2 = (XGl - XG3)
C3 = (XG2 - XG1)

Ul = SOL(IT)
U2 = SOL(JJ)
U3 = SOL (KK)
V1 = SOL(II+NPOIV)
V2 = SOL (JJ+NPOIV)
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V3 = SOL (KK+NPOIV)

STR_X = (B1*Ul+B2*U2+B3*U3)/(2.*AREA)
STR_Y = (C1*V1+C2*V2+C3*V3)/(2.*AREA)
STR_XY = (C1*Ul+C2%U2+C3*U3+B1*V1+B2*V2+B3*V3)/(4.*AREA)
STRINV (IE) = SQRT(2.* (STR X*STR X+STR _Y*STR_Y+STR XY*STR XY*2.))
VISCOUS (IE) = YIELD/ (SQRT(3.)*STRINV (IE))
IF (VISCOUS(IE).GT.1.E6)  VISCOUS(IE)=1.E6
500 CONTINUE
RETURN
END

SUBROUTINE CONVERGE (MXNEQ,MXPOIV,MXPOIP,SOL,SOL O, TOLV, TOLP
* ,NPOIV,NPOIP,NEQ)

SUBROUTINE FOR COMPUTE THE CONVERGENCE CRITERIA
IMPLICIT REAL*8 (A-H,0-2Z)

DIMENSION SOL (MXNEQ) ,SOL V(MXPOIV),SOL_P(MXPOIP),SOL_O (MXNEQ)
DIMENSION SOL_ NV (MXPOIV) , SOL_NP (MXPOIP)

DO 100 IV = 1,NPOIV

SOL_V(IV) = SQRT((SOL(IV))**2.+ (SOL(IV+NPOIV))**2.)

SOL NV (IV)= SQRT ( (SOL_O(IV))**2.+ (SOL_O (IV+NPOIV))**2.)
100 CONTINUE

DO 200 IP = 1,NPOIP

SOL_P(IP) = SOL(IP+(2.*NPOIV))

SOL_NP (IP)= SOL_O(IP+(2.*NPOIV))
200 CONTINUE

COMPUTE THE NECESSARY PARAMETERS
AAA = 0.
BBB = 0.
CCC = 0.
DDD = 0.

DO 300 J = 1,NPOIV

AA = (SOL_V(J)-SOL_NV(J))**2.
AAA = AAA + AA
BB = (SOL NV (J))**2

BBB = BBB + BB
300 CONTINUE

DO 400 K = 1,NPOIP

CC = SOL_P(K)
CCcC = CCC + CC
DD = SOL NP (K)

DDD = DDD + DD
400 CONTINUE

TOLV = SQORT(AAA/BBB)*100.
TOLP = ABS ((DDD-CCC) /DDD) *100.

500 CONTINUE
RETURN
END
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YIELD CRITERIA

NODE

1500.00
IBCU

OO OO0 O0OO0OHOOOOOFRRHFPOOOOOHFHHOOOOORPFPOOOOOHOOOOOHFFOOOOOOHOOOOOOOOOOOOoOo

IBCV

OORFHRRHRPOOFRFFFPFRPRPPPOOOOOOHFHOOOOOOHROOOOOOHOOOOORFRRHRPKHFRPHFPFHEPEPPPOOOOOOOOORRKRRERR

INITIAL VISCOSITY MAX ITERATION

1000.00
IBCP

[ejeoNcNoNoNoNoNoNolololoNoloNoNoNoNoNoloNolololoNoNoloNoloNooNolololololoNoNoNoNol o il ol ol SHeNoNeoNol SloNeoNe)

1 I 1 I 1 I 1
RRERPRRR

20

X-COOR Y-COOR V-VEL U-VEL PRESSU
14.000 .000 .000 .000 .000
16.000 .000 .000 .000 .000
18.000 .000 .000 .000 .000
20.000 .000 .000 .000 .000
12.000 2.000 .000 .000 .000
14.000 2.000 .000 .000 .000
16.000 2.000 .000 .000 .000
18.000 2.000 .000 .000 .000
20.000 2.000 .000 .000 .000
14.000 4.000 .000 .000 .000
16.000 4.000 .000 .000 .000
18.000 4.000 .000 .000 .000
20.000 4.000 .000 .000 .000
.000 .000 1.000 .000 .000
2.000 .000 .000 .000 .000
4.000 .000 .000 .000 .000
6.000 .000 .000 .000 .000
8.000 .000 .000 .000 .000
10.000 .000 .000 .000 .000
12.000 .000 .000 .000 .000
.000 2.000 1.000 .000 .000
2.000 2.000 .000 .000 .000
4.000 2.000 .000 .000 .000
6.000 2.000 .000 .000 .000
8.000 2.000 .000 .000 .000
10.000 2.000 .000 .000 .000
.000 4.000 1.000 .000 .000
2.000 4.000 .000 .000 .000
4.000 4.000 .000 .000 .000
6.000 4.000 .000 .000 .000
8.000 4.000 .000 .000 .000
10.000 4.000 .000 .000 .000
12.000 4.000 .000 .000 .000
.000 6.000 1.000 .000 .000
2.000 6.000 .000 .000 .000
4.000 6.000 .000 .000 .000
6.000 6.000 .000 .000 .000
8.000 6.000 .000 .000 .000
10.000 6.000 .000 .000 .000
12.000 6.000 .000 .000 .000
.000 8.000 1.000 .000 .000
2.000 8.000 .000 .000 .000
4.000 8.000 .000 .000 .000
6.000 8.000 .000 .000 .000
8.000 8.000 .000 .000 .000
10.000 8.000 .000 .000 .000
12.000 8.000 .000 .000 .000
.000 10.000 1.000 .000 .000
2.000 10.000 .000 .000 .000
4.000 10.000 .000 .000 .000
6.000 10.000 .000 .000 .000
8.000 10.000 .000 .000 .000
10.000 10.000 .000 .000 .000
12.000 10.000 .000 .000 .000
15.000 .000 .000 .000 .000
14.000 1.000 .000 .000 .000
15.000 1.000 .000 .000 .000
13.000 .000 .000 .000 .000
17.000 .000 .000 .000 .000
16.000 1.000 .000 .000 .000
17.000 1.000 .000 .000 .000
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161
162
163
164
165
166
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168
169
170
171
172
173
174
175
176
177
178
179
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181
182
183

ELEMENT NODAL CONNECTION [ 76]:

1

2
3
4

14
21
27
34
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27
34
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178

108
125
144
163
107
124
143
162
179

111
128
147
166
110
127
146
165
180

Sel
114
J3ile
150
169
df"3
130
149
168
181
100
187

160

106
123
142
161

91
108
125
144
163

109
126
145
164
94
10l 18
128
147
166

112
129
148
167

97
114
131
150
169

TS
182
151
170
100
i Ry
134
"
X2
e
118
13’5
154
173
103
119
137
156
175

120
138
157
176

71
75
67
56
73
57
74

161

104
121
140
159

109
126
145
164

107
124
143
162
95
112
52 9
148
167
93
110
LW
146
INGE

1L 185
132
185 i
170

113
130
149
168
101
118
135
154
1=73

*f=i=6
38
152
171

120
138
L5
176
102
70
136
155
174
75
67
58
66
57
74
55
72
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150

69 2 8 7 76 60 61
70 7 12 11 85 77 78
71 2 3 8 63 61 59
72 7 8 12 80 78 76
73 3 9 8 79 63 64
74 8 13 12 86 80 81
75 3 4 9 65 64 62
76 8 9 13 82 81 79
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* MTFlow (v1) *
* NODAL VELOCITY AND PRESSURE SOLUTIONS *

LR RS R R SRR SRS SRR R EEE SR EEEEEE EEEEEEEEEE SRS

OUTPUT RECORDED ON :31-May-00 ine 3.0 v
NUMBER OF VELOCITY NODES : 183
NUMBER OF PRESSURE NODES : 54
NODE U-VELOCITY V-VELOCITY PRESSURE
1 .259984E+01 .000000E+00 .306955E+03
2 .259960E+01 .000000E+00 .227881E+02
3 .259949E+01 .000000E+00 -.374138E+02
4 .259946E+01 .000000E+00 .000000E+00
5 .259929E+01 -.128442E-02 -.160007E+03
6 .259945E+01 .139544E-03 -.198054E+03
7 .259946E+01 .105423E-03 -.561887E+02
8 .259945E+01 .417203E-04 -.227746E+02
9 .259944E+01 .370046E-04 .000000E+00
10 .259927E+01 .181367E-03 .000000E+00
11 .259936E+01 .598065E-04 .000000E+00
12 .259942E+01 .413480E-04 .000000E+00
13 .259942E+01 .358149E-04 .000000E+00
14 .100000E+01 .000000E+00 .311452E+04
15 .100172E+01 .000000E+00 .300652E+04
16 .102212E+01 .000000E+00 .250944E+04
17 .116264E+01 .000000E+00 .224486E+04
18 .164089E+01 .000000E+00 .119145E+04
19 .258925E+01 .000000E+00 .881245E+03
20 .259985E+01 .000000E+00 .119491E+04
21 .100000E+01 .000000E+00 .291960E+04
22 .100225E+01 -.495566E-02 .279982E+04
23 .102124E+01 -.455660E-01 .250268E+04
24 .112288E+01 -.228669E+00 .224387E+04
25 .134956E+01 -.596053E+00 .151243E+04
26 .199979E+01 -.658377E+00 .165930E+04
27 .100000E+01 .000000E+00 .289844E+04
28 .100111E+01 -.962805E-02 .289435E+04
29 .100948E+01 -.1735945E-01 .281329E+04
30 .103273E+01 -.323570E+00 .266213E+04
31 .103684E+01 -.743341E+00 .253139E+04
32 .100234E+01 -.106791E+01 .293774E+04
33 .000000E+00 -.707834E+00 .114014E+04

34 .100000E+01 .000000E+00 .311152E+04



.998806E+00
.988954E+00
.934268E+00
.762738E+00
.426674E+00
.000000E+00
.100000E+01
.998332E+00
.982154E+00
.900347E+00
.669905E+00
.323200E+00
.000000E+00
.100000E+01
.999648E+00
.984750E+00
.901906E+00
.670744E+00
.315040E+00
.000000E+00
.259971E+01
.259974E+01
.259963E+01
.259993E+01
.259954E+01
.259956E+01
.259951E+01
.259947E+01
.259948E+01
.259946E+01
.259945E+01
.259944E+01
.259888E+01
.259743E+01
.259972E+01
.242115E+01
.210935E+01
.259945E+01
.259920E+01
.259931E+01
.259983E+01
.259945E+01
.259937E+01
.259941E+01
.259944E+01
.259942E+01
.259942E+01
.259942E+01
.259932E+01
.195157E+01
.259940E+01
.259942E+01
.100062E+01
.100000E+01
.100065E+01
.101160E+01
.100195E+01
.100994E+01
.108170E+01
.102382E+01
.106786E+01
.141823E+01
.116356E+01
.131386E+01

.925511E-02
.680660E-01
.277786E+00
.582812E+00
.694071E+00
.698636E+00
.000000E+00
.460607E-02
.395665E-01
.148730E+00
.301696E+00
.343867E+00
.283206E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.127619E-03
.115420E-03
.000000E+00
.000000E+00
.758356E-04
.457412E-04
.000000E+0Q0
.256954E-04
.185481E-04
.221097E-04
.114300E-03
.146438E-03
.568831E-02
.299514E-03
.384396E+00
.411481E+00
.145818E-03
.973566E-04
.102603E-03
.660039E-04
.684597E-04
.829105E-04
.626057E-04
.318587E-04
.437465E-04
.360067E-04
.396826E-04
.807676E-04
.326024E+00
.550372E-04
.350325E-04
.000000E+00
.000000E+00
.106829E-02
.000000E+00
.246238E-02
.130774E-01
.000000E+00
.244406E-01
.775519E-01
.000000E+00
.124614E+00
.258355E+00

.311616E+04
.313491E+04
.319548E+04
.340835E+04
.348812E+04
.482187E+04
.284683E+04
.299574E+04
.329977E+04
.359313E+04
.385179E+04
.403052E+04
.396157E+04
.333287E+04
.345334E+04
.364775E+04
.387553E+04
.404052E+04
.402930E+04
.395505E+04

151



99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

.207627E+01
.157012E+01
.188099E+01
.259601E+01
.236728E+01
.100102E+01
.100000E+01
.100064E+01
.101181E+01
.100155E+01
.100748E+01
.107067E+01
.101515E+01
.103787E+01
.125875E+01
.107583E+01
.112219E+01
.162218E+01
.118714E+01
.123157E+01
.155225E+01
.183738E+01
.100047E+01
.100000E+01
.999672E+00
.100565E+01
.999401E+00
.997336E+00
.102540E+01
.995117E+00
.982234E+00
.105015E+01
.964160E+00
.921016E+00
.102297E+01
.857185E+00
.755991E+00
.779200E+00
.578314E+00
.383616E+00
.000000E+00
.999649E+00
.100000E+01
.999109E+00
.995290E+00
.997339E+00
.990375E+00
.968944E+00
.978861E+00
.948397E+00
.860817E+00
.896737E+00
.810977E+00
.612095E+00
.686924E+00
.536691E+00
.179515E+00
.354471E+00
.173213E+00
.000000E+00
.999377E+00
.100000E+01
.999836E+00
.991537E+00

.000000E+00
.324775E+00
.418133E+00
.000000E+00
.330201E+00
.215363E-02
.000000E+00
.360576E-02
.230696E-01
.778319E-02
.341765E-01
.128255E+00
.642012E-01
.175171E+00
.403954E+00
.297461E+00
.508971E+00
.696284E+00
.732043E+00
.898635E+00
.102032E+01
.967611E+00
.449811E-02
.000000E+00
.467945E-02
. EPCO23E-0T
.105685E-01
.402155E-01
.195533E+00
.769462E-01
.188231E+00
.539299E+00
.322150E+00
.499331E+00
.921709E+00
.699853E+00
.798951E+00
.113989E+01
.932034E+00
.988861E+00
.992703E+00
.408629E-02
.000000E+00
©235461E-02
.369908E-01
.740227E-02
.265460E-01
.171533E+00
.573516E-01
.123800E+00
.445539E+00
.223690E+00
.332443E+00
.682495E+00
.452175E+00
.514051E+00
.702185E+00
.527083E+00
.475062E+00
.450037E+00
.182779E-02
.000000E+00
.296766E-03
.208654E-01
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163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

.998416E+00
.993096E+00
.946239E+00
.978858E+00
.948019E+00
.790996E+00
.889135E+00
.792949E+00
.498206E+00
.657432E+00
.490802E+00
.161175E+00
.314271E+00
.153048E+00
.000000E+00
.999867E+00
.992908E+00
.945811E+00
.790132E+00
.495372E+00
.156884E+00

.289652E-02
.736588E-02
.955449E-01
.224795E-01
.385419E-01
.242114E+00
.790554E-01
.108274E+00
.347215E+00
.153751E+00
.170720E+00
.315648E+00
.169851E+00
.161766E+00
.146789E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00

153
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*

A FINITE ELEMENT COMPUTER PROGRAM FOR SOLVING THE METAL FLOW *
UNDER PLANE STRAIN EXTRUSION WITH THERMAL COUPLING. *

*
*
*
* *
* CHAIYARIT OUPICHIT *
* *
IR RS E SRS SRS EE SRS RS EEESE SR E SRR EEEEEEEEEEEREEEEEEEEEEEEEEEEEEEEEEES

THE VALUES DECLARED IN THE PARAMETER STATEMENT BELOW SHOULD
BE ADJUSTED ACCORDING TO THE SIZE OF THE PROBLEMS AND TYPES
OF COMPUTERS:
MXPOIV = MAXIMUM NUMBER OF VELOCITY NODES IN THE MODEL
MXPOIP MAXIMUM NUMBER OF PRESSURE NODES IN THE MODEL
MXELE = MAXIMUM NUMBER OF ELEMENTS IN THE MODEL

PARAMETER (MXPOIV=971, MXPOIP=264, MXELE=444)
PARAMETER (MXNEQ=2*MXPOIV+MXPOIP)

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION COORD (MXPOIV,2), TEXT(20)

DIMENSION UVEL (MXPOIV), VVEL (MXPOIV), PRES (MXPOIV),6 TEMP (MXPOIV)
DIMENSION SOLT (MXPOIV) ,SOLT O (MXPOIV) ,b SOL (MXNEQ) ,h SOL_ O (MXNEQ)
DIMENSION SYSK(MXNEQ,MXNEQ) , SYSR (MXNEQ)

DIMENSION VISCOUS (MXELE) ,UVELOC (MXPOIV) , VVELOC (MXPOIV)
DIMENSION STRINV (MXELE)

CHARACTER*20 . NAME1, NAME2
CHARACTER*10 ATIME, ADATE

INTEGER INTMAT (MXELE, 6)
INTEGER IBCU(MXPOIV), IBCV(MXPOIV), IBCP(MXPOIV), IBCT (MXPOIV)

LR EEEE SRR SRS S SR LRSS RS R SRS S SR SRR SRR SRR EEEEEEEEESEEREEES]

READ INPUT FILE

EEEEREE S LRSS SR SRR SRS SR SRS SRR SRR SRS RS EEE SRR EEEESEEEEEEE SRS

OPEN INPUT FILE

WRITE (6,20)

FORMAT (/,' PLEASE ENTER THE INPUT FILE NAME:', /)
READ (5, '(A) “,ERR=10). NAMEI

OPEN (UNIT=7, FILE=NAMEl, STATUS='OLD', ERR=10)

OPEN OUTPUT FILES

11 WRITE(6,21)
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21 FORMAT(/,' PLEASE ENTER THE RESULT FILE NAME:',/)
READ (5, ' (A)',ERR=11) NAME2
OPEN (UNIT=8,FILE=NAME2, STATUS='NEW' ,ERR=11)
OPEN (UNIT=9, FILE='CHECK.OUT', STATUS='UNKNOWN')
OPEN (UNIT=10,FILE='CONV.OUT' ,STATUS='UNKNOWN')

READ TITLE OF COMPUTATION:

READ(7,*) NLINES
DO 100 ILINE=1,NLINES
READ(7,1) TEXT
1 FORMAT (2024)
100 CONTINUE

READ INPUT DATA:

READ(7,1) TEXT
WRITE (9,104)
104 FORMAT (' NPOIV  NPOIP NELEM 1)
READ (7, *) NPOIV, NPOIP, NELEM
WRITE (9,105) NPOIV, NPOIP, NELEM
105 FORMAT (418)
IF (NPOIV.GT.MXPOIV) WRITE(6,110) NPOIV
110 FORMAT(/,' PLEASE INCREASE THE PARAMETER MXPOIV TO',I5)
IF (NPOIV.GT.MXPOIV) STOP
IF (NPOIP.GT.MXPOIP) WRITE(6,120) NPOIP
120 FORMAT (/,' PLEASE INCREASE THE PARAMETER MXPOIP TO',I5)
IF (NPOIP.GT.MXPOIP) STOP
IF (NELEM.GT.MXELE) WRITE(6,130) NELEM
130 FORMAT(/,' PLEASE INCREASE THE PARAMETER MXELE TO',I5)
IF (NELEM.GT.MXELE) STOP

READ MATERIAL PROPERTIES:

READ(7,1) TEXT
WRITE(9,134)

134 FORMAT (' YIELD STRESS INITIAL VISCOSITY MAX ITERATION DEN
*SITY HEAT CONDUCTIVITY SPECIFIC HEAT MECH HEAT')
READ (7, *) YIELD, VIS,T INI ,MITER,DENSITY,CONDUCT,SPCHEAT,HEAT J

WRITE (9,135)YIELD, VIS,T INI ,MITER,DENSITY,CONDUCT, SPCHEAT,6HEAT J
135 FORMAT (3E12.4,I4 , 4El2.4)

READ NODAL COORDINATES, BOUNDARY CONDITIONS, THEIR VALUES:
REQUIREMENT: MAIN NODES MUST BE NUMBERED FIRST

READ(7,1) TEXT
WRITE(9,138) NPOIV
138 FORMAT (' NODAL INFORMATION (NODE NO., U-V-P BC, X-Y COORD, ',

* ' U-V-P VALUES): [', I4, ']’ )
DO 150 IP=1,NPOIV
READ (7, *) I, IBCU(I), IBCV(I), IBCT(I) , IBCP(I),

* (COORD (I,K), K=1,2), UVEL(I), VVEL(I),TEMP(I),PRES(I)
WRITE(9,152) I, IBCU(I), IBCV(I), IBCT(I), IBCP(I),

* (COORD (I,K), K=1,2), UVEL(I), VVEL(I),TEMP(I),PRES(I)

152 FORMAT (I6, 4T4, 6E12.4)
IF(I.NE.IP) WRITE(6,155) IP

155 FORMAT(/, ' NODE NO.', I5, ' IN DATA FILE IS MISSING')
IF(I.NE.IP) STOP

150 CONTINUE

READ ELEMENT NODAL CONNECTIONS:

READ(7,1) TEXT
WRITE(9,157) NELEM
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157 FORMAT (' ELEMENT NODAL CONNECTIONS: [', I4, ']')
DO 160 IE=1,NELEM
READ (7, *) I, (INTMAT(I,J), J=1,6)
WRITE(9,162) I, (INTMAT(I,J), J=1,6)

162 FORMAT (71I8)

IF(I.NE.IE) WRITE(6,165) IE
165 FORMAT(/, ' ELEMENT NO.',6 I5, ' IN DATA FILE IS MISSING')
IF(I.NE.IE) STOP

160 CONTINUE

WRITE (6,220) NPOIV, NPOIP, NELEM

220 FORMAT(/,' *+*%* THE FINITE ELEMENT MODEL CONSISTS OF:', /,
* ' NUMBER OF VELOCITY NODES =', I6, /,
* ' NUMBER OF PRESSURE NODES =', 16, /,
* ' NUMBER OF ELEMENTS ="', I6)

INITIAL ELEMENT VISCOSITY

DO 226 IE = 1,NELEM
VISCOUS (IE) VIS
226 CONTINUE

INITIAL ELEMENT TEMPERATURE

DO 227 I = 1,NPOTV
SOLT(I) = T_INI
227 CONTINUE

ESTABLISH ALL ELEMENT MATRICES AND ASSEMBLE THEM TO
FORM UP SYSTEM EQUATIONS

R R EE R R SRR SRR RS R SRR R R R R R R RS R R SRR R SRS

MAIN ITERATION
khkkkkkkkkkkhhhkkhhhkkhhhhkhhhkkhkkhkkkkkhkhkkkkkkkkkkkkkx*

DO 1000 LOOP = 1,MITER

WRITE (6,225) LOOP
225 FORMAT (/,10X, ' **xkkkkxkkkkhkkkkhhkkhxhkhkn !
* /,10X, ' ***x%*%* TTERATION NO.',I2,' **%x%!,

* /’lOX" ***************************’)

NEQ = 2*NPOIV + NPOIP
DO 180 1I=1,NEQ
SYSR(I) = 0.

180 CONTINUE
DO 190 1I=1,NEQ
DO 150 J=1,NEQ
SYSK(I,J) = O.

190 CONTINUE

BUILD UP ELEMENT MATRICES

WRITE (6,230)
230 FORMAT(/,' **% ‘ESTABLISHING ELEMENT MATRICES AND',

* | ASSEMBLING ELEMENT EQUATIONS **=1)
CALL TRI(NPOIV, NPOIP, NELEM, NEQ,

* VISCOUS, COORD, INTMAT, INTMATF,

* SYSK, SYSR, MXPOIV, MXELE, MXNEQ)

APPLY BOUNDARY CONDITIONS OF NODAL VELOCITIES AND PRESSURE

WRITE (6,240)
240 FORMAT (/,' *+*% APPLYING BOUNDARY CONDITIONS OF NODAL',
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* ' VELOCITIES AND PRESSURES ***1!)

CALL APPLYBC (NPOIV, NPOIP, NEQ, IBCU, IBCV, IBCP,
* SYSK, SYSR, UVEL, VVEL, PRES, MXPOIV,
* MXPOIP, MXNEQ )

SOLVE A SET OF SIMULTANEOUS SYSTEM EQUATIONS FOR SOLUTIONS

WRITE (6,250)
250 FORMAT(/,' *** SOLVING A SET OF SIMULTANEOUS EQS. FOR',

* ' VELOCITY AND PRESSURE SOLUTIONS *#**!' )
WRITE(6,260) NEQ
260 FORMAT (5X,'( TOTAL OF', I5,' EQUATIONS TO BE SOLVED )')

CALL GAUSS (NEQ, SYSK, SYSR, SOL, MXNEQ)
COMPUTE NEW ELEMENTS VISCOSITY

WRITE (6,265)

265 FORMAT (/,'**+* SOLVING FOR THE NEW SET OF VISCOSITY *%%!')
CALL ELEVIS (NPOIV,NPOIP,NELEM,NEQ,COORD, INTMAT, SOL
* , VISCOUS, MXPOIV, YIELD,MXELE, STRINV, SOLT)

COMPUTE ENERGY EQUATION

WRITE (6,264)
264 FORMAT (/,'#*#*%%%% SOLVING FOR NODALS TEMPERATURE #*#**%%%%1)
CALL THERMAL (MXPOIV,MXELE, COORD, INTMAT, SOL,VISCOUS, STRINV, IBCT,
TEMP, SOLT,NPOIV,NELEM, DENSITY, CONDUCT, SPCHEAT,
* YIELD, HEAT J,MXNEQ, UVELOC, VVELOC)

CHECK CONVERGENCE

IF (LOOP.EQ.1) GOTO 900
WRITE (6,670)
670 FORMAT (/,'*** CHECKING CONVERGENCE *xx!')
CALL CONVERGE (MXNEQ,MXPOIV,MXPOIP,SOL,SOL O,LOOP, TOLV, TOLP
* , TOLT, NPOIV,NPOIP,NEQ, SOLT, SOLT O)

PRINT OUT TOLERANCE

IF (LOOP.EQ.2) THEN
WRITE(10,500)

500 FORMAT (/, 16X, "*kkkkkkskhhkokhkokhkhkhkhkhkhhhkhkkhkhhkhkkkkhkkhkkkkkkkn !/
* 16X, '* MTFlow (v2) x',/,
* 16X, '* VELOCITY PRESSURE AND TEMPERATURE TOLERANCE *',/,
* 16X’ LR o l)

WRITE (10,505)

505 FORMAT (/,5X, 'LOOP',5X, '"VELOCITY TOLERANCE',5X,
* 'PRESSURE TOLERANCE', 5X, 'TEMPERATURE TOLERANCE')
ENDIF

WRITE (10,510) LOOP, TOLV, TOLP, TOLT
510 FORMAT (5X,I3,8X,F12.4,10X,F12.4,10X,F12.4)

WRITE(6,370) TOLV,TOLP, TOLT

370 FORMAT (/, "' <VELOCITY TOLERANCE =, Fl2.447/5
* ! PRESSURE TOLERANCE =',Fl12.4,/,
* " TEMPERATURE TOLERANCE =',Fl12:4 )

IF (TOLV.LE.1.0.AND.TOLP.LE.1.0.AND.TOLT.LT.1.0) GOTO 1100
900 CONTINUE

SAVE RESULTS HISTORY
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DO 910 IV = 1,NEQ
SOL_O(IV) = SOL(IV)
910 CONTINUE

DO 920 IT = 1,NPOIV
SOLT_O(IT) = SOLT(IT)
920 CONTINUE

1000 CONTINUE

WRITE (6,1010)
1010 FORMAT (/,'****** SOLUTIONS DO NOT CONVERGE **#**%%1)

1100 CONTINUE

LR R R R R R R R EEEREEEEEEEEEEEEEEEEEESEEEEEEEEEEEEEEEEEEEESEEEE]

PRINT OUT SOLUTIONS OF NODAL VELOCITIES , PRESSURES

ELEMENT STRAIN INVARIANT AND EQUAVALENT STRESS:
hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkdkkkkkkk ok ok k&%

ROUND-OFF SOLUTION VALUES FOR NEAT OUTPUT:

ROFF = 1.E-6

DO 890 TIEQ=1,NEQ

IF (ABS(SOL(IEQ)) .LT.ROFF) SOL(IEQ) = O.
890 CONTINUE

DO 891 1II= 1,NPOIV

IF(ABS(SOLT(II)).LT.ROFF) SOLT(II) = O.

891 CONTINUE
WRITE OUTPUT FILE
WRITE (8,850)

850 FORMAT
* (/ngll*****************************************************l’/’
* 8X, '* MTFlow (v2) *1,/,
* 8X, '* NODAL VELOCITY TEMPERATURE AND PRESSURE SOLUTIONS *',/,
* 8X,l*****************************************************l)

PRINT DATE AND TIME RECORD

CALL DATE (ADATE)

CALL TIME (ATIME)

WRITE (8,855)ADATE, ATIME
855 FORMAT (/,8X, Al0,3X,Al0 )

WRITE (8,860) NPOIV,NPOIV,NPOIP

860 FORMAT (/,8X, 'NUMBER OF VELOCITY NODES : ' ,15,/,
* 8X, 'NUMBER OF TEMPERATURE NODES : ' ,1I5,/,
* 8X, '"NUMBER OF PRESSURE NODES : ', I5)
WRITE(8,800)
800 FORMAT
* (/" NODE U-VELOCITY V-VELOCITY TEMPERATURE

*PRESSURE', /)
DO 810 I=1,NPOIP
WRITE(8,820) I , SOL(I),SOL(I+NPOIV),bSOLT(I),SOL(I+2*NPOIV)
820 FORMAT(I6,4E16.6 )
810 CONTINUE
DO 830 I=NPOIP+1,NPOIV
WRITE (8,840) I , SOL(I) , SOL(I+NPOIV) , SOLT(I)
840 FORMAT (I6,3E16.6)
830 CONTINUE
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STOP
END

SUBROUTINE APPLYBC(NPOIV, NPOIP, NEQ, IBCU, IBCV, IBCP,
SYSK, SYSR, UVEL, VVEL, PRES, MXPOIV,
MXPOIP, MXNEQ )

APPLY BOUNDARY CONDITIONS FOR NODAL VELOCITIES AND PRESSURES
WITH CONDITION CODES OF:

0 = FREE TO CHANGE (TO BE COMPUTED)

1 = FIXED AS SPECIFIED

IMPLICIT REAL*8 (A-H,0-2Z)
DIMENSION SYSK(MXNEQ,MXNEQ), SYSR(MXNEQ)
DIMENSION UVEL (MXPOIV), VVEL (MXPOIV), PRES(MXPOIV)

INTEGER IBCU(MXPOIV), IBCV(MXPOIV), IBCP(MXPOIV)
APPLY BOUNDARY CONDITIONS FOR NODAL U-VELOCITIES:

IEQL = 1

IEQ2 = NPOIV

DO 100 IEQ=IEQ1,IEQ2

IEQU = IEQ

IF (IBCU(IEQU) .EQ.0) GO TO 100

DO 110 IR=1,NEQ

IF(IR.EQ.IEQ) GO TO 110

SYSR(IR) = SYSR(IR) - SYSK(IR,IEQ)*UVEL (IEQU)
SYSK(IR,IEQ) = 0.

CONTINUE

DO 120 IC=1,NEQ

SYSK(IEQ,IC) = 0.
CONTINUE

SYSK(IEQ,IEQ) = 1.
SYSR(IEQ) = UVEL(IEQU)
CONTINUE

APPLY BOUNDARY CONDITIONS FOR NODAL V-VELOCITIES:

IEQ1 = NPOIV + 1

IEQ2 = 2*NPOIV

DO 200 IEQ=IEQ1,IEQ2

IEQV = IEQ - NPOIV
IF(IBCV(IEQV) .EQ.0) GO TO 200

DO 210 IR=1,NEQ

IF(IR.EQ.IEQ) GO TO 210

SYSR(IR) = SYSR(IR) - SYSK(IR,IEQ)*VVEL (IEQV)
SYSK(IR,IEQ) = O.

CONTINUE

DO 220 IC=1,NEQ

SYSK(IEQ,IC) = O.
CONTINUE

SYSK(IEQ,IEQ) = 1.
SYSR(IEQ) = VVEL(IEQV)
CONTINUE
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APPLY BOUNDARY CONDITIONS FOR NODAL PRESSURES:

IEQL = 2*NPOIV + 1

IEQ2 = NEQ

DO 300 IEQ=IEQ1,IEQ2

IEQP = IEQ - 2*NPOIV

IF (IBCP(IEQP) .EQ.0) GO TO 300
DO 310 IR=1,NEQ

IF(IR.EQ.IEQ) GO TO 310
SYSR(IR) = SYSR(IR) - SYSK(IR,IEQ)*PRES (IEQP)
SYSK(IR,IEQ) = O.

CONTINUE

DO 320 1IC=1,NEQ

SYSK(IEQ,IC) = O.

CONTINUE

SYSK(IEQ,IEQ) = 1.

SYSR(IEQ) = PRES (IEQP)
CONTINUE

RETURN

END

100

SUBROUTINE ASSMBLE ( 1IE,

NPOTV, NEQ,

INTMAT, AKELE,
NELEM, MXNEQ,

RELE, SYSK, SYSR,

MXELE )

ASSEMBLE ELEMENT EQUATIONS INTO SYSTEM EQUATIONS

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION AKELE(15,15), RELE(15)
DIMENSION SYSK(MXNEQ,MXNEQ) ,
INTEGER INTMAT (MXELE, 6)

ASSEMBLING SYSTEM STIFFNESS MATRIX

SYSR (MXNEQ)

CONTRIBUTION OF COEFFICIENTS ASSOCIATED WITH U & V VELOCITIES:

DO 100 I=1,6

DO 100 J=1,6

II = INTMAT (IE,I)

JJ = INTMAT (IE,dJ)

K =14+ 6

L =J + 6

KK = NPOIV + II

LL = NPOIV + JJ

SYSK(II,JJ) = SYSK(II,JJ) + AKELE(I,J)
SYSK(II LL) = SYSK(II,LL) + AKELE(I,L)
SYSK(KK,JJ) = SYSK(KK,JJ) + AKELE (K, J)
SYSK (KK,LL) = SYSK(KK,LL)  + AKELE (K, L)
CONTINUE

CONTRIBUTION OF COEFFICIENTS ASSOCIATED WITH PRESSURE:

DO
DO
II =
JJ =
K =

200 I=1,6
200 J=1,3
INTMAT (IE, I)
INTMAT (IE, J)
I+ 6
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L =J + 12
KK = NPOIV + II
LL = 2*NPOIV + JJ

SYSK(II,LL) = SYSK(II,LL) + AKELE(I,L)
SYSK(KK,LL) = SYSK(KK,LL) + AKELE (K, L)
SYSK(LL,II) = SYSK(LL,II) + AKELE(L,I)
SYSK(LL,KK) = SYSK(LL,KK) + AKELE (L,K)
CONTINUE

ASSEMBLING SYSTEM LOAD VECTOR
CONTRIBUTION OF VALUES ASSOCIATED WITH U & V VELOCITIES:

DO 300 1I=1,6
IT = INTMAT(IE,I)

K =1+ 6
KK = NPOIV + II

SYSR(II) = SYSR(II) + RELE(I)
SYSR(KK) = SYSR(KK) + RELE (K)
CONTINUE

CONTRIBUTION OS VALUES ASSOCIATED WITH PRESSURE:

DO 400 1I=1,3

IT = INTMAT (IE,I)

K =1+ 12

KK = 2*NPOIV + IT

SYSR (KK) = SYSR(KK) + RELE (K)
CONTINUE

RETURN
END

SUBROUTINE GAUSS (N, A, B, X, MXNEQ)

IMPLICIT REAL*8 (A-H,0-2%)

DIMENSION A (MXNEQ,MXNEQ), B (MXNEQ), X (MXNEQ)
PERFORM SCALING:

CALL SCALE(N, A, B, MXNEQ)

FORWARD ELIMINATION:

PERFORM ACCORDING TO ORDER OF 'PRIME' FROM 1 TO N-1:
DO 100 TIP=1,N-1

PERFORM PARTIAL PIVOTING:

CALL PIVOT(N, A, B, MXNEQ, IP)

LOOP OVER EACH EQUATION STARTING FROM THE ONE THAT CORRESPONDS
WITH THE ORDER OF 'PRIME' PLUS ONE:

DO 200 TIE=IP+1,N
RATIO = A(IE,IP)/A(IP,IP)

COMPUTE NEW COEFFICIENTS OF THE EQUATION CONSIDERED:
DO 300 IC=IP+1,N

A(IE,IC) = A(IE,IC) - RATIO*A(IP,IC)
CONTINUE
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B(IE) = B(IE) - RATIO*B(IP)
CONTINUE

SET COEFFICIENTS ON LOWER LEFT PORTION TO ZERO:

DO 400 TIE=IP+1,N

A(IE,IP) = 0.

CONTINUE

CONTINUE

BACK SUBSTITUTION:

COMPUTE SOLUTION OF THE LAST EQUATION:

X(N) = B(N)/A(N,N)

THEN COMPUTE SOLUTIONS FROM EQUATION N-1 TO 1:

DO 500 IE=N-1,1,-1

SUM = 0.

DO 600 IC=IE+1,N

SUM = SUM + A(IE,IC)*X(IC)
CONTINUE

X(IE) = (B(IE) - SUM)/A(IE,IE)
CONTINUE

RETURN

END

SUBROUTINE PIVOT (N, A, B, MXNEQ, IP)
IMPLICIT REAL*8 (A-H,0-2Z)
DIMENSION A (MXNEQ,MXNEQ) , B (MXNEQ)

PERFORM PARTIAL PIVOTING:

JP = IP
BIG = ABS(A(IP,IP))
DO 10 I=IP+1,N

AMAX = ABS(A(I,IP))
IF (AMAX.GT.BIG) THEN
BIG = AMAX

Jp =1

ENDIF

CONTINUE

IF (JP.NE.IP)  THEN

DO 20 J=IP,N

DUMY = A(JP,J)
A(JP,J) = A(IP,J)
A(IP,J) = DUMY
CONTINUE

DUMY = B(JP)
B(JP) = B(IP)
B(IP) = DUMY
ENDIF

RETURN

END

SUBROUTINE SCALE(N, A, B, MXNEQ)
IMPLICIT REAL*8 (A-H,0-2)
DIMENSION A (MXNEQ,MXNEQ), B (MXNEQ)
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PERFORM SCALING:

DO 10 IE=1,N

BIG = ABS(A(IE,1))

DO 20 1IC=2,N

AMAX = ABS(A(IE,IC))

IF (AMAX.GT.BIG) BIG = AMAX
CONTINUE

DO 30 IC=1,N

A(IE,IC) = A(IE,IC)/BIG
CONTINUE

B(IE) = B(IE)/BIG
CONTINUE

RETURN

END

SUBROUTINE MULMAT (A, B, C, I, J, K)
PERFORM MATRIX MULTIPLICATION: [C(I,K)] = [A(I,J)] [B(J,K)]

IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION A(I,J), B(J,K), C(I,K)

DO 10 IR=1,I

DO 10 IC=1,K

C(IR,IC) = O.

DO 20 1Is=1,dJ

C(IR,IC) = C(IR,IC) + A(IR,IS)*B(IS,6IC)
CONTINUE

CONTINUE

RETURN
END

SUBROUTINE TRI (NPOIV, NPOIP, NELEM, NEQ,
VISCOUS, COORD, INTMAT, INTMATF,
SYSK, SYSR, MXPOIV, MXELE, MXNEQ)

ESTABLISH ALL ELEMENT MATRICES AND ASSEMBLE THEM TO FORM
UP SYSTEM EQUATIONS

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION COORD(MXPOIV,2), SYSK(MXNEQ,MXNEQ), SYSR (MXNEQ)
DIMENSION A(6,6), B(3,6), C(3,6), G(3,3)

DIMENSION AT(6,6), BT(6,3), CT(6,3)

DIMENSION P66(6,6), P36(3,6), Q36(3,6), P63(6,3)
DIMENSION AK11l(6,6), AK22(6,6), AK12(6,6), AK21(6,6)
DIMENSION AL1l(6,3), AL2(6,3), ALIT(3,6), AL2T(3,6)
DIMENSION AKELE(15,15), RELE(15) ,VISCOUS (MXELE)

INTEGER INTMAT (MXELE, 6)

SET UP [A] MATRIX:

A(I,J) =
CONTINUE
A(l1,1) = 1.
A(2,2)

Il
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A(3,3) = 1
A(4,4) 4
A(5,5) = 4
A(6,6) = 4.
A(4,2) = -1.
A(4,3) = -1.
A(5,1) = -1.
A(5,3) = -1.
A(6,1) = -1.
A(6,2) = -1.

ALSO COMPUTE [A] TRANSPOSE:

DO 20 I=1,
DO 20 J=1,
AT(J,I) = A
CONTINUE

6
6
(I,3)

LOOP OVER THE NUMBER OF ELEMENTS :

DO 500 IE=1,NELEM
VISC = VISCOUS(IE)

FIND ELEMENT LOCAL COORDINATES:

II = INTMAT(IE,1)
JJ = INTMAT (IE,2)
KK = INTMAT (IE, 3)
XGl = COORD(II,1)
XG2 = COORD(JJ,1)
XG3 = COORD (KK, 1)
YGl = COORD(II,2)
YG2 = COORD (JJ, 2)

YG3 = COORD (KK, 2)

AREA= 0.5%* (XG2* (YG3-YG1l) + XG1* (YG2-YG3) + XG3*(YG1l-YG2))
IF(AREA.LE.O0.) WRITE(6,5) IE

FORMAT(/,' !!! ERROR !!! ELEMENT NO.',6 IS5,

* ' HAS NEGATIVE OR ZERO AREA ', /,

* '  --- CHECK F.E. MODEL FOR NODAL COORDINATES',
* ' AND ELEMENT NODAL CONNECTIONS ---' )
IF (AREA.LE.0.) STOP

AREA2 = 2.*AREA

Bl = (YG2 - YG3)/AREA2

B2 = (YG3 - YG1l)/AREA2

B3 = (YG1l - YG2)/AREA2

Cl = (XG3 - X@2)/AREA2

C2 = (XG1 - XG3)/AREA2

C3 = (XG2 - XG1)/AREA2

SET UP [B] AND [C] MATRICES:

DO 30 1I=1,3
DO 30 J=1,6
B(I,J) = 0.
Cc(1,J) =0.
CONTINUE
B(1,1).= 2.*B1
B(1,5) = B3
B(1,6) = B2
B(2,2) = 2.*B2
B(2,4) = B3
B(2,6) Bl
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COMPUTE [B] AND [C] TRANSPOSE:

DO 40 I=1,
DO 40 J=1,
BT(J,I) = B
CT(J,I) C
CONTINUE

SET UP [G] MATRIX:

FAC = AREA/12.

FAC2 = 2.*FAC
G(1,1) = FAC2

G(2,2) = FAC2

G(3,3) = FAC2

G(1,2) = FAC

G(1,3) = FAC

G(2,1) = FAC

G(2,3) = FAC

G(3,1) = FAC

G(3,2) = FAC

COMPUTE [K11] MATRIX (WITHOUT
CALL MULMAT( B, A, Br3c =,
CALL MULMAT( G, P36, Q36, 3,
CALL MULMAT (BT, Q36, P66, 6,
CALL MULMAT (AT, P66, AKll, 6,
COMPUTE [K22] MATRIX (WITHOUT
CALL MULMAT ( C, A, P36, 3,
CALL MULMAT( G, P36, Q36, 3,
CALL MULMAT (CT, Q36, P66, 6,
CALL MULMAT (AT, P66, AK22, 6,
COMPUTE [K12] MATRIX (WITHOUT
CALL MULMAT( B, A, P36, 3,
CALL MULMAT( G, P36, . Q36, 3,
CALL MULMAT (CT, Q36, P66, 6,
CALL MULMAT(AT, P66, AK12, 6,
COMPUTE ACTUAL [K11], [K22],
DO 50 . I=1,6

DO 50 J=1,6

AK11(I,J) = VISC*AK11l (I,J)
AK22(I,J) = VISC*AK22 (I,J)
AK12(I,J) = VISC*AK12(I,J)
AK21(J,I) = AK12(I,Jd)

VIS) :

oW wo

IR

0O Wwwo

VIS) :

6
3
3
6

o OY O O)

o O O O
—_—— —

o O OV O

[K127],

AND [K21]:
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CONTINUE

COMPUTE [L1] AND [L2] MATRICES:

CALL MULMAT (BT, G, P63, 6, 3, 3)
CALL MULMAT (AT, P63, ALl, 6, 6, 3)
CALL MULMAT (CT, G, P63, 6, 3, 3)
CALL MULMAT (AT, P63, AL2, 6, 6, 3)
DO 60 1I=1,6

DO 60 J=1,3

AL1(I,J) = -AL1(I,J)

AL2(I,J) = -AL2(I,J)

AL1T(J,I) = AL1(I,J)

AL2T(J,I) = AL2(I,J)

CONTINUE

FORM UP ELEMENT STIFFNESS MATRIX AND LOAD VECTOR:

DO 100 1I=1,15
RELE(I) = O.

DO 100 J=1,15

AKELE(I,J) = 0

CONTINUE

DO 110 1I=1,6

DO 120 J=1,6

AKELE(I ,J ) = 2.*AK11(I,J) + AK22(I,J)
AKELE (I+6,J+6) = AK11(I,J) + 2.*AK22(I,J)
AKELE(I ,J+6) = AK12(I,J)

AKELE (I+6,J ) = AK21(I,J)
CONTINUE

DO 130 J=1,3

AKELE(I ,J+12) = AL1(I,J)

AKELE (I+6,J+12) = AL2 (I,J)
CONTINUE

CONTINUE

DO 140 1I=1,3

DO 140 J=1,6

AKELE (I+12,J ) = ALIT(I,J)

AKELE (I+12,J+6) = AL2T(I,J)
CONTINUE

ASSEMBLE THESE ELEMENT MATRICES TO FORM SYSTEM EQUATIONS:

CALL ASSMBLE ( IE, INTMAT, AKELE, RELE, SYSK, SYSR,
* NPOIV, NEQ, NELEM, MXNEQ, MXELE )
CONTINUE

RETURN

END

SUBROUTINE ELEVIS (NPOIV,NPOIP,NELEM,NEQ,COORD, INTMAT, SOL
* , VISCOUS, MXPOIV, YIELD, MXELE, STRINV, SOLT)

SUBROUTINE FOR.COMPUTE ELEMENT. STRAIN AND NONLINEAR VISCOUSITY

IMPLICIT REAL*8 (A-H,0-2)
DIMENSION COORD (MXPOIV,2) , VISCOUS (NELEM) , STRINV(NELEM)

[ , SOL (NEQ) , SOLT (MXPOIV)
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INTEGER INTMAT (MXELE, 6)
DO 500 IE = 1,NELEM
IT = INTMAT(IE,1)

JJ = INTMAT (IE,?2
KK = INTMAT (IE,3
LL = INTMAT (IE,4
MM = INTMAT(IE,5

XG2 = COORD (JJ, 1
XG3 = COORD (KK, 1
YGl = COORD(II,2
YG2 = COORD (JJ,2
YG3 = COORD (KK, 2
AREA= 0.5*% (XG2* (YG3-YGl) + XG1l* (YG2-YG3) + XG3* (YG1l-YG2))

(
( )
( )
( )
( )
NN = INTMAT (IE,6)
XG1 = COORD(II,1)
( )
( )
( )
( )
)

Bl = (YG2 - YG3)
B2 = (YG3 - YG1)
B3 = (YGl - YG2)
Cl = (XG3 - XG2)
C2 = (XGl - XG3)
3 = (XG2 - XG1)

Ul = SOL(II)
U2 = SOL(JJ)
U3 = SOL (KK)
V1l = SOL(II+NPOIV)

V2 = SOL(JJ+NPOIV)

V3 = SOL (KK+NPOIV)

STR_X = (B1*Ul+B2*U2+B3*U3)/ (2.*ARER)

STR_Y = (C1*V1+C2+*V2+C3*V3)/(2.*AREA)

STR_XY = (C1l*Ul+C2%U2+C3*U3+B1*V1+B2*V2+B3*V3)/(4.*AREA)

STRINV (IE) = SQRT(2.* (STR X*STR X+STR Y*STR Y+STR XY*STR XY*2.))

AVERAGE ELEMENT TEMPERATURE
AVE_T= (SOLT(II)+SOLT (JJ)+SOLT (KK) +SOLT (LL) +SOLT (MM) +SOLT (NN) ) /6.

FLOW STRESS
YIELD2 = YIELD* (1-0.0007*AVE T)

ELEMENT VISCOSITY

VISCOUS (IE) = YIELD2/SOQRT(3.)/STRINV(IE)
CUT OFF THE INFINITE VISCOSITY

IF (VISCOUS(IE).GT.1.E6) VISCOUS (IE)=1.E6
CONTINUE

RETURN

END

SUBROUTINE THERMAL (MXPOIT,MXELE,COORD, INTMAT,SOL,VISCOUS, STRINV,
IBCT, TEMP, SOLT, NPOIT, NELEM, DENSITY, CONDUCT, SPCHEAT
, YIELD, HEAT J,MXNEQ, UVELOC, VVELOC)
IMPLICIT REAL*8 (A-H,0-2Z)
DIMENSION COORD (MXPOIT,2) ; ‘UVELOC (MXPOIT) , VVELOC (MXPOIT)
DIMENSION SYSKT (MXPOIT,MXPOIT) ,SYSRT (MXPOIT) ,VISCOUS (MXELE)
DIMENSION STRINV (MXELE); SOLT (MXPOIT) , TEMP (MXPOIT), SOL (MXNEQ)
INTEGER INTMAT (MXELE, 6) , IBCT (MXPOIT)

BUILD U AND V.VELOCITY
DO 5 IU=1,NPOIT

UVELOC (IU) = SOL(IU)
VVELOC (IU) = SOL(IU+NPOIT)
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CONTINUE

DO 50 I=1,NPOIT
SYSRT (I) = 0.
CONTINUE

DO 60 I=1,NPOIT
DO 60 J=1,NPOIT
SYSKT(I,J) = 0.
CONTINUE

BUILD UP ELEMENT MATRICES AND ASSEMBLY

WRITE (6,10)

FORMAT (/,' *** ESTABLISHING ELEMENT MATRICES AND',

* ' ASSEMBLING ELEMENT EQUATIONS ***! )

CALL TRI_T(MXPOIT,MXELE, COORD, INTMAT,VISCOUS, STRINV,NPOIT,NELEM,
*UVELOC, VVELOC, SYSKT, SYSRT, DENSITY, CONDUCT, SPCHEAT, YIELD, HEAT J)

APPLY BOUNDARY CONDITIONS
WRITE (6,15)

FORMAT (/, '*** APPLYING BOUNDARY CONDITIONS***!')
CALL APPLYBC T (NPOIT, IBCT, SYSKT, SYSRT, TEMP, MXPOIT)

SOLVE A SET OF SIMULTANEOUS EQUATION

WRITE (6,20)

FORMAT (/,' *** SOLVING A SET OF SIMULTANEOUS EQS. FOR',
* ' TEMPERATURE SOLUTIONS ***! )
WRITE(6,30) NPOIT

FORMAT (5X, ' ( TOTAL OF', I5,' EQUATIONS TO BE SOLVED ) ')
CALL GAUSS (NPOIT,SYSKT, SYSRT, SOLT, MXPOIT)

RETURN

END

SUBROUTINE TRI_T (MXPOIT,MXELE, COORD, INTMAT, VISCOUS, STRINV,NPOIT,
* NELEM, UVELOC, VVELOC, SYSKT, SYSRT, DENSITY, CONDUCT, SPCHEAT
* ,YIELD, HEAT J)

IMPLICIT REAL*8(A-H,0-2%)

DIMENSION COORD (MXPOIT,2), UVELOC (MXPOIT) , VVELOC (MXPOIT)

DIMENSION SYSKT (MXPOIT,MXPOIT) , SYSRT (MXPOIT) ,VISCOUS (MXELE)

DIMENSION STRINV (MXELE)

DIMENSION A(6,6), B(3,6), C(3,6), G(3,3),E(6),F(6,3)

DIMENSION AT(6,6), BT(6,3), CT(6,3)

DIMENSION P66 (6,6),Q66(6,6) ,P36(3,6), Q36(3,6), P63(6,3)

DIMENSION . AKX (6,6), AKY(6,6), AMX(6,6), AMY(6,6)

DIMENSION AKTELE (6,6), RTELE(6)

INTEGER - INTMAT (MXELE, 6)

SET UP. [A] MATRIX:

DO 10 1I=1,6
DO 10 J=1,6
A(I,J) = 0.
CONTINUE
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A(1,1) = 1.
A(2,2) 1.
A(3,3) = 1.
A(4,4) 4.
A(5,5) = 4.
A(6,6) = 4.
A(4,2) = -1.
A(4,3) = -1.
A(5,1) = -1.
A(5,3) = -1.
A(6,1) = -1.
A(6,2) = -1.

ALSO COMPUTE [A] TRANSPOSE:

DO 20 I=1,
DO 20 J=1,
AT(J,I) = A
CONTINUE

6
6
(I,3)

LOOP OVER THE NUMBER OF ELEMENTS:

DO 500 IE=1,NELEM

FIND ELEMENT LOCAL COORDINATES:

II = INTMAT(IE,1)
JJ = INTMAT (IE,2)
KK = INTMAT (IE,3)
LL = INTMAT (IE,4)
MM = INTMAT (IE,5)
NN = INTMAT (IE,6)

XG1 = COORD(II,1)
XG@2 = COORD (JJ,1)
XG3 = COORD (KK, 1)
YGL = COORD(II,2)
YG2 = COORD (JJ,2)
YG3 = COORD (KK, 2)

AREA= 0.5% (XG2* (YG3-YGL) + XGL* (YG2-YG3) + XG3* (YGl-YG2))
IF(AREA.LE.O.) WRITE(6,5) IE

FORMAT (/, ' !l ERROR !!! ELEMENT NO.',6 IS5,

* ' HAS NEGATIVE OR ZERO AREA ', /,

* ! --- CHECK F.E. MODEL FOR NODAL COORDINATES',
* ' AND ELEMENT NODAL CONNECTIONS ---' )

IF(AREA.LE.O0.) STOP

AREA2 = 2.*AREA

Bl = (YG2 - YG3)/AREA2
B2 = (YG3 - YG1l)/AREA2
B3 = (YGl - YG2)/AREA2
Cl = (XG3 - XG2)/AREA2
C2 = (XGl - XG3)/AREA2
C3 = (X@2 -/XG1)/AREA2

SET UP [B] AND [C] MATRICES:

DO 30 .I
DO 30 J=
B(I,J) =
c(1,J)
CONTINUE

B(1,1) = 2.*Bl
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B(1,5) = B3
B(1,6) = B2
B(2,2) = 2.*B2
B(2,4) = B3
B(2,6) = Bl
B(3,3) = 2.*B3
B(3,4) = B2
B(3,5) = Bl
C(1,1) = 2.*C1
c(1,5) = C3
Cc(1,6) = C2
C(2,2) = 2.*C2
c(2,4) = C3
c(2,6) =C1
C(3,3) = 2.*C3
C(3,4) = C2
c(3,5) =cC1

COMPUTE [B] AND [C] TRANSPOSE:

DO 40 1I=
DO 40 J
BT (J, I)

CT(J,I) =
CONTINUE

SETUP [G] MATRIX:
FAC = AREA/12.

FAC2 = 2.*FAC
G(1,1) = FAC2

G(2,2) = FAC2
G(3,3) = FAC2
G(1,2) = FAC
G(1,3) = FAC
G(2,1) = FAC
G(2,3) = FAC
G(3,1) = FAC
G(3,2) = FAC

SETUP [E] MATRIX:

= FAC2
FAC2
FAC2
FAC
FAC
= FAC

SETUP [F] MATRIX:

FACF1 = AREA/60.
FACF2 = 2.*FACF1
FACF6 = 6.*FACF1
F(1,1) = FACF6
F(1,2) = FACF2
F(1,3) = FACF2
F(2,1) = FACF2
F(2,2)..= FACF6
F(2,3) = FACF2
F(3,1) = FACF2
F(3,2) = FACF2
F(3,3) = FACF6
F(4,1) = FACF1
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F(4,2) = FACF2
F(4,3) = FACF2
F(5,1) = FACF2
F(5,2) = FACF1
F(5,3) = FACF2
F(6,1) = FACF2
F(6,2) = FACF2
F(6,3) = FACF1

COMPUTE [KX] MATRIX:

CALL MULMAT( B, A,P36,3,6,6)
CALL MULMAT( F,P36,066,6,3,6)
CALL MULMAT (AT, Q66,AKX,6,6,6)
COMPUTE [KY] MATRIX:

CALL MULMAT( C, A,P36,3,6,6)
CALL MULMAT( F,P36,066,6,3,6)
CALL MULMAT (AT, Q66,AKY,6,6,6)

COMPUTE [MX] MATRIX:

CALL MULMAT( B, A,P36,3,6,6)
CALL MULMAT( G,P36,036,3,3,6)
CALL MULMAT (BT,Q36,P66,6,3,6)
CALL MULMAT (AT, P66,AMX,6,6,6)

COMPUTE [MY] MATRIX:

CALL MULMAT( C, A,P36,3,6
CALL MULMAT( G,P36,0Q36,3,3
CALL MULMAT (CT,Q36,P66,6,3
CALL MULMAT (AT, P66,AMY, 6,6

MULTIPLY [MX] AND [MY] BY CONDUCTIVITY/ (SPCHEAT*DENSITY)

APARA = CONDUCT/ (SPCHEAT*DENSITY)
DO 50 I = 1,6

DO 50 J = 1,6

AMX (I,J) = APARA*AMX (I, J)

AMY (I,J) = APARA*AMY (I, J)
CONTINUE

MULTIPLY [KX] AND [KY] WITH AVERAGE VELOCITIES.

AVE_U = (UVELOC(ITI)
+UVELOC (MM) +UVELOC (NN) ) /6.

AVE_V = (VVELOC(II)
+VVELOC (MM) +VVELOC (NN) ) /6.

DO 60 I = 1,6

DO 60 J = 1,6

AKX (I,J) = AVE U*AKX(I,J)

AKY (I,J) = AVE V*AKY(I,J)

CONTINUE

FORM UP ELEMENT THERMAL MATRIX. AND. LOAD VECTOR

DO 70 I =1,6
RTELE(I) = 0.
DO 70 J = 1,6

+UVELOC (JJ) +UVELOC (KK) +UVELOC (LL)

+VVELOC (JJ) +VVELOC (KK) +VVELOC (LL)
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AKTELE(I,J) = 0.
CONTINUE

DO 80 I 1,
DO 80 J = 1,
AKTELE(I,J)
CONTINUE

AKX (I, J)+AKY(I,J)+AMX(I,J)+AMY(I,J)

HEATG = VISCOUS (IE)*STRINV (IE) *STRINV (IE) /HEAT J

DO 90 I = 1,6

SUMM = O.

DO 100 J = 1,6

SUMM = AT (I,J)*E(J) + SUMM

CONTINUE

RTELE (I)= HEATG*SUMM/ (DENSITY*SPCHEAT)
CONTINUE

ASSEMBLE THESE ELEMENT MATRICES TO FORM SYSTEM EQUATIONS:

CALL ASSM T (IE,INTMAT,AKTELE,RTELE,SYSKT, SYSRT,NPOIT

* , NELEM, MXPOIT, MXELE)

CONTINUE

RETURN

END

SUBROUTINE ASSM T ( IE, INTMAT, AKTELE, RTELE,SYSKT, SYSRT,
* NPOIT, NELEM, MXPOIT, MXELE )

ASSEMBLE ELEMENT EQUATIONS INTO SYSTEM EQUATIONS

IMPLICIT REAL*8 (A-H,0-2Z)
DIMENSION AKTELE(6,6), RTELE (6)
DIMENSION SYSKT (MXPOIT,MXPOIT), SYSRT (MXPOIT)

INTEGER INTMAT (MXELE, 6)
ASSEMBLING SYSTEM STIFFNESS MATRIX

DO 100 1I=1,6

DO 100 J=1,6

II = INTMAT(IE,I)

JJ = INTMAT (IE,J)

SYSKT(II,JJ) = SYSKT(II,JJ) + AKTELE(I,dJd)
CONTINUE

ASSEMBLING SYSTEM LOAD VECTOR

DO 200 I = 1,6
II = INTMAT(IE,I)

SYSRT (II) = SYSRT(II)+RTELE(I)
CONTINUE

RETURN

END

SUBROUTINE APPLYBC T (NPOIT,IBCT,SYSKT,SYSRT, TEMP, MXPOIT)

APPLY BOUNDARY CONDITIONS FOR NODAL TEMPERATURE
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WITH CONDITION CODES OF:
0 = FREE TO CHANGE (TO BE COMPUTED)
1 = FIXED AS SPECIFIED

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION SYSKT (MXPOIT,MXPOIT), SYSRT (MXPOIT)
DIMENSION TEMP (MXPOIT)

INTEGER IBCT (MXPOIT)

APPLY BOUNDARY CONDITIONS FOR NODAL TEMPERATURE
DO 100 IEQ=1,NPOIT

IEQT = IEQ

IF (IBCT (IEQT) .EQ.0) GO TO 100

DO 110 IR=1,NPOIT
IF(IR.EQ.IEQ) GO TO 110

SYSRT (IR) = SYSRT(IR) - SYSKT (IR,IEQ)*TEMP (IEQT)
SYSKT (IR, IEQ) = O.
CONTINUE

DO 120 1IC=1,NPOIT
SYSKT (IEQ,IC) = 0.
CONTINUE

SYSKT (IEQ, IEQ) = 1.
SYSRT (IEQ) = TEMP (IEQT)
CONTINUE

RETURN

END

SUBROUTINE CONVERGE (MXNEQ,MXPOIV,MXPOIP,SOL,SOL O, LOOP, TOLV, TOLP
, TOLT,NPOIV,NPOIP,NEQ, SOLT, SOLT O)

SUBROUTINE FOR COMPUTE THE CONVERGENCE CRITERIA

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION SOL (MXNEQ) ,SOL V (MXPOIV) ,bSOL P (MXPOIP), SOL O (MXNEQ)
DIMENSION SOL NV (MXPOIV) ,SOL NP (MXPOIP) , SOLT (MXPOIV)
DIMENSION SOLT O (MXPOIV)

DO 100 IV = 1,NPOIV

SOL_V(IV) = SQRT((SOL(IV))**2.+ (SOL(IV+NPOIV))**2.)
SOL NV (IV)= SQRT((SOL_O(IV))**2.+ (SOL_O(IV+NPOIV))**2.)
CONTINUE

DO 200 IP = 1,NPOIP

SOL_P(IP) =<SOL(IP+(2.*NPOIV))

SOL NP (IP)= SOL O(IP+(2.*NPOIV))

CONTINUE

COMPUTE. NECESSARY PARAMETER FOR CHECK TOLLERENCE

AAA =
BBB
CCC =
DDD =

[eNeoNeNe)
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EEE
FFF

DO 350 J = 1,NPOIV

AA = (SOL_V(J)-SOL_NV(J))**2.
ARA = AAA + AA

BB = (SOL NV (J))**2

BBB = BBB + BB

350 CONTINUE

DO 360 K = 1,NPOIP

CC = SOL_P(K)
ccc = cce o+ cC
DD = SOL_NP(K)
DDD = DDD + DD

360 CONTINUE

DO 361 I = 1,NPOIV

EE = (SOLT(I)-SOLT O(I))**2.
EEE = EEE + EE

FF = (SOLT O(I))**2.

FFF = FFF + FF

361 CONTINUE

TOLV = SQRT (AAA/BBB) *100.
TOLP = ABS ((DDD-CCC) /DDD) *100.
TOLT = SQRT (EEE/FFF) *100.

500 CONTINUE

RETURN
END
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DIRECT EXTRUSION R=0.6 WITH THERMAL COUPLING
MESH WITH 183 NODES AND 76 ELEMENTS

NPOIV NPOIP NELEM

183 54 76
YIELD INI VIS INI TEMP MAX ITER DENSITY k c J
1500.00 1000.00 100.00 20 .01 1.00 100.00 42.65
NODE IBCU IBCV IBCT IBCP X-COOR Y-COOR V-VEL U-VEL TEMP PRESSURE
1 0 1 0 0 14.000 .000 .000 .000 .000 .000
2 0 1 0 0 16.000 .000 .000 .000 .000 .000
3 0 1 0 0 18.000 .000 .000 .000 .000 .000
4 0 1 0 1 20.000 .000 .000 .000 .000 .000
5 0 0 0 0 12.000 2.000 .000 .000 .000 .000
6 0 0 0 0 14.000 2.000 .000 .000 .000 .000
7 0 0 0 0 16.000 2.000 .000 .000 .000 .000
8 0 0 0 0 18.000 2O .000 .000 .000 .000
9 0 0 0 1 20.000 2.000 .000 .000 .000 .000
10 0 0 0 1 14.000 4.000 .000 .000 .000 .000
11 0 0 0 1 16.000 4.000 .000 .000 .000 .000
12 0 0 0 1 18.000 4.000 .000 .000 .000 .000
13 0 0 0 1 20.000 4.000 .000 .000 .000 .000
14 1 1 1 0 .000 .000 1.000 .000 .000 .000
15 0 1 0 0 2.000 .000 .000 .000 .000 .000
16 0 ok 0 0 4.000 .000 .000 000 .000 .000
17 0 1 0 0 6.000 .000 .000 ..000 .000 .000
18 0 1 0 0 8.000 .000 .000 .000 .000 .000
19 0 1 0 0 10.000 .000 .000 .000" .000 .000
20 0 1 0 0 12.000 .000 .000 ~.000...000 .000
21 1 1 1 0 .000 2.000 1.000 .000 . .000 .000
22 0 0 0 0 2.000 2.000 .000 .000  .000 .000
23 0 0 0 0 4.000 2.000 .000 .000 .000 .000
24 0 0 0 0 6.000 2.000 .000 .000 .000 .0O00
25 0 0 0 0 8.000 2.000 .000 .000 .000 .000
26 0 0 0 0 10.000 2.000 .000 .000 .000 .0O00
27 1 1 1 0 .000 4.000 1.000 .000 .000 .000
28 0 0 0 0 2.000 4.000 .000 .000 .000 .0O00
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.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
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.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
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.000
.000
.000
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.000
.000
.000
.000
.000
.000
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93 0 1 0 -1 5.000 .000 .000 .000 .000 .000

94 0 0 0 -1 4.000 1.000 .000 .000 .000 .000

95 0 0 0 -1 5.000 1.000 .000 .000 .000 .000

96 0 1 0 -1 7.000 .000 .000 .000 .000 .000

97 0 0 0 -1 6.000 1.000 .000 .000 .000 .000

98 0 0 0 -1 7.000 1.000 .000 .000 .000 .000

99 0 1 0 -1 9.000 .000 .000 .000 .000 .000
100 0 0 0 -1 8.000 1.000 .000 .000 .000 .000
101 0 0 0 -1 9.000 1.000 .000 .000 .000 .000
102 0 1 0 -1 11.000 .000 .000 .000 .000 .000
103 0 0 0 -1 10.000 1.000 .000 .000 .000 .000
104 0 0 0 -1 1.000 2.000 .000 .000 .000 .000
105 1 1 1 -1 .000 3.000 1.000 .000 .000 .0O0O
106 0 0 0 -1 1.000 3.000 .000 .000 .000 .000
107 0 0 0 -1 3.000 2.000 .000 .000 .000 .000
108 0 0 0 -1 2.000 3.000 .000 .000 .000 .000
109 0 0 0 -1 3.000 3.000 .000 .000 .000 .000
110 0 0 0 -1 5.000 2.000 .000 .000 .000 .000
111 0 0 0 -1 4.000 3.000 .000 .000 .000 .000
112 0 0 0 = 5.000 3.000 .000 .000 .000 .000
113 0 0 0 - 7.000 2.000 .000 .000 .000 .000
114 0 0 0 =iy 6.000 3.000 .000 .000 .000 .000
115 0 0 0 =s: 7.000 3.000 .000 .000 .000 .000
116 0 0 0 =k 9.000 2010, .000 .000 .000 .000
117 0 0 0 L 8.000 3.000 .000 .000 .000 .000
118 0 0 0 g 9.000 3.000 .000 .000 .000 .000
119 0 0 0 =k 10.000 3.000 .000 .000 .000 .000
120 0 0 0 4 11.000 3.000 .000 .000 .000 .000
121 0 0 0 -1 1.000 4.000 .000 .000 .000 .000
122 1 1 1L L .000 5.000 1.000 .000 .000 .000
123 0 0 0 -1 1.000 5.000 .000 .000 .000 .000
124 0 0 0 -2 3.000 4.000 .000 .000 .000 .000
125 0 0 0 - 2.000 5.000 .000 .000 .000 .000
126 0 0 0 -1 3.000 5.000 .000 .000 .000 .000
127 0 0 0 -1 5.000 4.000 .000 .000 .000 .000
128 0 0 0 2 4.000 5.000 .000 .000 .000 .000
129 0 0 0 a8 5.000 5.000 .000 .000 .000 .000
130 0 0 0 F 1 7.000 4.000 .000 .000 .000 .000
131 0 0 0 -1 6.000 5.000 .000 .000 .000 .000
132 0 0 0 —i 7000 5.000 .000 .000 .000 .000
133 0 0 0 -l 9.000 4.000 .000 .000 .000 .000
134 0 0 0 -1 8.000 5.000 .000 .000 .000 .000
135 0 0 0 -1 9.000 5.000 .000 .000 .000 .000
136 0 0 0 — s 11.000 4.000 .000 .000 .000 .000
137 0 0 0 =1 10.000 5.000 .000 .000 .000 .000
138 0 0 0 =1, 11.000 5.000 .000 .000 .000 .000
139 1 0 0 —.. 12.000 5.000 .000 .000 .000 .000
140 0 0 0 =1 1.000 6.000 .000 .000 .000 .000
141 1 1 1 -1 .000 7.000 1.000 .000 .000 .0O0O
142 0 0 0 -1 1.000 7.000 .000 .000 .000 .000
143 0 0 0 -1 3.000 6.000 .000 .000 .000 .000
144 0 0 0 -1 2.000 7.000 .000 .000 .000 .000
145 0 0 0 1 3.000 7.000 .000 .000 .000 .000
146 0 0 0 -1 5.000 6.000 .000 .000 .000 .000
147 0 0 0 31 4.000 7.000 .000 ~..000 .000 .000
148 0 0 0 -1 5.000 7.000 .000 .000 .000 .000
149 0 0 0 -1 7.000 6.000 .000 .000 .000 .000
150 0 0 0 -1 6.000 7.000 .000 .000: .000 .000
151 0 0 0 -1 7.000 7.000 .000 .000 .000 .000
152 0 0 0 F 1 9.000 6.000 .000  .000. .000 .000
153 0 0 0 -1 8.000 7.000 .000 .000- .000 .000
154 0 0 0 -1 9.000 7.000 .000 .000 .000 .000
155 0 0 0 -1 11.000 6.000 .000 .000 .000 .000
156 0 0 0 -1 10.000 7.000 .000 .000 .000 .000



157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
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CONNECTION [ 76]:

22
28
35
42
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15
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-1
-1
-1
-1
-1
-1
-1
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-1
-1
-1
-1
-1
-1
-1
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-1
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=
-3
=iy
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104
121
140
189
178
o8B
108
125
144
163
107
124
143
162
deop O
94
111
128
147
166
110
127
146
165
180
97
114
131
150
169
113
130
149
168
181
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.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
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.000
.000
.000
.000
.000
.000
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.000

88
105
=)
141
160

106
123
142
161

108
e,
144
163

109
126
145
164

94
111
128
147
166

95
112
129
148
167

97
114
131
150
169

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
10.000
10.000
10.000
10.000
10.000
10.000
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89
106
123
142
161

87
104
i 248
140
159

109
126
145
164

107
124
143
162

112
129
148
167

110
127
146
165

115
132
151
170

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
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.000
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.000
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.000
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.000
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.000
.000
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NODE

17 18 25 100
24 25 31 117
30 31 38 134
37 38 45 153
44 45 52 172
18 26 25 116
25 32 31 133
31 39 38 152
38 46 45 171
45 53 52 182
18 19 26 103
25 26 32 119
31 32 39 137
38 39 46 156
45 46 53 175
19 5 26 70
26 33 32 136
32 40 39 155
39 47 46 174
46 54 53 183
19 20 5 69
26 5 33 el
32 33 40 i39
39 40 47 158
46 47 54 174
20 6 5 66
5 10 38 84
20 1 6 56
5 6 10 73
1 7 6 ©
6 11 10 83
1 2 , 60
6 7 11 Y U
2 8 7 76
7 12 11 85
2 3 8 63
7 8 12 80
3 9 8 79
8 13 12 86
3 4 9 65
8 9 13 82

98
115
132
151
170
100
117
134
153
172
101
118
135
154
173

96
113
130
149
168
101
118
135
154
173

116
133
152
171

120
138
8- 2
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* MTFlow (v2)

*

* NODAL VELOCITY TEMPERATURE AND PRESSURE SOLUTIONS *

khhkhkkhkhkhkhkhkhhkhhhhkdhkhkdhkhdhhhhkhhhkhkhhkhdhkrdhhhkhkrdhkrdhrdhrrhxkhx

OUTPUT RECORDED ON :31-May-00

NUMBER OF VELOCITY NODES

NUMBER OF TEMPERATURE NODES

NUMBER OF PRESSURE NODES

U-VELOCITY V-VELOCITY

21:

183
183
54

38:09

TEMPERATURE PRESSURE
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.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260279E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.100000E+01
.100046E+01
.100979E+01
.110842E+01
.154605E+01
.259896E+01
.260285E+01
.100000E+01
.100070E+01
.101054E+01
.108905E+01
.130525E+01
.194683E+01
.100000E+01
.100030E+01
.100485E+01
.102511E+01
.103009E+01
.992925E+00
.000000E+00
.100000E+01
.999609E+00
.993364E+00
.945074E+00
.772003E+00
.426906E+00
.000000E+00
.100000E+01
.999507E+00
.991683E+00
.933566E+00
.724762E+00
.362439E+00
.000000E+00
.100000E+01
.999996E+00
.995494E+00
.946779E+00
.750154E+00
.377919E+00
.000000E+00
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01

.000000E+00
.000000E+00
.000000E+00
.000000E+00
.301625E-03
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.140825E-02
.242076E-01
.183934E+00
.594400E+00
.731318E+00
.000000E+00
.292893E-02
.415650E-01
.268181E+00
.745187E+00
.113085E+01
.751664E+00
.000000E+00
.270611E-02
.376216E-01
.224295E+00
.574085E+00
.750537E+00
.775362E+00
.000000E+00
.120380E-02
.197896E-01
-113803E+00
.292830E+00
.385177E+00
.340607E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+0Q0
.000000E+00
.000000E+00
.000000E+00

.539073E+02
.588143E+02
.623881E+02
.645779E+02
.636697E+02
.676556E+02
.690090E+02
.692771E+02
.692846E+02
.894176E+02
.804393E+02
.762607E+02
.740904E+02
.000000E+00
.663972E+00
.357714E+01
.119796E+02
.271677E+02
.434591E+02
.482740E+02
.000000E+00
.649756E+00
.355588E+01
.118189E+02
.269832E+02
.469342E+02
.000000E+00
.677888E+00
.369640E+01
.122836E+02
.285577E+02
.527075E+02
.750224E+02
.000000E+00
.618369E+00
.342038E+01
.118367E+02
.290489E+02
.535129E+02
.680661E+02
.000000E+00
.496903E+00
.284792E+01
.105974E+02
.280917E+02
.526405E+02
.656364E+02
.000000E+0Q0
.397472E+00
.241612E+01
.963048E+01
.270886E+02
.521245E+02
.651590E+02
.566584E+02
.576846E+02
.598475E+02
.513278E+02
.608586E+02
.617217E+02
.631582E+02
.638430E+02
.644007E+02

.510018E+03
.331173E+03
.143078E+03
.000000E+00
.918422E+02
.345830E+03
.799896E+02
.370154E+03
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.303453E+04
.296576E+04
.242969E+04
.215201E+04
.113066E+04
.800071E+03
.107050E+04
.287664E+04
.268703E+04
.237331E+04
.215598E+04
.145487E+04
.154631E+04
.280338E+04
.273731E+04
.266639E+04
.255364E+04
.244094E+04
.284955E+04
.111202E+04
.296702E+04
.303598E+04
.305180E+04
.308741E+04
.327383E+04
.338660E+04
.465435E+04
.269688E+04
.281114E+04
.311003E+04
.342022E+04
.371889E+04
.393183E+04
.385077E+04
.309134E+04
.330150E+04
.353295E+04
.377604E+04
.394611E+04
.392748E+04
.384544E+04
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113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

.260285E+01
.260285E+01
.260285E+01
.260276E+01
.260193E+01
.260284E+01
.239738E+01
.208981E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.260285E+01
.195989E+01
.260285E+01
.260285E+01
.100016E+01
.100000E+01
.100019E+01
.100507E+01
.100053E+01
.100449E+01
.105087E+01
.101078E+01
.104299E+01
.134211E+01
.111265E+01
.125088E+01
.202951E+01
.149599E+01
.180593E+01
.260146E+01
.234520E+01
.100033E+01
.100000E+01
.100020E+01
.100571E+01
.100046E+01
.100367E+01
.104794E+01
.100739E+01
.102564E+01
.121819E+01
.105421E+01
.110071E+01
.157768E+01
.116204E+01
.120690E+01
.152548E+01
.180261E+01
.100014E+01
.100000E+01
.999889E+00
.100270E+01
.999786E+00
.998208E+00
.101804E+01

.000000E+00
.000000E+00
.437954E-04
.528993E-04
.213337E-02
.689232E-04
.429102E+00
.434064E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.336833E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.285254E-03
.000000E+00
.678185E-03
.626390E-02
.000000E+00
> L@V OE- QL
.573288E-01
.000000E+00Q
.100714E+00
.243728E+00
.000000E+00
.326237E+00
.459699E+00
.000000E+00
.367329E+00
.597061E-03
.000000E+00
.104827E-02
<115470E-01
.230779E-02
.178826E-01
.969978E-01
.354303E-01
.135511E+00
.380001E+00
.243994E+00
.482906E+00
.735755E+00
.731967E+00
.934957E+00
.108695E+01
.102453E+01
.134210E-02
.000000E+00
.138526E-02
.212863E-01
.325471E-02
.213657E-01
.152382E+00

.653176E+02
.658161E+02
.660720E+02
.818135E+02
.492282E+02
.522055E+02
.568118E+02
.746507E+02
.684413E+02
.805447E+02
.785372E+02
.551065E+02
.690984E+02
.768109E+02
.753085E+02
.691997E+02
.741596E+02
.731456E+02
.726519E+02
.840080E+02
.888336E+02
.780360E+02
.748482E+02
.158858E+00
.000000E+00
.166110E+00
.148892E+01
.623225E+00
.150750E+01
.679313E+01
.347451E+01
.673363E+01
.191975E+02
.117222E+02
.187618E+02
.362209E+02
.269539E+02
.360104E+02
.458470E+02
.442517E+02
.173608E+00
.000000E+00
.179524E+00
.154661E+01
.662395E+00
.159678E+01
.679136E+01
.362993E+01
.695120E+01
.186378E+02
.119872E+02
.189773E+02
.367786E+02
.274185E+02
.379322E+02
.505297E+02
.631721E+02
.184087E+00
.000000E+00
.179064E+00
.163229E+01
.651167E+00
.159337E+01
.709741E+01
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129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

.996524E+00
.983950E+00
.104327E+01
.967134E+00
.921331E+00
.101439E+01
.854162E+00
.748337E+00
.769676E+00
.568956E+00
.376825E+00
.000000E+00
.999872E+00
.100000E+01
.999728E+00
.997381E+00
.999134E+00
.995274E+00
.975616E+00
.988303E+00
.964166E+00
.871616E+00
.920649E+00
.840222E+00
.616685E+00
.717378E+00
.562474E+00
.178915E+00
.374821E+00
.179649E+00
.000000E+00
.999814E+00
.100000E+01
.999998E+00
.996293E+00
.999607E+00
.997939E+00
.966761E+00
.991151E+00
.973448E+00
.835229E+00
.930529E+00
.851605E+00
.544413E+00
.725416E+00
.556884E+00
.180773E+00
.367150E+00
.179922E+00
.000000E+00
.999998E+00
.997960E+00
.972715E+00
.851606E+00
.566506E+00
.188905E+00

.440790E-01
.144710E+00
.512251E+00
.267321E+00
.468563E+00
.956842E+00
.698679E+00
.829632E+00
.120111E+01
.991306E+00
.105744E+01
.105662E+01
.116131E-02
.000000E+00
.595032E-03
.189270E-01
.207490E-02
.121376E-01
.128602E+00
.306832E-01
.861584E-01
.412119E+00
.177896E+00
.297388E+00
.708900E+00
.443790E+00
.535989E+00
.772981E+00
.576782E+00
.541351E+00
.517582E+00
.447899E-03
.000000E+00Q
.360046E-05
.932321E-02
.792108E-03
.245456E-02
.657189E-01
.116443E-01
.231264E-01
.217252E+00
.616733E-01
e e T Gy
.367496E+00
.150285E+00
.175731E+00
.369800E+00
.189940E+00
.189722E+00
.176454E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00
.000000E+00

.359419E+01
.697758E+01
.195325E+02
.121941E+02
.196380E+02
.397096E+02
.291717E+02
.408620E+02
.659053E+02
.538128E+02
.656122E+02
.710368E+02
.170467E+00
.000000E+00
.152578E+00
.151100E+01
.547480E+00
.136710E+01
.666234E+01
.309172E+01
.615980E+01
.192691E+02
.111907E+02
.186325E+02
.408978E+02
.287000E+02
.407573E+02
.639479E+02
.530669E+02
.629114E+02
.666900E+02
.136550E+00
.000000E+00
.119752E+00
.123525E+01
.422526E+00
.110216E+01
.568461E+01
.254174E+01
.525324E+01
.179381E+02
.998000E+01
.172910E+02
.403904E+02
.275766E+02
.399903E+02
.621009E+02
.524125E+02
.617896E+02
.652023E+02
.117472E+00
.105222E+01
.503135E+01
.168374E+02
.395195E+02
.615959E+02
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SUBROUTINE ROLLF (IBCU, IBCV, COORD, SOL,NPOIV,NPOIP, NEQ,

* MXPOIV,MXPOIP, MXNEQ)
C
c SUBROUTINE FOR CALCULATE ROLLING FORCE AND TORQUE
C

IMPLICIT REAL*8 (A-H,0-2Z)

DIMENSION IBCU(MXPOIV) ,IBCV (MXPOIV) ,h SOL (MXNEQ) , NNODE (MXPOIP)

DIMENSION COORD (MXPOIV,2)
c PICK UP CONTACT NODES AND REARANGE THEIR ORDER ON X-COORDINATE
C FROM MIN TO MAX

IPP = 0
DO 100 I = 1,NPOIP
IF (IBCU(I).EQ.1.AND.IBCV(I).EQ.1)THEN
IPP = IPP+1
NNODE (IPP)= I
ENDIF
100 CONTINUE

DO 200 J = 1,1IPP
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NNN = NNODE (J)
XMIN = COORD (NNODE (J) ,1)
NN-=J

DO 300 I = J,IPP
MMM = NNODE (I)

IF (COORD (MMM, 1) .LT.XMIN) THEN
XMIN = COORD (MMM, 1)

NN-=T1I
ENDIF

300 CONTINUE
NDUM = NNODE (J)
NNODE (J) = NNODE (N_N)
NNODE (N_N) = NDUM

200 CONTINUE
COMPUTE ROLLING FORCE

RFORCE = 0.
RLP = 0.

RTORQUE = 0.

DO 400 I = 1,IPP-1

XXX1 = COORD (NNODE (I),1)

XXX2 = COORD (NNODE (I+1),1)
YYY1 = COORD (NNODE(I),2)

YYY2 = COORD (NNODE (I+1),2)
PPP1 = SOL (2*NPOIV+NNODE (I))
PPP2 = SOL (2*NPOIV+NNODE (I+1))
PROJL = XXX2-XXX1

CHECK ERROR FROM NEGATIVE PROJECTED LENGTH

IF (PROJL.LE.0.0) THEN

WRITE(*,*) ' ERROR : NEGATIVE VALUE OF PROJECTED LENGTH'
STOP

ENDIF

RFORCE = 0.5%* (PPP1+PPP2) *PROJL+RFORCE
RLP = PROJL + RLP

CALCULATE TORQUE AT EACH ELEMENT PRESSURE

XCEN = COORD (NNODE (IPP), 1)
ARM = (XCEN-XXX2) +PROJL/2.

CHECK ERROR FROM NEGATIVE ARM LENGTH
IF (ARM.LE.0.0) THEN
WRITE(*,*) ' ERROR : NEGATIVE VALUE OF ARM LENGTH'
STOP
ENDIF
RTORQUE = RTORQUE+ 0.5%* (PPP1+PPP2) *PROJL*ARM
400 CONTINUE
2 ROLLING MILL
RTORQUE = RTORQUE*2.

PRINT OUT THE RESULTS

WRITE (%, %) 1 %%k kskok ko ok okok ok ok ok kok ok ok |

WRITE (*, *) ROLLING FORCE !

WRITE (*, *) hokkkkkkkkkkkkkkkk kx|
(

T
1
WRITE(*,500) RFORCE



500

WRITE (%, %) ! kkkkkskkkkkkhkkokhkxx !
WRITE (*,*) ROLLING TORQUE '
WRITE (%, %) ! kkkkkskkkkkkhkkokhkxx !

WRITE (*,500) RTORQUE
FORMAT (10X, F20.9)

RETURN
END

L
g7 Ame .
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