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ABSTRACT T

AN IMPROVED PROFILE OF RAILWAY WHEEL TO MINIMIZE
RESIDUAL STRESSES AFTER DRAG BRAKING

\ ‘ .
- o * Syed M. Badruddin

The objectivé of this thesis is to study the behavior of
<elast0—plastic stresses under severe drag braking. Attempt

‘ \ . , : "
is made here te find an improved fillet profile of the wheel

with the intention of minimizing high tensiie “residual

stresses.

A railway wheel performs ‘“three tasks, aiding in train
movement, supporting the car lecad and also act as brake drum.
S, :

Im’its‘service life it encounters both mechanical and thermal

stresses., Thermal stresses are caused by brake application,

"Very high thermal stresses )are observed under'severe drag

braking, causing yielding and wheel failure.

4

Finite elemept computer programs are deveibped for both
femberature célcdlati&ns and élasto-plastic*s}ress anaiysis.
Three new Tillet profilés for the wheel eare tested. A
‘penalty funption is uéédf a§ a criteria for coﬁpa}ison ?f‘

stresses between the new designs and the old .design. The

. . , . . .
design with the 1least penalty is chosen to be the improved

. one. : v ' !
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o 1. INTRODUCTION  °
i s . ‘ ‘ ~v~/
* * "
T; ! . \ M , * a
) Stnce the time 017 the first steam engine o the prese)nt

'G"éy “the rrailwey ,system has evolved considerably. Fror'n‘ the
premitive §1ow moving engines of the past to the high sbeed
eng‘ines of today, trains have gone through a great deal of

re/search and developmgnt, .to keep pace with the changing

'ne_ed‘s of society, whish has kept it competetive, and in many-

»
cases economical, to other transportation systems.

¢ » -

Increasing demand of high ~speed and heavy loads has 1led

o

to occasional accidents. , hecording to statistics on

v

a

the 3. Fede'r'&;l Railroad

of 324

accidents, compiled by

Administration, there were total reportable
LY

derai}menté (causing railroad property damage in excess of
$‘750.00) due to wheel defects and 'fail[zré during 1973. This
‘ntxmber represent§ about 20% of the to}al equipment-relatéd
_ 'derailmenfs [11]. A

'summaﬁize the reported wheél failures- between 1968-1972,

2y,

In -anotl/'xer report Carter et al.[3]

shown in Table 1 (page

o0 one quarter of the
M

Cracked or broken rims constitute about

cqnsisi:é'ntly contributes to one-fifth t

. 1
s causes of failure,.

20% of the reported \wheel f"ailures. ' These fdilures are

‘mainly ‘due to thermal stresses. This follows the trend of

[
Cracked or broken plate,

b,
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~..,increasing frequency in accidents that has been established

. in recent “years. The matter 1is of concern to engineers,
e

Since future demand on the railway system is expected to lead

to more serious and frequent accidents.

) ’ ‘ o -
1.1 WHEEL DESIGN .

-

“

\\ Figbre 1 (page U4). shows the nomenclature of a wheel.
& ' ) . . -
Although %g; basic design of " all jrailroad wheels' follow

r

~dimensional requirement® set by the Association of American
A , .
Railroads, there i’s actually a wide variety of wheels with

differ;n{ cross-sections and 1material properties. -FOr
example H36, J36 and K36 are intended .for same weigh ange
of 70 to 100 tons car capacity and have same overall
dimensions except'tﬁe fim, as shown in Table 2 (bage 5). For
H36 minimem rim thiékness s 3.8.cms (1.5 inches), for J36 it
is 5 ems (2 inches) and for K36, 6.4 ecms (5.5 inc;es).
Similarly the wheel matérial can have different cheﬁical
composition, with carbon kontent ranging from 0.47% to)O.Tq%,
'and the rim can be hardened, with hardness rangihg from 197
B.Q.N. to 363-B.H.N. or the 'maylbe untreated’. The factors
influencing tﬁése variet(ié Zre the manufacturing process,

the intended application and the desired service lifev

0

l) L3
The first factor, tHe manufacturing process, divides the

wheel intd two main.categoriesk paraboliec plate wheels and

- .

} . i@
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Table 2

AAR STANDARD DESIGN — WROUGHT STEEL WHEELS

"' WIDE FLANGE WHEELS — FOR FREIGHT CARS
ended Intonded Meon,  yp, pyy n b Mex. Neminat
e , rpis el e Tl
ONE WEAR - \ N -
D2 N Neotover 22,400 Ibs. per whee! Sxtt 1-4/2 10-5/8 8-3/8 550
AZ 40 and 50 tow 5-1/2x 10 1.1/4 911718 7-11/16 . 580
Ja 70 tgn 8x11 1-1/4 10-5/8 8-3/8 830
H 38 Over 70 to 100 ton 8-1/2x12 1-172 1-1/8 8-7/8 768
838 Not over 39,375 s, per wheel 7x12 1-1/2 12-1/8 9-5/8 850
TWO WEAR .
K3 40 and 50 ton 5-1/2x 10 2 911718 7-11/718 68s
M 33 70 ton Bx 11 2 10-5/8 8-3/8 720
J.SC\ Over 70 to 100 ton 61/2x12 2 11178 8-7/8 835
(o3} Not aver 39.375 Ibs ‘per whee! Tx12 2 12-1/8 9-5/8 925
MULTIFLE WEAR . R
A28 70 io 100 ton 81/2x 12 2-1/2 11-1/8 8-7/8 728 L
A 30 70 to 100 ton 8-1/2x12 2-1/2 11-1/8 8-7/8 780
- [efh k] 120 ton s-1/2x12 2-1/2 11-172 9-1/4 870
N 33 40 and 50 ton 3.1/2x10 » 241/2 9-11/16 7-11/18 780
R 70 on Bx11 2-4/2 10-5/8 8-3/8 @
[ T o Ownr 70 W 100 ton 81/2n12 2-1/2 11-1/8 8-7/8 200
| N2l
. &
!
s Table 3
CHEMICAL ANALYSIS AND HARDNESS, AAR SPECIFICATION M-107
Class U C]ass‘ L Class A Class B Class C
- N 2 ). - R
Carbon . % .65-.80 ‘.47(Max.) L47-.57 .57-.67 67-.77
Manganese % .60-,85 .60-.85 .60-.85 .60-.85 .60-.85
Phosphorus(Max.) % .05 .05 ‘ .05 . .05 .05
Sulphur (Max.) % .05 .05 .05 .05 .05
Silicon (‘Max.) % .15 B .15 .15 .15 .15
Rim Hardness not 197-277 255-321 277-34] 32%36‘3
"Range (B.H.N) specified o
k - n21
e
L 7

L P PP S




straight plate wheels,. aneQently there are two basic methods

employeg in wheel manufacﬁﬁriné process, namely forging and //\' J

7
~

casting. Castirg is used in manufacturing ef parabolic plate ‘

wheels, Figure 2 (page 7), while fbrging results in straight
plate wheels, Figure 3 (page 7). Both parabolic and straight

piate‘wheels are used in North American railways.

; - . B
The second. factor relates to the type and severity of *

-

application. As one expects, a higher - load. would requiré

larger diameter to keep the rail contact stress within
'\ < P

acceptable limits. Thus, the nominal diameter of wheels

3

‘range from 0.71 to 1.06 meters (28 to 42 inches);
corresponding to 1locad ranging . from  96081. N to 15235. N
(21600. 1bs. to 34900. 1bs.). S

a

Tée third idfluencingAfactor is the desired life. jApouF
85% of the wheels in service are designed for '§ingle Freaq
life which is called one-wear wheel. On the other hand life
of a wheel can be extended ?y making the‘Fim thick enough to
allow remachining of the.rim after service Qear, to restore L
the original profile. Wheels with this capabilities are
designed as either two-wear or multipleawegr' wneels,f
depending on the rim thickness. Thé specification of the
Association of American Railroads for rim thickness for

»

one-wear, two-wear and multiple-wear wheelks are minimum of

!
i
1
?

'3.17, %.08 and 6.35 ecms. (1.2, 2.0 and 2.5 inches)

respectively.
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t AAR‘h;; furthe; classified ‘wheels into 5 categories,
class U, L, A, B and C. Class U has no heat £reatment.
While class L, A, B and C have 'véfyizf degrees of heat
treatment. Their chemical comppsitions'ére shown in Table 3
(page 5). The se}vice for which they are intended are as

/
follows: [12]

“~

Class U = General service where an unﬁreated wheel is

satisfactory, <"‘ : ;

Class L ~ High speed service, with .more severe braking™ .

conditions than other classes, and ‘with light

wheel loads. ,

" Class A - High speed service with ,severe  braking

conditions, but with moderate wheel loads.

Class B - High Speed ' service 'with severe braking

conditions and heavier wheel loads.

Class C = -(1) Service with light braking conditions and.

& high wheel loads. ,
(2) Service with heavier . braking conditions

where off-tread brakes are employed.

1.2 SERVICE CONDITIONS
. I'd
Besides being. an integral part’ of the train motion,
LS
railway “wheels are required to perform two main functions in




.
* g e S

5
b
L
o
&
3

8

vy eyt

R TP LTI 1 e

[3

~

1y e e

b ’
) 9
,.' ?‘/"/’ — .
P2 .
.
NS Ta ~BRAKE SHOE
V ® TRACTION
_ / .Ta -RAIL TRACTION .
4
v '/
v H
N Y/ -
‘ ’
Figure 4. Coordinate (@) system illustrating the
. location of the wheal-brake shoe-(@ = 76 deg.) and g
wheel-rail (@ = 0 deg.) planes.’ [17]
‘ ! -
‘ ’
- d0 ’x °




IS 1

. , - 10

~

t
railroad segvice, one is & subport tnb.'weight of the
vehicle, and ‘the other is to-pr vide a brékedrum, as .shown in
Figure 4 (page 9). So during its service life' a wheel -
encounters different types of"wear and tear such as shelling /¢

»

Qhermal cracking, spalling, overheéting ete,

v N

Shelling is caused by fatigue‘failure of tread due to
repeated overstressing by heavy wheel loads. The condition’
is characterized by the expulsion of metal fﬁom tread in rail
contact ‘area, as shown in Figure 5 (page 11). Contributing
factor to this type of failure include poor tracks, éxcessive '

speed, high 1loads, or use of wheels 'with insufficient

. hardness.

Thermal craéks are caused by intense brake heating. They
are usually confined to trea or flange, but in extreme
fases, may go through the‘entire rimﬁFnd into the plate, as
shown 1in Figures 6 and 7 (pages ‘11 & 12); Thermal cracking
is a seridus condition at any stage of devé;opment,'and‘ such
caseg should be immediatly removed from ser;ice. Radial
cracks on inside and outside face of the rim tend to progress
and can lead to wheel fai}ure. Many shallow thermal cracks

can be removed by machining, but care must be taken to make

certain that the cracks have been completely eliminated.
r R

Spalling develops from service conditigns such as wheel

slipping, skidding or sliding. These conditions produce

®,

brief intense heating of wheel tread surface in rail conta?t
- /
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d
area, leading to the development of small traverse thermal

..cracks, as shown in Figure 8 (page 12). With repeated rail

contact under load, frdctures may progress beneath the 1ayer§

.

affected by heat and portions of tread surface between the

thermal cracks may fall away.

. . ' , .

A very important category of wheel failure is overheating
[ r'—_:g

due 'to drag brakiniﬁbr stuck brakes. Prolonged application
C g

of the brake causes Hééi to spread deep 1inside the plate,. ]
Such wheels are potentiélly dangerous beeause the high
tensilg stresses that are developed <can 1lead ‘to sudden

failure in the presence of even small thermal cracks. )

© ’ ‘ ) . ) é * ;
1.3 SERVICE STRESSES
. P | |
The stres experienced in wheels during service result
primarily from th ollowing conditions.

i) Vertical loads aue to equipment énd car
load. These loads are applied cyclically aleng
the wheel tread, and may be accelgrated by
dynamic effects due to track deviation and

operating conditions.

ii) Lateral loads applied against the front of
the flange as a result of curve negotiation,

hunting etc. These loads cccur less frequently

a




ez

14

| than vertical loads but also tend to fluctuate.

’

conversion of kinetfc energy of the %ré&n into
% .
. heat,; when the brake shoes are applied to the

Y
wheel tread. The stress caused by braking can
%e considered to be of a steady nature. They

do not fLuétuate during each revolution.

- .

Maximum wheel load allowed in design is the static' gross °°

weight "of the car, but dynamic effect can increage the wheel
load By a factor of about 2°timeées ([31. Stresses developed
due. to the dynamic loads vary considerably along éhe section

of the-wheel.

7~

Rusin et al.{20] haie analysed a 84 cms (33 inqh) wheel
subjected to 244,200. N (55,600 lbs.) vertical load, which
is twice the allowed static load. The maximum Von M%ses
stress developed 1is about 75 MPa around the %ection of
inside-rim-fillet and outside-hub-fillet. In another report
Carter et al.[3) has reported that for a 91.5 cms (36 inch)
‘wheel with 266,400. N (60,000, lbs.) vertical 1load the
highest stresses occur in the radial . direction.. At the
inside~-rim-fillet the highest radial stress is +21.36MPa
(#3100 psi), and that at outside-hub-fillet ig +26.87MPa
(+3900 psi), both at 180 degrees from éhe load line. Lateral
load of 88,800. N (19,900. 1bs.) and up are also observed

élseyhere in practice [3], which produce radial stress of

iii) Thérmal gradient effects, resulting from

Ty

.

O o RN e T
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+68MPa- dround ‘obtside-hub-fillet.

3

Stresées}due to brake application vary depending déon the
.amount of heat energy dyssipéted. 'Alﬁhough the rate of
energy dissfpation is ®uch higher in emergency braking than
érag braking, the extended -duration of. the 1latter 1s such
that the wheel 1is heated to a conéiderably greater depth’ -

below the tread. This causes the 'stresses in the plate

- - A —— 1

regions of the wheel to be considerably higher than those
produced under- emérgency braking. Stresses kﬁﬁe to drag

braking have been experienced to have crossed the ‘yield limit

[ R

of 400 MPa.

A -

e .
- « .
gy
1.4 PREVIOUS STRESS ANALYSIS ON RAILWAY WHEELS reencd
A .

P Tt B bt R

2 ‘
Wheel failure phenomenon has been under investigation for

the past few decades. Both experimental and theoratical

results have been reported showiﬁg the temperature and stress ) ?

distribytion in 1bwhee1 during its service life. It has been

generally agreed by most investigators ([15,17,25] that the

M
most severe da?ag? to a wheel 1s dueesto thermal stresses.

. Y
Novak and Stone[16]" have ani}ysed a 36 i;ih straight

plate wheel under a  vertipal load of 312,000. N
(70,000. 1bs.) and a lateral load of 89000N with 55 seconds
of 0.62 MPa (90 psi) brake cylinder pressure application

horma;ly used for emergency braking. It\is observed that as

. ’ . — ' >
»




.

-

16 - % ‘
'“ ) s . ' Lt i~ v

r v . 7

rim thickness decreases, stresses in the rim-plate-fillet and

hub-plate-fillet tend to increase.

i

In another  report Novak et al. T1A,17] have reported

experimental temperature distribution on 36 inch deeb dish
. . .

parabolic and straight plate wheels subjected t& emergency

braking, which s&gy hi%p temperature gradient in rim

e

sectibns., Also stresses due to a vertical load of 212,000n’

N (47,500. 1lbs.) on static wheel are compared with stresses’

a

in a wheel- with .127km/hr (79mph) velocity under the same

e ’

load, it is observed that stresses decrease by more than 15%
‘ ) ) ‘ & ‘ t’
in the wheel with 127km/hr velocity. :

. : K . ’
Wetenkamp and LKippl[26] has done experimental and
theoretical analysis oh 33 inch parabolic' plate wheel. A
I

three -dimensional finite element model has been developed.

For a 88,800. N (19,900. Lbs) vertical load the'maximum Von

Mises stress ls observed to be 25MPa (3628 ps$i) at

outside-hub-fillet at 0 degrees from load line, which is 7%

noﬁ the value "of yield limit.

»*

Rusin et 8l1.[20] has‘analysed a 33 inch straight plate

. . A : e ) L
wheel . and proposed a new design, which 1is similar to

parabolic plate’ wheel. The fourier series is used to model

the point load dn an axisymmetric formulation. The results
o Y » ¢ 3 - “ -
are found to be in close agreement with those obtained using

the three dimensional general '‘purpose finite element program

,"Superb". Upto 30% of reductiqn in thermal stresses are

Cdrg

-

s ot A AT SR

[P

e



important in the study of:fatigue life of wheel, specially if

17

pbéerved in the new desigq in fillet regions where high Von

Mises stresses are high, but a slight increment is found in

~th‘e’se regions under mechanical loading.

All tQF work mentioned above has examined wheel stresses
using elastic analysis., Johnson et al.[9] has done plastic
analysis on 36 inch one-wear, ~‘tw’o-wear’ and worn straight
plate wheels, under severe drag brake conditions of 20hp,

30hp and 40hp of braking for 60 minute. Plastic stress and

residual stress distribution are obtained across the plate

.thickness near the hub and rim regions. High compressive

~* radial residual stresses are observed in plate regions, but

nothing'is mentioned about tangential residual stresses in

plates. Bath radial and> tangential residual stresses aJé\\\

f

~

tangential stressés are tensile in the eritical. fillet

“regions as 1is observed in our study.

/ | ¢

1.5 SCOPE OF WORK P-

‘f* a
In reality, wheels under severe drag braking do go into

plastic ~deformation“i Few investigators have worked in this
area to prediét plastic stresses and the consequent res?dual
stresses.. Tensile residuél stressés'occur in regions of high
stress concentration [9], which explains why cracks often

begin in - those regions. These cracks; lead to fatigue

” Y T e
=,
v i
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4

failures of wheels, and- the presence of tensile residual

stresses tend to reduce their fatigue life.:

The purpose of the‘pr!esent work is to study the behavior'

of elasto-plast;c and@residual stresses due to severe drag

] -

braking, and to reduce te'nsi‘le reésidual stresses in regions
of stress concen'tratién by medifying t’hé wheél profile,
Qithout significantly changing. the w\he‘el weight, and
Load-bearling capacity. Previous at}:empts by Rusin‘l et al.
[2'O]A for an improved pro'file of a straight plate wheel
resuitéd in a parabolic plate wheel. Singe the mamleacturing

processes of both parabolic and straight plate wheels are

»

considerably different, and a large number of wheel

¢

"manufacturers are producing straight plate wheels, “attempt is
made here for the reduction of stress .concentration 1in a

straight plate wheel with modification .in the fillet profiles

+
!

only.
l

a3
o,

v

1

1.6 METHOD OF ﬁSOLUTION

o - N

The irregular shape of wheel makes ' it impossible to
obtain a closed form solution of any comprehensive analytical
model -of it . Numerical methods are therefore used- to obtain

approximate solytio'ns. Two of the possible methods are the

finite difference and the finite elemernt methods/.

- ) —t

-

-~

[
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In the f‘inite dif‘fefence method the solution region ' is
divided into an array of uniform grid points, while in the
finite element method the solution region is composed of
interconnected subregions or elements. The finite difference
‘method is used quite commonly to solve ‘fairly difficult
problems, but becomes difficult to implement in problems with
irregular geometries and unusual boundary conditw. As an
example, consider the st*iu_dy of ad&urbine blade. In Figure
9(a) (page 20), the turbine blade is divided in uniform
finite difference mesh; but the boundaries are approx imated
by vertical and horizontal lines. On the oth'er‘ hand, the
finite element method gives a better approximation to the
region and requires fewer nodes as shown in‘ Figure 9(b) , it
'also gives better results g‘or its boundary, since the curved
boundary i's represented by a series of straight line segments
(81. Based on these considerétions finite element method is

used for the present investigation, since the géomeﬁry of the

wheel involves many. curved boundaries.

™
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Figure 9. Finite difference (a) and finite efement (b)
- discretization of a turbine Blade profile. [8]
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2 _THE FINITE ELEMENT METHOD |

*

The finite element method whicﬁ was initially used in

structural analysis is now being used for ‘aL wide range of

continuum qmechanics problems such as fluid mechanics, heat
transfer, lubrication etc. - A great deal of work aboupl the

‘ .
method .is available in the 1literature [8,21,28]. Recent
‘ ‘

»

advancements in digital compyter, probably, have been the

most important driving force in the fast development of the

finite element method, since it,6 is tedious to solve by hand

the large number of element equations.

The\ elements can be of different shapes, triangular,
rectangular, quadrilatergl, three-dimensional, isdparaﬁetric
ete. Constant strain triéngular elements are used in this
analysis. - The selection of this element is -based upon iﬁs
Qimplicity and its ability to model curved contours of the
wheel shape by using trianlges of sufficiently short gides.
The accuracy of the mésh‘ is achieved by its progressive

refinement.

2.1 ELEMENT SHAPE FUNCTION

1 1

For thermal stress analysis, even though the heat input
: »

from braking 1is, a point source, this heat input can be

&~

R T

- T p ity At

T s el s AR 2 ST

~

R



22

\

¢onsidered axisymmetric 'since the wheel is rotating at -a

sﬁfficiently high speed. The geometry of the wheel.is alég
axisymmetric. These two conditions would permit the use - of

" the simplified‘éxisymmetric finite element formulation. Tne

same ‘.mesh  is used for both . temperature and  stress

4 ~

"calculations. : , s

[

o

- At this stage 1let us define interpolation, or shape
fuﬁcpioa; for a tfiangular elenrent, Shape }unction is a
‘cqnt12uous function which defines the behavwior of the field
'variablé, ¢.8. temperature or displacements etc., over the

element in terms of the nodal values of the el'ement. Let Ti o

Ty and Ty be temperatures at the nodes i, j and kK

respectively of the triangle shown in Figure 10 (page 20).
Where r represents the radial direétion and z the axial
direction of the wheel. The temperature distribution over

the element can be represented by:'

[§

o

T=ON N NT(T) = W) m
T e (2.1)
- -rk

Ny Nj and N, are called the shape functions., [N] is a’ 1x3

matrix and {T} is a 3x1 vector.

The shape function can be shown to be: [21]

i
!
;




and =z

res-

Ni =‘ %’E b‘r‘Jzk - rsz + (zj - zk)r + (rk - rj)zd
Nj = %7; : reZ - rig t (JL zi)r + (ri - rg)z;
Nk‘ = _;_Z : riZy ot Ty + (z1 - zj)r. : (rJ. -’ri)z:
where ’ ’

rys 2y = nodal values of
* coordina?es %f node

pectively, (see Fi%ure 10).
A =

area of the triangular element/

Similarly displacements in the element can be ?gggesented s

a function of nodal displacements of the element by:

u={ Ni N, N ]

i k

=" IN] tu)

IN] (v}

~

(2.3)

where u and v represent displacements along radial and axial

directions respectively.

2.2 TEMPERATURE DISTRIBUTION

s
-

»

The duration of time involved in brake application

it a~ transient problem®.

makes

The finite ,element formulation is

outlined in the book of Segerlind [22], but for the

sake

of

;

g




completeness, the relevent portiéng are repeated here.

The general heat transfer equation for axisymmetric

solids is:[8])

’02 . _
K. 3T + K 3T + Kk 3T + Q = pcal (2.4)
e g W22 at \

"

with boundary conditions:[20]

Kr %} ]r + Kz g% TZ tq + h(T-T).-=0 (2.?)
.
where <s
Kr’Kz = conduction coefficient in r and =z
directions respectively
Q = heat generated per unit volume.
o = heaﬁ capacity.
p = density. ?
T = temperature ) é
t. = time %
q = héat flux per unit area. J ;
' ]r’]z = directions cosines. L

h = convection coefficient.
- 77 = ambient temperature.
It can' be showp by calculus of variation that the |
solution to the above differential equation (2.4) and
boundary condition (2.5) c¢an be. obtained by minimizing a’

corresponding funtional yx . The formulation of X is

A Y
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outlined below.

We seek a functional; X , of equations 2.4 and 2.5, such
.that 1its first variation with respect to T Dbe zero,

Equations 2.4 and 2.5 can be written as:

2 2 ,
K.r3T - K 3T - K r37T -r(Q-pc3T) =0 (2.6)
. " -~ at

and

K : (T - =

. r:_l‘_lr K r:_:'lz + rq‘ + rh(T - T) 0 (2.7)
Multiply equations 2.6 and 2.7 by the first variation of
T, 8T , ané integrate over the domain, we get:

L ' 2_ ) 2

§x = -K r 3’ T - K 3T =K raT -r(Q-pc aT )| 6TdV

r r 2 —x 3T

, 4.

-~ v ‘ ar ar a2

L4

+/[Krrgllr + Kzr§l1z + rq + rh(T—Tu)JGTdS
S

-
L4

(2.8)

14

re-arranging the above equation 2.8, we get:

“sx = [K raT1 6T dS - /K'r 22T 6T dV - /K aT 4T dV
r = r roo= r— )
v v

ar or

e [ raT1 6Tds - [k ra®Terdv - [r(Q - oc aT ) 6T 4V
- 2" o « o
¥4 ¥4
S v y

m\

’ . (2.9)
rq §T dS + /rh(T - T) 8T dS |
)

+

m'\'\-'
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using Green's (Divergence) theorem, \Wwe can write:

K raT1 6Td = [K raTeTdv + [k af 6T dv
r--B-Y"r r > : Y‘ar
y 5r ,

5 v
| - ) . . + fKr r 5(21 )2 dv ‘ *
' 7 ar (2.10)
— v
and
/Kzrg_T_lz&TdS= xzr_;flavar Kzra(ﬁl)zdv
3z 32" 5 3z (2.11)
S S 5

substituting equations 2.10 and 2.11 in equation 2.9, we get:

§x = Krré(_a_[)zdv+ Kzra(gl)zdv- r 6T (Q - oc 3T ) dV
5 ar E’ 3z . at
. g .

: 2
+ §T dS  + h=6(T - T.)°
/rq /% ( ,m) ds | (2.12)

5 S '

which can be written as:

o =[‘5[Kr’(?—T-)Z G S rT(Q-pcg_T_),] @
f or 2-—‘ 3z at

\ 2 | }
$ T h -
+[ [."‘ -1 ] as (2.13)

the & can be removed out of the integral sign, hence the

v

functional: °
X = k.r(oT)? + « 2
P a3l , (3T )% - rT(Q - pc 3T )| dv
2 ar 5 3z ‘ at
v
. 2
+ T dS + - +
./m /%h (T-T.) s (2.14)

’,
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81 is the surface with heat flux and 32 is fhe . surface with

SRR . . . 5
o convection. ’

To show that the funtional, equation 2.14, 1is the

funtional equivalent of equations 2.4 and 2.5, we use

Euler-LaFrange formula. The equation 2.1l4 is of the form:

x = [f(r, 2, ¢, 4., 9, ) dV + /[rcw + _;_h(d: '-1»,,)2] ds

v S - .t (2.15)

where  6=T , ¢ =23 , ¢, =31 , ¢ =T,
: ‘ " az

k)

According to Euler's theorem of variational calculus, [32],
the function f that minimizes the functional 'x  should

satisfy:

20 TS 7z o, "
* (2.16)
oJer the volume, and
‘ 1 af + 1 af 4rq+ rh(e-¢) = 0

,over the' surface.

Applying the equations 2.16 and 2.17 we obtain equations
2.4 and 2.5 , whiech shows that the functional, equation 2,14
and the govérning equation with boundary conditions,

equations 2.4 and 2.5 are equivalent.“

)

e)

L
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/ Using equations 2.1 and 2.2 let us define two matri.ces‘ ‘
] and [6]

4 h - - .
] 3N 3N. BN . "
k18 B __..l _k T
ar r . . or v | ]! (2.18)
T,
1 [ - s = ] M
B I RO
Sez 3z az 3z *
" v J e . d ’
rK 0 (2.19)
r
6] = |
0 Y‘KZ
From the same equation 2.1, we can also write:
i 3(T) | (2.20)
at ‘[N} 3t : .
where . ' .
, .
T
. ot
. s " , 5
AD L fom) "5\ ‘
' at at 3t \ .
3 ’ .3Tk . ’




'O
Substituting equation 2,18, 2.19 and 2,20 in equation

2.14, we get :

x = /%{T}T ' 6] ATy v /y(o -oc N §2 _1}) (N (1) av
) - t
[ .

v

+/qr[N] (T dS + jrg ! [N]T N {T},dS

ST .
] frh'.Tw IN] {T} dS +"/rﬁ ¥ ds
L2 T
s2 52 L (2.21)

' The above functional, equation 2.21, is dontingous onléifa~\

. . H
over the individual element and not over the region, since

the shape function [N] is defined oyer the element.,

s

.

Minimizing the functlional with respect to {T}, wich will

o b e b s

yield -a stationary value that will satisfy the governing

equétion and the boundary conditions, we get

a{T}
therefore v ' h | ;
'/-[A}T [6] [A] (T} dv /Qr[m] v o+ /Dcr[N] [N]{ }
, A A : ;
+;/qr-[N] as +/hr[~] 00 €T3 as /m wTes-= 0,
- '- | |

sZ . : (2 22)

3

equation 2.22 can be written aé:

.
4 1
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P 30 |

+

fEA] (6] DU d,v + /hr[N]T [N]-dS] {T} +£ /pcr‘[N]T [N] dV] {%{—}

52 Sy .
St 52 \
- e+ KM - R -
or | ] {.ﬁ} ] | (F} |
(2.24)
\ T )
where JqC] = ,foc r[N]" [N] dV -
’ g v .
) [KJ f[A] [6] (Al dv + fhr[N]T IN] ds °
~Us2 ?
/Qr[N] dv - /quN]T s’ + /hTwr[N}T ds
s1 o : , '

S2
FORMULATION OF [K] MATRIX

[K] /[A] (61, %;\] @ fhk[NJT IN] ds -
5 :

‘ 4 - (2.25)
=- 4 .
where | ' [\Kk] ' V FKhJ,

kI fwWeme - wew
Y ¥ v (2.26)

] ~ £

for an ag‘isymme‘crib cyl\inde'r" the approximate volume - integral

is:

e . v . s . (2.2m)
- 4 N S

e



therefore

S

[Kk]s %%(%.

where

Also .

'\\‘\ [khj

1
"

o
"

LV

and

31.

4 = Area of the triangular e1emep;qf%? e

bjbk

bkbk

]:h rIN]T [N] dS

n~s

A\

h !j[n]" [N ds

£ &ﬂjﬁzK c.C.  €.C. €€
. Z :

€, S ﬂ&ckcJ chk
L ]
(2.28)
" T T
TR S
v .
r . |

-

(2.29)

Matrix [Kn‘] 1s due to surface convection. If none of

\

the sides of the element i5 convecting heat,

[K,] will be

zero. For the sides with cqnveciion (Kpl is dependent on the’

side.

Jd
~of equation 2.29, we _get [22] :

"For convection on ;ide«i-j

/

Using area coordinate system to . find surface

integral
-

et v it a1y st et i =

~
- 14
et g, T o

»
WAL JUUTSR
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ro+r

3r, +r, - .
. LI id (2.30)
ez P . Ltr, +r, 0
[Kh]ij ; r%_g_ﬁLU s rJ 3!"J rs
. 0 .0 0 '
. similarly for convection on sideej—k": . v
0 0. 0
= +
[Kh]gk r%%f.lLJk 0 ‘3rj+rk r‘j " (2.31)
¥ .
0 rj+rk . 3rk+rj )
. . . .
-and .for convection on side i-k :
. < LA
N .
\ ORI I
Koy =r2ml,, | 0o *o 0 (2.32)
.]2 -~
+ J . o
’ ST 0 3rk+r.
3 . )
where '.Lij‘ = length of the side i-Jj, ete, . !
. - . T «
FORMULATION OF [C] MATRIX
. ) a | ’
T T
[c] = pcr[N] [N] dV = pcfriN] NIV (2.33)
‘ ’ v - ) v ) . - e
. - - . - N . '3‘
using 'QYK volume coo@rdinate} system to integrate over t ’
‘ Vol’ume, we get [22] : - ' > :
) 3 - . . . i
N 4 bt
) A v ‘
N




[c]

-33.

Gri +2r‘j~i-2rk : 2r1. +2r‘j+r'k Zri +rj+2rk
=  AqpcA¥T 2ri+2rj+rk 2r1.+6rj+2rk r{+2r'j+2rk
120 \
‘ . (2.34)
. L 42r + 2r, +2r 46
zri +|r~j+2r-k r, er Zrk s rJ M

FORMULATION OF {F} VECTOR

{F} = er(N]T v - fq r‘[}\l]T ds + ‘/hTo;r[N]T ds
v

2. ;
31 ' o (2.35)
= : F - F + F . i
{ }Q { }q { }h | ’ ,
where 4 . ; '\ T
‘b Zr‘.i*‘l"j*‘rk .
(F1; = F2nrQA J r, +2r 4
U PR DA AL ¢ (2.36)
r, +r +2r Q ) .
i J 'k : .
~ /
{F}q is dependent on the side with heat flux.
Sd¢ for side i-j
’ 3
2r, +r ‘
i ;
(2.37) §
{F} _P2mq. . L. . *[ r.+2r ¢ " 7 !
. i g 13 1] i ) :
0 f" ;
. y, }," :




for side J=k :

Similarly {F}h is dependent on the sides

convection.

So for side i=-j :

1

for side j=k

{F}

i

34

= FerhT L

jk

Zri+r

r.+2r
i

2r 41

J

r. +2r
J

k

K]

(2.38)

(2.39)

with

(2.40)

(2.41)

o e s
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for side i-k : f s
+ ~
Zq rk
{F) = F2mhT L 0 | ‘
hs Mk (2.42)
r.+2rk

Equation 2.24 can be solved by taking finite increment of

time and finding values at mid-point.

T - (T
{.g%} - {4l - o} ©(2.43)
ar = 10t o+ {Tobs ! (2.44)
; 5

1 b

,Substituting equation 2.43 and 2.44 in eduation 2.24, we

get
1+ (K (el - Ky b (2.45)
9 (W "—2"') {TT} ' ('A'.E"‘ ——2—) *0* * tF
which can be written as
[c] {71} - k] {TO} + 1R (2.46)
where | | .
! /,/
c1 - (ffl : [_Kl) . T
At 2 ST
. -
. k 23
(k] = (_[_C_]__ EK_]) o
At 2 J ,

. ‘ :
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vectors containing nodal

o
—t
(o]
Se——
n

temperatures at the begining of
the time increment.

vector containing nodal

—

-t
—

v‘
)

temperatures at the end of the
time increment.

time increment.

At

u

A time increment of 2 minutes is used for the analysis.

., Smaller time increment have been tried out .but they did not

show any gignificant improvement in the results, variation
of temperature with d;fferent time inecrement 1is shown {n
Figure 11, Material properties shuch as’ thermal
conductivity,‘heat capacitance convection coefficient etc.,

which are temperature dependent, are updated for each
4

.+, increment.

~ 7004
b =4
>
g
=
 dnd
e
- & 6007
3
o 500 ) - :
- -0 10 20 30

At‘(nﬁnutes)

Figure 11. Plot of temperature (at point
B of Figure 17) versus ‘st for 40hp and 30
minutes of brake application.




37

2.3 STRESS ANALYSIS

Axisymmetric finite element formulation 1is obtaired ‘bx
minimization of potential energy "17"; '.
]7'= strain energy (U) - work done (W)
: - /(&{E}T 0] (b - (e} Dl e} + (e} {Qoi) dv
v ' .
- ./}FS}{é} ds + (P} {&}
S t (2.47)
( ) i
where ‘
{e} = vector containing strains.
(D] = matrix relatingv stresses and ¢
. ‘ strains. |
" {e,} = thermal strains. ;
) {o,}" = initial stresses.
-{Fs} = surface forces.
{6} = nedal displacements. '
= external nodal forces.

(P}

The total potential energy

assuming the

displacéments

for an element is approximated

within the element to have

form as shown in equation 2.3.:

3

For an axisymmetric body, the strain expressions are:

4

by
the J
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(e " (av 3 -
z — . .
=2 (2.48) .
s ¥
€ u
r i ‘ .
fer =1 = 9 .
€ u /
] —_
r
Y ou v
- rz e X
.Y \ 3z or J

using the interpolation functions, equation 2.3 , we get:

!

e} = Blte) o (2.49)
where
- oe . -
. 0 c:1 cJ 0 ck
b 0 b. 0 b 0
! i J k
S U I N I S ACCIE
r r r. ro, r ' r
. "
LG b € * by " D
\j . ¢
rui\
v, al = rjzk rsz
U .
{5}34 J 2 = : -
VJ. { aj rkzi r1 Zk 1
v ’uk
V, a =r.2.-r.2
! k) k i’J ji

bi , ci/etc. are given on page 31.

Stress strain relationship for an axisymmetric body is

given by:

LI

I - RN
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{e} = [0] ({e} - {so}) - (2.50)
where e , aAT
Zo
€ro aAT
S BN I Y <
r Yrzo 0.
“t Tav v v 0
. 4
‘ . £ ' v Tev v 0 i
! . Ip] = .
o L Ty I 2% H
0 0 0 1-2v :
! 25
The minimization process gives us: T

/[B]T [p] Bl dv ) {é} = /[N]T {(F}ds + /[B“]T (D] {e_} dv

v , ) v ‘
\ T ' .
- Bl fogavor P (o 5y
v . . N
¢ Equétipn 2.51 for an element can be written as:
[K]e {6}8 = {F}e (2.52)
where

» ‘ .o . ;
{Fle /[N]T tF .} ds  + f[B]T [D] (e _} dv
: S 0" .
\ s v

. f[la]T o} dv + (P
. .

~
' ~
s
3
; " iR e« S
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"

€l - f 1" 0] 18] v
v

Once the element stiffness matrix and force vector Have
been formulated, they are assembled in a global stiffness

"matrix [K] and global force vector {F}. Since:

. +

(2.53)
k] {6} = (F} \ '
" the nodal displaceménts can be obtained by: .
. -

oy = TR , (2.54)

individual nodal displacements are then extracted from ‘the
global dispiacement vector and - are used to find element -

strains and stressés, using equétions 2.5 . and 2,6
respectively. The procedure for computer implementation is

given in the flowchart in section 2.6.

~ (
PLASTIC ANALYSIS

1

In plastic region the strains in genefal are not uniquely
determined by the §tressés but depend on the entire histony
of increment§; loading. The toéal elasto-pl;stic ;t%éin
increment,dsij , 1s the sum of elastic strain,dgij ', and

plastic strain,de?, , i.e. in tensor form:
: i =

/
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¥
POTS—————_——

i e . pi« s - 2
dﬁij - dE,ij +‘ ’dE‘ij - > , ' (?055.)

where the elastic strain increment is equal to:

e _ .o S
;dsij = l_Ey_ doij lE)_dok'k 61.3. S N
D -1 ; (2.56)
. = ] “%4
okk’ = ‘(UZ + or + 781 T ‘. ‘ 1=
[D] is.definéd in equation 2,5Q. s.. =',Kmmeckerde1ta ={ ‘ \
«. 4 » B s 1 ‘ 0 it# j

The plastic strain increment is based on the generally

accepted hypéthesis, that:

1

p - o
de_iJ‘- = A-al‘

y ‘ 395 5 (2.57)

i
i

where ') is a’proportionality constant and Y is the yield
criteria. Yielding can cceur only if the stress {o} satisfy
the‘generél‘y}ela criteria:

-

' Y({s3,k) =0 . (2.58) ’
where k is a work-hardening parameter. Distortion energy

‘theory (Von Mises) is wused as the yield criteria, which says
that yielding ,will occur when equivalent stress,a,,- is

greater than uniaxial yield stress, . That is: [4]

Y = - 3 ’ (2@49)




CL.ooa2

6 = uniaxial yi'eld stress,
. ¢ - ’ ’ N 1 .
Ops 0,5 Of = normal stresses in , 2 and 0 directions
respectively.
TTZ’TVG’TSZ = shear stressgs -
for an axisymmetric solid, To = Tgy =0 & (23]
If-for an element, from equation 2/59
J . Y >0 ..... stresses iq\the element has

-exceeded %ield'point.
. Y <0 ..... stresses in the element are

below yieid pdint.
f

The plaéﬁic stress-strain, relationship 'is based 'qn'

Levy-Mises criteria, that is:

. degy 2L%5 (2.60
where : |
fy 7 oy 7 Lt v by
- 3
Y SR 2 -
4 e = g[(ez - er) + (o, - eg)  + (;e - .ez) + sﬁ‘{ + 5Y§e ‘+‘5Y§z]
L

The term ¢/d2 is the variable plastic modulus, H . If a

. plot of plastic stress strain curve is given, 5/dé represents
. .
the slope of that curve at a particular ;. -

b

I

. ) |
Substitution. of equation'2,56 and 2.60 in equation 2.55
‘will  yield thé/ tétal 'elasto-plastﬁc stress-strain

relationship, also known 2s Prandtl-Reuss equation:

-

T, .

de,. = lItvdo.. - vdo dij + ;

3

-1
01" oy + 2 20

—— ﬁ)'&

3

Y

4t BRI T L ¥

e 2

i=4

-
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»

When ‘'plastic yield 1is dccuring the stresses are on the

yield surface, given by equation 2,58, Differentiating this
» \ v ’ ’
we get: :
¥ do, + 3Ydo + 3do, + 3Ydr _ + 3Ydk = 0
Bcrz .2 'aor r Bce ® T rz E3 '

~

or {gj__ }T"d{o'} A

?{o} (2.62)
where A= a¥dk .1
’ "%k A

Equation 2.61 and 2.62 canfée written in a single matrix form’

A S

as: -
o . V' d
. _ \
de } _'Bl dg_
z o, [ 3 .
) ) : 0
dE -] ¢ i 'BY dO’
r (o] = r
¢ | r
. l (2.63)
L] ' -
dse - ! Y dc;e
| 306
2 ‘ |
dv,., b ‘?,‘I‘ dTrz
rz
0 Y af A 3 A )
[ %0, V80, do, DT, -

-

Zienkiewicz [33] has shown that ) can be eleminated, and

equation 2.63 can be written as o} - o= m]ep{r"
- 5 R »
» T ‘ T -1
. aY Y aY 3y
[D]ep“ ‘o ] - ‘[D] {8{0}}{;;30}} 0] [A * {3{0}} (o] {3{0}}]
‘ . f 2.64)
.and, also, for Prandtl-Reuss equation: )
: . - (2.65)
A =.H AN .
"~

o - —————_as —  —
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, ¢ The non-linearity of .material in plastic region is

P
7 4 ¢ s
' uy
o,
where - ' ' . s )
& i 'p
% ‘ ,
o~ . ﬁ o-z
-acz E—
aY Cor :
e 7 A S
oy 4%l - 3})7 ~
» \ 3{o} ay 3 o
. ) . ade 2—-
)
® | _3% Trz
7\ rz - .
A Ed
I3 ‘ '&* -~ 6
° o
.;5 2
~

. ,
. - . -
& '\‘) .

where primes (-) are deviatoric siresses, e.g. .

O

PN . .
o Tsa o fo. o] o , PR
. LN IO tk,( z +°r + e) ij

’

a ’ .. t p

evident from equatibn 2.64, " where the elasto-phastic
& \ .

,stif?ness matrix is dependent on the state of total stress.

The solution reduirgs'idéﬁementdl elasgicity ‘approach. The

» By
method is based on Zienkiewicz's "initial stress" process.

w
'

First a purely elastic load increment is applied, and

. \ .

elastic problemygis solved determining an iﬁb?eﬁent of _strain

{ae”} and stress {as-} at every point of the structure.- The
g N

.non-lipearity implies that the strain {ae”} and stress {ac-}

e by

1 4 .
found are not cp;rect. If the true stress possible for a .;

S

£

ot Sl W pns

[ S Y PPy

~

A
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r
4

? ‘
given strain is A{o} then the situation can only be

ﬁhintaineq by' a set of "body forces" equilibrating the

- .

"initial stress" (a{c}” - Ahﬁ{ . ¥

N
"At the second stage of computation this body force can -«
be removed by allowing the étructure (with unchanged elastic

An additional set ofsztrain

and correspéhding stress 1 ment 1is caused, Once again

these are likely to Exgee- ose permissible by the
\9

non-linear relationship ©~ and\ the redistribution  of

équilibrating body forces has tol be repeated"(33]. This

process is stopped when the body forces become sufficiently
: hS

sm?rl.

The sSolution steps during a typical load increment can be

summerized as follows: [33]
1. Appig. lgad increment and determine elasticl

;ncrements of stréin{Ag'} and stress {As*} . ¢
2. Add {as"} to stresses{oo} existiné at the start

of the increment, to obtadin {¢°} . Chéck;f\
weathér Y{c"} <0 . If, ¥{g"} <0 , then the
stresses are within elqsti% regioh, and the.
proéess is stopped, if not proceed to 3.

3. If Y{g*} 20 and Y{g,} = 0 (i.e. Element was in

yield at the start of increment) fiad {th' by

-~

eduation 2.64. ’
{40}, = [D}ep {2e’},
T with [D% computed from equation2.64 with )
\ P o )

SR et

A A .



bilinear (Figure 15; page 52k, in that the value of H- is

iy . . ‘
' stresses {¢°} .
Evaluatef stresses whicﬁ has'ta be supporied by i
body forces: . | ;
. , (80"}, = {07} - (a0},
séore currentlstfesses {o} = {G’}-{Ao’?] :
34\\J1f Y{c"} > 0 but Y{o 1} < Q , find thelintermidiate 2
stress . value at which yield begins and compute A
- increment {s}, by equation 2.64 startihg from §\

that point. Then proceed as in 3.
;‘ Compute nodal forces corresponding; to the !
equilibrating body forces. These,are given for

any element by: ' , ‘
| Py, = /[B]T {8077}y @V ’
V L4

[ i
6. Resolve using original elastic properties and

the load system ﬁ*} to find {Acﬂz and {Asﬂé v
7. Find current value of H~". .

N - ,

8. Repeat step 2 to 6, etc.

-

<
The cycling is terminated when the nodal .forces of step 5,

reach sufficiently small vaf&es.~‘The process is“illustrated

g r

graphi&ally in a two dimentional stress space in Figure 12.
Note that after a few cycle the .resulting stress’ is always,

brought back to the yield surface. . -

]

-
i

In this thesis, the stress strain curve is assumed to be

t

constght for the whole plastic region.,

-

A s L_
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c‘k,) )
Figure 12. Graphical interpretation of the “initial stress® process. '[33]
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2.4 FINITE ELEMENT MESH AND COMPUTER IMPLEMENTATION

The wheel is divided into more than 430 elements, as
shown in Figure 13 (page 49). A finer mesh is used around
the areas of stress eoncentrations, suche as fillet regions
etc. Further refinement of the mesh is not possible due to
the limitations in the computer memory allowed. The same
mesh is wused for both temperature and stress calculétions.
N5d31 temperaturés obtained from the program TEMPCAL,‘ given

in appendix A, are stored on tape and later used in the

proéram PLASTIC, given in appendix B, to calculate stresses. -

‘

For temperature calculation each node has one
degree-of-freedom, éne temperature,' and for \stress
calculations it has two degrees-of-freedom, one displacement
'u' in r direction and the other 'v' in z direction. The
total degrees-of-freedom for stress calculation is more than

.

500, that is, more than 500 simultaneous equations, which are

/
in matrix form:

[K] {6} = {F} ‘ (2.19)

¥

-4

A great part of the métrix (K] contain zeros. {3o to
minimize the storage of zeros the [K] matrix is stored in
band storage mode. The element ,stiffness matrix is
accumulated directly in global stiffness matrix in band

storage, minimizing the use of computer memory and time.

Numbets are "assigned to the nodes with care so as to minimize

A A P P B

T Rrekee e
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Figure 13.
fFinite element mesh of the wheel.
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the band width of the [K] matrix. IMSL routines from
computer library are used for the solution of these
simultaneous equations. The value of convection ' coefficient

(h) is taken to be 19.87 W/m K. ([20]'

2.5 MATERIAL PROPERTIES

Class U steel wheel 1is used for analysis, with the

following properties:

Thermal conductivity (k){9] = 30-5.5(TR/1000) Btu/hrftCR

*

= 29-0.0095(TK) W/mOC

Where TR and TK af@ temberatureﬁtin degree Rankin and

degree Kelvin, respectively,

/

Heat capacity (c) [9] 0.07+0.06(TR/1000) BTU/1b°R

"

160+0.25(TK) J/Kg®C

Wheel density (p) [20] = 7833 Kg/m°

¢

Poisson's ratio (v) ‘= 0.3
Ambient temperature (Ta) = 297%
Modulus of elasticity (E)‘.and plasticity (H*) and

coefficient of thermal expansion (o) are obtained as a

4

b i s s i e o o e+ =

e R b ¥ 908+ NI

"

oA ~slontribh ] e
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function of temperature, as -shown in'Figure 14, 15 and 16
(page 52) respectively. They are incorpdrated in computer

program by Lagrange polynomials of interpolation. A series

of n points,xi , were chosen,for which the value of funtion,:

f(xﬁJ were obtained frgm'ihe‘graphs. The Lag}ange polynomial

is obtained by:

. n ' ‘ '
f(x) = D fxg) Pylx)
3=

where

St el i A S At P L A e S Ot
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2.6 FLOW CHART OF CQMPUTER PROGRAM FOR STRESS ANALYSIS

Flow chart for finite element, axisymmetric,
elasto-plastic stress analysis: (the temperature distribution

is obtained from finite element program for temperature,
using the same mesh)

START .
Y !
Read Structure Data

y
Form Element Matrices
[B]e ’ [DJe y {F}e ;[K]e ) {EO}E

'

save [Bl, , [Dl,, e}y On Tape

)
Assemble Element Stiffness Matrix [K]

In Global Matrix [K], And Element Forde
Vector {F}e In Global Force Vectdr {F}

Go To Next All
Element Elements ’
Assembled

Save Global Stiffness Matrix An% Global Force Vector

i

Selecé A Factor 'W' (0 < W< 1) For First Load Increment.
(Such That No Element Will Yield In This Increment)

|
Initialize Increment Number, INCR=0

B o ta, Mo ot
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Multiply Global Force Vector {F} by W

4

\

INCR=INCR+1

'

Solve For Displacements {§} = [K3-] {F}

Extract Element Nodal Displacements

A{a}e From {a} .

._____-.@

¥
Read Matrices [Bla , [Dl ,
{eo}e Of The Element

Read Stresées
From The Previous
Increment, {c§

Find Element Strains Apd Stresses
tledg (B] afeldy and

e
A{a}e [D]e (A{s}e - {so}e~w)

t

1

4

Find Total Current Stresses in
The Element, {a% = {<ﬂ1 + A{G}e

Is
Element

Yielded

Store The Current Stresses

o e et ——— s & aD B
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Stresses

Go To Next
Element

For All The
Elements

P(I) =~ 0
1,2s..,#0f nodes

& -~
’ X
‘ Stresses
¢ Converged
-
Summation Of Factors
SUM = SUM + W
Apply Next
Load
Increment

Tape Containing Cdrrent Stresses
Are The Elasto-Plastic Stresses

~Of The Structure

)
STOP ' ~

-

e wner_ ¢
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Stresses At
Start of Increment
In Plastic
Region

N  |Bring Stresses
At The Start Of
Increment To
Yield Point

|

s

Calculate [D]ep For The Element
N X

From Strainale }e , Find Proper Plastic Stresses
,4{0}p = [D]ep A{e}e .- '

\

Find Unbalanced Stresses al0} = al®), - o)~
/

, '3 ‘

‘Store Current Stresses (o}, = b % - A{UL

b

Find Unbalance Force Vector For The Element
: ) T . i
Py, = \i[[B]e‘A{o} dv

o

B

r

Assemble {P}. In Global ‘Unbalance Force Vector (P}

9

v

N

S o — %




ITER=ITER+1. ’

!

J

Calculate Displacements Due To Unbalance

Forces. {s} = [K]. (P}
Extract Element Nodal Displacemehts A{cﬁ}e
. J
- \\
Find Element Strains And Stresses | —-
Melo, = OB INERY
* AMole = [D] alely

Find Current Stresses {ole

= {olie + Aol r
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3 RQEULTS AND DISCUSSIONS
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' x ) - ’ | ¢ . - ’
3.7 TEMFERA'S;{E AND DIWM‘ENTS

- .

A standard J36 whél 1is - used in the analysis.’

Temperature dlstrlbutlon due to drag brake appllcatlon of
gphp, 3th and Mth for 60 minutes are obtained, which are
shoewn in* Flgure 17. Similar brakgipowers have been used by

previous investigators {9], whlch represent the extreme cases

y

- F .
of drag™ braking. Higher brake horsepower has resulted in

1

hlgher rim tepperatures. A tempe@ature §radient of 80

degrees (nKe. Difference between the maximum and the minimum
-
temperature) is obsenved in the rim} region for brake

[

"application of 20hp for 60 minutes, while almest double the

g

"temperature gradient, 160 degrees, is observed in 'the same

region for U40hp for 60 minutes.
e -
] . R
Across the rim along section A-A in Figure 17, the
’ . . ) . )
tefiperature at point B is higher than 4hat at point. C,

resulting in 'reauction of tread taper angle, as shown in

Figure 18. Similar trend ‘is observéﬂ acnﬁss the plate along

section D-D‘and E- , in Figure 17 . ngh temperature gradlent‘

is ob&¥erved aiong the plate. High temperature near the .rim

and low temperature near the hub region, causing reduction in

- ‘ . z .
-
1 B

Wk i TR o VR0 500 We}, S < £
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Original Profile
2 »
<

Deflected Profile

Bd Tread taper after deflection

LS C

' [k [
/
| IS
. . K
Tread taper |
before |
deflection _ . |_\\
'30 RN
N\
\
A
\
\
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Figure 18. {
Deflection of the wheel. I
Enlarged 5X. l‘
’ (]
-
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1
1
l
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inclination
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Deflected plate

Original plate-inclination
~
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plate inclination, as is evident by the change in angle ¥ in

Y

Figure 18.

by »

3.2 STRESS DISTRIBUTION

’

The displacement of wheel profile results in compressive

radial and tangential stresses in tW% inside-rim-fillet and

4

tensile rad Ngh and tangential stresses  ip the
outside-hub-fillet regicns, which is- illustrated from the
elastic stress distribution in " a whéel éftqr brake
application of 20hp for 30 minutes,'as showé in Figure 19 .

4
High Von Mises stresses ere observed in inside-rim-fillet and

. [ . : ’
.ocutside-hub-fillet éegions, causing initiation of yielding in

those regions, which |is evident from the extent of yielded
LY

region for 20hp brake application for £0 minutes, shown dn

Figure 20 , - where only outside-hub=fillet and
. U " )
inside-rim-fillet’ regions are yielded. The triangle

represent the yielded regicns. Application of. higher

’

horsepower brakes ‘cause increase in the yielded region;
Sinq? the temperature in the rim section is‘very hiéh, and
wheei maierial 'properties are. greatl?’ affected by high
temperatures, 5 considerable part of the rim sect%pn is found

to be yielded due to brake application‘of 30hp and u40hp, for

60 minutes, which is shown in Figure 20 .
'J

e AR et - =

e IR R I

TSV URFIPE RN -
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6
Elasto-plastic stresses are ohtained for the wheel
subjected to yielding, from 20hp, 30hp and U40hp of* brake
application for 60 minutes, shown' in Figure 27. High
. compressive tangential stresses and tensile radial stresses
are‘ found in rim section. -Slight reduction ts observed in
beth radial and tangentiaqutresses in this region for 40hp
case, Figure 21 (a) and (f), as compared to 30hp, Figure 2]
(b) 'and (e), due to larger yielaed region of the former.. In
ocoutside-hub-fillet and inside-rim-fillet region high tensile

radial and tangential stresses are found.

Residual stresses are obtained for the wheel by -

subtracting the elastic stresses from the elasto-plastic
stresses, they are shown in Figure 22, Tensile tangential
stresses and compressive radial stresses are found in rim and
inside-rim-fillet regions, while tensile radiall and
compressive tangential stresses are ’ found in

ocutside-hub-fillet regions. Fillet areas are found to be"the

regiong.of high stress concentration.

+

Tensile radial stresses are very ihportant factor in
fatigue failure. Their presence contribute towards reduction
of fatiéue life, since they act as the mean stress. Fatigue
~strength is seriously’ reduced- by the presence of stre;s
concentration, So it is imperative that the tensile residual

stresses around the areas of stress concentration should be

reduced.

seisha b S K £ 4 AR 28
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fastal Strestes
20mg, 68 vin,

Sosipl Stresies
e, 68 wia,

Tanqentisi Streseat
20ne, 68 ma,

Tergantis] Strevses
200p, 4 sis,

Madial Stresses
Moy, 4 oha.

Tangentis} Siresses
g, 0 ste,

Figure 21.

Elasto-plastic, radial and tangential, stress distribution
in wheel after 20hp, 30hp and 40hp brake application for

60 minutes. A1l values in MPa.
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Meetal Ttresses
200, 0 ata

’ N

\

fastal Stresses
Jowp, 40 win.

Tenguatial Stresses
0, 0 wa,

Tongentia! Stresses
Wne, 60 min

disl Stresaey
o, W oK,

T
Tomgential Stresses
e, B0 win

Figure 22.

Residual, radial and tangential, stress distribution
in wheel after 20hp, 30hp and 40hp brake app11cat1on

for 60 minutes. All values in MPa.
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Reduction in tensile residual stresses by improving the
profile of Qheel fillets will improve the fatigue life of the
wheel. For this reason, three new designs are tested.
Improvement in profile is done in the 1inside-rim-fillet and
cutside~hub-fillet regions, since they are high stress areas.
The three new designs are presented in Figure 23, 24 and 25 ,
along with the old design. For design #1 and #2 there is no
significant change in weight while des}gn i#3 hgs 4% increase
in ‘weight. The fillet profiles can be represented by a

polynomial:

z = ar3 + br2 + cr + d (3.1)

¥

- 4
where z and r are coordinates, and a, b, ¢ and d are

constants given in Table 4, The three new designs are
“
analysed elasto-plastically and residual stresses are

obtained for each of them. Brake energy of 30hp for 60

minutes is used for this purpose.

Obviously the design with reduction *in high tengile
residual stresses 1Is a better one, but reducticen in one
rfgion may cause an increase in tensil; residual stresses in
some other regions. For that reason comparison between the
residual stresses of ;he four different designs is done using
a "penalty" functicn, by assigning weights to fifteen
different locations jon the wheel as shown in Figure 26 and
27 . These weights are given in accordance with the relative

gsensitivity of the location and the stresses, as shown in

Bt E
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——————— Original Design

New Design #1.

Figure 23.
New Design #1.
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Figure 24.

New Design #2.
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Original BeSign

New Design #2.
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Figure 25.
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~—=———=—- Original:-Design

< . New Design #3.

New design #3
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Table 5. Weights assigned to the fifteen locatiohs for comparison ®
. of stresses, o
/ 3
Location Weights Remarks '
1,2,3 W =7 High tangential tensile residial stresies are
ofgserved. In Eractice cracks are found in thié
a region. :
wr=1 High radial compressive stresses in this region. !
A little reduction in compressive stresses j
: will n®& contribute fin failure. i
. k]
4,5,6 wt= Corﬁpressive tangential stresses in the. region. !
e . i
wr= High compressive radial ‘stresses in t#e region.
4 2 :
7, 8, 9 wt=4 P 7Tens1’le tangential stresses. Increase in that + &
will contribute towards fatigue failure. !
wr=o.5 Very s}aﬂ radial' stresses. )
L 4‘ { N ;
10,1 wt=2 Qonpn}!ssive stresses.. ° \ y
. . \ :
wr=3 Tensile radial stresses. *. w {
12 ) W=1 small tensile stresses. L ) i
. - A i
Y . wr=1 Compre;swe r‘adui/s“c_rg;‘?g} 3
13 W, =2 Small compressive stresses. ;
wr=2 Small compressive stresses. ?
Tt " -yt -' ?
14 W, = Small tensile stresses, ;
‘ ,wrzl Compressive radia} stresses. . (‘
15° W</ Compressive stresses. . RN
t \ ) .
W =1 Compressive gtresses, . .
LN ' .
I . : ' ——
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Figure 27 and explained in Table 5. For example, the

-

locations with high tensile stresses are given high weights
}

while the locations with high compressive stresses are given

low weights. wt and wr are the weights assigned to
tangential and radial stress et. a lcocation respectively.
More than cone location of comparison is used around ylelded

region, whlle for the reglons which are not yielded only one

location is used. For example outside-hub-fillet region has .

(2

location 1, 2 and 3 which fall within the yielded region in

that area. Similarly 1oacpions 7, 8 énd 9 fall within the
yielded region in rim section, while the |location 12

represents the unyiélded region of the rim. The penalty

function used is:

15
E] [(ﬂt)i (dog), + (W), (Acr)i] (3.2)

¢
a*

where Ag ffor a perticular location is the difference in

stress of the new design being compared and the stress of the

old design for the same 1ocation>\\The design with smallest

number (greatest negative numbér) is the best design under

n

theﬁé consideration.

|

The residual stréssés obﬁixned in all the fpur designs at

the flfteen locations are presented in Figure 28 to 31 .

4

\
Ihese stresse§ along withltheir proper weights are used in

the penalty function, equaticn 3.2, to find the penélﬁy of
. l ) : .

/
the new d signs‘ Fo esign #1 t%ﬁ cost is -653, for de51gn
\

#2 the cost is =985 and for de51gn #3 1t\1s -548. Since for

4

,: N

v
- 4 g | b e % vy o
I b 5. .
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\ . LEGEND
' O Tangential stréss.
‘ D ... Radial stress.

Figure 29. +

Residual stress distri-
pution at the fifteen

locations in new design

“'#1. A1l stresses-in MPa.
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LEGEND v

O. .. Tangential stress.

O ... Radial stress.,
N

Figure 30.

Residual stress distr'i-
bution at the fifteen
' Tocations in new design’
#2, AH'stres:ses in MPa,
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LEGEND
Tangential stress.

Radial stress.

Figure 31.

Residual stress distri-
« bution at the fifteen

locations in new design

#3.. A1l stresses in MPa.
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design #2 the penalty is the least, -955, it is the best of

the three designs.

Considering the cases physically, in rim

region, location 7, 8 and 9, design #2 has a slight increase

in tensile tangential stresses, as compared to design #1, but

in -the areas of stress concentration, location 6 and 11,

thére is a

reduction in tensile stresses in desién #2.

\ ~ .
»* Similarly between design #2 and ,#3, around critical region of

" inside-rim-fillet thg tensile stresses are lower in #2 +than.

in  #3. Moreover, as shown in Table 6, the old design and

design #1, undergo more deformation under thermal loads than

. design #2

énd

#3, as 1is observed by the changes in tread

taper, ( Bo - ﬁd), (see Figure 18,page =60), "and plate

\

inclination,

.that design

.

( o - ¥4d), angles: And, also,'d§¢1gn #2 and

> #3 have about the same deformation, which further supports

#2 with considerable reduction in resjdual

designs.
Change in angles (deg.)
Design: | (B, -Bg) | (¥, -¥y)
F::701d 1.50 2.01
n 1.05 1.67
” 0.43 0.78
” 0.40 0,74

Table 6. Changes in tread taper angle and plate

inctination angle for different designs. .

"~ stresses and smaller wheel deflection is the best of the four |,

Original tread taper angle, 8, = 3.06° -
Deflectad tread taper gnglc. By
Change 1n tread taper angle, (By - B4

Original plate inciination angle, ¥, = 18,480
Deflected plate inclination angle, ¥y
Change in plate inclination angle, (¥, - ¥Wy)

~
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y, CONCLUSIONS

Railway wheel failure has Jbeen a major ccncern to
engineers {or.the past few decades due to increasing trend in
heavy train lcads and high speed requirements. These wheels
not only help 1in £ravelling and suppert car lcad, but also
act as breakdrums. They experience a great deal of stresses
during service life. Under severe drag braking, the heat
from brake energy travel deep inside Lhe wheel, reducing' the
treaq taper and plate inclination.( The stresses caused by

thermal gradient are extreemfy high..
: V ) .

Due” te the irregular shape of the wheel the fihite
elenent technique is wused for stress analysis. Thi§
téchnique is found to be very useful for elaste-plastic
stress analysis. The wheel is divided into more than 430
elemenﬁs, ;nd the brake energy is simulated as heat flux on a
ZO mm wide sirip on tread surface. Since the wheel rotates

very fast, axisymmetric heat input is assumed. Temperature

distribution in the wheels are obtained for 20hp, 30hp and

40hp break application for 60 minutes. Stresses from the

temperatures are obtained for the three cases. Yielding is

observed in all the three cases. Yielding 1is initiated\ in

inside~rim=-fillet and outside-hub-fillet regions. For 30hp

and 40hp a considerable part of the rim sectien is also:

/ o
yielded, . -

PURVIROPE S
'
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Residual stresses are obtained for the wheel. Tensile
tangential and radial residual stresses are found in

inside-rim-filleg and cutside-hub-fillet regions

respectively. These tensile residual stresses are critical

in the fatigue li of a wheel, especially since they are in

regions of high stress concentration.

Attempt 1is madséto reduce these tensile resl%ﬁal stresses
by &odifying fillet profilés. Three new Hesigns with
modificaticns inéfilleg pro&ileslare tested. Care 1is taken
to avoid significantl change in the wheel weight in the new
designs. Resldual stresses are obtained for the new designs
and are compared with residual stresses in the old design. A
penalty function is used for the compari¥ion of stresses.
The possibility of using penalty function, as a mean of
comparison of stress variation with design--change, is

. demonstrated in this thesis. Design #2 is found to be the
best of the three new designs, with a considerable reduction

in the max imum tensile residual stresses as compared to the
<

0old design. e

&
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5 FUTURE WORK

AR

Further studies can be done in the area of fatigue.
]

failure in wheels having residual stresses from drag braking.
The car load on the*wheel althcough .negligibie compared to
thermal lcads after drag Hraking, as well as dynamic-lcad due
to rail irregularities, n contribute significantly to 1low
cycle fatigug.failures. Their effect is further enhanced by
the presence of tensile residual stresses 1in the vwheel.
Better material  properties are now’ available .fn the
literature for class U steels. A recent study by Park and
Stone [18] has suggests cyeclic Softening of clasé U steel at
low strains, causing plastic deformation at stresses below

yield strength.

Tﬁe non-symmetric nature of ear locad on the w&agf
requires a three dimensional analysis demandiqg cosiderably
larger‘ computer memory. The point load on the wheel can be
incorporated in axisymmetric finite element\ program w{th

slight modifications in matrices [B] and (D], using the

Fourier series. Using the Fourier series to model point lecad

‘on axisymmetric wheel will reduce the memory required.s

Another interesting area of work will be to find the

cptimum fillet profile.’ Previcus attempts to make optimum

!

wheel design hasrresulteq;in an stra%gnt plate wheel to take

{

T n e NS S b BT
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A

the shape of adp;rabolic.plate wheél [20]. Since many of the
* wheel manufacturers in North America make straight plate
wheels, and the manufacturing processes for both straight
plate and parabolic platévwheels ;re considerably diffe}ent,
it is advisable to produge a better wheel from the existing
process. The attempt in this report shows that slight
variat?%n in the fillet profiles ha;‘a significant effect on
the stress distribution in the wheel. Only a few designs are

tes&gd here since thys pitgx resegrch project is intended to

: 5
lay doqg the ground work and to demonstrate the possibility.
. ‘() -~

In future a good finite element optimizatioﬁ program c¢an -

handle the task much more speedily.

!

-
’




i

2.

L

3.

y,

5.

< !

!

6.

©

7.

e .
- REFERENCES

4"&
\-l ) :
Berg, N. A. and Alber, R. H., "Tread Break Verses

The Wheel", Presented At Air Brake Association
Annual Meeting, Chicago, Sept. 1972, /
‘ T

Berg, N. %Kucera, W. J., "A Rev1ew Of Thermal

Damage In Rallrdg%\uheels" Present.ed At The  Air

Brake Associatien Annual Meeting, Chicago, Sept,
A

1970, Griffin Wheel Company.
’ B

Carter, C. S. and Caton, ‘R'.“G. , "Fracture Resistance

Of  Railrocad  Wheels". ¢, S. Dept. of
Transportation. ' Report No. FRA-ORD & D-75:212, Sept.
137u. - .

4

FE

D‘ieter,? G. E., "Mechanical Metallurgy", McGraw-Hill<,

Book Company, New York, 1976, ;.pp 72-102.

—

- N “'l’i’ )
Godfrey, D. E. R., "Tbeoratica\l{ Elasticity  And

Plasticitys For  Engineers", hames And Hudson,

I - .
" London, pp 246-263.

—

Holeman, J. P., "Hedt Trfansfer", McGraw-Hill Beok ®

Campany, New York, %976, pp 3-7. ) o,
’\» Yy ' T

@ 4
.

Hornbeck, R. W., - "Numerical Methods", Quantum

A W
Publishers, Inc., New ‘Y'ork,@S, pp 43=47.

-

wane o et s o




. v J RN . ~
_ ‘

) _ . o R
~
’ g 8. « Hubner, K. H., ""The Finite Element Method" for
)
Engineers, John 'Wile§ & Sons, New York, 1975, pp

- . . x

197-241. ~ ot

9. Johnson, M. R;, Welch, ®. E., and: Young, K. S,,
. . | N

) . . . ’ ‘ I
~-"Analysis Qf Thermal Stresses And Residual Stress
Changes In Railrﬁéd Wheels~.Caused By Severe Drag

g Braking“. TRAN3. ASME, J. ‘Of Engineering For

H

fndustry, Feb. 1977, pp 18-23. ;oo '

10. Kachanov, L. M. "Foundation Of The Theéry of

Plasticity", Elsevier Publishing Company, pp 95-122. \

1. Leadley, G. L., "An Overview Of Current Efforts To

Detect And Prevent Steel Wheel Failures", Natl Bur

Stand . Spec -~ Publ n 436, 1975, for 22nd ‘Meet of Mech

»

irilhrés Prev Grolip, Calif, 1975, pp 26%-288.

$12.  Literature Supplied by Hawker ~Sidley Canada Ltd.,

"Railway Wheel Data", Canadian Steel Wheel Division,
. - .
) . Mentreal. : - , .
~ . v M . P '

13. Nayak, G. C:kghﬁ\Zienkiwicz, 0. C., "Elaste-Plastic

y

" Stress Analysis. Q‘ Generalization For Vario@s

%

~ ‘ Constitutive Relations Including Strain Softening",

Int. J. Num. Methods In Eng., 1, 1972, pp 113-135.

]

-

14, Novak, G. E., Dahlman, G. E., Eck, B. J. aAd Kucera,
. - .
W: J., "Thermal Pattern In 36 in., Freight Car Wheels

Vo - During Service .Test", ASME Paper # T6-WA/RT-11. .«

4« B6 .




15.

16.

17.

18.

19.

20.

’

21.

9 s g7 ‘ o

- N

Novak, G. E.

/

Finite' Difference Solution Fdr} Theermal Stress In

Railcar Wheels", TRANS. ASME, J. Of Engineering For
A

A : +
Industry, Aug. 1669, pp 891-896.‘ s

¢

-

Novak, G. E. and Stene, D. H., "A Camparison Of
Stress Level In One And Two Wear 36 in. Diameter
Wheels UnderASimulated Service Loads", ASME Paper #

. : « (

77-RT-13.  ° " ' .
. : \

$
-

Novak, G. E. and Eck, B. J., "Cyclic‘Distortion And

Stresses In 36 in. Wheels Un@er Combined Service

Loads", ASME Paper # T5-~WA/RT-5. ) ‘

Pa&k, i, J. and Stone, D. H.,, "Cyclic Behavior of
Class U Wheel Steel”, TRANS. ASME, J. Of Engineering

For Industry, Feb. 1981, pp 113-118. .

Redford, R. W., "Wheel/Rail Vertical Forces. In

High-Speed Railway Operation”", TRANS. ASME, J. Of

Engineering For Industry, Nev. 1977, pp 849-858.

Rusin, T. M., Kleeshulte, D. G. and Coughlin, J. M.,

"Application Of The Finite Element. Method In The

Development. Of Improved Railrcad Car Wheel Design',,

ASME z§§er # 78-WA£RT-5.

Segerlind, L; J., "Applied Finite Element.Analysgs", ‘
New York, Wiley, 1976, pp u42-46. a

4

. R
i N -~

and Eck, B. J.,"A Three-Dmensicnal

U S

. W —

L

.t

 J—

PRI -5< WW




22,

23.

2u,

25.

«

26,

27,

28.

29.

30,

Ibid., pp 191-223.

" 1970," pp 380-383.

88

x -

I 0y
Steel Product Manual, "Wrought Steel Wheels and.

Forged Ra;lyéy Axles", American {ron and §teel

Institute, Washington, Sept 1979.

Timoshenko, S. é. afd Goodier, J. N., "Theory Of

Elasticity", McGraw-Hill Book Company, New York,

«

.o
Van Swaaij, J. L., "Thermal Damage To Railway
Wheel", Int. Conf. Of Railway Braking, I Méch E.

Conf Publ 1979-11, Railway Div of 1Inst of Mech

\ #

Engrs” 19791 pp 95"100.

-

Wetenkamp, H. 'R. and Kipp, R. M., "Thermal Damage

And Rail._ Load Stresses In A 33 in. Railroad,Car

Wheel"™, TRANS. ASME, J. Of Engineering For Industry,
X L 4
Aug. ' 1978, pp 363-369.

-

3

Wilsen, E, L., "Structural Analysis Of Axisymmetric

Solids", AIAA Journal, Dec. 1965, pp 2269-2274.

Zienkiewicz, 0. C., "The Finite Element Method",

McGraw-Hill Book éompany, New York, 1977, pp 48-52.
. /
Ibld- y pp 73"’89-

ibid., pp 254-273.

N~

r

R A A i v S

s
S

e

R

s e



31..

32,

/‘\33‘.

Ibid., .pp 369-390.

@

-

Zienkiewicz, O. C., Valliapan, S. and King, I. P.,

"Elasto-Plastic Selution Of Engineering

Num. Methods In Eng., 1, 1969, pp 75-100,

Problems,

.(;S

\ ]
Initial Stress, Fihite Element Approcach", Int. J.

u‘%: ¥

deW Aeodend 25



.

&

PR TR U R

90 _ ' .
. ) .
<
o -* B .,
APPENDIX A - \

¢ ’ 4 ' N - . ¢ .
Computer program 'TEMPCAL', for calculation .
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PROGRAM TEMPCALIINOUTILIPUTTAPLES,TAPES, TAPEZ)

OTMENSION 8(3),C(3),AL(3,3),CON0(3,3),CONVE3,3),CAPC(3)3)

1,00303),IPP(3)yAB(3,53)sF{3)1,R(3),ND(450,6)

1, FINALK(267+22),FINALF(3C0) s TNL(3CO)»FIRCE(3)
. + 1713000, 111450)0 )J1450) kX (4500, TRL450,4) 4 FFI300) )
)(mUTvP(4JO)9Q¥(30Q)‘7Y(JCO) rtrTT/ct T o oo o T
**#****v¢*¢¢¢*##**t*v#**##***¢4**v*;¢*¢4¢¢¢¢¢v¢*t*»¢¢*¢¢t¢y4*¢¢¢

* PROGRAM TC CALCULATE TEMPRRATURE DISTRIBUTION IN AXISYMMETRICH*

e e ——— —

ERE T H RN ) ’ T T *
B R R AR R Rk Rk kAR kA kR kA Rk kR bk Rk hak Rk a Tk ek Ak ko kA Rk
* . *
¥ Y G FND ' LR
* . ¥
#t#*#*t#:v:vn*vtt***#t*##¢¢¢##*n**t**#*t#******#t****a*##**m****
* . *
* NC1 BANDWIDTH, *
* NFL NUMBER OF  ELEMENTS., _ o
* NNODES NUMBER OF NODFS. o %
® COEFK THERMAL CONAUCTIVITY, *
* COEFH CONVECTION CNEFFICIENT. *
e T TAME T TUAMBLIENT TEROCRATUFE, c 0 oo - *
"% HFLUX HEAT FLUX, IN WATTS/CM., SC: ’ *
* CAPC CAPACITANCE ™ATR1] X, S x
. ¥ CUND CONDUCTION MATRT X, o T T T T
‘ £ CONV CONVECTION MATRTI X, *
* FINALK ACCUYJLATED STIFFNESS MATRIX. *
o TEOFINALC 7T ATCUMULATED APATTITANCE MATRIX,S 77~ T ¥
; € RX CUORDINATE "©t» 3F THE MNODE. *
A CCORDINATE "Z" 3JF THE NODE. : %
T ARKKAY CDONTAINTNG NODE FIn OF THE ELEMENT. - 7~ 7%
| * JJ AREAY CONTAINING NODE "J OF THE ELEMENT. *
* KX ARRAY CDVIAINIHG NODE K™ (OF rHE ELE"EN.. . ¥
E2 T T T T T T T e e "

* SEQUFNCE OF DATA : *

+
%

|
i

R R A A AR KA R AR AR AR AR AR A R A AR KA R R ARk SRk kEa E bbb Ekh ok

| T T R EE R T AT A E R E IR TS E TR LT T EEFETEFES EEERE Y EEEFFREEyy 33 L 233 )

* [CASE. 1CASE=0 .. IF STEADY STATE CASE, %
T ICASE=1 ., TF TRANSIENT CASE., ~ — ~——— =77 *
! * NUMZER OF ELEMENTS, "NEL", , %
. * NUMEER OF NODES, "NNODE®, . *
F HEl NUMAER OF LINES CENTAINING 77" AND "R™ COGROINATES *
, * JF EACH NODE. ¥
& NMODE MUMEER OF LINES CONTAINING Iy J, AND % FOR_ %
D T T EACH FLEMENT. *
% ‘ ' ¥
- u'/*'!fﬁt#***»#x"1!3#***#!31«#*##**¢*4*#&#**###**#*##*##*#‘?**#*##*##*t .
FEWIND 5 T T o
REWIND 6
’ PEWIND 3 ' )
T T % ; - T o . ; -
+ CONVECTION CONEFFICTENT, WATTIS/CM.SQ.DEGYC.
COEFH=0.001937 ' .
¢
a AMBLENT TEMPEPATURE, DIGUK.
CTAMR=ZO7 " ‘
#*
# DEMSITY UF THE MATFPIAL .
‘ FAN=7.3713E=3 _ o

. st o B e 8 e

Binaa e AR

AT,

o SR
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TIME=3600
*
* TIME INCPEMENT FOR TPA\JSI‘\IT CASE.
DT=120
_ READ(S,*)ICASE
O E T T e R T R T AR T T Y
. ¥ PREADING OF

STRUZ TUPE DATA ANC BANDW

LT

44#**##*4##;*#44***#

IDTH CALCULATION, *

A Akbisdadntt i L L T L

READ(%,*)NEL ,NNDDE
0O 5 1=1,NNODE
READ(Ss *)RX(TI),2Y(I)

DO 6 ¥=1,NEL o
READ(E»*)IT (M) JJIM) KL (M) i
KG=1ABS(II(M)=JJ(M))

TFCIABS(IT(M)=KK (M) ), 6TV KB)
© O IF(IABS{JI(MI=KK(M) ), 6TuKG)

TE(KG.GT NBW) NBW=KG

K
K

é. ,

ZIABS (IT(M)Y=KK(M>»)
=IABS (JJ (M) —KK(M))

CONTINUE
NC=NBwn~-1
. \ . . _
% TOTAL NUMRER OF ELEMENTS HAVING HE A
READIS »%)KT
IF{KT.EQ.O)

> ~ _

T FLUX,

.0) 6170 13
! * HEAT FLUX» WATTS/CM.SO.

* HORSE POWFR. . ‘
HP =746, %40 o
HFLUX=HP/(2%3,1415926%2,54%2,54
PRINTH, HEAT FLUX = ", HFLUA
* KT ELEMENT NUMBERS HAVING THE HEAT

FLUX ‘

¥3¥l2) ’ o
s" WATT/CM.SQ, " :

D0 47 I=1sX7
47 READ(S, ®*)KNDTHP(])
***********************f***?fi*fii**‘
* FINOS THE ELEMENTS AT THE SURFACE., A
*####**t**#&****##&*#*#****ﬁ***##*#*ﬁ
13. DO 7 I=1,NEL

NOD(L,L)=1I(I)
ND(I,2)=44d (1)
_ND(I,2)=40(T) .
ND(I,4)=KK(])
MD(1s5) =KK(T)

ND(I,e)=I1(1I)

|
!

e A . Cn i AW

CONTINUFE
N1=NEL~-1
_ DD 26 I=1,N1L
DU 27 J=155+2
IF(NIC I J) «EQ DD
A=NO(I,J)

63 1) 27 -

i — e e

ND(IsJd)=ND(IyJ+1)
ND(IsJ+1)aa
o T11=141
3 D3 30 A= T1sNEL
DO 19 JA=1,5,7

[F{(ND(IA,JA) .NE. ND(I’J)) GO 710

19

JAl=JA+1
\ Ji=J+1
CIF(NDUIA, JAL) WNELND(I,J1))
IF(NDIIA,JAY.EQ.0) GO TO 19
HDUIA,JA)=0

ND (1A, JAL) =0

Y

GD 10 19
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ND(1»J) 20
ND(I,J1)=0 -

‘ 19 - CONTINUE

30 "CONTINUE
A=NOtI» )

ND(T,J)Y=RDI{T ,J+1}
ND(I,J+1)=A
27 CGNTIMUE

26 CTONTINUE T T I T T

* .

* FINDS SIDES SUBJECTED TO CUNVECTION

%

cO 11 T=1,NEL
=0

' “’ﬁ"“"”"—"”- DO 12 J=1+5,2

TFDLT,IT e, 00 6o A 127

K=K+l
~ IP{I,K)=ND(E, J)

T T Y T UTONTINgE T YT T
kAo k ok kb ok kkk kR ok kR ko A kk

K=K+1
IP (I, )sND{I..Hl)
12 . CONTIMNUE

* FURMULATION OF ELEMENT MATRICES.*

—p—— -

EERFRKIXERFR KRR ER AR A F IR AT A Ik R FRRA

D0 29 I=1,NEL ~
"X1=ex(T1(1))

TYIROCTITONY T T
X2=RX{JJ(I)) ‘
TY2=IY{(JJd(1))

FITRATRRIITT
Y3=IY (XK (1))
1PP(1) =T14I)

IPP(3) =KKI(I)
DO 44 K=l,4 .

TPRLZY=ua0nr T T e s

- TJ=1°1T,K)
B0 44 J=1,3 .
IF (1J /NE, IPP(JH GO T0 44

IPIT,k )=y .

4. . CONTINUE
3

¥ CUOE FOF CONVECTIVE ELENMEVT.
IP1=1P (1,1} -
1P2<1F (1,2)

’"""f5§?lﬁTT?iFf*-""*_‘_"7“_*‘“"T“*ﬁ"“é'“h‘ T

IP&=IP(1,4)
&

# AREA OF TrE ELEMENT,

. AREAZ ((X25Y3)=(Y2¥X3)=XL & (Y3=Y2)4Y1% (X3-X2))/2
CIN ELEMENT N0,

IF (AREALLELO) PRINT#," ERRCR

e

% SHAPE FUNCTION
8(1)=Y2-Y3

CTIT=x3-%2

3{2)=Y¥3-Y1
“CC(2)=Xx1-X3
EXEIE 2T
C{3)=22~xL

AL (3,1 )=(((X3~ X])**ZH((YB Y1) #%2))%%(0.5)

o e e

o v

ey

Atz

&“.

-y



-
>

&

AL U2,3) =({{X2-X2)%%2 )4 ({{YP-Y3)*%2))**(0.5) '
AL(L1,2) =((((L=x2)2%2)+{ (Y]~ YZ)**Z))*#(O 5)
REARS= v(Xl+x7+i’<)/3

% CONDUC TION MATRIY

DL 3 K=1,3 ] ' 7' .
DO B J=1y3 -

COND(K, J)=0 . L .
D0l <=1,3 7 '

'0C 1 $=1,3" : - ' : v
AB(K)Jd) sBIR)*2(J)) )

1

CCNDIAs 91 =CRT*CTI) ) -

_CONDI(¥, J)=00ND(XyJ) *¥2%3, l#levakﬁAR*CDEFKl(Q*AREA) -

D0 2 14=1,3 I
DG 2 Ja=1,3

AB (€,J ) 2a8(K,J)82%3, 1615926*RBAP#CDEFKI(4*AREA) . ;
!
CONDIIASJA)3CTNDIIA L JAY+AB (1A JA) <.t

2

AB(Id JA)=0 . - ™ S
DO 10 J=1,3

%

FOPCE(J)=Q o o 4 | s

% FORCE VECTOR DHE T2 FEAT INPUT.

R(1)=Xx1

- ————— e A e e a4

R{2):x2 ”" ) "
R{3)=x3
£Z2=0

03 50 <=1,4T
[F(KNOTMP(K) 4 E3,1) k7=l
CONTINUE

LY
&?‘\};

IFUKZ.EQVDY GO 18 51 '
FOL)eF(2)aF(3)=0 ' o -
FOIPl)=2%F(IP1)420IP2)

e s

‘s2

FUIP2)=R{IPLY*2=r{P2y —  ~——~———— 7~
D0 Y2 Kel,3 ‘ ‘
Fe<)=F(x)42¢3, 12159 26¥HFLUX*AL (1P1,1P2)/6

e gt

* '

* NO COMVECTION FOR SLEKENT WITH HEAT FLUX(INPUT). '

IP121P2=0 - B

51
X

IF{IPTI.EC.0) GO T3 28 S,

* CONVECTION MATRIX : ‘

DCIPL, IPI =32 (1PL)+9(1P2) ' :
D(IP2,1P2)e3=5(1P2) +2(1P1)
DLIPL,IP2)20(132,1P1)=R(IP1)+R(IP2)

20

D0 20 K=1,37 T T T e

DO 20 J=1,3
D(KsJ)=D(4,0)%3, 14159?6#AL(IP1,IP2)*CDEFH/6 !

23,

00 23 X=1,3 ) o
00 23 J=1,1
CONVIKy 9)=CTNV (4, ) + DK, )

N

CD(K I EQ T o n

IF(I°3 EQ.J) GlJ 1y 21
DCIP3,IP31=3%2(1P3)+R([P4)

22 -

DCIP4,1P61=3%5 ([p4) +P{193) e
DCIPI,IPC)sD(IPe,[03)=R(IP3)+K(IP4) . : ‘
00 22 k=1,3 - '
DO 22 J=1,7 B :

DUk 1J1=0 1Ky J)*.14157976¢ AL (1P3, [P6)+COEFH/G p
_00 26 X=1,s3

e a0 e e v B mmm——— n v e A



i\

~

%

00 24 J=1,8 . ‘ S '
TCONV (K, J) =CONV(K, J)+D(K,J) o '
~ 24 DIK »J )20 3 T
! PRINT*,1P3,1P6 '
21 DG & lA=1,3 PO . co .
00 & JA=1,3 T T ey
COND(IAsJA)= CDND(IAQJ&)+CDNV(IA;JA) : :
4, CUNV(IA yJay=0 o ’
. )
7 ¥ FIRCE MATPI!'DUE TO CONVECTICN :
: DO 14 K=1,3 p ' L !
FIKY =0 - - - ‘ ' T o
16 FORCE (K)=0 -
FUIP1)=2%R(IPL)+P g} 2) .
FIIP2ys2%w (1P2) 4R (1P 1)" , : o
' 00- 15 K=1,3
15 FIK)=F (K)*3, 1%15925*CQFFH*TA“B*AL(IPI»JP21/3 . )
00 16 K=1,3 ‘ } D o
: FDQCE(<)=FDRC°(<)+F(K) " N ' T
16 FIK)=0 : o iy B
FIIPS.RG.OY GO TO 29~~~ ~ w7 77w o =
FUIP3)=2%R (IP2)+R(IPGY : ‘
FIIP4)=2#2(1P4)+RIIPI) - L N
- 00 17 Ke1,3 _ T -
L 17 FIK)=F(KY*3, 1415926*CU¢FH*TAMB*AL(IP3-IP4)/3
, DO 18 K=1,3 ‘
- F@RCE(K):FDRCErx)+F1K1“—‘*‘— T ) Tt
X 18 Flky=g @
J .y \ L “ :
F ECCUIUTETES STIFFNESS YATEIN - -
[ 28 CALL ACCUMK(FINALK,NNﬂDE:NBw CONDT,115JJ,KK»NEL)
! . x

#«ccumITTF§77WtEMzwﬂ“‘ — e

CALL. ACCGUMF(FINALF)NNUODEFGRCE,TSITI, JJ,KK;NEL)

*

¥ FUR STEADY STATE CASE. o T A

[FIICASE.EQ.0) &0 T0 29

T R THERWEU T CONDUCTIVITY, WaATTS/CHL.DEGCe 7 7T T

TAVG=(TNICIT(II)+TNICIJEI) ) +TNLI(KK(I)1) /3
TTT={(S5*{TAVG-273)/5)+45K0

TOFFK={30=(5.5%TT1/1000))%0. 01731
* HEAT CAPACITANCE,:

. CP=(0.07+(0.,06*TTT/1000)1%4. 1867%*1000

.

ACAMD A=RHO*CH” Tt

T % ELEMENT CAPACITANCE MATRIX.

bo e et e e -

TCAPC( 1,1 126¥X1+2%X0+2% ¥ 3 - ToTTTm T

CAPC(2,2) =28 X1+&%X242%X3
CAPC(3,3)=2%¥1 4% %2454 X3

TTTAPCU,2) =CAPC(2, 1 w2 X 1425 x24X3 T T T

CAPC(1,3)=CAPC(351)224X14X2+2%X3"
CAPC(2,3)=CAPC(3,2)=X1+2%X2+2%X3

DC 57 K=1,13 - . 1 - . o Tt
03 57 J=1,13
_CAPCUK,J1=CAPC (K, J)*4k ALAMDA% ], 1415926fAl(120*DT)

NPITE(By*)((CAPC(K J)»J=1,3) K= 1,3)°
CONTINUE




A

* o . . .
IF(ICASELEQ.D) GO 10 9 . __— ) .
B T Il T &
¥ TRANSTENT CASEveaaese® *
ek akm ok kaok ARk x ke kk A & L e
REWIND 3 T o
. .D3 25,1=1,NNONE
- D029 J=1,N3W . ' S -
T2 T T FINALRUTI S = (=1L ) RF INALK (1,0 ) /2 -
ARITECO, ¥} CCFINALK(T,d) 5 d=1,NBW)» =1, NNODE)

D0 31 I=1,NEL . - .
READ(3»%)((CAPCIKyJ)pd=1s3)sK=1,3) ‘ T s
- CALL ACCUMK(FINALK,NNODE ,NBW, CONDS I’II;JJ;kK;NEL) o - !
31 CONTINUE ¥ ' !

REWIND 5 '

ARITE(S s %) ((FINALK (T4d)sJd=1,NBW)s1=1,NNGDE)

REWIND 6 >
- KEAD((‘)*H(FINlU‘(I J)eJ= ,1_1EQ“JLI:I_§_N.NQ_DE__) e
D0 32 T=1,4N00F . . -

00 32 J=1,NB 4
32 FINALK (T, J)=FINALK(T )% (-14)

s REWIND 3
v NC 33 I=1,NEL )
READ(1s *)((CAPC(K’J))J 1)3)oK 1+3),

TALL ACTUFK(FINARK, NNDIDE yNBWs CONDs I, 115 dJ KKy NELT
. 33 CONTINUE

uRITEIS;*)(FINALF(I)oI 15 NNODE ) ‘
WRTITE(S, %) ((FINALK(I,J)5J=1,BW)I,1=1,NNODE) <

' " PRINT*, " ENTE?W[glﬁgp OF TIME INCREMENTS REJUIRED. ™
i READH, K <
71 ITER=ITER+T . }
. REWIND 5
READ(5, *)((FINALC(T,J)sJd=1,NBW),1=1,NNODE) '
CALL VMULOF({FINALKS NNNOESNCsL »TN1s1 NNDDE;FF.NNUDE)
READIS, *) (FINALFIT) 2121, NNODE), @
D0 66 L[=1,NNINE
b6 FINALFC T sFINAL(IY+FF(])
READ(S» %} {(FIMALK{TI »J)yJd=1,NBW),I=1,NNODE) 7
I0GT=10 .
CALL LEQIPB(FINALKs NNODESNCIsNNODE,F INALF,
__ANNQDE,1,106T»01,02, TER}
00 34 [=1,HNADE
34 TNL(I)=F INALF (T) .
IFCITER.EG.K) GO Th 6% : .
60 10 71 : ‘ .
At op R R ;

b e e e e i e e ———— o e - - R —

) i

9 T IF(ICASE.EJ.1Y 60 TO 55 ' .
PRINT#, QK"
PRINT#,™ ENTE® TOTAL NUMBER OF wqus WITH SPECIFIED *
PPINT*, " TEMPFOATUPFS, IF NONE ENTER J., * ’

*# TDTAL NUMBER OF NODES WIT4 SPECIFIED TEMPERATURE,

L READ#*,XT b

IF(KT.EQ.0)Y GO T0 S5

# NMDE NUMBER AND ITS TFMPERATURE.
DG 3 1=1,KIT ) - -

b e e e e o e -

4




; . ~ -

PRINT#,* ENTER NODE NUMEER(INTEGER) AND * .
PRINT®," ITS TEVPEDhTURE(QEAL). " S
READ*,K,T(K)

CALL MOFYSBS(K,T,NNODE, F[NALK,FINALF;ﬂcw) 3
CONTINUE

.

CALCULATICN OF TEMPERATURE,STQRED IN F.
. N e

N

(SR - 2N VS

5 106710 v, T 7 T

CaLL LEQlPB(FINALK;hNODE;NC NNDDE;FINALF:
INNGDE,1,IDGT4D1s D2, [FR)

¥ ¥
68 REWIND 6 s

u
RN

WRITE(6,%INEL,NNODE ‘
DO T4E T=1,NNooET T T T T T T T S ]
48 WRITEX6s#IRX(I)ZY(I)»F INALF(IY o g
00 49 I=1,NFL ‘ ~

49 WRITE(6,)IT (1Y JJTIT) KK (1)

PKINT#*," NOW THE STRUCTURE DATA AND ITS TEMPERATUPES R
PRINT#,% "ARE WRITTFN ON TAPE6. " —_

- 1000 SsYgRTT T T T TTTT T e e e e

END . X

-t —— _—————

b o N —

U




‘~
>
i

e
‘t /—, > 4 f .
. A / - 98.
b} R Y 1
] ) : - \\ o~ -— e - . T PR
“ 1. ‘t/ ! 1 8 H
) SURROUT INE ACCUMK (F,NNUDE,NBW s 8K, IN,TTsJu KK, NELY o, 7

DIMENSLON AK(353) ) FK(NNODE/NRBW) yII(NELT s JJINFLIJKKINELI AN (3) *
AR AL TR R L I R L R e T Y L ST T P
* SURRAUTINE TC ACCUMULATE 3X3 ELEMENT-STI¥FNESS MATRIX IN % !
* GLOBAL STIFFNESS MATPIX [F NNODEXNNOOE. STORED IN SYMMETRIC *

¥ DBAND STELREGE MCDE, * ,
KA R KPR AR RR T K kA p AT % ##t##*#*####**f&#**###*#**#****t*#*#**#**** {

¢

: * L EGFE ND v * .
T ‘”i??#???i?@#K&E?JX Ny I T I T
*  AK ELEMENT STIFFNESS MATRIX. **
* FK GLOBAL STIFFNESS MATRIX, .
. * NNODE . TOTAL NUMRER OF CEGREES OF FREE00M. § * .
~ ¥ 11y JJs KK VECTCRS CONTAINING I, J AND K NODE NUMBERS = !
-1 % OF FLEMENTS, RESPECTIVELY, ° * {
FRABEA B R RN PR AR ¥*#¢*###**####v**###*#*###***#*###*##**##*##* :
N(L)=IT (IN) ) i
. NE2)=4Jd (IN) . e
T N(3)=KK(IN) '
DB 1,I1=1s3
1 FK(N(I),hdw)-FK(h(I),VBk)+AK(I,I) o o
I o Ts I 3 U , N
. [1=1+1 . . -
PO 2 J=11,3 R
* TFONJ) «GTWN(T)) GO T3 4 . ’
JI=NGw= (N(I)ZH(J)) '
B FK(N(I):Jl)'FK(N(I),Jll+AK(J:I) _ . o
I o+ B |1 - o .
) 4 J2 =NBW= ON(Y) —MNJT)) .
» FK(N(J):J2)=F<(N(J),J?)+AK(J 1) ] N )
: 2 CONTINUE * T
x RE TURN, . Tk
END . ’ o . i
T T T T T TSUBROUT INE ACCUMF(FF,LsF s INy SIS CTE % I §
- DIMENSION FROL)PFI(3)LITICIL), ITILIL) »ITKETIL) ;
I I I NI I T I nTmmmor 3
* SUBPOUTINE TO STORE 3x1 ELEMENT FCRCE VECTCR IN GLOBAL FWRCE * '?
* VECTOR JF LXx1. * .
w **###*####*#######*t##*#####****##*#****#**#*##***#***#**#*****fﬁ: )
e TE J T T U EGEND T T *
i e gk #*##*t#**##t*#*#t**t***#&*##*****4****#t**##t**t##*****#***
N * FF . GLOBAL FNPCE VEGTOR, L%
D * F FELEMENT FORCE VECTOR. *
* L TOTAL NUM3ER OF DEGREES OF FREEDOM. *
* 1L ____TDTAL NU¥BER OF ELEMENTS. *
U & ITL, 1 Tds ITK VECTORS CONTAINING ELEMENT NODE NUMBERS, x
* I, J AND X, RESPECTIVELY. *
***v*##***#*#v*t*****v#t**##%***w**#**#****#v***#*#*####***#*#**
FECITICIN ) =FF(ITICINDI*E(L) " -
FROITJCINI)2aFR (ITJCIN))+F (2) )
L FFOWKCINII=FF(ITKOINGI+F(3) - ‘
) ' RETURN - .
*END




L

, i

. m—— o e = e d——

SUBKOUT INE “DrYSBS(Nn TsLsFKsFaNC1)
DIMENSION F<(LsNE1)sF (L 1y TULY

R I IImTnI I I mMmmTmMmM T T ITmNT T MMM I I T
* SLEBRDUTIN!: TO "JDIFY, STIFENESS MATRIXy, STIKED IN SYMMETRIC ]
¥ BAND STORAGE MOJE,s I SOME NOODAL VALUES ARE KNCWNs, OTHER THA\M

¥ {EP0, TINGY CONTATNS YIHEF KNOWN VALUE. o 1
L Y I e R i s s i s T2t ETT

%* L EGFAND %
N i???i??i?#*¢*$vF2?%#*£1**¢*#***#**#*v***##****#******#*#***#***a
‘ *FX GLORAL STIFFNESS MATRIX LXNCl. ’
* F ‘ GLOBAL FORCE VECTOR.* 3
¥ NO &= NUMBER OF TRE NODE wITH KNORN VALUE. ~ ]
* T . VECTDP CONTHINING NODAL VALUES. ° .
¥ NC1 BANDWIDTH, ¢ - T
* L 7T TOTAL NUMBER OF DEGREES OF FREEDOM: "
***#**###v#t###v*##t#*#***#*#*#*#**4*#**####i##*##***#*#***###*#
o FIND) =FK (MU NGL) 2T (NQ) ) o N
NC=NC1~1 o,
JaL=NC1+1 ' \
IF(NO.GT.J) GG TO & ¢
KK == I - TrTtrremr o T T T T )
J=NC+ND
. DO 1 T=1,NC . :
KK=KK+1 TTTTTTETT T
. M= J =K%
. FIM)=F (M) =FK (M, I)#TEND)
S 1 TERIM,IYR0 T o T T T
GO TO 3 . ' ¢ e
‘ 6 K=NQ-(L=-NC1) '
| JKR==T ) ' .
IFIK.GT, G0 TO 3
DG 2 DsA,
g =~ vKK KK+ 1 TTUTTTT T T T TR T T T T
M2 L-KK '
FiMy=t (M)-FMn, I)*T(ND) . ~
7 FRUM, IT=0 : . ,
3 K=NG-MNC-1. o )
J=1 : .
P”“'""T'~“'~"“~‘YFTWO bEl\CTW 60 10 &« T T T
K=0 . :
) \ JENC1-NO+1 . . -~ ' .
IF(J.GT.NC) GO TO @ »
4 0O 5 I=J,NC
. — K=K +1 e . -
5 T TR =R (K =FKINDO, IVET(NOY T T
8 DO 7 I=1,NC .
7 FKINO,1)=0 ’ _ ‘ .
"RETURN N ST -
END ) ‘ -
L e — - - —_ - - —— - _ .,.‘_ I — .‘/"_ ~ - —
, ; , - —
\ . ;
| e N — e
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2. . . ¢ 101

. X

= et e o i e e — .

1sTAPEQ)
- DIMENSION ITI(45C),ITJ(650),1TK(450),\NODE (450, ¢)
1, FK(523,36),FF(523) 4RSNF(523),R(523),2(523),T(300)
1,R(a,c),o(4 6) ) RTD(E,6) s AK(E5E) JNN(E) JEPSZERD(G),FLE)
s DF (6)s0FD(1r &), CN(L,4) ,0EP(4,4),06FS (6),DSGMA(E)
1 DELTA(B),P(H)s0SCHA3(6))DSCMAZ(6)

LoYPI(L7),PTCL7), TICL7Y FTICLT7),HPI(17)

!
|
! , PROGRAM PLASTICCIN?UT,NUTPUT, TAPES, TAPE6,TAPELL, TAPELS
l
|
1
l
|

: ***#*****v*r*#t#*#w&*t¢*+tt**###**#****#*4*#*##(#****»#*****##**
i « PROGRAM FOR AXISYMMETOIC ELASTO-PLASTIC STRESS ANALYSIS 0F *
% * STPYUCTURE. INITIAL ST2FSS "METHQOD. *
i AR AR B RGN IR S SRR USSR B E AT R R E *¢¢f¢¢*¢wt¢¢**¢t****#**###*##**##*#
{ % : &
*#****##***########**ttxtt*?*#**#****#**##**t{fﬁf#####§i§{i**#*# _

T T T LEGEND *
*##******#*##***##*###*t*#*###**#*****ﬁf**#**#**#****##*#*#****#

. # ITILITJ,ITK ELFMENT NNOE NUMBERS, I, Jy K RESPECTIVELY *

* R,7 VECTCR CZIHTAINING R AND Z COORDINATES OF a4 *

* : NODRE . . *'

£ NNODE - ELEMENT DEGREES UF FREEDOM K3

T FFK T T T T TTTTGLaT AL, STIFFNESS MATRIX, L2XNEW *
* L2 ‘ . TOTAL DFGREES GF FREEDOM. *

* NBw BANDWIDTH, _ .

) GLJIB AL FNRCE VECTOP. e L &
léz . FLEVENT STIFFNESS MATPIX. *

ELEMENT FOPCE VECTOR. Sk

T T T o T VECTC? CINTAINING NODAL TEMPERATURES. *

*****#*#*#*#*#*#*#*#@*#:*###***#¢**##*#*##*v*******#*#**f*##*##i

gtk ok d R ok Aok ook ok ok ok sk sk R R R K oK R K Ko o o R KR ok oK K K R K Ok Sk ok ok
*

N ¥ VONMISES STRESS FUNCTIAN. '
VONMS (51552953956 )=({0.5%((S1~ 52)7*2))+(o.5*((52 -S3)%%2))

T T+ (0.5% ((S3- 31)**2))+3*(54**2))**o
% .
LY . ,
~ * DATA FOR FUNCTION VALUQS AT DIFFERENT TEMPERATURE, USING R
% LAGRANGE POLYNOMIAL. B . '
. .
* TEMPERATUFRE POINTS. ’ o
DATA TI/-aoo.,-133.,-200.,—100.,0.,100.,200.,300.,400,-
"15500456CC.970045200.5900.5,10004»11004,1200./
* - .
* VALUES FOR ELASTIC MODULUS. i
NG T ) DATA FTI/24924924¢2002451, 99@99,1-94,1 925,1.86666,
= - © 11.83333,1.75,16751 5666651466061, 33333.1.13333.q 93333/

* L L
¥ LUES FOF YIELD POINT. .
! . “DATA YPIIQOOHQOO.-‘OOO.)900-)400.)397ar39‘9.v390n:385.
11377‘5340.;300-,C5n-9210-913‘).11‘10- y113.7

* .
* VALUES FOK PLASTIC N”WULUS.

DATA HPI/Q 3,6,3,%03,6,.3,4.3,4, 3;4 27564244, l3p4 053.85, 3. 7
1,3.,4H,3.19,2. 9:2 L7420/

*. ——~ m—— - pu—. —
PEWIND 5 ] . o N )
REWIND 6 X N
L _REWIND 5 - o - 0 ~
T T OUREWIND 11 . T T R
PEWING 15 b
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e e I I I I T

! *

READ DATA GF THE STRUCTURF» AND FIND BANDWIDTH.*
B L L L Ly et Ll I Ity

% ‘
READ(S, ¥)NyL ' ‘ - -
00 r I=1,L
1 TREAD(E,F)ZUINHR2(1),TLIY |
no 2 1-1 N o ~
PERDIS, * ITT (17 TV ITKITY 7~
2 CUNTINUE \
DG 3 I=1,N . ,
DO & J=1,6 - ‘ v R
6 . READUS, ¥)NNODF (I, J) ' \ ;
; K1=K2=NNODE(I»1) )
N 0C 10 J=256 T
' IF(NNADE(I,J).EQ,0) GC TO 10 )
. IF(NNCDE(I,J).6T.%1) K1=NNODE(I,J) . S i
: [FINNODF (1,J).LT.K2) KZ=NNODE(I,J7  ~ S
10 CONTINUYE '
IF((K1=K241) GT.NBW) " NBW=K1-K2+] -
T "3 CONTINUE T T T Tt o
, NC1=NEW ~ , )
o
EX ] =
**###*###vtv##mv***w*¢t**{¢at*##**##*#v****t*#*##tt N
B * '/
- NTENAW=T T T T T T
R PRINT#," BANDNIDTH = ",NBW ,

§. h .
!
! %

*

ﬁ’AﬂEIENT TEMPEFATURE

TANMB=24+4273

T # PUTSSONTS RATIO. - - T R

V=0.3

»

F?F??FTFT?TI????Y????????**##*%ii#**####*##

A FIND TOTAL VUFBE? DF DEGREES OF FREEDOM.*
**##*###**##***#**##***#***#**#*****###**#t

(Z= NNGOE(L, 1) - T e T

DO 47 I=1,N
DC 47 J=1,6

TFINNGDE(TL,I).GT.LZ) L[ Z2=NNODE(1,J)
CONTINUE W Lo
PRINT®#," TOTAU NUMBER OF ELEMENTS = ",N

PRINT#," TNTAL CEGRFES OF FREEDOM = *,L2 ~— ~ ~~ 0~

PRINT*, "KIND OF LOADINGH®E® ks borkr s’

PRINTZ, " [F TONTY MECHANYCAL LOADING, ENTER 1%
PRINT#*,"1F ANLY JHERMAL LOADING, ENTER 2%

PRINT#,"1F ROTH MECHANICAL. AND THERMAL LOADING, ENTER 3%
-~ READ*, LTADING — 7 ’ | -

[FLOADING., EN.2) GO TO 46
PRINT#,"ENTER TITAL NUMBER OF NUDES SUB)&CTED T0

21

IMECHANICAU LOADING (INTEGER) W™ -

READ(S, %) J .
0O 21 I=1:J

TPEAD(S, #1K, FF(KY T o




B R L T L L.
%1 FLFMENT STIFFNESS AND FORCE MATRICES FORMULATION.*

*
46

DO d I=z1,N

R it I I Il mmmr

I1=2(ITI(I1)
RL=R(ITI{1))
_12=2(1TJ(1))

TRZ2ERITICIN
I3=2(ALK(1))
R3=R(ITK(I1))

e e e - .- - . P -

C
C AREA AND VOULUME OF THE FLE“FNT,

AREA=((R2%723)1-(22%RP3)-R1%(23-22)+21*%(R3~- RZ))/Z

T
C
¢

VUL=AFEA®2%13, 14159?6*@°1+R2*R3)/3

AVERAGE TEMPERATUPE OF THE ELEMENT. P

103

C
C B-

TEHP-(T(ITI}I))+T(ITJ(TO)+T(ITK(I)))/3 ”

MATRIX,

B(1,27=6(4,11=R3-02

B(l,o)=B8(4,3)=R]1~-R3
B{ls6)=8(4,5)=R2-21

A

B(2,1)=0(4,2)=202-123
B(2s2)=B(4,4)=23-71
B(2,5)=P(4,6)221~12

T3 1= ((R2%73=F3x771+((72- 23)*(F1+R2+93)/3)+((P3 -R2)

1¥(Z1+4722473)/3))%3 /1 P1l+R24R3)
B8(353)2((Kk3¢721-P1%23)+( (23~ ZI)*(P1+92+R31/3)4((R1'R3)

1*(Zl+22+l“)/3)}*3/(Q1+92+23)
B(3,5)2((RL*I2~P2 %721 )4 ((Z1~ 12)*(91+R2+R3)/3)+((R2 R1)

13

1*(Zl+72+73)/3))*3/(PL+QZ*R3) B

DG 13 K=1,4
00 13 J=1,6

B(K, J)‘B(K;J)I(Z*APEA)

- C

C MOOULUS OF ELASTICITY OF THE ELEMENT . .
E=PROPS(TENMP, FTI;PT;TI) )

E=E*xLE+7

C ELASTICITY MATRIX Af THE ELENENT.

Y

<

-

D{1,1)=012,2)=D(3,3)=1-V
D(2,1)=0{1, 2)'0(113)‘0(311)-0(2;3)—0(3,2)‘

Dlas4)=(1=2%V)/2

00 4 Il 1,4
DO & 4=1,4

D(I1,J)=0(I1+J)*E/((14VI*(1~2%V))

e O L T U T,

-

MULTIPLIES TPANSPOSE OF 8 TO D » STORED IN BTD.

~CaLl VMULFM(P Dribsbrtra,s, BTD;b:IFR)

F(1)=F(2)=F(3)=F(4)-F(§)=F(6)=O A
IF(LOADING,EQ.L) GO TN 20 , , e

C COEFFICIENT

OF THERMAL EXOANSION, N

ALPHA=(11.15+4( (TEMP=255,22)1%(4.55)/b66.,665) )% 1E-6

N



104

c Toe .

C NODAL FORCES DUE TO IMITIAL STRAIN
FPSZEFO(Y1)=CPSZERDO(2)=FPSZERG(3)=ALPHA*(TEMP-TAMB)
CALL VMULFF(3TD,EPSZERDsbsbslsbrb Fyb,IER)
DO 11 J=1,56

1 FUII=F 0J7*VOL - — — i

MULTIPLIES BTD TN 3 , STORFO IN AK

0 CALL VHMULFFIBTD,BsSsbsr,Er4sAK, 6, TER) - ‘.;

ELEMENT STIFFNESS MATRI X AX,

g0 7 TK=1,6 T
00 9 IL=1,6

9 . AKUIK, IL)=AK(IK,TLY*VOL . ]
C ACCUMULATION COF STTFFNFSS MATRIX. . : ;

CALL ACCUMKIFK,L2sNRW))AK,IsNNDDE) 3
C L

¥ ACCUWMULUATICN GF FORCE MATRIX. — .
’ CALL ACCUMFI(FF,L2,F, I»NNCDE)
WRITE(11,%)V0L

"y

o

TFITECL L, ) (C3 TR U5 T3 15 6T3KET58), ( (DK TT5 U=1,) el p4) T
MRITE(L1,%)(EPSZERD(M),M=1,4) .
8 'CONTINUE

it T

#*##*********¢#¢¢¢*#*#t*Tt**##******4¢#v$4*#**4**¢*¢**v*¢**

* END OF EBLEMENT STIFFNESS AND FORCE MATRICES FORMULATION.*
****#*******##*##*####*****#*#**#***##*####**###**#**#4####

PR [ [ U S S a
[ \ b
.

S I P E P T T T e T Y
* START 0OF FLASTO-PLASTIC STRESS ANALYSIS .%*

B E R R ST E R R T R F R S R R E R R R TR RS T T 5 ) o
IDGT=10
LAST=5UM=ITEP=0

- INCR=1 7, T T e

REWING 1% '
WPITELLSy* ) ((FKIKsJ)sJ=1,NBW) pK=15L2) =

C FIRST INCFEWMENT OF THE TDAD. T
) SUM=FACTOR=0.5 ~

D0 5 1=1,L2 » Lo

PTIT=0 T T T T T T
_ . Z(I)sFF(I) L . ‘ '
) 5 FECI)V=FF(I)*FACTOR

A AR R R RN R AR SRR R AR RAE R KR XK
™ CALCULATION CF DISPLACFMENTS.* .
*#*v*#* &% ##**#¢¢#*t*¢***#*¢**** . 4

IF(IEF,EQ.129) STAP

CALU LEQIP 6 (PR L25NC,L2,FF,L2,1,1DGT,01502, 167 ~—~ =~ ¢
60 10 1060 ‘

1005 INCR=INCR*1
. SUM=SUM+FACTOR ]
: TFASHFLGT Iy  TFACTOR: FACTUR-(QUM D I
) IF(SUM.GE.1) LAST=] :
00 1615 I[=1,L2 - .- /

1015 FF(I)=Z{I1)1*FACTQOR ] - ST T
REWJIND 15 \ B : poot
PEAD(lS;v)((FK(K;J)oJ 1,NBW),K=1,L2) o ) a
T CALL LEQLPBUF4, L25NCsL2,FF, L2;1;IDGTrd1;02;IER) . ) X
IF(IEF.EQ.129) sTOP i ‘ v

e e N i



? N < ) . ) -].05 ‘
T o ‘
' g gy g ‘ )
# CALCULATICN OF STRESSES,* ‘ K
I I T ' '

10CO ITER=ITER+]

MAXCHK = 0 L N o
R AP=0 \ T
REWIND 11
. 3000 00 119 T=l,N i
50° READ(LL,%) VAL

REAC(ILL»*)((%(XyJ)yJ=1+6))sKs= 1;4)’(3%(K J)sd=1s4)sKsel, 4)
, READ(11,*)(EPSZERO(M),M=1,4)

o : —_ ————— . -

. / . ‘ .
C AVERAGE TEMPERATURE DF THE ELEMENT, -

e TFNP-(T(ITI(I))*T(ITJ(I))+T(ITK(I)))/3 o
¢ .

C YIELD STRENGTH OF THF FLEMENT.®
YS«PROPS(TEMP, YPI,PT,TI)R1E+2

C
) 00 150 J=1s6
\\ 1 NN(J)=NNGDE(I,J) .

00 114 J=1, .
IF(NN(J).EQ 0) * DELTALJ) =0 i
1IF (NN({J).EQ.0) GO TN 114 _ I
DELTACJ)=FFINN(J)) .

114. CONTINUE

C

CCALL VMULFFURSIOELTA,Gs6,1,4r B DEPS, 45 [ERY . 7 7 7
IF(RSC.EQ,1) GO TO 3901 o
D0 123 JAxl,4 - ,
, 123 DEP;(JA)=OE°<(JA)—(EPSZEPO(JA)*FACTCR) _ -
‘lv' C i

. 3001 CALL VMULFF(D,DEPS,4 a,1,4,4 DSGMA,4,IER)
: ”' 4 " IF{RSC.EG.1) GO TO 3002 T T T
\ L §1=52=53254%0 ’
| IF(INCR,GTo1) FPEAD(E,%*)S51,52,53,54 -
! = = =2 — :

F(1)=S1 o
F{2)=52 .

F(3)=53 1 Tt e

Fla)=S4

b ——— —— e e —

T - SI=VONMS(S1552,53,56)

C X

CFINAL STRESS o . L
S1=S1+0SGMA(1) . ,
$2=:52+DSGMA(2) ' ’
$32S3+DSGMA(3)
S4=S4+0SGMA (%)
FMS= vam5(51,32.<3.s~>-vs

_C e e et

C IF Tt ELEME@T IS NOT YIELDED, STCRE THE VALUE OF STRESSES.
IF(FMS.LT.0) WRITE(O, *)51,52,53.54
[F(FMS . LT.Q) 6O TO 119




- ‘ ) ‘ o 106

n . e
c - ' . '
C ELESTC-PLASTIC STIFFNESS MATRIX OF THE ELEMFNT.
C

FS=VONMS(S1,52,53,54)
c ‘ \
C PULASTIC FOOULUS AF THE FLEVENT.
HP =PROPS(TEMPsHPIsPT.TI ) *1E 46
DO 1027 IA=l,6
DEPSITA)I=DEPS(IA)*(FS~YS)/(FS=SI)
1027 DSGMA(IA)=DSGMA(IAY*(FS=YS)/(FS=ST)
AVGS=(S1+524S3)/3
OF (1) =3#(ST=AVGSY/(2%FS)
DF(2)=3%(S2-AVGS) /(2%FS) ¢
- DF(3)=3%(53=AVGS) /(2 %FS) o L
DR G 3kSu/FS T T T T T
CALL VMULFM(DF Dy &1 5644,4,DFD»1,1ER) ¢
HH=DFD(1,1)%DF (1) +DFD(1,2)*DF(2)+DFD(1,3)*¥DF(3) o
T+0F0( 1,40 *DF (&) 4
CALL VMULFF(OF,0OFDety)ybstiy1,C0D,4,1ER) -

e~ -

S

: CALL VMULFFUDsDDs s 4559454 ,DEP»4,1ER)
e R VLR )
DO 106 K=1,4 .
106 . DEP (J»X )=D{JsXI-DEP(Jy<)/(HP+HH)

CALL VMUUFFU(OE®, CE55,4,4, 1,45 4,05GMA2,4,TERY " T

| C

i

I DG 126 JA=1,4 B
T T 12T U DSGMASITAYADSGMATIRT=DSTMAZITAY T T T T -

SI=5T-DSGNAITNY ' —— - —_

. S2=52-DSGMA3 (2)

-$3=S3-0SG6MA3(3)

TTUSEESA=DICHAN(EY T T T Tt T T m e e s e
WRITE(9,%)S1,57,53,5¢4 '

. C .
{ . C CURRENT VALUE DOF PLASTIC STRESSES.
l

PTIT=E3STIFITT=STI7F{ITV¥100
P(2)=ABS((F(2)~S2)/F(21)%100
P{3)=ABS{(F(3)-S3)/F(3))*1G0O ‘ .
PlaY=saBST(FlaY=S&Y/F (o) y*100 — —— —_—— 7~ = 77 T
B DG 7 IA=1,4 , '
" OIF(P(TA).GT.MAYCHK) MAXCHK=P(IA) Cg

7 CONTTIRUE . o N
c 4
%

PFSIOUAL FORCE VECTOR OF THE ELEMENT.,
TCALL VAULFM(B;DSG“A3o456;1:4:41P 6y IER)
D0 12¢ 1Ia=1,5

C128 P{LAY=P{1A)®VOL

A CALL ACTUFRFIRSDF, 25 P+ 6,5, 1y NNODF, N

GO T0 119
C .
T T TT3002, REAULLY,#)IN1GS2,53,54 o T T
S1=S1-~DSGlA(1) *
"§2=52-DS6MA(?) -

l $3=53-0SGrA(3) .
S4=3564-D3GMA(SH) . -
MQITE(b)*iSl:S?;§3;§k - .

119 ~CONTINUE

————— e e e s e s e e e s op S e - - - . s e e e s



%
ok
* & .
AR AR KkE R ekt gkn .
x .
IF(RSD.EQ.1) STOP - - N -
REWIND b ‘ o
_ PEWING 9 v I
00 12 I=1,N - ’
READ(9,%)S1+52553) 54
12 WRITE(6»#)514+52,53,554 L '
JEWIND &
REWIND 9
_,“_E — S
C CHFCK FOR comvepceurs NF STRESSES..

IF (MACHK.LT.5) GD T3 1010 . “
D0 130 I=1,L2

FFUI)=RSDF(I)
130 RSDF(1)%0
REwIND 15

CEAD(I5,* ) ((FK(K, ), d=1,NBWw),K=1,L2) ~
CALL LECLPBIFK,L2MCsL?,FF,12,15106T5015025 [FR)
GO T3 1000

1010 STRS=0
FACTOk=0.5
IF(LASTLEQ.L) CC . 1014

GJ Ta 10605 T T T T
FARE Rk kA Rk kR kb kR kR R KR ke kR Rk R Kk
* ELASTO=-PLASTIC STPESS QALCULATION IS NCw QVER o%

REE RN F TR EFFRA BRI F R R R PER AR AR AR R RA R AR R ARG AR
ERE AR A AR AR AR R Ao kR G R R KK

* CALCULATICN OF PFSIDUAL STPESSES*

R R I T R T e T R T
% RESIDUAL STRESSaELASTO-PLASTIC .STRESS-FLASTIC STRESS.

# ‘RSD seo CODE FOR CALCULATION QF RESIDUAL STRESSES.
% : . )

1014 REWIND 15
'~ PEAD(1S5,*) ((FK(KyJ)yJ=LlsNBUW)sK=1,L2])

DA 3010 I=1,L2 =~ T
3010 FF(I)=2(1)
CALL LEQLPB(FX,L2,NCyL2,FF, LZ)l,IDGT,Dl D2,1ER)

RSD=1
) REWIND 11 - .
REWIND & ' .
- T76Q°T0 3000 T T ° ’”“““'“‘_“”"“—””T” -
LR - . ‘
7ok ; ' )
Ak * - T T -

TR e R AT R TR LA A A
END

=

———— e s =
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hY

FUNCTION PROPSUTEMO,FTI,LPT,TI)

DIMENSICN FII(I?);PT(17):TI(17) '
S R I T T L RN T T P R S ST ST L)
* SUBROUTINF TC FIND.FUNCTION VALUES USING LAGRANGE «
* POLYNOMIAL. *

4***4:**####*%*#»#**#*I‘t¢¢*¢vv4*tt*¢*¢*****§$' ”ﬁ?&é”"“ -
TT=(9% (TEMP=273)/5)+32 ’
DO 16 J=1,17

PKODI=PPROD2-Y T T
D8 17 I1=21.17
IF(I1.EQ.J) GO TO, 17

PRODT=PRODIF(TT=TITITTY - \ e e

PRPOD2=PROD*(TI(J)=-TI(IL))
17 CONTINUE

PITJI=PRODL/PRODZ — ~ ~ —— 7777 0 7T o T -
16 CONTINUE )

PROPS=0 : : R

D0 18 Ti=1,17 - T )
" 18 PRCPS=PROPS+FTI(ILI#PT(I1) : .
: 11=77/100 ]

T1=T1%5 x TUTT T TT T e mmommoms s em st s
J=I1l+1, I
[F{PRUPS.GT.FTT(I1)) GO TO 286

TF{PROPYL.LT.FTICINY GO 70 28 - oo
GO T3 29 - '
28 PROPS=(FT{(II)+FTI(J)ﬂIZ -
29 RETURN e, oy T T T
END ; )

SUBKOUT INE aCCUMFI(FF, L:F;IN;NNODE)

DIMENSIUN FF{L)»F(A)SNNGDE(%50,6) B T
Rohkdokok ke koo ok koo ke khkkh bk kb kb rka bk krdk ok ok ki k gk r ok kkkok

* SUBROUTINE TO STORE 6X1 ELEMENT FCRVE VFCTUR IN GLOBAL FORCE *

+ VECTOR OF LXT1. i
T I T I I LTI

« LEGEND «
*F#**F**#***‘#*#f*ﬁ*?*f**}f**T*#**Tﬁi*ﬁ’h{‘##**#tv*;t#**;*{r’&**ﬁﬁ

£ FF 5LOBAL FORCE VECTOR, *

5 F ELEMENT FORCE VECTOR. .

¥ L - TOTAL NUMBER OF DEGPEES OF FRFEDDM. | %

* IN ELEMENT NUMBER. .o

% NNODE MATRIX CONTAINING ELEMENT DEGREES OF FREEDOM*

##t*#*#*7$###tv*#*#**#**###*##t#*#*##*#**####*##***#v*#####**##*
FF(NNDDE(IN 1))Y=FFINNODE(IN,»1))4F (1)
FF(NNDDE(IN:’)) FFINNODE(IN,2))4F(2)

T FF(NNODETIN, 3 Y =FFINNOYE(IN, 3)V+F ()
FFINNODEC(IN,4))=FFINNODE(IN, &) ) +F ({4) -
FFINNDDE(IN)S))=FF{NNNDE(IN,5))+F(5) i

FRINNGDEUING 6T =FFINNIDETIN,6Y ) +FT6) - - o

RETURN
END

W AT Ao G et A

b b e

[y



‘SUIRCUTINE ACCUMK [FC,¥D0F ;N34 ,AX, [N, NNODE )

plmt”chN AX (636 ) s FL{NNOF,NBW) s NNCDE(450,56) s N{b)
e e L R R R e E s

* SUBROUTINE TGO ACCUMULATE 4X6 ELEMENT STIFFNESS #
* MATRIX [% GLOBAL STIFFNESS MATRIX QF NDCFXNDCF. L E
¥ STOREG IN SYMMETPIC FAND STGRAGE MODE. *
L L T L R e A
* A@___p“___“ ELEMENT STIFFNESS MATRIX, - *
EFK GLGBAL STIFFNESS MATRIX.
¥ NNODE MATRIY CCNTAINING ELEMENT DFGREES OF FREE

. #*#*#4*****t*t**#*#*####t**t#**#**#¢*****#*t*** ITTYITITIT

DO 7 [A=1s6

7 N{TX)=NNCDE(INyTA)

11 DO 1 I=1
IF(NCT) «EQW0) GO TO 1
FK(n(I);NBN)zFK(*(I);NBN)*AK(I;I)

109

1 CONTINJE
DO 5 121,59
IF(N(1).£04,0) GO 7O 5 '

I1=1+1
00 2 J2lls6
1F(N(J).EQ.0) GO TR 2

TFIM ) WGT.N(T)) 50 TN &

) J1=58Ba=(N(I)=N(J))

FK(\(I),J1)=FK(N(I);J1)+A (3 1)

G0 10 2
4 J2aN3w=(N({J)=-N{T)) ‘
FK{v(Jd)sd2)= Fk(\(J)oJ2)+AK(J;I)

* , {
8 | ! N ( DOM. * .
* NBW BANDWIDTH. o
¥4 ¥k o
Fe-aral 1,6 T T T oo ,~' - oL T o
, : H

(AN

CONTINUE
5 . CONTINUE
RETURL

END

L T S K AR T s SR B S et 2
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