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Abstract

The work presented in this thesis is concerned with the appli-
cation of the finite element technique to solve general lubrication
prchlems., Incompressible isothermal condition has been considered
as a first step towards the lubricént film investigation.

. Fluid finite elements of triangular and rectangular planform
have fﬁep.been developed and incorporated in a computer program
especiaily developed for a finite element analysis. Aithough the
elem;nts are pfimarily two dimensional in the film region, it ié
possible to allow for a_variation in the thickness of an oil film
within an element. Cther parameters affecting the 1ubrican; such
as shear.forces,_bddy forces, inertia forces, squeezing velocities
and diffusion velocities can also be varied at each node. These
elements have been extensively tested by considering standard lubri-
cation problemé such as squeesing pad, slider bearing and step
bearing and the results cobtained are shown to be an excellent: iagree-—
ment with those derived from theoretical solﬁtions.

The analysis haé then been extended to study the behaviour
of the oil film between rotating aﬂnular discs where it is known
that gfqoving on the disc affects the pressure distribution. The
results indicate that grooving reduces the disc engaging time
and thaﬁ'the engagiﬁg speed determined by surface velocity in the
'z direcﬁion is shown to be highef in radially grooved discs than

in spirally grooved discs at a given squeezing pressure,
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1. Introduction

The anaiysis of lubrication problems with a view to reduction of
friction losses occurring between relatively moving surfaces have
occupied researcher's attention for a long time, These problems can
be recognized in almost all mechénisms which have moving parts and
as such their investigation and study is important. These investi-
gations have assumed added significance lately due to the energy
crisis since the reduction of friction losses contributes greatly to
energy savings.

Another aspect of lubricaticn analysis is the determination of
ways of obtaining higher friction forces and friction torgues between
lubricated surfaces in wet clutches and brake discs. 1In this case
friction has a positive influence in the engaging actions of the
surfaces during operation of weﬁ friction devices.

Behaviour of a lubricant film can be explained by the basic
theory of Reynolds equation with ideal assumptions such as the
lubricant is incompressible, isothermal and behaves as a Newtonian
fluid and that the film thickness is known. Some simple standard
problems can be solved thecretically, however, the soiution of
‘Reynélds"equation for the analysis of general lubrication problems
:£34@i%§§.£he use of numerical procedures such aé the finite differ-
‘é;é;:ﬁéthod.and‘the'fiﬂife element method. Furthermore, in practice,
:maét abplications encounter irregular configurations in geocmetry,
'arbitréff boundary conditions and vafying film properties. Most
of the;e'difficulties can be overcome by the use of the fin%te elemént

‘ Itechnique .
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The work presented in this thesis is concerned with the applicaion
of the finite element technigue toc lubrication problems including
friction discs. Incompressible isothermal condition has been
considered as a first step towards the lubricant film investigation.
The starting point is the solution of generalized Reynolds eguation
as stated by Huebner (11) which includes various effects such as
shear force, body force, squeeze action and diffusion effect. The
inertia effect and detailed consideration of the diffusion effect
have been additionally included in order that rotating disc problems
can be investigated.

Fluid finite elements of both triangular and rectangular plan-
form have been developed and have been incorporated in a computer
program especially formulated for the presented analysis. Although
the elements are prima;ily two dimensiqpa; in the film region
analysis, thickness of the cil film can be varied within an element.
Other parameters affecting the lubricant such as shear, body and
inertia forces, squeeze and diffusion velocities can also be varieé
at each node,

These elements have been extensively tested by their application
to classical lubricaticon problems such as sgueezing séuare pad,
slidér and step bearings and the results derived have been compared
witﬁ'theoretical solutions. The computed resulté are shown to give
goéd-agreement with the theoretical solutions in all the cases that
have been studied.

The analysis has been extended to the study of the behaviour of
the oil film between rotating circular discs with flgt surfaces as

such results will be applicable to o0il immersed brakes and clutches.



The effect of inertia forces has also been considered in this analysis.
Another aspect of wet type clutches which is of interest is

the effect of oil grooves on the disc surface on the behavicur of

the clutches. Exberimental investigations indicate that grooves

greatly affect the dynamic cééfficient of friction. However, only

a few analytical studies have been carried out in this field so far.

In the present work radial and spiral groove arrangements have been

investigated to determine the pressure distributions of wet clutches.



2. Literature Survey

2.1 General Lubrication Analysis Using Finite Element Technique

Owing to the develbpment of computer techneology, numerical
analyses of fluid film lubrication problems have rapidly progressed.
Recently the finite element technigue has been successfully applied
for the solution of Reynolds equation based on classical variational
prin?iples. This has come about partly by virtue of ease of the
application to cater for arbitrary boundary conditions and partly,
by the ease of handling complex gecmetric configurations. Variations
in field properties such as changes of film thickness that occur in
bearing‘pockets and oil grooves, and also the effects of external
pressures can all be investigated by this type of the analysis.

Approximate solutions of incompressible isothermal lubricaticn
problems using the variational principle was obtained by Hays{ 1 ).
His analysié is based on the following assumptions:

1. Film thickness is small compared to other system dimensions.
2. Viscosity is assumed to be constant.
3. Reynolds number is assumed to be small conseguently the flow is

s assumed rto be.laminar.

Based.oﬁ these assumptions, the following theorem was derived
"Of'éll the possible fluid motions within a region which are
qom?étib}é wﬁth the equation of contindity and the prescribed
boundary conditions, that motion which minimized the excess of the
energy dissipation over twice the rate at which the work is being
ddﬂé'ﬁy tbe specified surface tractions on the boundary, will be
the tfue steady-state motion". Using this theorem, Hays presented

the.following function to be minimized:
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Subject to the following boundary conditions:

1. A specified constant pressure along the boundary or
2. If the pressure is not constant then the volume flow normal
to the boundary must be zero and the normal pressure gradient

across the boundary must satisfy the equation,
Vp=——1U on S

Subsequently the pressure distribution was assumed to be expressed

in the form of an infinite series given by the @quation

'p_p o0 [
p=po+—1.rr_oy+[:

(sin(ny))(a,  -sin(mx) + b, .cos(nx))
n=1l m=1

By determining the coefficients a s by, which minimize the

m
function I, Reynolds equation'was solved. This approach was used to
analyze the hydrodynamic behaviour of the finite width journal beariné
and many valuable resﬁlts were presented to determine such guantitiés
as load capacity; moment, coefficient of friction, sidg flow, minimum
film height and ﬁower loss. Hays further studied the characteristics
of‘g finiﬁe_width journal bearing under a cyclic_sinusoidal leoad
.(-2). Rectangular pad problems with flat and curved surfaces were-
also investigated by the same auther ( 3 }, and results showed

that the effects of curvature oﬁly become important as the f£ilm

thickness decreases,and this may reduce the squeeze film capacity of

the plate by several orders of magnitude. .



Moore ( 4 )} experimentally verified Hays theoretical results
for a flat rectangular pad and has developed an approximate analysis
of the pressure distribution on a pad bearing consisting of tw;
inclined plates. However, both studies assume that the boundary
flow is zero.

An approximate hydrodynamic analysis based on variational
principles has been presented by Tipei ( 5 ), though, again the
limitation of the flowboundarycondition is also evident in this
work.

This restriction on boundary conditions has since been over-
come by the application of finite element techniques. Reddi ( 6 )
applied the finite element technique to solve incompressible
lubrication problems, and has investigated the effects of sgueeze
and shear acfion forces within thg fluid. He stated the variaticnal
principle for an jincompressible fluid to include the non—zero flow
boundary condition. Advantage was then taken of the important
assumption made in the application of the finite element technique;
that the state of the field variable within an element may be
described by wvalues of the unknown variable at a finite number
of nodes located on the boundary of an element. This implies that
in lubrication problems, the pressure distribution in an elemgnt
may be expreésed in terms of unknown pressures.a: the nodes in the
element. Reddi has used the triangular element for this analysis

and assumed a pressure distribution of the form given below

p(fo) = <f1(x;Y)>{aj}

where fi(x,y) are interpolation functions and aj are related-to the

unknown pressures at the element nodes. The interpolation function



was chosen such that p(x,y) satisfies the following conditions:

1. fi is continuous within an eiement;

2. pressure along any inter-element boundary should be specified
completely by nodal pressures on that boundary;

3. constant pressure state is included;

4, uniform pressure gradient is included;

5. a linear transformation of the coordinate system must not change

the pressure representation within the element.

This method was used to investigate the squeeze pad, slider
bearing and step bearing problems and the results were compared with
other theoretical solutions. Simple triangular eleménts and composite
guadrilateral elements were used, and no special treatment was
required to account for the sudden change in film thickness. These
predicted results were found to be in good agreement with those
obtained from clagsical analyses. Reddi then extended the finite
element technique to analyze the compressible fluid lubrication
problems using quadrilateral elements ( 7 ). Calculations of the
fluid matrices were acﬁieved by means of Gaussian integration.

'Wada, Hayashi and Migita ( 8 ),(_9 Y, have derived the solutiong
of infinite and finite width bearing problems using an assumed

_p;égéﬁ:e distribution which is expregsed by a high order algebraic
'“_gq?éF;Oﬁ.erhey have examined the effects of taking a number of
coefficients in the pressure function for rotating journal bearing
problems and have cuncluded that accurate results can be obtained by
using only the first few elements of the high order algebraic eguation.

© -~ Allan ( 10 ) has examined the characteristics of journal bearing

with externally pressured oil pockets, using an iterative method to



to determine the oil pressures and the flows through oil pockets.

In this work it is shown that the finite element technique is a
powerful and flexible method capable of handling any bearing surface
and that the use of simple triangular elements .{% adeguate to
illustrate the approach and provide useful results. Allan has alsc
presented full details of the computer program required to solve
journal bearing problems.

Recent works have been concentrated mainly on the generalization
of the finite element technique for the analysis of lubrication
problems. A detailed explanation of solution procedure of a
triangular squeezing pad problem has been developed by Booker and
Huebner ( 11 }, to handle effects such as shear stress, squeeze
action, body force, lubricant expansion due to heating and diffusion
through the pad. The functional which must be minimized for the
incompressible isothermal lubrication problems is given by the

eguation

Ph3 —  pP2h3 - l oh 9
= —— — T - v dp_ aa
I L[[z«m Vp - pht 1o B|Vp + E’B—t-" hat+pvd

+j- (Phin) p ds

Despite various flow action effects being taken into aécount
in this analysis the consideration of the diffusion effect is in-
complete and also the inertia forces are assumed to be negligible
when compared with shear and pressure forces.

Huebner (12 )} has further extended this method to analyze

thermo-hydrodynamic lubrication problems. The weighted residuals



associated with Galerkin's criterion is used to solve the thermal
energy egquation which describes the temperature distribution in the
lubricant f£ilm. An iterative procedure is applied to obtain self-
consistent pressure and temperature distribution results, The
importance of including thermal effects in the hydrodynamic analysis
has been discussed by Huebner who has concluded that the use of an
isothermal analysis may lead to overestimates of calculated values
of the bearing load capacity and coefficient of friction.

Stafford ( 13 ) has carried out a2 modification of the method
and has contributed to the existing suit of finite element sub-
routines known as PAFEC ( 14 ). Isoparametric elements are used
and the integrations of the system matrices are achieved by the
Gaussian method. The effects of body force, inertia and diffusion
are neglected in his analysis which was a}so extended to include
the effect of structual distortion on the film by using an iterative
approach.

The effect of pad deformation on bearing performance has been -
studied by Jain, Sinhasan and Singh ( 15 ) using a three dimensional
finite element technique. The pressure field in the fluid film
region is determined by the simultaneous solution of Réynolds
equation and the relevant elasticity equaﬁions using an iterative
approach.

Allaire, Nicholas and Gunter ( 16 ) have developed'a systematic
matrix approach using finite elements to minimize the bandwidth of
the resulting algebraic equations. Also they have established an
optimum method for dividing the bearing area into elements. Their -

error analysis indicates that the division of the bearing surface
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into elements is of great importance and that the alignment of

the diagonal sides of triangular elements to the expected direction

of the pressure gradient provides more accurate results for the same
number of elements used. The significance of variable grid spacing

was also pointed out by the authors in order to reduce errors in the
results.

Das and Dancer { 17 ) have presented an analysis of the oil
flow and its frictional behaviour in diesel engine bearings. Various
factors influencing the bearing performance have been investigateq
by the fipite element method based on steady state lubrication theory.
It is shown that the coefficient of friction and oil flow are
dependent upon the basic geometric proportions such as the length,
diameter, clearance etc. of the bearing. Results also indicate
that engine load and manufacturing variations such as taper and
misalignment have little influence on bearing performance.

An analysis of the non-Newtonian fluid effects in a finite
width journal bearing using the finite element technigue has been
developed by Tajal, Shinhasan and Singh ( 18 ). The non-linear
behaviour of the fluid was investigafed by modifying the viscosity

term at each stage of an iteration process.

2.2  Porous Region Analysis

::““Pbrous materials are widely used.as bearing surfaces and clutch
dise¢ facings, and many analyses have been made to predict the
: cha:aqteristics of thé porous region. It is assumed that the oil
film region satisfies the Reynolds equation and the flow in the

porous region satifies the Laplace or Poisson eguation in which
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are substituted Darcy's law of porous media flow. The problem is
solved by coupling these equations with the associated boundary
conditicns, Darcy's law gives the following expressions for the

filow in the porous region

< =]

1 I
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and if these equaticns are substituted in the continuity equation
in the porous region, the governing Laplace or Poisson eguation is
obtained, Various assumptions and éimplifications have been made
by many investigators to solve these equations.

Wa ( 19 ) has investigatgd analytically the sgueeze film behav-
iour of a porous annular disc approaching a plain disc of the same
dimensions by the use of Fourier-Bessel expansions. The assumptions

made in the analysis were.as follows:

1.7 The porous facing has uniform thickness and permeability.

2. Tﬁe fluid is incompressible and has constant properties.

3. The no-slip condition is applicable to all liquid-solid
interfaces. Results were pfesented giving the pressure
distribution, load-carrying capacity and film thickness

as the plates. come into contact.

In this problem only part of the fluid will be squeezed ocut ’

and the remaining part will flow out through the porous medium.
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The combinéd effect of these two actions will reduce the pressure

in the fluid film compared with that reached in a non-porcus medium.
Wu also concludes that porous effects are influenced by not only

the permeability of material but also by the film thickness. Later
Wua also studied the effect of including rotational.inertia in the
analysis ( 20 )., The effects of rotational inertia are_shownlto
further reduce the film pressure and load carrying capacity and also
to shorten the time required for reducing the film thickness. Wu
has further applied the same approach as used for discs to study
rectangular squeeze pad problems { 21 ).

Disc problems have also been analyzed by Ting (22 ) who used an
expression for the average pressure through the thickness of porous
region and assumed that the mean bressureé in the film and porous
regions are egual at any radius for -small values of thickness,

Good agreement between the-results evaluated by the simplified methed
and the Fourier-Bessel solutions are reported.

Another simplification applied to the integration of Laplace;s
equation has been made by Prakash and Vij ( 23 ) to examine squeeze
film effects in circular, annular, elliptic and rectangular porous
plates.

.The équeeze;film behaviour in an inclined porous slider bearing
" has been investigated by Bhat and Patel ( 24 ) énd the causelof a
porous'composite slider bearing by Puri and Patel ( 25 ). The
analysis adopted by Prakash et al. has been extended to these studies.
Results show that the response time for a composite slider bearing is
greater fhan that for an inclined slider bearing.

In most disc problems the surfaces have been assumed to be flat,
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but in practice, owing to elastic, thermal and uneven wear eifects,
modificationslto the analysis are required to allow for plate
distortion. Vora and Bhat ( 26 ), Gupta and Vora ( 27 ) have
considered the effects of curvature of surfaces in their analysis
of a squeeze film action between porous rotating circular plates.
Expressions for the pressure and load carrying cépacity of the
disc are given in the form of exponential series. Again results
obtained by the authors show that the effect of rotating fluid
inertjia is to reduce the lcad capacity.

Prakash and Tiwari { 28 ) have analyzed the effects of‘surfacé
roughness on the squeeze film action between rotating poréus discs,
They assume that the film thickness can be expressed by a combination
of nominal film thickness and deviation of height from the nominal
level, Their results indicate that the circumferential rcughness
increases while the radial roughness decreases the load carrying
capacity at constant roughness values,

Application of the finité element.technique to the analysis of
porous regions in a variety of lubrication problems has been
demoqstrated by several workers. Rohde and Oh (29 ) have applied
the technique to journal bearing-problems with a compressible |
lubricant. They aésumed the flow in the poréus region only to be
acfbsé'its thickness, an assumption which is valid for a very thin
Péréﬁs,éégion;éé%eﬁ"Eidelberg“and Booker ( 30 ) ‘have presented the
“ffééﬁhique'for the analysis ofisqueeze films:to take.dinte account
'three dimensional flow in the filitand porous regions: . Their analysis

Lis:basedrbn'théxfnlinwing coupling conditions and boamdary conditions:
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1. The diffusion velocity in the film region interface is equal to
the velocity normal to the surface in porous region, thus the
model flow at the interface is zero.

2. Pressure in porous region is the same as the fluid film pressure
at the interface.

3. The surrounding pressure is zero.

4, The flow at all the internal nodes is zero.

The simplest elements such as triangular elements and tetrahedra
elements are used in the idealization of the film region and the
porous region respectively. Applications have besen made to solve
problems involving irregular geometrical configurations énd different
material properties.

Malik, Sinhasan and Chandra ( 31 ) have recently reported the
analysis of porous step bearings using rectangular and hexahedral
guadratic elements. The effects of tanéential veloéity slip ignored
previously ( 29 )}, (- 30 ) have been taken into account in their

results predicting load carrying capacity and coefficient of friction.

2.3 Disc Problem Analysis

fhe behaviour of the fluid film between annular discs has been
examined both theoretically and experimentally by many investigators.

Afchibala ( 32 ) has analyzed squeezing flow problems such as
spherical bearings and circular plates. Jackson ( 33 ) has used an
iterative procedure to solve the continuity and radial momentum
equationslto provide a better approximation of inertia effects that
occur in the fluid film, Botating conditions were also considered

by Allen and McKillop ( 34 )} in their analysis of the problem. of
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normal approach of two annular surfaces, one of which is rotating
with respect to the other. Consideration of centrifugal forces
acting on the fluid was based upon the assumption of Couette flow
in the tangential directicn.

As a conclusion they have stated that the thecretical results
showed that the only effect of rotation on an ideal squeeze film
between parallel surface, is due to the centrifugal forces, which
tends to increase the rate of approach of the two surfaces., The
authors have also presented some empirical results using various
kinds of fluid and good agreements with theoretical results have
been obtained in some cases.

Ludwig ( 35 ) has analyzed the engagement characteristics of
wet type clutches mathematically and experimentally. He found that
the grooving pattern on the plates had a pronounced effect on the
dynamic coefficient of friction and that-the spiral grooves produced
a higher friction than radial gréoves. Wa ( 36 ) has developed
a model to simulate the engagement characteristics of a single pair.
of wet type clutch plates ﬁsed in automatic transmissions. The
equations are based on those derived from his previous studies ( 19 )},
{ 20 ). Expressions that enable calculation of such quéntities as
film thickness, t;ansmitted torque, interface temperature, heat gener-
ation rate and engine speed have been presented. .Utilizing such
calculation Wu has shown that viscous shear forces can produce
significant amount of the clutch torgque transmitted during the
squeeziﬁg motion and that most of the energy is dissipated during
the squeezé film region. Results also indicate that the permeability

parameter and porous facing thickness ratioc are of great importance
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in engagement. The effect of surface irregularities and grooving
effects were neglected in Wu's analysis. El-Serbiny and Newcomb

( 37 ) have described a general model to simulate the engagement
characteristics of a wet type friction clutch using the finite
element technique. O0il groove effects and the heat generated

by viscous shear are taken into account in their analysis of single
and repeated engagements. The predicted effects of frictional
beﬁaviour agreed with trends observed from practical investigation.
Porosity effects in the clutch materials were.ignored in this
analysis.

In the present work inertia effects have been included in a
finite element analysis of the rotating disc problems when radial
and spiral grooves are incorporated in one disc surface.

Before consideration of this and other problems a theoretical
development of the generalized Reynoldé equation is presented in
Chapter 3. A solution to this eqﬁation using a finite element
analysis is then incorporated into a computer program as-outlined.

in Chapter 4.
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3. Theoretical DeVelopment

3.1. Reynolds Eguation

The derivation of the generalized Reyneclds equation for incom-
pressible isothermal steady state lubrication problems is based on

the following assumptions:

1. The pressure throughout the film thickness remains constant.

2. The curvature of the bearing surface is large compared to the
oil film thickness.

3. HNo slip between the bearing surface and adjacent layers of
fluid film.

4, The lubricant is considered to be a Newtonian fluid;

5. fThe fluid flow is laminar.

6. The viscosity is temperature dependent,

The geometry and coordinate system for a fluid film and corre-
sponding surfaces is shown in FIG.1.

Reynolds equation is derived from the consideration of the
fluid continuity of flow and the equilibrium of a fluid element,

.An infinitely small element of fluid of sides dx, dy and dz

is shown in FIG.2, The fluid velocities on all the faces of the
element and in the orthogonal direction x, y and z are assumed to
be constant.

" The incoming volume flow rate is given by the eguation

udy dz + v dx dz + w dx dy (3.1)

and the out flow rate by

ow

P dz )dxdy (3.2)

. du dy
{ u-+?;;dx)dydz + (v +-§§-dy)dxdz + (wt



18
From the continuity of flow, the net flow rate must be zero, which
leads to the following relationship,

du  Bv 3w

=0 3
9x dy 9z (3.3)

Next consider a column of fluid of sides dx, dy and height h as
shown in FIG.3. The fluid influx and efflux rates per unit width

are shown in the figure.
Volume flow in x direction : Influx qxdy

Efflux (g, + —*i-dx)dy

Volume flow in y direction : Influx qydx

ag
+
Efflux (q, —§§ dy)ax
In the z direction, if the velocities of the lower and upper surfaces
of the column are wo and Wy respectively, the increase in volume can

be expressed as
((wo— wy ) dx dy

Using the condition of continuity of flow, the following relationship

is obtained,

. 9q, 3q
(audy + qu@x) + (W= w) dxdy = (q, +-=-@0)dy + (q + —g-dy)ax

Cancelling (dxdy) which is arbitrary and non-zero gives

3a, , %y

__§§.+ _§§.+ (wy -~ wgy =0 (3.4)

If the upper surface is permeable, the last term of egn.(3.4) (wl-wo)

can be explained by the squeeze and diffusion actions onthe fluid then
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where

3t ° the rate of change of height of the column, namely
squeeze velocity

vq diffusion velocity

Substituting egn.(3.5) in egn.{(3.4), the following expression is

obtained

og 3
._._x+ E.V_+ a_h+v

=0 .6
ax dy ot d (3.8)

Finally consider the equilibrium of a fluid element as shown
in FIG.H. In this case, the forces consist of viscous shear stresées,
bedy forces and fluid pressure, and resolving in the direction of the

x axis gives the eguation

T 3
X2 - P
pdydz + (sz+—j;—-dz)dxdy + B dxdydz=(p + 5;—dx)dydz + T,,dxdy.

3

which reduces to

9T 3
XZ = 9P ‘ «7
32 + Bx —:; (3.7)

Similarly in the direction of the y axis

L. 0T 3
C Yz = B
z -t By 3y (3.8)
In the z direction the pressure gradient is assumed to be zero.
Sp _ o (3.9)
dz _

6

According to the Newton's law of viscisity
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du

= —_— (3.10

Ty H 3z )
_ ., v

Tyz &) z {3.11)

Sustituting .egns (3.10) .and (3.11) into (3.7) and (3.8) the following

relationships are given

ap 2 du
L = —_ 3.12
ox gz ¢ u Bz) + By ( )
op 0 av +B

= 2 AL (3.13)
dy 23z Cu az) Y :

The velocity gradient is obtained by integrating egn.(3.12} with

respect to z.

du "1g¢ dp z Cy
— i —— —_— - +o— .
morlae , Bxdz) - (3.14)
Integrating again gives
3 1% zZ 1 (=2 p:4
u = -a-g-J E_dz - J _— B,dzdz + & dz + c2 (3.15)
o H oHJo ‘ o H

The constants of integration C, and Cp are determined by the applica-

tion of the following boundary conditions

u = Ul' v = Vl, w = Wl at =z =0 ] (2.16)
u=Uy v=V,y w= W, at z =h {3.17)
p = P(x,y) , ‘ (3.18)

where P(x,y) is a specified function on a non-vanishing segment of

the boundary.

Application of the boundary condition (3.16) to egn.(3.15) yields

-

C, = U . (3.19)
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Using boundary condition (3.17) and the value of C,

h z

1 op 1l
C, =~ (U,-U,) &£a + | =] pB.dzdz (3.20)
1 Y%7 Y 1 J J X

AO 9x. O]JO

where

A"Jhld A thd
O— —Z' 1= —_—de

oM o H _

Substituting values of C; and C, into egn. (3.15), the velocity
componient is obtained as follows
z z U, = Ua (2
A 1 1 —
u=a—p-[ Zaz - L —-dz]+u1+2——1 —dz + B, (3.21)
o H Ah Jg M

where

Similarly in the y direction

v )] C d —-Aljz LR dz + v, + 2——1 _ 1Jz X dz + B (3.22}
= 2 - Z Z
1 -
3y J M Ag jg M Bg. J U Y

where
z h b z z
— 1 1l 1 1
5ot e ([ 2 s we)- [ 2[5, e
b4 Y
A9 o H o u. o - le} H o ¥

The velocity in the z direction, w can be obtained by substituting

egqns. (3.21). and (3.22) into the continuity egn.(3.3) and is as follows

| 29 Z 3
Cw=-l Paz-l Haz+w (3.23)
ox o9y 1
O [w)

where W, is the magnitufle of the velocity w at z = 0.
The average velocities in the x and y directions can be expressed

as .
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- 1
u = B—J udsz (3.24)
o
1 h
= - _J vdz (3.25)
h
o
and the wvolume flows as
h
Ay = h.-g = J u dz (3.26)
o
h
q, = h-v =J v dz (3.27)
o

Substituting these values in the continuity egn. (3.6}, the following

expression is cbtained

h
E_i [Jhu'dz] +a'—2*q vdz] +g—1:+vd=0 (3.28)
o o

Substituting the values of velocities from egn.(3.21) and (3.22) in
the above expression, the generalized Reynolds equation in vector

form is obtained

gh
-?GV = V(h U) +V(AUA2) +V!B+a—£+vd | {3.29)
where
3.
v _3x+3y

N
U=Ul'1+Vlj

AU = (Up-U; )i+ (Vy -V

h -2
L ]’ 1 dzdz
Aq oJo H

22
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h

a A~ h
IB=iJ Bde+JJ Bydz
o o

3.2 Incompressible Isothermal Lubrication

In this section development of the incompressible form of the
Reynolds eguation is presented. The viscosity of the lubricant is

assumed to be constant . Then egn.(3.15) can be expressed as -

z
iLgE;[ z dz - L B, dzdz + e C, dz + C {3.30)
no u o X u o 1 2

o]

The body forces are expressed by averaged values in z direction to

simplify the analyéis

1 h

By {X:¥) L}TJ' B, dz
o
1 b

Bmy(x'y) =-E,(o By dz

Using these averaged values for the body forces in egn.(3.30), the

(3.31)

following form can be obtained
uw=-—x—=- —B8 +—u-Z+C2 (3.32}

Applying the boundary conditions (3,.,16) and (3.17), the velocity

component of the fluid in incompressible condition is given in the

equation
_ zlzh)y  9p 2 (y.-
n = U ( Ixc Bmx) + h (U2 Ul) + U1 (3.33)
Similarly'
z(z-h) op _
= — —— )+—(V v,) + Vv 3.34
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The corresponding volume flows are

Ph '
- - ap _ b
Ay u dz 12u( N B ot > ( U; + U, (3.35)
Jo
rh
h* 3dp h
= = — A +—( V., + V (3.36
Ay . v dz 1211( 3y B, ) > (v 2} )

The volume flow gradients are obtained by differendiating egns.(3.35)

and (3.36) with regard to x and y

39 1 9 Ip 3 ch(u,+ U.)
9% _ - B, 1302 3 rh(u+ U,
ox 12u ax(, h 9x mx ) + % [—2-——] (3.37)
dq 1 3 3p 8 rh(v,+ v,)
e e — A -
v Ty Py By )t ] (3.38)

Finally substituting'these gradients in egn.(3.28), the generalized
Reynolds equation for incompressible isothermal steady state is

obtained in the form

e 3%%3) * 5_ ‘ ’] '“'( b o+ §g'< BT )
12“[—-(11313 )+£(hssmy)]+g—:-+vd (3.39)
where
- u, + U, ' 5 vy * Y,
2 2

This Reynolds equation is solved with boundary conditions such that
along part of the boudary Sp shown in FIG.8., the pressure is

specified by

p = B(x,y) on 8 : ©(3.40)
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and along the remainder of the boundary Sq' the volume flow per

unit boundary length is specified by.

q=qd+aqj on S (3.41)

3.3 1Inclusion of the Centrifugal Force in the Generalized Reynolds

Equation

Normally inertia effects in fluids are of little significance
and as such are neglected in Reynolds equation. Since in this
project, discs are to be analyzed and Reynoldsequation is applied
to disc problems, the inertia effects are of interest and the theory
has been extended to inclide these.

A typical arrangement is shown in FIG.&%, where the lower surface
has an angular velocity of W; and the upper surface ﬁas an angular

velocity of Wy e The centrifugal force per unit volumépis-
Cg = Prw? ' ' (3.42)
Assuming that the angular velccity varies linearly with height

W= Wz _ (3.43)

where
w, - w
w = —2 1
°© h

The centrifugal force can now be expressed as

Cp = Pprluwyz + wl‘)z (3.,44)

The average centrifugal forces are given by the equations
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h
1 y
(o]

Pr 3 3] '
3o, [(woh twy ) - wy (3,45)

)

And the average centrifugal forces in x and y direction are as follows

Cery = Q:;h;osﬁ[( woh + wl)3 - wlﬂ (3.46)
o ,
Cny = pr sind Elwoh + w1)3 - mli] (3.47)
" 3hw,

Considering the equilibrium of a fluid element

9p _ ITys

Bx 9z Tt Bmx + Cepy (3.48)
ap ot z

— = + 3.49
y az + Bmy Cfmy ( )

Proceeding as before and using continuity equation, Reynolds eguation -

including the inertia terms is obtained as follows

13 .33 3 .33 ]
— i — (h~” — ) + — ——
121 [Bx ( ox ) dy (h dy ’

2@ oy 4 Oy a2 [9 03 B (13
- (hu) + 3y (hv) + 12u[;x {h Bmx) + By (h gmyil

{23 9 .3 ] 3h
+ 121 [ax {h Cfmx) + 3y (h Cfmy) + Y. +.vg (3.50)
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3.4 Application to Porous Annular Discs

The flow field in the porois region of a disc is governed by
the Laplace equation which is coupled to the Reynolds equation
governing the film regién. In the film region, the pressure distri-
bution can be expressed in a two dimensional form as before. However,
in the porous region of the disc, the pressure changes across the
thickness and accordingly a three dimensional approach has to be
made, A three dimensional finite element technique would be suitable
for the solution of the three dimensional Laplace eguation and would
overcome the complicated surface configuration.

As a primary analysis, a simplified investigation of the porous
region is presented here. The investigation is confined to équeezing
pads, one of which has a porous facing. This model has been adopted,
because it is nearest to automotive applications such as clutch plates
and oil immersed disc brakes. The model under consideration is shown
in FIG.6.

The analysis is based on the following assumptions:

1, The porous facing has constant permeability.
2. The pressure in surrounding field is zero.
3. Sgueezing action on the fluid is the most dominant effect and

other effects are neglected.

These assumptions are in addition to those applicable to the film
region.
The fluid velocities for a porous region can be derived from

Darcy's law ( 38 ).
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s-_ 2%
u N 9x
g=-22 (3.51)
p 9y
. 3D
A
U oz
The three dimensional continuity egquation can be expressed as
follows ( 39)
. - a
Vipo) + A2 =0 (3.52)
t
where
U = 41+ ) + Wk
A= porosity
Using Darcy's equation (3.51), the continuity eguation beccmes
o _. . dp '
V22 gpy)= 4 2 3.53
( " Vp) T { )
The associated boundary conditions between the film region and
porous regien are
- .3
Vd(er) = U(x,y,h) n ' (3.54)
: :} at h=nh
p(x,y) = b(xtYJh) (3.55)

where

~
n = unit normal vector to a boundary surface
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Also the boundary conditions between the porous region and the

surrounding field are given by

p=0 on boundary S
p=20. on boundary S
U= (x,y,h) n=20 on h =H {3.57)

3.5 Friction Force, Friction Torgue and Load Carrying Capacity

of Bearings and Discs.

The theory developed so far can be extended to assess the
performance of bearings and discs in so far as their load and torgue
carrying capacity is concerned, Friction forces and torques indicate
the power lossjfor bearings. However for discs these values are
more significant because they govern their engagement capacity.

The load carrying capacity L can be expressed as

L= J p(x,y) @A | (3.58)
A

and the friction forces by

F =J’ T | aa (3.59)
* Jy *lz=0,n

F =J T I da (3.60)
Y Jp Ylz=0,n

where A 1is the area concerned.
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From egns. (3.10) and (3.11) the shear stresses are

T =ua_u
x oz
T =ua_v
Yy oz

and the velocity gradients are derived from egns. (3.33) and (3.34)

du _ (2z-h) , @ (U,- U;)
P2 2u (ﬁ ~ Brx” Cemx) * — (3.61)
dv _ {(2z-h) , 3p _ . _ (Vo V,)

az 2y ¢ ?E: Bmy Cfmy) + __ZE"_;' (3.62)

Substituting these values into egns.(3.10) and (3.11), the components

shear stresses are now expressed as

_ (2z-h) , 3p _ _ u
x = 3 (-a—x- Bx Cfmx) +'¥;U {3.63)
. (2z-h) , 9p u .
T, = ~—> (==-B__ - + —V .64
Y 7 dy my Cemy? h 2 ,)
where
U=-‘U2j‘ Ul ) V=V2" Vi

The shear stresses for the lower surface., z = 0 are given by the

equations
b3 . L kg " (3.65
- T T 2 " 9y mx “fmx h (3.85)
h 3
- =-2(2%2_p _.¢ y + L {3.66)
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and the shear stresses for the upper surface, z = h by

=h % _5 . u
T2 E;( % Box™ Cemx? +'E'U (3.67)
h  9dp u
T = — — - +__V .
y2 73 {3y ~ Buy Cemy! o (3.68)

The friction forces are obtained by substituting egns.(3.67) and(3.68)

into egns.(3.59) and (3.60)

h ' 9p u
F =f-- £-pB -C.)-=U da 3.69
x1 - 2 ( Ix fmx h ( ?
- h ~9dp - u
Flo —fA T (22 - B Cppy) -0 AR (3.70)
P =fh 9p - y -Ry aa (3.71)
vl A ?( ¥y Bny™ Ctmy T ’
F . = 5(3—9—3 -c, ) +8y aa (3.72)
y2 A 2 dy my fmy h

For disc problems, determination of friction torgue is required
as a measure of their performance. The torgue field for a disc is

shown in FIG,7. The friction torque of the area AA is expressed as

ATe = r (T, sin@ + Ty cos 0 ) Aa (3.74)

The total friction torgues of the lower and upper surfaces can be
obtained by.integrating egqn. (3.73) over the appropriate area and

take the form

Te, = fA r Txl_sinB-!- Tyy cos 0 ) aa C(3.74)
TF_,2 = j' r{Tt sinf+ 'ry2 cosf ) da (3.75)

A *2
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4, Application of The Finite Element Technique

4,1 Variational Principles

The generalized Reynolds equation (3.50) describes the behaVWiour
of film lubrication when the f£ilm thickness and other variables such
as body forces,surface velocities, centrifugal forces, squeezing
velocities and the diffusion velocities together with appropriate
boundary pressure and flow conditions (3.40), (3.4l1) are known,
Variational principles can be applied for the solution of this
equation.

The integral I is. a functional which has independent variables

x, v and unknown function pi(x,y}.

- 3p 9p 32p 32p 3% -
I(p) HAF( X:¥Ye Py I’ Ty'W'W'W dxdy = constant (4.1)

Variational calculus is used for the determination of function p
which minimizes I(p). -

Let the function
*
p =p + en(x)

where E is an arbitrary parameter and N(x) is a continhous.function
having zero values on the boundaries. In order that function I(p)

" .
be a minimum at p = p , the following ceonditions must be satisfied

4.2
421 N (4.2)
ae?] = ©
=0 .
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Substituting egn. (4.2} into (4.1) a Euler - Lagrange form of equation

is 6btained.
32 (BF] 32[3F} 3“’[3F
22, e, e
%2 \Bpxx/  3x3yldp,,/ 3y WBpyy

d (9 J(d 3
_ 5}.(§§ﬂ_ 5;[§§J+ 5% = 0 ‘ (4.3)

The function p that minimizes this functional satisfies the Reynolds
equation (3.50) and the boundary conditions (3,40) and (3.41) <%

given by the equation

5

tp) = [ [{ 2y - o - +c )}Vp+[a—h +V]p:|dA+ 0 pds (4.4)
atl24u 12y m fm 3¢ 4
. l d

4.2 Development of Fluidity Matrices

The finite element technique has been applied for the determiation
of an approximate pressure distribution in a two dimensional field.
Initially the field under consideration is subdivided into smaller
elements having a finite number of nodes., Approximate interpolation
functioﬁs are chosen to express pressure and other variable variations;
within these elements. These functions satisfy the boundary continuity

,critéria.
Thé approximate variation of various variagles can be expressed

as

r
p= N{p} =] w(xy) p ( 4.5)
i=1
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r
u, =N {Ux} = I\Ii(:':,y)Uxi
i=1
.. = N {UO ¥
UY = { Y} - ‘2 Ni(le)in
i=1
{4.6)
_ r
Box = N{B )= 1} Ni(X.y)Bmxi
i=1

By = N B} = .fl N (Ksy) By,
i=1 .

Cemx = N {Cgp) = f Ni(x’y)cfmxi

i=1
_ r
Cfmy =N {Cfmy} = z Ni(xtY)Cfmyi
i=1
oh ah r .. gh
o =N {ZT) = Y Nixy) =
ot ot i=1 1 ot i
. o .
vg = N {Vd} = Z Ni(x,y) vdi
i=]

The field values (4.5) and (4.6) are substituted. into the functional
of egn.(4.4) which is then minimized with respect to the nodal

pressure p; of the element

a_I_ = (¢] i = l; 2' sssene ¥ (4-7)
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and considering the whole domain

y = = 0 (4.8)

Substituting (4.5) and (4.6) into (4.4) each derivatives of p

becomes
_9% , %
Vp = ox * dy
ToooNy r an
“LLow P L B
1= 1=
2 2
Vpr= P +a_p
& o)
I 9N r OoN r 9N r ay.
=|L=p x[i '—lP]‘*(E __ip],[jz —19]
[A_la Yz o D Lz 9y DS oy

and on differentiation with respect to 'pi;

3 BN, BN

—(Vp) = —= +

dp; ax 3y

3 INN| & ON (N7l T om,
Sp; PP [5‘;1[2 w25 (G| L 5 s
9 -

551 (p) = Ny

Thus eguation (4.8) can be expressed, using the fluidity matrices

and nodal values as follows
[KP] {p} = _[KU,J {Ux}- E(UJ {Uy}_ [KBm}J {Bmx}-.[KBmy {'Bmy.}

.—[chme {Cemued- chmﬂ {C:Emy}_[Kﬁ] {%i-’ - [de]{VdH {qa} (4.9)
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wher'e matrices L’Kﬂ ’ @UQ ' [KUSJ Lt are of size rxr

and matrices {p} . {Ux}' {UY}-"°' are of size rxl

h3 aNi N ON. BN.
Pressure : K = — —, 1 J 4+ i 3 ]
© Pij _J;[l2u ox 9x 9y oy }jaa (4.10)
Sh : = R
ear KUx-- ‘f h NJ da
ij A
aNl
ke, =) b=y an
¥ij A y 3
J’ h3 aNi
Body force: K = — —1 yN. da
. ¥ Bmxij A 12y 9x NJ
h3 ON,
K =j '—'5-']‘1\]. da
By 5 a l2u 9y 3 ‘ (4.11)
Centrifugal
force : K = X
Q cfmxij Bmxij

K = K
Cfmy ij Bmy ij

R
ij A J

Diffusion: Ky = K

4 5 i3

Squeeze : Kﬁ

Flow: qi =_I- Q Ni da
Sq

where q; is the outward flow across the boundary Si associated

with the node 1 . The half-boundary Sj is either side of the node

as shown in FIG.S8.
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Equation (4.9) can be solved provided n; nodal pressures and
flows of the rest of the nodes ( N - ny) are both known. All other
nodal forcing values such as body forces, must also be known in order
té solve this eguation.

Equation (4.9) can be expressed in matrix form as

[xd) (21 - (o - (ko) | (4.12)

These matrices can be partitioned and rearranged as follows into

known and unknown value matrices

K K K__
P11 P12 Kaj1 ai2
P q a
= 1 1
P = (4.13)
X 2 q a |l
P22 2 Kagp  Ka,, | L2

=

K
P21

Equation (4.13) can then be subdivided into two separate matrix

equations
(@} = [Kplgl {p 1+ [KPlz]{Pz} - [Kall]{al}'- I:Kalz}{az} (4.14)
{a,} = [Kle] (p,) +[Kp2'2] (2} - [Kazl]{al} - [Kazz]{az} (4.15)

Rearranging eqgn.(4.14) gives the following equations

(91} = E<pu] (5}
-1 ‘ ’
{py} = E&»n] {og) (4.16)
where

(21} = {21} - Xepp {pg} + Kayp lag) + Kap, {ay)
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Since all nodal pressures become known from egn.{(4.16), these can

be substituted into egn.(4.15) to obtain the corresponding flows.
Once the nodal pressure at each node has been determined, the

component flows (flows in an element) can be obtained by applying the

pressures to the original equation(4.7},

4.2,1 Development of Fluidity Matrices fop Triangular Elements

In this project the triangular element system is presented as a
primary development of F.E.Technigue for lubrication problems.

The elements are connected at the nodes which are located on the
corners of triangles as shown in FIG.8, and are assumed to have linear
variation of states. This variation is represented by a linear inter-

polation polynominal of the form
i

Ni(ch) = a, + bix + c;¥ (4.1h

The constants aj;e bi and c¢j are chosen so that Ni =1 at node i

and Ni = 0 at the other two nodes: that is

as = (XJ_Yk = Xkyi) / 2A

o
[

1 = (Yi - Yk) / 2A | (4.18)
e = (Xk = xj) / 22

where

1
A =31 x5 ¥y = (area of a triangle) .
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The pressure distribution p can be expressed es

o)
"
[ s WY

N, (x,7).p;

i=1

1}
[ ey ¥3]

i=1
The other field values are defined in a similar manner. The film
thickness veriation can also be expressed by using an interpolation

funetion such as

h= N{h} = '§1 N; (x,¥)h; | (4.20)
1=

The fluiditf matrices are then described as follows. Since

the derivations of N in eqn.(L4.10) can be expressed as

BN:.L BNj BNi BNJ
5% 3% + 5y 3y = (bibj + cicj) = const

and

3
3 = } N.h.|] = (N.h, + N.h, +N.h)>
j21 1 i 171 273 33

Hence the pressure matrix assumes the following form

= - P 3
K Ton (bibj + cicj) {Nlhl + Nyh, + N3h3) da
1) A

The integrated result of interpolation functions over the area of
e triangular element is presented by Zienkiewicz (L) and is as

follows
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N® nB NY aa = _o! B! ¥y!
_L 17273 TaiB iyt 2 ~(4.21)

Accordingly the fluidity matrix is given by the following expression

1
K = -
Pij 480AY

' 3
where B = E h hg | + hohh

Other f£luidity matrices can be expressed in a similar manner by the-

equations
b, 3
i : ;
K =—2 ¥ nh (145, ) (4.23)
Uxij 24 k=1 k kj
c., 3
_ 1
K = T h (148 ) (4.24)
Upiy 24 % K %3
D3
K =
Bmxjy 1440 (4.25)
Ci ) .
K = —— G 4,26
Bmyij 14401 : ( )
X = K ‘ (4.27)
Cfrnxij Bmxlj : :
=K (4.28)
cfmyj_:l Bmyj_3
. 8;:) (4.29)
K» = o — + P -
hj 5 1z » Tt 0y

- . (4.30)
K s hij
ij
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where _
6j5 =1 when i= j
6ij =0 when i# j
3 23 23 3
G=|7] h h| +2n (7 B| +h.1Y w2 + 2n h.h
k=1 Mik=1 k 1S TR I N 17273

4.2.2 Development of Fluidity Matrices of Rectangular Elements

In this derivation of fluidity matrix a different type of
natural coordinate system has been used. FIG.9 shows the two coordi-
nate systems, The Cartesian coordinates are expressed in terms of

the natural coordinate as follows

x =714-E1-s)(1-t)x1 + (1+s)(1-t)x,

+ (1+s)(1+t)x3 + {1-s) (1+t)i,1:|
(4.31)

1
Y =TE1_S)(1'UY1 + (1+s)(1-t)y,

+ (1+s)(1+t)yy + (1-s)(1+t)Y;]

and the interpolation function for a linear rectangular-élement is

' 1
Ni(x,y) ='Z'(1+Ssi)(1+tti) (4.32)

Hence the pressure distribution can be described as

a ..
1 . -
p= i);l o (Iss;) (1t )p; (4.33)
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Transformation of the coorxdinates from Cartesian to natural is carried

out as follows

N _ 9N 3s BN It
3 ds 9x | ot ax (4.34)
N _ N as+aNat
== =+ = (4.35)

3y 9s 3y Ot dy

oY
3s _ ot
ax !J]
_9x
3s 3t
% g
_9y
ot _ 9s
ax IJ
x
3t _ 9s
dy IJI

Also
axdy = |J | dsat

where J is the determinant of the Jacobian matrix [J] given by

(3x  3Y ]

9s e
[J1 =

8x 9y

L at ot

Egns. (4.34) and (4.35) can be expressed as

oy . 1 9NQ3y N3y
ax 1710 3s 3t ~ 3%t 3s ) (4.36)
9N -1 38N 9x 9N dy

t
—
I

3y ~ )31 9s 9t ~ 3t Bs ) (4.37)



The derivatives of N

BNi N, - 1 [ —d
ax 9x ol |a]" B9s
aN; N, 1 an;
3y 3y B9 Bs

%gi - ;i.(1+tti)
also

%= -1—{(:-:2"‘1) *

%3 - .%-{(x4'x1) ¥

§.¥.=—]; - +
5 y {(yy-yq)

+

1 .
= '4— {(Y4-Y1)

—— iy oy ———m —

LT 818y T a3y

oN,
i

in eqgn.(4.10)

(x3=x,)}

(x3-x,)}

[l

(Y3—Y4)} =

(yq-yy)} =

becomes

Rearranging egns.(4.38) and (4.39)
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can now be expressed as

N gy M5 ay O
as 9s a3t a;
Ny dx _ N
ds ds t dat
ay |

)

23

a4

ay

as) | {4.38)

ox

33) (4.39)
(4.40)
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oNy o5 _ 1
dx Ox 161311 J]

{a4si(l+tti)- a3ti(1+ssi)}{a4sj(1+ttj)-a3tj(l+ssj)}

= {a,s.(1+tt,)— a.t, (1+ss.)}{ A(1+tt.)-a.t.(1+ss.)}
ay 3y 1613]1J] 27i i 17 S8;1itas8,4 J 1%j 55

(4.41)

If the film thickness and viscosity are constant, the integration

of egn.(4.10) takes the following form after substituting egns.{4.40)

and (4.41),

K
Pij

h3 N, On. ON: ON:
_J# 1 J 1 J ) aa
A

12u ( ox ox | dy dy

h3 1 1

= s, (1+tt. )=a.t. (1+ss, )}
192u 131 1Jr£1 f_l [{34 i 17793% 530}
{a4sj(1+ttj)—a3tj(1+ssj)}+{azsi(1+tti)—alti(1+ssi)}
{azsj(1+ttj)-altj(1+§sj)}]IJI dsdt

This expression can be simplified by expressing it as a sum of the

following terms

' 1 1
A= Sisj(a3+az)f Jl (1+tti)(1+ttj) dsdt
_1 -

1 1
2 2
B = titj(a1+ aB)J[ J’ (1+ssi)(1+ssj) dsdt
-1 J-1
1 1
¢ = s;tylaay* a3a4)d[- J’ (1+ssy) (L+tt) dsat
-1 ~-1
D =

1,1
T Sitilagant a3a4’J J—l (1+ss;)(1+tty) dsdt
-1 -



Integrating these terms, the following results are obtained

2 2 1
A= 4Sisj(32+ a4)(§titj+1)
B = 4t t. (al+ a3)(—s .S +1)
C = -4sitj(a1 2+a3a4)

D= —4s t, (al 2+a )

The fluidity matrix K, , therefore becomes

1]

- h3
K = ——— . (A+B+C+
Pij " Toay o] (AHEFCD)
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(4.42)

(4.43)

Similarly, cther fluidity matrices for the rectangular element

can be expressed as

‘ h 1
K =—{s5.a,~t,t.+1}) -
Uxij 4 { i¥4%3717)
Xy = = -%{ az(—tt+1)'-t
Yij
3
__ b’
K = {s;a,(2 t jt4*1)
Brxs;:  48M 4
ij
3

K = ———
Bmyij 481

cfmx ij

K =
.Cfmij Bmyij

( 3°155 +1)}

1
035i5j+1)}

i 1
- tia3Q§sisj+1)}

_ 1 1
{siazcgtitjﬂ) + tia, (S-sigj+1)}

(4.44)



46

g1 ,1 1
X, = - (=5.5.+1)(=t.t.+1)
Rij g 3173 )(3 i73

If the film thickness is wvariable in an element, it is assumed
that the thickness can also be expressed using the interpclation

function ‘Ni' as follows

h =

L Ni(x,¥) hy =
1

I =1 b
e~

& |-

(1+ssi)(l+tti) hy (4.45)

1 1

i
The matrix Kp. . in this case is given by the eguation
i3

1
K, .= =———=— (A'+B'+C'+D") 4.46
Pij 192ulJl( ( )

where

1 -1 :
At = Sisj(a§+ aZ)J’ Jﬂ h3(1+tti)(l+ttj) dsat
' -1J-1

1.1

B' = titj(ai-a- a;)f h3(1+ssi)(1+ssj) dsdt
-1 /-1
1 (1
c' = -s;ti(aja5maza,) h3(1+ss;) (1+tty) dsat
=1 /-1
~1 fl
p' = —sjti(ala2—a3a4) ‘ h3(1+ssi)(1+ttj) dsdt
J-1)-1

Subétitufing eqn.(4.45) into eqn.(4.46) and rearranging terms, the
gquantities A' to D' can be expressed in the form

' = . 2 2 1 1 1
A' = dsiss(als 34)121 I L {nghhn (55150 (G w555+ 1))

.



V= 4t.p.(al+ al E !
B' = 4t;r.(ar+ a3)££1 ) Xl{hlhmhn(3t12+l)(§s

]

Cl

Dl

where t
11

t
12
13
11

‘
12

13

t
21

t
22
21

22

-4
S; t (a a2

4 4 4

m=1 n=

4

£=1 m=1 n=1

+1{ic

5 11 i 3 12

4 4

1'2 73747921 n=1 n=2

1
+{—t 1t +
5 3

ttt
g mn

t+ Lt +t ¢t
2 m mn n#
t +¢t t+t
2 m n

s

£ mn
5.8 + s s + s 58
2 m mn n &

s. +s + =8
2 m n

+ (t +
t11%y to%50%

(t. +t )+ (t _+ t )t
127 Fa3ty) * (B i1

s + +
155" (5117 5155578

+ s + (s__+
(s12 13sj) ( 13 sj)si

Similarly other matrices are derived as

Ku

Xij

s a 4

-4sjti(a a,. - a a4)£z Z z h h h P—s

(t

511

3

(t

5,

12

47

+ls +1)}

21l 3722

1
34) Z ) X [Lzh h {5 115j+§(512+513sj)+l}

gt ¥ 1{]

+ )+
3(512 51) 1}

+t13tj)+ lﬂ T (4.,47)

=—147y (-s s +1){—4t£t ottt t y+1}

t a 4

J

3

Z [( t t, +1){—(s s +s 1S +s 52)+1]] - (4.48)
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KUYij (“' s S +l){ (titi-l'titj-ptjtk).'.l}}
tial L -1
- _16 R‘le\(S R.t +l){3(5 5. +SlsJ+s .5 )+1}J (h.hg)
1 I TR O
KBmxij EZ 221 mél nzl(siah523t2h = tegsotss) (4.50)
1 Y 4 4
ILJEsmyij = 768u 21 mZJ_ nzl(sia2s23t2h t.a sEht23) (4.51)
- = gl 1 1
Kﬁij =Ty (3 sisj+l)(3 titj+1) (4.52)
deij ) Kﬁij (4,53)
== P
WheTe 85375 Sp5n%nSit 3 (S ptnentatent;tessy) 1
S, =xs, +Es, . +1
2h 5725 7 3 726

u
i

S.5S + 5.5 85, +8,8 5. + .
25 Am'n £m7i 27m%3 sf-snsi+

S =g 8 + s 5 +5
26

; * .+ +...
L'm £°n ﬁ.sl S.Q.SJ Smsn

: =3 x .
Sty = tltmtntj+.3 (tgtm+tm§n+tntj+tjt£) +1

_1, L1
tzh—st +3t26+l

bos T bbby P Belnts * Vtaty o Yetaty oo

t26 = tﬂ.tm + tﬂ.tn + tﬂ.ti + tf,tj + tmtn +...
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i.3 Anelysis of The Forous Rezion

The pressure distribution for a surface witk 2 porous region
can be found by solving esquation (4.9) together with the Laplace
equation (3.53) and tbe associated boundary conditions (3.54)-(3.57).
Fig.10 shows the finite element idealization of a porous region.

By expressing the diffusion term [de].{va} as the nodal
diffusion flow {g'} in equation (L.9) and by expressing the fluidity
matrix terms k.1 {2}, except the'pressure term, the rearranged form

of the equation is obtained
{a} = [K;1 (o} + (K] {a} * {a'} (k.5k)

The Laplace equation (3.53) is solved in a similar manner to the
Reynold's equation using variational principles. The functional to

be minimized is given by

I(P) = J (&2 gmvman +j Upd + ] § pdS (%.55)
a * A Q s

Hence

i=1,2,...,N ' (4.56)

Qo
|-
1]

(o]

The pressure distribution as before is assumed to be linear within
an element, For the analysis of the three dimensional porous region
tetrahedral elements are used. For these elements the pressure

distribution is expressed as

»= o {p}= M; (x,¥.2) .3, © (k.5T)

1

P> &

i

M, =a; ¢+ bix *oey + d;z ‘ (4.58)
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Wwhere
8y bl ] al 1 1 1 1
a2 b2 c2 d2 xl x2 x3 xh
= adj
ah bh ch dh zl Z, 23 zh

- (Volume of the tetrashedron’

év defined by nodes 1,2,3,4.)

Substituting eqn.{L4.57) into éqn.(h.56)
g, o] 21 (el 2 1 )
35; - JQ T ofex jgl Ix {e}j + —5_521 dy {p} + 3z jgl 3z {z}

\ .
+ Jﬂ M ] (Mj){'ﬁ}dsz + J QN a5 = 0 (%.59)
j= S

Using the interpolation function (4.58) with egn.(4.59) and the integration

formula (40}
8y. . _ _ olgy! |
Jp e - Ry e (1.60)

The flow equation for a porous region is obtained as follows

{ad = [K;1 (B} +{a'} (k.61)



wnere
K
P..
1)

q;

g!
%),

PV
U (Dibj + Cicj + didj)
Q N.ds (on surfaces)

M; [ [MJ]{U}GS}
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To couple the analysis pertaining to the film and porous region

conditions, equaticrs {4.54) and (L4.61)} are reordered and partitioned

into submatrices as follows

vhere Ei, Ei, E; shave nodes with the film region.

The associlated

boundgry condition (3.54) gives the following relationship for the

flow

{q}+{q} {0}

The pressures at the common boundary of the film and the porous

regions (3.55) is given by

{2}

The matrix equation (4.62) can be rewritten as

-y

(,}

{a,}

=

H

{p,}

ST REN RN CP ROV

= [%,,] {p,} + [Kp,1 {B,}

{

q'}
1

(4.62)

(4.63)

(k.6%)

(4.65)

(b,66)
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Zquations (L4.54), (4.23), (4.64) and (4.65) yield

{ay+a} = [Ky #K 1{p) ) + [K,Hpp) + [K Hal (4.67)

and combining eqn.(4.67) and eqn.{4.66) the following result is obtained

el KKy Kp P K, Of]a

= + , (4.68)

% K21 Ko [ { P2 0 0J1X0
Equation (4.68) can be expressed in a simplified form as
{a} = (KI(p} + (K, (=} (4.69)

This equation can be solved in the same way as that described in

Section L.2.

4.4 Determination of the Load Carrying Capacity of Bearings,

Friction Force and Friction Torgué

The load carrying capacity of bearings L, was written in the
form of an integral (3. 58 in Section 3.5. The calculation can by
finalized by substituting the pressure values (k.5) into equation

(3.58)

r
L = J ! N.(x,y)p, aA
e Jpimy *

For the triangular element, the interpolstion function is
Ni(st) = ai + bix + ciy

and using the integration formulae
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1
N.aA =% A
J, w3

the load carrying capacity for the triangular element can be expressed
as

1 3
];.e=§A z p. (k.70)

Similarly the load carrying capacity Lo Tor a rectangular element is

given by

, b _ . .
Le =_1[A E P; (4.71)

L=} L, ( E : number of elements) (4.72).

The friction forces in an’element are given by eqns.(3.69) - (3.72).

Substituting the pressure and other field values from egns.(4.5), (k.6)
into eans.(3.69) -~ (3.72), the friction forces in the form of an

interpolation function and nodsl values can be obtained as follows:

Fi = J(ZN )(E p)dA~—J(ZNh)(ZNJdeA

A i=1 A i=1
ZNJUJ
%J(th)( chfmx )dA+uJ' J;L-—-dA
A i=1 A ENihi
i=1
1 % ri{\r_i 1 [ ']
Fyp = §J (1 mn) () —5% pjlaA + 3 | (8.0 )()N.a., .)dA
A i=l J=1 A 1] J=
iy
. NS,
r .-
+ % f (ZN h )(ZN.Cfmx Jda + p o oaa
) ."1 1 J
A l-l = A Nihl

(4.73)

(b.74)
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1](2 fa—i L (feng) (niagy )
F o=~ N b, - = N.h.)(JN. By, .)dA
yl 2 J, i 5 8 2JA 1_1 5:13 my 3
r
W,
j]
-%J(ho)(ZN cfmiﬁ +uj E aa (5.75)
A b3 A JN.h,
j=1
L (i 3 e+ 3| (o]
F =—J(N.h.)( p.)dA+—J(Nh)(NBm Jaa
Yo = 2 R j=13y 3 2 A ;4_ Y3
I"
, LNV
+,%J(fN.hi)(ZN.cfm.)dA+uI Ji_dA (L.76)
A i= i T A JN.h, :
£l

To simplify the integration of the last term an average thickness h is
used in place of ENihi.
For the triangular element, substituting the interpolation function

(4,17) into eqns.(4.73) = (4.76), the friction forces derived are

; 3 4 3 3
T iZlbipi - "6"1§1 J[l{h (148 53 (B s +Cpnys izlul

Fx, =53 iilblpl + %121,32% (248 53 (Bpyy; Cfme g_;} (h.TT).
FYl =T %2- %fpl - %12 jif(lwl,])(BmY‘ Cfmyj)} 511_% g_f:.

Y2 712 Ei it %i=1.‘i§f_—;l (lwla)(Bin*cfmyj)}*' 3_1% if"

For the rectangular element, substituting the interpolation function
(4.32) into eqns.(L.73) - (4.76), and using transformations (L4.31) - (bL.37)

the friction forces for a rectangular element can be expressed as
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Fx1 =~ %100 7 %101 7 %02 * Cio3
Fxp = Cyop * Ci01 * Ci02 * Cio3
(4.78)
Fy1 =~ Cio0 ~ S0t T Ci05 * Cio6
Fyo = Cion0 * C1on * 105 * €106
where
- 1,
Clo0 = 2|J|{3 Cg + (Cy Cs + 3 chc )}
_ 1 1 1
Cio1 = 2|J|{(clc8 +3 0,00 +3 (000 + 3 0209)}
S + 2 1 i
Cyop = 2lIlile ey, + 3 CyCyg) *+3 (G50, + 3 CCy3)}
_ulg
Clo3 =5 L
_ 1
Cygy = 2lIl{(c)Bg + ChB ) +3 (CB) + 3 C.By)}
- L1 1 1
C1o5 = 25{(c,3,, + 3 CBy5) *+ 5 (CBy, + 3 800}
cC = L_'J_-' ¢ V.
106 h i 1
4
1
C; =+ ) h.
1 In = 1
4
C2 % z.__fitlhl
1
4
1
C, =5 E s.h.
34 i=11 i
4
1
Ch BN Z_tihl
1=1
17
C5 =3 L_(s a), - tiaB)pi_ .
1=1
4
1
Cp= =71 2 a.s.t.T
6 4 1=13 1711
4
1
Co =% Laysitp;
151



Q)
oo
;
=

b red

H'EF

Il B~

(9]
i
=
| el

.

]
"
==

10

Q
I
=i

[ [
3k | L]
i e

11l

4
Bg = 1111,&1
4

%~ %igl
4

1o = %iél
By ='% f

[N
lﬂl

o
e

o
[ k]

w

e

ct
[N

pta

)
.-
"
ol

Jus]
E]
L
-

-

-

56

4
1
c Y ¢
12 4 =1 £
1 4
4
1
Clh - -EE i Cfm:tc:-L
l:
4
1
c = z t.cfmx.
15 7B LT
4
1
B,=%}C
£
12 hi=1 my;
4
1
B = 3 E s.t. ¢C
£
13 hi=1 12 my{
4
1
By, = z 8: C .
1k -Ei=1 i “fmyy
4
=1
Bis =% L% Comy;
l=

This leads to the determination of friction forces in an element,

Further more the total friction forces are obtained by summing these

values over the domain area, as follows

|Mm

(L.79)

For the rotational dis¢ problems the evaluation of friction torgue

becomes necessary, since it is a measure of the disc performance.
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The friction torque T for an element as shown in FIG.7 is
e

given by
T, = ( Fy sinf + FY cos0 ) r-A (4.80)

the coordinates of the point C are

where (xi, yi) : the coordinates of each node in the element

n : number of nodes in the element

and the radius r can be expressed as
= (x2 2 %
r (xc +‘yc ) (4.81)

By substituting egn.(4.81) into egn.(4.80) the elemental torque is

given by the following expression

T = (F. sinf+ F_ cos 8)( x_ + y2 )*-A (é 82)
X y c c _ :

e

The total friction torque Ty is then calculated by summing the

elemental torques over the domain area and is found to be

E .
TT = E P (4.83)

" where "E : number of elements in the domain area
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4.5 Development of the Computer Program

In this section listings of the computer program developed for
the lubrication analysis is presented. The program was written in
standard FORTRAN for the PRIME 400 Computer of Loughborough Univer-—

sity of Technology.

- 4.5,1 Flow Charts

The computer program developed in this work consists of several
subroutines. FIG.,1ll1 contains the main flow chart reguired in the
calculations and the subroutine system is listed in FIG.12., The
purpose of each subroutine is also presented in TABLE.1l, and details
of the important subroutines are shéwn_in FIG.13 to 17. The complete

program is presented from page 136 onwards.



4.

5.2 Data input

As a quide for using the program, details of input data are

presented here.

1.
2.

3.

7.

8.

9.

" ELEMENT DETATLS ; Input NCOE, NODES, NELE, NNEL. |

RESULT ; Are details of calculations needed ? [YES] or[ NOJ}

COOR  ; Coordinate system Cartesian or polar coordinate?[XYJor[PQ]

UNIT!; Only when polar coordinate is used, input the unit of angle.

or[RAD]

IUNIT2 ; Which velocity unit is used, XY or angular vel. ?

Input 1 for XY, or 2 for angular vel.. I—_—l

TEST NAME ; Restricted to 80 characters |

3t 1

1

where NCQOE : Number of dimension (two-dimension:2)

NODES: Total number cf nodes:

NELE

"e

Total nurber of elements

NNEL

DENVIS ; Is density and viscosity constant throughout the system?

IYES| or| NO )

INPUT DENSITY AND VISCOSITY OF EACH ELEMENT

L______|

Number of nodes per element

' R Oy M iy
. ELEMENT No. ELEVENT TYPE NNEL DENGITY VISCOSITY

{example) 1 3 3 1.0E-10 1.0

2 3 3 1.3E-9 1.7 3

33 3 1.1E-10 1.0 4
'INPUT NODE No. AND THICKNESS OF FIIM AT EACH NODE
ELEMENT No. NODE No.

-
-

( ELEMENT TYPE )

triangular

rectangular

THICKNESS OF FIIM

L1 COCOC I |ﬂ_,,_rj,_TJLﬁ_,_,

{note} Change in thickness is discribed in the change of upper

surface, therefore lower surface is treated flat.

T T
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10. LTYPE ; Choose the type of mesh generation. [1 Jor {2]or {3 ]
where

LTYPE 1 Circular or sector shape system mesheduniformly

LTYPE 2 Parallelogram shape system meshed equally

=

LTYPE 3 Arbitrary shape system

-~

11. Only when LTYPE = 1 ‘
L L 31 2 [
'(inner o outer ) (angle of ) (angle of) mumber of
radius radius/- system division ( division )
T TN through radius

when circular shape is |
used, input (360-02) for &
12. Only when LTYPE = 2

{ 11
PINT

| 1 | L1
™M )

(NELE)

14. BOUNDARY CONDITION NQ and NP L ] .
’ where :
NQ : Number of nodes where flow values are known as boundary
conditions
NP : Number of nodes where pressure is known as a boundary
condition
{note. NQ + NP = NODES )
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15. BC ; Are values of boundary conditions same throughout the whole

system 2 [ YES] or [NO]

16. Only when BC = YES , input the numbers of node where pressures

are known as bourndary condition

| [ (ex.) 1 2 4 6 7

Then input the values of boundary conditions

3 ]

value of flow value of pressure
17. Cnly when BC = NO , input BC type and value at each node

I 11 I |

NODE No. BC TYPE VALUE OF BC
(ex.)

(BC TYPE) _
1 : flow is known
2 : pressure is known

1 2 0.
2 1 0.
3 2 1.

0
0
0

18, BCA ; Are flow action values (shear action, body force etc) same

throughout the system 2 or
19. BCAC ; Input the values of flow actions at each node

I I T N | N O { Iﬁﬁ

NODE No. UX1 UX2 UYl U¥Y2 EXI sz BY1 BY2 st vd
where '

UX1 : velocity of lower surface in X-direction

UX2 : velocity of upper surface in X-direction

UY1 : velocity of lower surface in Y-direction

UY2 : velocity of upper surface in Y-direction

BX1 : body force of lower surface in X-direction
: squeeze velocity in Z-direction

vd : diffusion velccity in porous surface

when angular velocity is used, mput format is as follows

L L IL_Jlo.0l 11 Lm_l

NODE No. ] w, 0.0 0.0 BX1 sz BY1 BYZ
where

anqular velocity of lower surface
anqular velocity of upper surface

1
ws
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5. Application to Standard Lubrication Problems

The validation of the finite element analysis outlined in
Chapter 4 was established by its application to standard lubricatiocn
problems and making a comparison with the results obtained from
analytical solutions of Reynelds equation. These finite element
idealizations and the associated software were used to solve such
problems as the rectangular squeezing pad, slider bearing, step
bearing etc. The sgueezing rectanguler pad problem was first inves-
tigated to determine the accuracy of including the squeezing effect
in the analysis and afterwards the slider bearing and step bearing
problems were considered to deal with lubricated surfaces of both
infinite and finite width.

For all the analys€s discussed in this chapter, the film

viscosity is taken as

U = 0.102 kg*sec / m?

5.1 Rectangular Squeezing Pad

5.1.1 Theoretical Analysis

The geometry of a rectangular pad is shown in FIG.18 and the
pressure distribution in such pads has been determined by the
solution of Reynolds equation using variational techniques ( 3 ).

The pressure on the pad surface can be expressed by the equation

N

A gh ® @ '
Eﬁ;g E Bkp sin k¢ cos B (5.1)
[ =1!3"5'-lo .

=

p =

=
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where

™
A

o]
i
w |2

_ 192r®
kg, %qu(Rzgz + k2)

k:£ = 103r50"' o

R =

w|m

and the corresponding load carrying capacity is obtained by inte-

grating the pressure over the area to give the infinite series

44AB dh TX 1
= SRy e (5.2)
k.2

5.1.2 Finite Element Model and Results

A finite element model was developed for the determination of
pressure distribution in the_pad. Owing to the symmetry of the
bearing, only a gquarter of the pad was idealized. Triangular fluid
finite elements were used for this idealization which are shown as
(a) to (e) in FIG.19, The properties of the pad and fluid used in

the calculation were as follows

A=10m
B=1,0m
2
U= 0.102 x 107> kgesec / mm®  (viscosity)
h = 0,01 mm ' (film thickness)

%%.z 10 mm / sec {squeezing velocity)
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The circumferential pressure was assumed to be zero in this case.
The pressure distribution in the pad at y = 0.0 along the
direction and along the diagonal as predicted by the theoretical
approach and the finite element method are shown in FIG's 20,21
and 22, The effect of the finite element mesh size on the conver-
gence of results is shown in TABLE 2 for the maximum pressure and
TABLE 3 for the load carrying capacity of the pad. 1In spite of
the assumption of linear pressure within the elements, very satis-
~ factory agreement between the two approaches was obtained as is
obvious from the figures. The maximum error obtained was of the
order of 6.20 % when using 8 elements. It appears that the
maximum pressure at the midpoint is overestimated for the coarselr
mesh elements. This is to be expected because of the nature of the
formulation. However these results can be considerably improved to

give less than 1 % error by utilizing a finer finite element mesh.

5.2 Infinite Width Slider Bearing

5.2.1 Theoretical Analysis

As one of the various analyses of standard lubrication problems,
the case of an infinite width slider bearing shown in FIG.23 is
studied in this section, The properties of the bearing and the

fluid used in this analysis are as follows

B 0.5 m

1.0 x 1072

fl

hg

U,= -15.0 m / sec {(velocity)



M= 0.102 kg sec / m? {viscosity)

The pressure distribution has been given in many references ( 38 ),

( 39 ), and can be expressed in the form

6
= =y U 5.3
P 2 u xB Kp ( )
(=}
where
K = = 2m+ 2 N S 1
P "™ oom@amS? 1 +m 25/
B B
m = El;ljﬁl
h
O

Again the corresponding load carrying capacity is obtained by

integrating the pressure ovef the plate area of unit width and is
given by the equation
e 5.4
. 5 _ (5.4)

and the friction force at the two bearing surfaces is expressed by

the equation

A {1 +m)
1) og, Wmh
F, = -—— B + Q i =
h > B _ (at h=h }
{5.5)
L
Fo = - MU o 0ge (1 + m) _ Wmh,

t =0
ho - > B (a h=0)
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5.2.2 Finite Element Model and Results

Finite elemént layouts of a slider bearing are shown as (a)
to {c)} in FI1G.24. Numbgr of elements wg$ chosen to be 20, 60 and
240 respectively in order to examine the effects of the mesh size
on the convergence of results. The calculation is made by specify-
ing zero oil flow in the y direction as the width in y direction
is assumed to be infinite and the circumferential pressure is
assumed to be zero. The effect of graded mesh is also studied in
this section using 20. triangular elements. The graded mesh patterns
are shown in TABLE 8. "Five patterns of grading are studied.

The results of pressure distribution are shown in TABLE 4 and
these values are also compared with those derived from the theoret-
ical solution and another finite element solution ( 13 ). The
percentage errors in the pressures at different values of x are
also given in TABLE 5 and it can be seenrthat if the number of
elements is around 20 the percentage error is less than 1 %.

The magnitude of errors of lecad carxrying values and friction forces
are p;esented in TABLEs 6 and 7 ana again accurate results are
obtained when the number of eléménts is approximately 20, The
effect of the grading of meshes is also examined and the results
afe shown in.TABLE 8; Five grading patterns were decided as
follows.

{(a) : regular mesh

(b) : converged mesh arcund the area where maximum

pressure is assumed to be obtained and roughly

meshed in other area ‘ .
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(c): converged more intensely around the area of maximum pressure
from the result of.(b)

{d): converged more intensely from the result of (c)

(e): converged more intensely from the result of (d)
It can be seen from the results in TABLE 8 that the grading of meshes
is extremely effective method of getting more accurate results using a
certain elements. The percentage error of pressure in grading pattern
(c) is less than 3 % while that of regular meshing pattern (a) is 12 %.
However, extreme convergence of graging mesh gives poorer accuracy which

can be seen in the results of patterns (d) and (e).

5.3 Step Bearing

The significance of the finite element analysis of a step bearing
lies in its ability to study the effects of abrupt changes in the film
thickness, which leads to the investigation of the effect of o0il grooves
of discs on the moving sugfaces. The configuration of groove surfaces -
cén be assumed to be the §Ombination of two step bearimgs whose geometry

is illustrated in FIG.25. -

5.3.,1 Infinite Width Step Bearing

The theoretical solutions of an infinite width step bearing (40)
to predict the pressure distribution in the two flow regions are given

by the equations

P* '
p= — x ( region (I): Ogxge; )
€1
p* {5.6)
p= (cz-'x) ( xegion (II): ec,¢xgC, )
Cz' cl 1— -
where
*3
5 6 Uy *
P* ="J$-(h = 1)//( - o + A ) { = maximum pressure }
hl 2 1 Cl -
n* = 2

1
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and the corresponding load carrying capacity per unit width can be

determined from the relationship

1
L ='2—P0 Cq {5.7)

5.3.2 Finite Width Step Bearing

Theoretical solutions of the pressure distributions are obtained
by using a Fourier sine series expansion { 40 ) and is described in

series form as

o
P nfnz nmx :
p = =2 sin sinh : region (I} (5.8)
. nTc b b
sinh 1
n=1,3,5.%.
. nmz _, . nm(Cy~x)
( ) sin sinh ——=— . region (II) (5.9)
sinh BT c2 nn(cy=cy)
n=1,3,5"°""
where
n —
n? _ntha coth-—_l + h3 onicy” Gl C:1)]

2 coth b

The correspending load carrying capacity of the bearing is given by

the equation

o0
25" p feosh ol - 1 cosh L o2 G).
L= z 2 nTc nulc,- c_) (5.10)
n 7 sinh ———1 sinh T2 1

n=1,3,5""" b b
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5.3.3 Finite Element Models and Results

Bearing size and film properties used in this analysis were

taken as fbllows

]

Cl 0.5 m

cy g.om

b =1.1m (for a finite width bearing)

(=
1]

15.0 m/sec

and the element layouts used in this bearing analysis are shown as
(a) to (c) in FIG.26.

Results of the pressure distribution of an infinite width
bearing are shown graphically in FIG.27 and since the pressure of
an infinite width bearing linearly distributed in the x direction,
the computed results show go?d agreement with these obtained
theoretically.

Results of a finite width step bearing are also presented in
FIG.28 and these results show that as finite element mesh size .
approaches that taken in FIG.26 (c) the pressure distribution is
within two or three percent of that calculated from thé theoretical
solution.

- In summarizing the above the finite element technigue is particularly
gmenébie for the solution of lubrication problems and is a very
versatile tool as it is capable of dealing with complex geometrical
shapes' that cannot be readily solved by conventional analytical

methods.
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6. Application to Annular Disc Problems

The finite element technique developed in this work was applied
to the annular disc problems as a first step to studying the perfor-
mance of cil-immersed brakes,

Most investigations { 32 ),{ 33 ),{ 34 ),( 35 ),( 36 ) and ( 37 ) of
the behaviour of an oil film between discs consider rotating and
squeezing effects between flat surfaces. However, most brake discs
used-in practicé have grooves cut in on the surfaces in order to
supply cooling oil efficiently over the surfaces especially during
long brake applicaﬁions. Various kinds of grooving patterns have
been experimented with but most popular are radial and spiral grooves,
The effects of the grooves on the hydrodynamic behaviour have been
studied by only a few investigators ( 35 ),( 37 ), and little
details of the pressure distribution on the grooved surfaces have
been presented. )

Extending our knowledge of the flow behaviour between rotating
discs is the purpose of this chapter which is divided into two
sections., In the first section characteristics of the f£ilm between
flat discs have been examined and results have been compared with
the theoretical solutions, and in the second sectién the effects of
grboves on the pressure distribution have been studied. Typical

battepns :
radial and spiral groove: were chosen for this investigation,
A

6.1 Behaviour of the Film between Flat Discs

6.1,1 . Theoretical Analysis
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FIG.29 shows the geometry of a disc. The pressure distribution
of the fluid film between such twq flat discs with rotating and
squeezing motions has been investigated both theoretically and
experimentally ( 34 }, and the derivative of the pressure has been .

expressed in the form

611&' 2
r

gl;'= '——zi( r-—21) + 0.3 Dulzr (6.1)
h r

with boundary conditions
p=0 ' at r=rg, r, (6.2)

where

X, denotes a radius of flow separation,

Integrating egn (6.1) with regard to r enables the pressure distri-

bution to be determined from the equation

3h -~ oy 20
ot 2 2 M
p= (3 3 + 0.15pW ) r* - T To Logix| + ¢ (6.3)
h

The radius of flow separation r, can be obtained by substituting
the boundary conditions (6.2) into egn(6.3) and

2 3 2 2
PW h (r - r

)
) 1 2 (6.4)
u%% Rog[rlt- loglrzf

2
r, = { 0.5 + 0,025

Also the integration constant ¢ is obtained by substituting eqns,

{6.2) and (6.4) into egn.(6.3) so that

9t 2 oglx .
c = (-——;3——+ 0.15pw )[kri‘ r;)-—‘“—;l‘- ri (6.5)
. Rogl_lL

)
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A maximum pressure p_ .. is calculated at %;.= 0 and
ah ol aﬂ
= at 2 *2 ot 2 *
Ppax = ( 3M 7”3+ 0.15pw") ¢ =~ - r2 Rog|r f+ c (6.6)
h h? o

* . ap *x2
where r is the radius where 3 0 and r is expressed as

*2_6113—% , eu—g—l-;- .
s ( S+ 0,300 (6.7)

Calculaticons have been made using the above eguation where the

properties of the discs and the fluid are taken as follows

ry = 1.0m

h =1.0, 0.5 mm

B =1.0 kg sec / m?

i -1.0 m / sec

€
[}

0.0 , 1.0, 2.0, 3.0, 4.0 rad / sec

6.,1.2 Finite Element Model and Results

Two typesof finite element layout shown in FIG;30 and FIG.31
haQe been used for the analysés of disc problems.

A 60 degree sector shown in FIG.30 can bé applied to the non-
rotating disc problems, however, when the discs rotate, neither oil
pressure nor oil flow can be determined at the boundaries denoted
by the edge nodes ( numbered 1,2,3,4,5,31,32,33,34,35 ). The
pressures have to be calculated at those nodes. &And at the node 2

in FIG.30 for example, the flow 9, is expressed as follows
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gs = { g in the element E;) + ( 9, in the element Ej)

+ (q2in the element E3)

as each flow in each element at node 2 can not be specified, total
flow at node 2 q2 remains unknown. However, at node 7, the total

flow g, can be expressed as follows

q7 = (q7 in the element E2) + (q7 in E3)+(q7 in E4)
+(q7 in Eg) + (q7 in Elo) + (g5 in Ep,)

= 0

so the boundary condition can be specified as dy = 0. When
applving symmetrical abbreviation to the element layout this
kind of consideration has to be included .

Results of both non-rotating and rota%ing discs with flat
surfaces are presented in Fié{32.

For the sgqueeze motion analysis both the theoretical result
and that given by the finite element method show a very good
agreement at low speeds of rotaiion, the effect of inertia appears

to be rather larger at high rotational speeds.

6.2 Behaviour of the Film between Grooved Discs

Many groove patterns, some of which are presented in FIG,33,
- have been practically used for brake and clutch discs. Radial,

spiral and waffle patterns are largely adopted both for papér—
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composited discs and for sintered alloy discs. However, in many
cases the depth and size of the groove configurations have been
chosen on the basis of e%perimental investigations.

The finite element technique developed in this work can readily
be applied to investigate the pressure distribution of the film
between grooved discs. Two typical groove patterns, namely, radial
and spiral patterns have been chosen for this investigation., Finite
elemenf idealizations for these patterns using 320 triangular
elements are shown in FIG.34, and FIG.35. General data for the

calculation are given below.

inside radius of a disc = 1.0 m

outside radius of a disc = 2.0 m

depth of groove = 0.5 mm

film thickness = 1.0 mm

viscosity = 1,0 kg sec / m?
squeezing speed = -1,0m / sec

angular velocities =0,0, 1.0 rad / sec

These values are chosen to enable a comparison to be made with
results of the flat surface disc problem analyzed in‘the previous
sedtion.

Calculated results of pressure distributiﬁns are presented in
FIGS.36 to 43, FIGS.36 and 37 show the effects of groove pattern
to the pressure distribution of discs with simple sgueezing moticn
and complex squeezing and rotating motions respectively. FIGS.38
and 39 show the effects of rotating mbtion on radia;ly and gpirally

grooved discs respectively. The contour diagrams of the pressure
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distribution of radially grooved discs are shown in FIGS.40 and 41,
and those of spirally grooved discs are shown in FIGS.42 and 43.
These four figures are presented in order that the distortion of
the pressure distribution throughout the disc surface should be
understood,

Results of pressure distributions, that is, variation of pressure
with 6§, of radially and spirally groﬁved digecs during single squeez-
ing motion compared with the results of the gréoveless disc are
shown in FIG.36,., Maximum pressures are seen at the center of disc
facings and minimum pressures are seen at the center of grooves.

It is found that grooves on the disc surface reduce the pressure
greatly and that radial grooves cause a higher maximum pressure, a
lower minimum pressure and more drastic change of the pressure over
the surface than spiral grooves which give a more even pressure over
the surface.

Pressure distributions during sqgueezing and rotating motions
are presented in FIG.37. These curves indicate that the pressuré
decreases because of the centrifugal force and grooves affect the
drop of pressures more than flat surface. The maximum pressure
decreases in the radially grooved disecs with increasé of rotating
speed. Differences between maximum and minimum pressures become :[: -
greater in‘both radially and spiraliy grooved &iSCS when discs rotate,

In the radiaily grooved disc the pressure at the grcocove is lower
since the length of the groove is shorter and the width of the groove
in the oil flow direction is wider, both of which reduce the resistance

to flow pass more in radial groove than in spiral groove,
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Rearrangement of results in accordance with the rotating motion
effect on radially grooved disc is shown in FIG.3B and that on
gpirally grooved disc is shown in FIG.39. It is more clearly seen
that the effect of the rotating motion reduces both maximum and
minimum pressures in radially grooved discs, however, in spirally
grooved discs the maximum pressure keeps the same level but only
minimum pressure reduces.

FI1GS.38 and 39 also indicate that the positions of peak pressures
are moved in the circumferential direction in accordance with the
rotating motion., The peak points move about three degrees in
radially grooved discs, while ten degrees in spirally grooved discs.

Each value of calculated maximum and minimum pressures is
presented in TABLE.S. It is found that grooves on the disc surface
reduce the pressure greatly to about 80 % of that of the flat
surface and the effect of rfotating motion on pressure distributions
is greater when usiné grooved discs.

The distortion of the pressure distribution due to the pattérn
of grooves and the rotating motion throucghout the disc surface can
be uﬁderstood more clearly by using contour plots which are shown in
FIGS.40 to 43, By comparing FIG.40 and FIG.41, it is found that the
préssﬁre distributes very simply and with less distortion on radially
grooved discs, and that the points of maximum pressure move only in
circumferential direction and not in radial directicn when discs
rotate.,

Contours of the pressure distribution of the spirally grooved
dises éhown in FIGS,.42 and 43 indicate that spiral grooves cause
the greater distortion of pressure-distributionlthan radial grooves.

The points of maximum pressure are also found to move only in the
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circumferential direction when discs rotate. '

It is of great interest that the pressure gradient at the area
Ap shown in FIG.43 is very large while this phenomenon is not found
in the result of radially grooved discs in FIG.41. This indicates
that in spira;'grooves pressure goes down to the atmospheric pressure
even inside the grooves. Contour diagrams are very useful figures

for researchers to understand the overall pressure distribution of

complicated configurations.
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7. Conclusions

A finite element application to lubrication problems which
includes rotating annular discs has been successfully developed.
Although limited to incompressible isothermal conditions, the
solution of the generalized Reynolds equation developed in this
work includes.various effects such as shear force, body force,
squeeze and diffusion effects. Furthermore, inertia effects have
also been considered as these are essential when investigating disc
problems. Thickness of the oil film can be varied within an element,
which overcomes irreqular configurations of the f£ilm thickness such
as greooving.

The finite element technique has been validated by solwving
standard lubrication prcblems such as squeezing pad, slider bearing
and step bearing. The comparison with the theoretical results
presented in chqpper 5 shows very satisfactofy agreements between
two methods. The increasingly finer grading of meshes generally'
provides a bhetter accuracy and this has also been established in
this work.

The results of flat disc problems show that the finite element
technigque develcped here can be a powerful tool for ﬁhe investigation
of clutch disc problems, however, irregular configuration of surfaces
such as groovings reguires the finite element idealization of the
whole disc instead of considering symmetrical sections of the disc,
The inertia effect is found to be greater than theoretical results
which are based on the assumption of the Couette flow in the tangen-

tial direction.
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The investigation of the grooved disc problems by using the
finite element technique presented in chapter 6 leads to the

fellowing conclusions.

1. Radial grooves cause higher pressure and greater pressure
gradients than spiral grooves.

2. Rotating motion affects the ¢il film pressure more in
radially grooved surfaces than in spirally grooved surfaces.
The pressure decreases more rapidly in radially grooved
discs than in spirally grooved disés as the discs increase
in speed. This indicates that the engaging speed, which
is represented by the surface velocity in z direction,
is higher in radially grooved discs than in spirally grooved

discs for a given squeezing pressure,

As for future research, wider and more intensive investigations
of discs are worthwhile for the analyses of brake discs. Also the
iterative calculation will enable the thermal analyses of dynamic

engaging characteristics of wet type clutch discs to be made.
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(Surface velocities)
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/ / lh / e (Inertia force)

B (Body force) 9a(volume flow rate outward normal)

FIG. 1 Geometry and coordinate system for a fluid film and

corresponding surfaces.
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FIG.2 Continuity of flow of a fluid element.
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FIG.3 Continpuity of flow of a column of fluid.
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Equilibrium of a fluid element.
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Description of Centrifugal force action.

89



90

Porous facing

FIG.6 Geometry of a porous system.
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FIG.7 Representation of a torque field.
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FIG.8 Lubricant domain and F.E. idealization.
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: FIG.9 Natural coordinates for a guadrilateral element.

(a) Cartesian Coordinates (b) Natural Coordinates.




FIG.10 F.E. idealization of a porous region.
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{ START )

SELECT QUTPUT FORM, UNITS
AND COORDINATE SYSTEM

. | .
READ NO. OF ELEMENTS, NODES,FILM PROPERTIES //

AND BOUNDARY CONDITIONS FOR FILM REGION ANALYSIS

/PRINT INPUT DATA /[

YES READ POROUS REGION INPUT
<:POROUS REGION ANALYSIS I NO, OF ELEMENTS, NODES,
REQUIRED ? PERMEABILITIES,ETC.

NO

CALCULATE PRESSURE MATRIX "MTKP" J

CALCULATE OTHER FLUIDITY MATRICES

CENTRIFUGAL FC_)RCE\ YES CALCULATE _
REQUIRED 2 / CENTRIFUGAL FORCE
NO

1

<POROUS REGION ANALYSIS\ YES

REQUIRED ?
NO
SOLVE NON-POROUS SYSTEM SOLVE POROUS SYSTEM
EQUATION (4.12) EQUATION (4.69)

é_

CALCULATE LOAD CARRYING CAPACITY,
FRICTION FORCE AND FRICTION TORQUE

/ PRINT RESULTS/

i
END

FIG.11 MAIN FLOWCHART
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i

COOR PREAD

MAIN :
- MTKUX3 MTKUX/
MTKUY3 MTKUY4
[ - i MTKBX3 MTKBX4
{MTKP3| | MTKP4 | MTKBY3 MTKBY.
MTKH3 MTKH,
I .
[PRINT|  [PRINT | [PRINT | [ PRINT |
[OUTPUT)
MBO2A | CHANGE
. SOLVE
- ] CFORCE ' FRETURN
FFORCE '
' MTKVD PFLOW
] I

FIG. 12 SUBROUTINE SYSTEM
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TABLE 1 List of routines

ROUTINE PCRPOSE
MTKPF General pressure matrix routine
MIKP Pressure matrix routine
MTKP3 for trianqular element
MTKP4 for rectangular element
MTRUX X—direction shear action matrix routine
MTRUX3 for triangular element
MTKUX4 -for rectanqular element
MTRUY Y-direction shear action matrix routine
'MTKUY3 | . for triangular element
MTKUY4 for rectangular element
MTKBX X-direction body force action matrix routine
MTKEX3 for triangular element
MIKBX4 for rectangular element
MTKBY ) Y-direction body force action matrix routine
MTKBY3 for triangular element
MTKBY4 for rectanqular element
MTKH Squeeze action matrix routine
MTKH3 for triangular element
MTKI4 for rectangular element
SOLVE Routine for solving the system equation{4.12),(4.69)
and for the calculation of friction forces,torques
and lcad capacity
PRINT Routine for listing of the global matrix
QOCR Routine for arranging the coordinate system from
o various type of input
MBO2A = . Routine for calculating the inverse of an mattix
CFORCE . Routine for the calculation of centrifugai forces
FFORCE Routine for the ¢calculation of friction forces and -
torques L
output ™ Routine for prlntmg pressures,flows and other flow
co variables
MTRVD . . General routine for porous region analysis
"FREAD - Routine for reading input for porous analysis
PMATP Pressure matrix routine for porous region
PMATFL Other fluidity matrix routine for porous region
PELOW Routine for arrangmg boundary conditions for pomus
region
PACT Routine for arranging flu:.d:.ty action values for
porous region .
CHANGE Routine for changing the system fram film to porous
FRTURN Routine for returning the system from porous to film - -
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START

/ .
[ALL INITTAL VALUES = 0.0]

/
(CERTESTAN COORDINATE 2=

ves
X(I) = GCOE(K) RAD(I) = GOOE(K)
Y(I) = GOOE(K+NODES) ANG(I) = GCOE(K+NODES)
\ no
 UNIT1=DEG ? »———
—\|7 yes

|ANG=(3.1415/180.0} -ANG ]|

f
N

-
o

A = (@MY@ [%(T)=RaD(T}+cos (aNG(I))

Y{I)=RAD(I)*sin(ANG(I))

FIG.13 SUBROUTINE MTKPF
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START

|SET INITIAL VALUES |

| CALCULATION OF A, B, C |

[PRINT A, B, C /]

KP = B(I)B(J) + C(I)C(J)
TH1 = TH1 + TH(I)TH(J)

TH2 = TH(1)TH(2)TH(3)
CALCULATION OF ELEMENT THICKNESS
CALCULATION OF ELEMENT AREA

(VIS # 0.0 2 >-{FRROR MESSAGE.—(5TOP )

{ ARFA # 0.0 ? >—— ERROR MESSAGE/—(STOP}

[CALCULATION OF CNST(LE}]

/PRINT RREA(LE), THICK(LE), QNST(LE) /

CALCULATION OF MATRIX
MKP(I,J) = CNST*KP
MIKP = MIKP + MKP

Em

FIG.14 SUBROUTINE MTEKP3
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(STARTj
/
ICALL CNST4]|| Calculation of
common constants
¥
/PRINT CONSTANTS /

/IS THICKNESS CONSTANT \ IO

“WITHIN AN

*1

ELEMENT ?

yes

{TERM C21#0.02 po2  (TERM C22£0.07 Y22

es

Voo

es

CALL TERMA
CALL TERMB
CALL TERMC

CALL TERMA1
CALL TERMBI
CALL TERMCI

CALL TERMA3

CALL TERMB3
CALL TERMC3

CALCULATION OF TERM D

MKP1
MKP =
MTEP

= A+ B‘-C_-—D
CNST*MKP1
= MTEKP+MKP

(RETURN) '

FIG. 15 SUBROUTINE MTKP4
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*1

/ ' no P N\, ho
(me1£o.0?Hm.02F;0?/ _ l
yes ) ye
CALL, TRMA - CALL TRVAT CALL, TRMAZ
CALL TRMB CALL TRMB1 CALL TRMB2
CATL. TRMC | CALL, TRMCY CATL TRMC2
v

| CATCULATION OF TERM (THICK)**3|

| ASSEMBLY OF TERMS A,B,C |

y
= LMN=42 >

yes
CALCULATION OF TERM D |

CALCULATION OF MATRICES

MKP, MIKP

e

~ FIG.15 _SUEROUTINE MTKP4 _ (continued)
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( START )

CALCULATE bj,cy :di,
*LAND " VOLUME "OF ELEMENT

/ PRINT bj,cj,di,V [

¥
CALCULATE MATRIX

3bij BY EQN.(4.61)
AT EACH ELEMENT

\
|/ PRINT Kp;; AT EACH ELEMENT/

ASSEMBLE LOCAL MATRICES INTO
GLOBAL MATRIX

CHANGE FILM REGION FLUIDITY MATRICES
TO THE WHOLE DOMAIN REGION MATRICES

. Y .
CHANGE NODE NO. OF FLOW ACTIONS AND
BOUNDARY CONDITIONS OF FILM REGION
INTO THE WHOLE DOMAIN NODE NO.

. '
' / PRINT RESULTS OF NEW FLUIDITY MATRICES/

ACTION VALUES, AND BOUNDARY CONDITIONS

END

FIG. 16 SUBROUTINE MTKVD




CALCULATE FLOW VALUES
UX,UY,BX,~*-""

NO \I—NODES°S
{I= ;

YES
/PRINT FLOW VALUES /
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NO —
IF NQ+NP=NODES ERROR MESSAGER END )

|YES

CLASSIFY ALL NODES INTO

Q-KNOWN NODES AND P-KNOWN NODES

}

VALUES AS EITHER Q OR P, AND

DEFINE ALL THE BOUNDARY CONDITION

MAKE BOUNDARY CONDITYON MATRICES

ALL Q VALUE YES
KNOWN?

CALCULATE RIGHT HAND
SIDE OF EON. (

NO

YES /ALL P VALUES
i \ KNOWN?

|l carL mBo22 |]

CALCULATE RIGHT HAND
SIDE OF EON. ( 0

CALCULATE PRESSURES

} AT EACH NODE

FIG.17 SUBROUTINE SOLVE

¥

{ RETURN)
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DEVIDE EACH FLOW MATRIX INTO
SUB-MATRICES CONSIST OF NODES
WHICH HAVE KNOWN P AND Q IN
EQN. ( '

[lcair mBo2a ||

FIND UNKNOWN PRESSURE VALUES
BY SOLVING EOQN. (

OBTAIN CORRESPONDING- FLOWS
BY SOLVING EQN. ( '

| caLL MmBO02Al}

|CALCULATE FRICTION TORQUE|

[caLcuLATE ELEMENT PLOWS]

(RETURN )

FPIG.17 SUBROUTINE SOLVE (continued)
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— N |

Film region

. FIG..18 Geometry of a rectangular squeezing pad.
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FIG. 19 Finite element layouts of a rectangular pad.
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TABLE.2 Maximum pressure values for rectangular squeezing pad

at {x,y) = (0.0, 0.0)

Analysis ‘ Exact
Methods Finite Element Technicue Solution (ref. 3
Mlements 8 | 18 | 32 | 50 | 200

Pressure 9.5625| 9.3282 9.3178] 9.1614] 9.0626 9.0041

% Errors +6.20 | +3.60 |+3.48 [+1.75 | +0.65

TABLE.3 Percentage errors of load carrying capacities
of rectangqular scueezing pad

Analysis . ,

Jethods Finlte‘ Element Technique Exact
No. of Solution
elements g | 18 | 32| 50 | 20| -
Ibad ' _ .
‘carrying  |4.6990)4.4996|4.4346] 4.3778|4.3262 | 4-3017
¢apacity
% Errors | 9.23 3.0 | 1.77 | 057 | ———

4.60
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i FIG, 23 Geometry of a slider bearing




112

LSS S S S S s Sy

- —_ - -

(a)

(b)

NN

FIG.24 Finite element layouts of a slider bearing.
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TABLE.4 Pressure profiles for infinitely wide slider bkearing

(reqular meshes)

Number of Element in Flow Direction
X | Bact
@ | solutiat LUB6 PAFEC (ref.[13 1)
5 10 20 50 5 10 20 30

0.0 0.0 0.0 ao] 0.0 0.0/ 0.0| o0.0] 0.0] 0.0
0.05 [ 14552,2 | ~=~—— 13868.0 | 14384.0 | 14527.0 [13001.8 [14530.4 [14548.0 |14540.2
0.10 | 16557.1 | 14614.0|15952.0 | 16417.0| 16534.0/16395.8 |16540,1 |16553.5 | 16554.3
0.15 | 15091.2| ——— [14631.0 | 14994.0 | 15074.0|14952.6 |15079.1 |15088.4 | 15088.9
0.20 | 12671.3| 11608.0] 12331.0] 12607.0] 12660.0{12594.7 [12663.0 | 12669.2 | 12663.6
0.25 | 10105.7] —— | -9854.6] 10066.0] 10098.0{10051.8 {10100.0 | 10104.2 | 10104.5
0.30 | 7665.3| 7169.8| 7480.7| 7627.4| 7659.6| 7630.6 | 7661.5 | 7664.3 | 7664.5
0.35] 5432.8) — — | 5344.5| 5408.6] 5429.1f 5411.0 | 5430.4 | 5432.2] 5432.3
0.40| 3¢20.9| 3235.3 33%.5| 3406.9| 3418.8| 3208.1| 3419.5| 3420.5| 3420.6
0.45| 1616.9] —— | 1504.3| 1610.7] 1616.0| 1611.7 | 1616.3 | 1616.7| 1616.8
0.50 o.0f 0.0 00| 0.0 0.0f 00! 0.0 00| 0.0

TABLE.5 Percentage error of pressure values from the exact solution
. {reqular meshes)

Number of Element in Flow Direction
X [Exact
LUB6 PAFEC (ref.[13 ])
{m)Solution ]
5 10 20 50 5 10 20 30

0.0 0.0 ' - — ——
0.05] 145522 ———0y | 4.70 | 1.16 | 0.17 | 4.47') 0.15 | 0.03 | 0.02
0.10{ 16557.1|11.74 | 3.65 | 0.85 | 0.14 | 0.87 | 0.10 |0.02 |0.02
0.15|15M91.2| —— | 3,051 0.64 | 0.1 0.92 | 0.08 |0.02 | 0.02
0.20012671.3] 8.23 | 2.69 | 0.51 0.09 | 0.60 | 0.07 }0.02 |0.01
0.25 101057 —— | 2.48 | 0.39 | 0.08 | 0.53 | 0.06 | 0.01 0.01
0.30] 7665.3| 6.46 | 2.41 0.49 | 0.07 | 0.45 { 0,05 |0.01 0.0
0.35] s432.8{—— | 1.63 | 0.45 | 0.07 | 0.40 | 0.04 | 0.01 0.00
0.40[ 3420.9| 5.43 | 0.7 0.41 0.06 | 0.37 | 0.04 | 0.01 0.00
0.45( 1616.9] —— | 1.39|. 0.38 | 0.06 | 0.32 | 0.04 | 0.01 0.00
0.0 0.0 -
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TABLE. 6 Percentage errors of load carring capacities from the

exact solﬁtion

Finite Element Technique Exact
Solution
5 10 20 50
_ (ref.[38 1)
carrying 7.0.3667 | 0.4221 o.4415 | 0.4467 0.4468 = 107
capacity(x10”) ' .
% Error 17.93 5.54 1.20 0.03

T%BEE.7  Percentage errors of friction force values from

the exact solution

Finite Element Technique Exact
- Soluticn
5 10 20 50
3340.18 | 3340.18 |3369.96 | 3369.62 3383.49
' , . purface : d
Frictiop - : .
force - _
surfaca3340'32 3340.32 |3337.63 | 3338.97 3353.73
u
ppet 1.28 1.28 0.40 0.41 —_—
surface
% Error —
lower _
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TABLE.8 Comparison of errors of various graded-mesh elements

Graded Meshes

Values and

Percentage Errors from the

Exact Scolution Values

Solution

_Maximum Load Friction
Pressure ving | Force
1
14614.0 |0.3667x10'| 3340.18
(a) ?/ e (11.74%)] (17.93) | (1.28)
15239.2 |0.3962 3349.66
(b) (7.96) | (11.33) (1.00)
16081.9 | 0.4199 | 3351.69
(c) (2.87) (6.02) (0.94)
% 15802.1 }0.4181 |3345.93
(d) ' (4.56) (6.41) (1.11)
15058.7 | 0.3944 {3301.27
(e) (9.05) (11.72) | (2.43)
Exact .
16557.1 |0.4468x10'| 3383.49
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* FIG.25 Geometry of a step . bearing
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FIG. 33 Examples of groove patterns
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r1=10m
r, = 2.0 m
depth of groove 0.5 mm
film thickness 1.0 mm
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FIG.36 Pressure distribution between grooved discs (at r=1.5m)
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ri = 1.0m
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FIG;37‘ Pressure distribution between grooved disc
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grocove pattern = radial
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FIG. 38 Pressure distribution of radial grooved disc (at r=1.5m)
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FIG. 39 Pressure distribution of spiral grooved disc (at r=1.5m)
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TABLE. 9 Maximum, minimum pressures of grooved discs and flat disc

at the radius r = 1.5 m

Groove Effect of Grooves.
Patterns
Radial | Spiral | Flat (percentage change)
Motions\  Pressures _ ' Radial Spiral
Maximum 1 )
pressure | 125 1.17 82% | 77%
1.52
eezin .
S_qu 9| bressure | 0-91 1.02 60 % 67 %
Max.-Min.| 0.34 0.15 0.0 _ -
Maximum 1.15 1,17 79 % 81 %
Squeezing 1.45 :
+ Minimum - 0.70 0.85 48 % 59 %
Rotating
Max.-Min. 0.45 0.37 0.0 —_ —_—
Effect of | Maximm | -0.1 0.0
Rotating -0.07
C Minimm -0.21 -0.17
Motion
change of ,
(orossure J| MaX.-Min. | 0.11 0.22 —
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C THE APPLICATICN OF FRJITE ELEMENT METHOD TO LUBRICATION Lk
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c : .
c TWO DIMENSION F.E.M. FOR LUBRICATION PROBLEMS PROGRAM HAME. . .IUBRG
C
C-{MOMEXICIATURE ) C
o4
‘ C
NCOE . NO. OF COORDINATE C
NNET, : 0. OF NODE PER FIEMENT c
NELE . : TOTAL 0. COF ELEMBEAT c
IBPS(I,1) : ELEMENT SEQUENCE CORITER (LE) c
IBPS(I,2) +: ELEMENT TYPE CODE c
{ 3= TRIANGULAR ELFMIIT } (o4
{ 4=QUADRTIATERAL FLEMENT } c
{ S5=PARALLFIOGRAM, RECTANGLT } C
I8PS(I,3) : NO. OF MODES PER ELFMENT (NNEL) c
IBPS(I,4) : NO. OF DATA ITEM c
SECPR(I,1) : FIUID FIILM DENSITY (DEM) C
SECPR(I,2) : FLUID FILM VISCOSITY (VIS) C
TH(LE,"NEL): FIUID FIIM THICKMESS C
© NNOD : MODAL IO. c
NDF : TYPE OF KNOWN VALUFE c
' {1 : FLOW VAILUE } c
{ 2 : PRESSURE VALUE} c
c
BCVL : KNCWN VALUE OF FIOW OR PRESSURE C
BCAC(I,1) : SHEAR ACTION I X-DIRECTICN : {UX1) C
{LOWER SURFACE VELOCITY (H=7.4) } C
JANGLAR VELOCITY CF TIE LOWER SURFACE\ C
\WHEN USING IUNIT2=2 / c
C
BCAC(I,2) ¢ SHEAR ACTTION IN X-DIRECTION : (InO) C
‘ fUPPER SURFACE. VELOCITY (H=H ) } C
/ANGIAR VEL. OF THE UPPER SURFACE \ C
\WHEN USING TONIT?2=2 / C
c
PCAC(I,3) . : SHEAR ACTION I Y-DIRECTION : (UY1l) C
, (7.9 1IN POLAR COORDINATE) c
BCAC(I,4) : SHEAR ACTION I Y-DIRECTIGH : (UY2) C
(3.9 IN POLAR COORDINATE) C
BCAC(I,5) : BODY FORCE ACTION IN X~DIRECTION (BX1) c
BCAC(I,6) : BODY FORCE ACTION TN X-DIRECTION (2X2) c
BCAC(I,7) . : BODY FORCE ACTION IN Y-DIRECTION (BY1) c
BCAC{I,8) : BODY FORCE ACTION IN Y-DIRTCTION (BY?) c
~BCAC(I,9) : SQUEFZE ACTION (H) C
BCAC(I,1@) : DIFFUSION ACTION (VD) C
NODES : TOTAL MO. OF INODES c
CFX(I) : CENTRIFUGAL, FORCE IN X-DIRECTICM - C
CFY(I) : CEMTRIFUCAL FORCE M Y-DIRECTION c
C
c



MATRI PRCGRAM

s NeNpRL]
o

anaoaaana.

IMPLICIT REAL*S(A-H,M,0-2)
INTEGER R,W

COMMON/BLX1/ HCOE, MODES, NELE, NNEL, NP, NQ, NME (407, 4) , NMOD (490 ) ,

NDF(4%0) , IBPS (409, 4) , SECPR(497, 4), DE2T, TH(493, 4) , VIS,

CCLCO(493, 2) ,GCOR({899) ,BCVL (493 ) , BCAC( 493, 13) ,

A(4,4),An(473,4) ,B(aga, 4),C{40%, 4) , AREA(408) ,W, COOR,
RESULT, UNTT1, TUNIT2

COMMQT/BLED /MTKP (290, 200) , MKP (207, 297} ,MTKP1(293, 209 ) ,MP (463, 4, 4)

COMMON/BLK3 /MTKUKX (229, 208 ) ,MKUX (409, 4, 4)

COMMON/BLK4/MTKUY (209, 203 ) ,MKUY (4973, 4, 4)

COMMON/BLKS /MTKBX (206, 209 ) ,MKRX(477, 4, 4)

COMMQN/ BLKG /MTKBY (280, 200 ) ,MKBY (400, 4, 4)

COMpMOT/BIKT7 /MTKH( 200, 209) , MK (493, 4, 4)

COMMON/BLKS/MTKVD (2803, 229) ,MKVD (400, 4, 4)

COHMQNT/BLK9/Q(407) , P (447) , QIN, QOUT, W, QEL (407, 4)

COMMCN/BLK1 G/ TEST

COMMQN/RLK13/DELTA(4, 4)

COMMON/BLK14/ CFX(490),CFY{409)

COMMON/BLK23/NDQ (499 ), NDP (400 )

> W

Cc
C .
C——-~READ INPUT DATA
R=5
W5
WRITE(6, 1000)
1993 FORMAT('DO YOU NEED TO PRINT THE [ETAILS OF CAILCULATICNS, ',
1 'YES...CR.. MO, . .OR. .. XX (XX ¢ ONLY THE FIMAL RESULT)')
READ(5,1190) RESULT
WRITE(6, 1911) RESULT
1711 FORMAT(1H+, T149, " ', Ad)
1791 WRITE(S, 1702)
1992 FORMAT('CHOOSE THE CCORDINATE SYSTEM. ',
l/'...meC[:...Cnly when the polar coordinate is used,
2/t the centrifugal force will be cons:.dered.. .
3 " [?IF. YOU USE X-Y¥ OCORDIMATE.........PLEASE KZY IN :XY',
4 / IF YOU USE POLAR CCORDINATE.:+.....PLEASE KEY I :PFO')
READ(5,116@) CCOR
. WRITE(G,1912) COOR

1912 FORMAT(1H+, TS5, " ', A3)
: :. IF(COOR.IE.'XY') GO O 1004
IIT2=1
.. 'G0.TO 1989
1994 IF(GOOR.NE. PO ) GO TO 1801
" _WRITE(6,1925)
1975 FORMAT( CHOOSE THE UNIT OF ANGLE.'
15700/, IF YOU USE UNIT EF‘GRI:EPL...ASE KEY IMN'DEG‘'
2. ..-/,'"IF YOU USE WNIT RADIANPLEAS“‘ KEY ™V RAD‘ }

" "READ(S, 119%) UNITL
' WRITE(6, 1#13) UNTTL

1913 FORMAT(1H+,T48,"' ',A3)

. WRITE(6,1907)

1907 FORMAT ('WHICH VELOCITY DO YOU USE, X-Y VEL.CR ANCULAR.',
1l /J'IF X=Y VEL...... PLEASE KEY-IN 1',

2 /'IF ANGUIAR VEL..PLEASE KEY-I3T 2')
READ(S, 15038) IUNIT2

1598 FORMAT(I1)
WRITE(5,1414) TUNIT2

1Al y memerm{TiL oM ! vy
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C
C———~READ ELEMENT PROPERTIES
1999 WRITE(S, 6)

6 TORMAT(///,'Calculation Start.',
1//,'READING TEST NAME ')
READ(R, 1910) TEST
WRITE(5,17)

19 FORMAT('READTNG MNCOE, NODZS, HELE, NNEL® )
READ(R,*) NCOE, NODES,NELE, MNEL,
WRITE(S, 301)

39 FORMAT('READING IBPS(I,J),SECPR(I, K) )
READ(R, 1107) DENVIS
IF(DENVIS.EQ.'YES') GO TO 21
Do 20 I=1,NELE

29 READ(R,*) (IBPS{I,J},J=1,4),(5ECPR(I,K),K=1,2)
GO TO 51

21 READ(R,*) (IBPS(1,J),J=1,4),(SECPR(1,K), K——l,2)
Do 22 I=2,MEIE
SECPR(I,1)=SECPR(1,1)

. BECPR(I, 2)=SECPR{1,2)

DD 22 J=1,4
IBPS(I,J)=IBPS(1,J)

22 CONTTMUE

51 WRITE(G, 53)

53 FORMAT('READING IBPS(I,l1),lME(I,J),TH(I, K) )
DO 49 I=1,NELE

47 READ(R,*) I8PS(T,l1l),(ME(I,J),J=1,NCL), (TH(I,K),K=1, \MEL)

C————READ COODINATES CF NODES
IF(COOR.NE.'PO') GO TO 73

71 WRITE(6, 72)

72 FORMAT('READING IGEICO(I,J)',
1 ' 7 POLER CCORDINATE')
GO TO 74

73 WRITE(6, 77)

73 FORMAT('READING I,CELCCO(L,T)')

74 READ(5,*) LTYPE
IF(LTYPE.EQ.1) GO T0 &1
DO 64 I=1,MODES

€63 READ{R,*) I,{GELCO(I,J),J=1,0E)

GO T0 65 .

61 READ(S,*)} RAl1,RA2,THITAL,THITA2,ND
D) 62 I=1,MODES
NA=1H{D
NE=(I-1)/NA
GELCO(I, 1)=RAl1+(I-1-NA*NB)*(RA2=-RA1}/ND
GZLCO(I, 2)=THITA2*NB

62 CONTINUE

65 NOD=2*NODES
DO 75 1=1,MOD
GCOE(L)=A.9

75 CONTINUE

DO 89 I1=1,MNELE
DO 89 J=1,NEL
DO 83 K=1,NODES
IF(MME(I,J).EQ.K) GO TO 97
GO TO 87 :

99 GCOE(K}=CELCO(K, 1)

GCOE (K4NODES )=GELCO(K, 2)

87 CONTTIUE
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@

READ BOUNDARY CONDITIONS

WRITE(6,371)

971 FORMAT('READIMNG MQ,NP')
READ(R, *} NQ, NP
WRITE({S, 932)

932 FORMAT('READ BC YES OR MO ')
READ(S, 1107) BC
_WRITE(6,91)

91 FORMAT('READING NMOD(I),NDF(I),RCVL(I)")

- IF(BC.EQ.'YES'} GO TO 976
Do 92 I=1,MNODES

92 READ(R,*) MICD(I),NDF(X)},BCVL(I)
J=3
K=01
DO 9795 I=1,NCDES
IF(NDF(I).NE.1) GO TO 974
K=X+1
NDQ(K)=10D (1)

G0 TO 945
954 J=J+1
NDP({J)=mioD(I)
o915 CONTTNUE
@ TO 911
906 READ(5,*) (HDP(I)},I=1,NP)
K=3 :
DO 947 I=1,NOCES
NNOD(I)=I
NDF(I)=2
DO 998 J=1,NP )
IF{I.EQ.}XDP(J)) GO TO 997
o978 CONTINUE
K=K+1
NDQ(K)=I
NDF(I)=1
o9@7 CONTINUE
READ(S,*) BCVLE,BCVLQ
DO 999 I=1,NP
BCVL(tIDP () }=BCVLP
999 CONTINUE
Do 919 I=1,MQ
BCVL(IDQ(I) )=BCVIQ
014 CONTINUE
911 WRITE(6,93)

93 FORMAT('READING MNOD(I),BCAC(I,J)')
READ(R, 1134) BCA
IF(BCA.EQ.'YES') CO TO 98
DO 94 I=1,NODES

94 READ(R,*) NNOD(I), (BCAC(I,J),J=1,17)
GO TO 96

93 READ(R,*) wNOD(1), (RCAC(1,J),J=1,19)
DO 92 I=2,MCDES
Do 92 J=1,14 .
Bcac(I,J)=Bcac(l,J)

99 CONTIMUE

1919 FORMAT(ABA)

1176 FORMAT(A3)
c
C———-WRITE THE TITLE AND INPUT DATA TO CHECK
C



c
C-—-WRITE THE TITLE A'D INPUT [ATA TO CHECK
c

96 WRITE (W, 169)

199 FORMAT(/////111711/17111111171,

1/, 2X, ' COCOCCOCCCCOCCCCCCCCCOCCCrCCCCCCCCCCCCCCaoceeaece’,

2/12{1 'cllml 'C'l'

3/,2%X,'C THE APPLICATION CF F.E.M. TO TIE LUBRICATION C',

4/,7¢,'C',48%, 'C’,

5/, 2ZX, " CC000O0CCOCCCCCCOCCOCCCCCCCCOCCCOCCCCCCCCCCrCeeeec')

WRITE(W,171) TEST

101 FORMAT(//,'TEST MME...',3X,28d)
"IF(RESULT.}ME.'YES') GO TO 196
WRITE(W, 185)

1495 FORMAT(//,2X, 'ccccccccccccm /2%, 'C 14K, 'Ct,

1/,2%,'C INPUT [ATA C',

2/,2%,'C, 14, 'Cc', / , 2X, ' COCCCooeoaeoeaee )

WRIT2(Y, 2691 ) TEST
2591 FORMAT(// ,AB0)

WRITE(1, 2602) NCOE,NODES,NELE, NNEL
2092 FORMAT(4I5)

MN=NELE

IF(DENVIS.ED. 'YES' ) MN=1

0O 2093 I=1,Ny

2933 WRITE(W, 2004} (1BPS{I,J),J=1,4),(SECPR(I,K),K=1,2

2034 FORMAT(4I5,2511.3)
IF(MNEL.EQ.4) GO TO 3417
DO 2995 I=1,MELE

2075 WRITE(W, 2996) IBPS(I,1),(WE(I,J),J=1,MNEL), (TH(I,K),K=1,1NEL)

2076 FORMAT(I4, 2X, 314, 3F14.5)}
GO TO 373
3319 DO 3911 I=1,NELE

3711 W'RITE(W.3612) mPs(I,1), (ME(I, J) »J=1,MNEL) , (TH(I, I") ¥=1,NEL)

3M12 FORMAT(I4,2¥,414,4F19.5)
3713 Do 2937 I=1,NOCES
29937 WRITE (W, 2%8) I, {GETCO(I,3),J=1,N-0F)
2038 FORMAT (I4,2X, 2F17.5)

DO 2099 I=1,MNODES
2069 WRITE (W, 26149) 120D(I),NDF{I),BCVL(I)
2018 FORMAT(214, 2X,F14.5)

NOD=NQDES :

IF(BCA.EQ. 'YES') NOD=1

Do 2911 I=1,N0D

2011 WRITE(W,2012) MNOD(I), (RCAC(T,J),J=1,19)

2912 FORMAT(I4,17(2X,F6.3))
WRITE(W, 2313) MNQ,NP
2013 FORMAT(2I4)
106 WRITE(W, 119)

119 FORMAT(/,/, '"EIRMENT MO.’,3X, 'EL.TYPE', 3X, '"NODE NO.',

1 14, 'FIIM THICKNESS')
IF(MNEL.EQ.4) GO TO 121
"DO 129 I=1,NELE

129 WRITE(W,130) IBPS(I1,1),IBPS(I,?2),{(¥ME(I,J),J=1,NEL),

1(TH(I,K),K=1,NIEL)

139 FORMAT(1H ,5¢,I3,7X,I2,4X,314,3(3X,E19.3))

GO TO 123

121 WRITE(W,122) IBPS(I,1),IRPS(I,?2),(M=(I,J),J=1,NEL),

1(™(1,K),K=1,TEL)

122 FORMAT(1H ,5X,I3,7X,12,4X,414,4(3X,E17.3))

123 IF(COOR.EQ.'PO’) GO TO 141

140



123 IF{COOR.EQ.'EQ! ) GO TO 141 141
WRITE(W, 149%)

149 FORMAT{/,/,'COORDINATE ARRAY OF NODAL POINT',
1//,9%, 'NODE ¥0.', 3%, " X—COORDmTE ' 2%, 'Y—COORDmA )
GO TO 143 ‘

141 WRITE(W,142)

142 FORMAT(//, ' COORDINATE ARRAY CF NODAL POINT',
1 //.9X, '"NODE NO.',9X, 'RADIAL',EX, 'ANGLE')

143 DO 159 I=1,NODES

15/ WRITE(W,164) I,GCOE(I),GCOE(IHIODES)

160 FORMAT (1H , 12X, I3, 8X, E14. 3, 5X, E1¢. 3)
WRITE(V, 161)

161 FCRMAT(///,'THE FIIM PROPERI‘IES'
1//.6X, '"ELEMENT NO.', 19X, 'DEN’, 12X, 'VIS' )
IP(DENVIS.EQ. 'YES') GO TO 164
Do 162 I=1,MNELE

162 WRITE(W, 163) I, (SECPR(I,K)},K=1,2)

163 FORMAT(1H ,12X,13,1X,2(5X,E19.3))
o TO 169

164 WRI'T'E(W,lGS) NELE, (SECPR(1,K),K=1,2)

165 FORMAT(/8X,'1 ~',14,1X, 2{5X,E17. 3))

169 WRITE({W, 173) NOQ,NP

174 ForvaT(////,'1 - ~——T"',
1/,'T BOUNDARY CCNDITION VAIUE I°,
2/,'1 1',

3//,'NQ=',13,5%, 'Np="',13,
4//,'BCVL. TYPE 1 : FLOW VALUE (Q)°',
5/,6X,'TYPE 2 : PRESSURE (P)’,
6//,1X, "NODE" , 4X, 'TYPE' , 7X, 'BCVL"' )
DO 175 I=1,MODES
175 WRITE(W,180) MNOD(I),NDF(I},BCVL(I)
189 FORMAT(1H ,1¥,I3,4X,I3,3X,E14.3)
IP(IIT2.FQ.2) GO TO 1181
WRITE(W,181)
181 ForRMAT(//,'C',21('~ '),'c: ./'C VAILUES OF ACTIONS C',
1 /.,'e21(- '),'c',/ ox, 'UX1'9X, 'UX2', 9%, 'UYL', 9¥, 'UY2’,
2 9%,'BX1',9X, 'BX2', %, 'BY1', %X, 'BY2')
GO TO 1183
1181 WRITE(W,1182)
1182 FORMAT(//, 'VALUES OF ACI‘IONS',
1/,10%, "W’ , 19X, 'W2', %K, '—"', %K, ' —=",
2 9XBX'L9XBX2°XBY1 9, 'BY2*)
1183 NOD=NODES -
IF(RCA.EQ. 'YES') NOD=1
DO 182 I=1,NOD
182 WRITE(W, 183) Nvop(I1), (BCcac(r,J),J=1,8)
183 FORMAT(I3,8(2X,El#.3))}
WRITE(W, 187)
187 FORMAT(/, 11X, '®', 11X, "vD')
DO 183 1I=1,N0D
183 WRITE(W,IS‘B) MNoR(I), (BCAC(I,J),J=2, 1)
189 FORMAT(I3, 2(3X,E1%.3))
WRITE(6,193)
198 FCRMAT(/, 'Finished Reading and Vriting Input Data')

C
DO 399 I1=1,MIEL
Do 379 J=1,MNEL
DELTA(I,J)=3.9
DELTA(I,I)=1.71
390 CONTINUE
Cc



c

C
C

CALL, MTXPF
WRITE(1,191)

IF(IINEL-3.7) 419,429, 430

419 QO TO 599

420 CALI, MTHRG
WRITE(1,192)
CALT, MT®UV3
WRITE(1,193)
CALL MTKBX3
WRITE(1,1%4)
CALL MTKBY3
WRITE(1,195)
CATI, MTKH3
WRITE(1,156)
CALL, MTKVD3
WRITE(1,197)
GO O 450

437 CALY, MTKUX4
WRITE(1, 192)
CALIL, MTKUIY4
WRITE(1,193)
CAIT, MTKEX4
WRITE(L, 194}
CAILI, MTKBY4
WRTTE(1,195)
CAII, MTKH4
WRITE(1,196)
CALI, MTKVD4
WRITE(1,197)

453 CAIL SOLVE
WRITE(1,198)
CALY, OUTBUT
WRITE(1,129})
G TO 547

191 FORMAT('[ Finished
192 FORMAT{'[ Finished
193 FORMAT{'[ Finished
194 FORMAT('[ Finished
195 FORMAT('[ Finished
196 FORMAT('[ Finished
197 FORMAT('[ Finished
198 FORMAT('[ Finished
129 FORMAT('[ Finished

539 WRITE(1, 200)

209 FORMAT (' Your Calculation has been finished.')

CALL 2T
END

Calculaticon
Calculation
Calculation
Calculation
Calculation
Calculation
Calculation
Calculation
Calculation
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SUBROUTINE MTKPF

c .
C~———*** THIS SUBROUTINE MAKES MATRIX OF PRESSURE ****
p | ,
IMPLICIT REAL*3(A-,M,0-2)
INTEGER W
C
c
comm/sua/ NCOE, NODES , MELE,, MNEL, NP, I, IME (409, 4) , KNOD (4943,
1 NDF(402), IBPS(4@PJ 4) ,SECPR(40G, 4), D27, TH(4%9, 4) , VIS,
2 GEIL0(473,2) ,CO0E(897 ) ,BCVL (49) ,BCAC(479, 18),
3 A(4,4),AA(4@@,4),B(4wa,4),c(4wn,4),m(zmz),w,cooR,
4 RESULT, IRTIT1, TUNIT?2
.cumaq/m/m(zm 200) ,MKP (2019, 200 ) ,MTKPL (203, 207 ) ,MP (497, 4, 4)
COMMCRT/BIK15/%(4),Y(4)
DIMENSICN RAD{493),ANG(407)
c

WRTTE(W, 50) ,

53 FORMAT(//////,2X, ' coococcceceaoceee, /, 24, 'c! L, 15%, 'c’,
1/,2¢,'C CALCULATION C',
2/,2%,'C' 1%, '¢' ./ . XK, 'coccccccccccccccc )
WRITE(W.M@)

159 FORMAT(///'1',45('="),'1",
1/,'T 1. CAICULATION OF ELEMENT PRESSURE MATRIX 1I',
2/,'1',45('-"),'1'//)

Do 149 I=1,NiEL
RAD(I)=7.0
CANG{I)=2.0
X(1)=3.8
Y(r)=3.9
DO 149 IE=],NELE
B(LE,I)=7.9
C{1LE,I)=3.¢
AA(IE,1)=9.9
Lo 149 J=1,MMEL
A(I,J)=7.7
147 CONTINUE
Do 15@ I=1,NODES
DO 15¢ J=1,MNODES
MKP(I,J)}=9.%
© MIKP(I,J)=%.9
158 CONTINUE
DO 209 1E=1,NELE
IF(RESULT.NE.'YES') GO TO 241
WRITE(W,160) LE
166 FORMNT(///2X, 'ELEMENT 1}O.',13)
ARRANGEMEMT CF COORDINATE
201 IF (COOR.EQ.'PO') GO TO 221
DO 227 I=1,NNEL -
X(I)=CCOR (ME(LE,I)})
Y (I )=GCOE (MME(LE, I )HIODES )
IP(RESULT.ME.'YES') GO TO 229
WRITE(W, 219) MME(LE,I),X(I),Y(I)
21¢ FORMAT(1H ,6X, 'MODE NO.',I3,3X,'(X,Y)= (',2(3%,E17.3)},"' )')
2200 CONTINUL
o TO 227
221 D0 226 I=1,NNEL
RAD(I }=CCOR(NME(LE, I))
ANG{I)=CCOE(iM=(LE, I)PIODES)
AN=ANG(T)
IF(UIITL.EQ. 'DEG') CO TO 222
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IF(UNIT1.EQ. 'DEG') €O TO 222
IF{IMTIT1.EQ.'RAD') GO TO 223
222 ANG(I)=3.141592654/180.#*ANG(I)
223 X{I)=RAD{I)*DCOS(ANG(I))
Y(I)=RAD(I)*DSTV(ANG(I})
IP(RESULT.ME. 'YES') GO TO 225
WRITE (W, 225) NME({LE,I),UNIT1,RAD(I),AN,X(I),¥(1)
225 FORMAT{€X, 'NOLE NO.',I3,3X,'(RAD,AMNG(",A3,"'))= (',E14.3,
1 1X,E1%.3,')',3%, ' (X,Y)= (' ,E17.3,1X,E19.3,*)")
226 CONTTMUE
C———CALCULATION OF A(I,J)
227 DO 239 I=1,NNEL
D0 239 J=1,NNEL
A(I,J)=X(I)*Y(J)
239 CONTTMUE
C .

WRITE (1, 1293)
120¢ FORMAT(/'ERPOR. ..PLZASE USE MNEL=2,3 OR 4 OTHERWISE ',
1 'CALCULNTION CANNOT BE DCNE. ')
CALL EXIT
1 GO TO 240
2 CAIL MTKP3(LE)
G0 O 240
3 CALL MTKP4(LE)
0 o 249
c
C-———PRINT THE RESULT QF MIKP
249 IF(RESULT.NE.'YES') CO TO 20¢
WRITE(Y, 1609 )
1903 FORMAT (4X, 'EIZMENT PRESSURE MATRIX')
DO 25¢ I=1,NNEL
259 WRITE(W,1199) ((MME(LS,I),MME(IE,J),MEP (NME(LE, I),

1 MME(ILE,J))),J=L,MEL)
1177 FORMAT (85X, 4('MKP(',I2,13,1%, ' )="',E19. 3, 2%X))
o -
2083 CONTINUE
C
IF(RESULT.EQ. 'XX') GO TO 274
WRITE (W, 264)
2579 FORMAT(///'1',38('-"),'1"',
1/,’I 2. RESULT OF GLOBAL MATRIX (MTKP) I',
2/;'1‘,38(‘-'),‘1',//)
c
CALL PRINT{NODES,MIKP,W)
C

273 RETURN
B0
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SUBROUTINE MTKP3(LE)

THIS ROUTINE IS TO CALCULATE PRESSURE MATRIX MTKP
OF TRIANCLE ELEMENT

Qaonn

IMPLICIT REAL*S(A-H,K,M,0-Z)

INTEGER W

COMMQN/BLK1 /NCOE, NODES, NELE , NNEL, MP, NQ, NME(493, 4) , NOD (490),
NDF(4249) ,IBPS(497,4), SECPR(4%9, 4) ,DEN, TH (499, 4) , VIS,
GELCo{499, 2} ,GCOE (899 ) , BCVL.{4A%) ,BCAC(47%, 1),

aA(4,4),An (499, 4),B(429,4),0(493, 4) ,AREA (497 ) ,W, COOR,
RESULT, UNIT1, IRTIT2

CCM‘&CN/BIKZ/MI‘I@Q@Q, 238) ,MKP (209, 200) ,MTKP1 (209, 2071) ,MP (403, 4,4)
COMMCYT/BIK15/%(4),Y({4)

DIMENSION KP(4,4),CNST(400) , THICK] (490 )

da -

AA(IE,1)=a(2,3)}-A(3,2)
AA-(LEJZ)=A(3l l)-A(l.rB)
B(LE,1)=¥(2)-Y{(3)
B(LE,2)=Y(3)-Y(1)}
B(LE, 3)=Y{1)-Y(2)
C(LE,1)=X(3)-x(2)
C(LE,2)=X(1)-X(3)
C(LE, 3)=X(2)-xX(1)
IFP(RESULT.NE. 'YES') GO TO 35
WRITE(W, 19)
10 FORMAT(4X, 'CONSTANT A,B,C')
DO 29 I=1,MNEL
20 wmm(w,an) LE,I,AA(LE, I) IE,I,B({IE,I),1E,I,C(LE,I)
3% FORMAT(1H ,5X,'A(',I2,I2,')="',E19.3,5%, 'B("',I2,12,"')=",
1 Ell?l.3,5X,'C(',12,12,')=',E10.3)

ELFMENT PRESSURE MATRIY, KPP CALCULATICN

C
c
C B
C CATCULATION OF MKP
35 ARBA(LE)=0.9
CNST(LE )=0. %
DEN=SECPR(LE, 1)
VIS=SECPR(LZ, 2)
THICKL (LE }=%.9
TH1=4. 6
TH2=3 .0
D0 54 I=1,MNEL
DO 59 J=1,:NEL
KP(I,J)=(B(LE,I}*B{L®,J})+(C(LE, I)*C(LE, J))
TH1=TH1+TH(LE, I)**2. G*TH(LE, J)
50 CONTINUR
TH2=TH{LE, 1) *TH(LE, 2)*TH(LE, 3)
THICKL (LE }=TH1+TH2
AR=((A(1,2)+A(2,3)+A(3,1))-(A{2,1)+a(3,2)+A(1,3))) /2.0
AREA(LE )=DABS{AR)

IF(VIS.NE.#.%) GO TO 55
WRITE(1,51)
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WRITE(1, 51)
Co ™ 109
55 IF(AREA(LE).NE.A.9) GO TO 56
WRITE(1,52)
GO TO 190
56 CNST(LE)=(-1.0)*DEN*THICKL (L& )/ (489, A*VIS*AREA(LE })
IF{RESULT.NE.'YES') GO TO 65
- WRITE{W,67) ARFA(IE),THICKI(LE), CIIST(LE)
62 FORMAT(/,4X, 'AREA(LE)=",E19. 3, 3X, 'THICKL{LE)=",E1A. 3,
1 &L, 'cu'ST(_.E)- +E19.3)
65 DO 73 I=1,MNODES
DO 73 J=1,NODES
MKP(I,J)=A.%
70 CONTINUE
c
C——-CALCUEATION OF ELEMENT MATRIX MKP, AND ASSEMBLY MATRIX MTKP
DO 8% I=1,\NEL
DO 8¢ J=1,MNEL
D=ME(LE, I)
=IME (LE, J)
MEP (127, I )=CNST(IL.E } *KP{I, J)
MP{LE, I,J)=Kp{IN,JM)
MTKP (I, JN )=MTKP (IN, I )+MKP { IN, IN )
89 CONTINUE
C
51 FORMAT('ERROR: As VIS=4%.4, (MST(LE) will be infinite.'’
1'Please check the value of VIS.')
52 FORMAT('ERROR: As ARFA(IE)=7.0 CIST(LE) becanes infinite.',
1'Please check the value of AREA(LE)}.')
199 RETURN
ED
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SUBROUTINE MTKP4(LE)
C
C——-THIS ROUTINE IS TO CALCULATE THE PRESSURE MATRIX MTKP OF (UADRITATERAL, ELEMEN
IMPLICIT REAL*S(A-EIM,0-7)
INTEGER W
COMMON/BLKL/ MCOE, NODES, NELE, MNEL, NP, NQ, MME (499, 4) ,}p0D(470),
1 MCF(4%3), IBPS (493, 4) , SECPR (497, 4) , DEX, TH(407, 4} , VIS,
2 GELCO(4M7, 2) , GCOE(S09) , BCVL(47a) ,BCAC{ 403, 1),
.3 A(4,4),2A(477,4) ,B(499, 4) ,C{474, 4) ,AREA(404) ,W, COCR,
4 RESULT, UNIT1, TUNIT?
COMMQT/BLK2 /MTKP ( 291, 299) ,MKP (209, 204) ,MTKP1( 297, 2A73) ,MP (472, 4, 4)
CoMMQT/BLK1I5/X(4),¥(4)
COMMON/BLK16/T(4),5{4)
COMMQXT/RLKL 7 /THICK4 (4017 ) ‘
COMMON/BIK18/C1 (401) ,C2(493),C3(499) ,C4{497) ,C6(40) ,C8(499)
DIMINSION TA(4,4),TB(4,4),TC(4,4),TD{4,4),MKPL(4,4)
C
C——CALCULATION OF FACH CONSTANT VALUE
C .
CALL asT4(X,Y,A,LE,CCl,2C2,003,004,CC6,0C8,
1 cl4,C11,C12,C13,C14,€15,C16,C17,C18,C19,
2 c21,C22,023,C47,C41 ,ARTA, T, S)

Cl{LE)=CCl
C2(LE)=CC2
C3(LE)=CC3
C4(LE)=CC4
C6(LE)=CC6
C8(LE)=CC8
DEN=SECPR(LZ, 1)
VIS=SECPR(IE, 2)
WRITE(W, 179) L=
199 FORMAT(///,'LE=",12,/)
C
c
C—-—CAICULATION OF EACH TERM A,B,C,D
c
C——— 1 WHEN THICKNESS IS CONSTANT WITHIN AN ELEMENT
c
o
CALL INTEG(2,2,2,ITGA)
CAII, INTEG(?, 2,2, ITGB)
CALL, INTEG(2,2,2,TITCC)
CALL INTEG(Z2,2,2,ITCD)
CAII, INTEG(2,2,2, ITGE)

WRITE(W, 141) C21,C4m,021,C41
191 FORMAT{//,'C21,C4n,C21,C41,/,4(E19.3, 3X))
© WRITE(W,1%2) ITGA,ITGR,ITCC,ITGD, ITCE
192 FORMAT(//,'ITGA ITCB ITeC ITGD ITGE',/5(E10.3,3X))
- CQIST={-1.7)*DEN*TH(LE,1)/(12.7*VIS)
DO 11 1=1,4
Do 11 J=1,4
- IF(IRPS(IE,2).FR.5) GO TO 15
IF{C21.FQ.0.8) GO TO 14
C——~ROUPTHES FOR GENERAT, QUATRTILATERAT, ELEMENT
CAIr, TERMA({C1?,C11,C12,C21,C22,023,C4%,041,T, S, TA, W)
CALL, TERMB(C13,C14,Cl5,C21,C22,C23,C43,C41,T, S, 1B, W)
CALL TERMC{C1M,C17,C18,C19,C21,C22,C23,044,C41, 71,8, TC, W)
GO O 16
c B
14 IF{C22.50.74.0) GO ™ 15



. 14 1IF(C22.EQ.%.9) GO TO 15
C——-ROUTINES FOR TROTEZIUM ELEMEBIT 148
CAIL TERMAL(Cl1%,Cl1,Cl2,C22,C23,7,S,TA)
CALL TERMBL{C13,C15,C22,C23,T,S,TB)
CALI TERMC1(LE,TH,C1M,C17,Cl8,Cl19,C22,C23,T,S,TC)
GO O 16
c
C-——ROUTINES FOR RECTANCLE AMND PARALLETIOGRAM ELEMSNTS
15 CAIIL, TERMA3{C1@,C12,C23,T,S,TA)
. CAIL TERmMA3(Cl3,Cl15,C23,8,T,TB)
, CATL TERMC3(Cl7,C17,C18,Cl19,C23,T,S,TC)
C~—— CAILCULATION OF TERM D
16 T0(J,1)=TC(IL,J)
C——— CAICULATION OF MKP AND GLORAIMATRIX MTKP
IN=ME(LE, I)
JN=2MS(LE,T)
MKP1(I,J)=TA(I,J)+TR(I,J)-TC(I,T)-TD(I,T)
MKP {IN, I )=CONST*MKP1({I, J)

MP(LE, I, J)=MKP (IN, IN)
MTRP {117, JN }=2ITKP (I, IN )P (IN, 1) )
11 CONTINUE
C .
IF(RESULT.NE.'YES') GO TO 12
c

C—--—PRIMT THE RESULT CF MKP,UTHP

WRITE(W,7) LE,TH(LE,1),D=, VIS, CONST

7 FORMAT(//'ELEMENT NO.=',I5,/,5¥, 'THICK4, DEN, VIS, CONST',
1 /.5%,4(E19.3,2X))
Do 6 I=1,4
WRITE(W,9) TA(I,J),™8(I,J),TC(1I,J},TD(X,J) ,MKPL(I,J)

9 FoRMAT('A B C€ D wMpl',/,5(E17.3,3X))

6 CONTINUE

12 RFETUPN
BD
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SUBROUTINE MIKUX3 149

———-THIS SUBROUTINE MAKES MATRIX OF SHEAR ACTION TN X-DIRECTION

IMPLICIT REAL*3(A-,M,0-7)
INTEGER W

" COMMON/BIK1/ NCOE,NODES, NELE, NWEL, NP, NQ, NME (497, 4) , NNOD (4713) ,

ND={407), IBPS (479, 4 ), SECPR(403, 4) , TEN, TH (493, 4) , VIS,
GELCO(4973,2) ,GCOE(872) ,BCVL (479) ,BCAC (497, 14 ),
A(4,4),M (4%, 4) ,B(477,4) ,C(497, 4}, AREA(499) , W, COOR,

RESULT, UNIT1, TUNIT2

COMMON/BLK3 /MTRUX (291, 299} MKUIX (493, 4, 4)

COMMON/BLK1 1 /THICK?2 (490, 4)

COMMON/BLK13/DELTA(4, 4)

(b =

———-LET AL, BTITIAL VALUES ZERO.
PO 199 1=1,MCDES
DO 199 J=1,MNODES

- MTHUX(I,J)=7.7

190 CCOTINUE
DO 209 I=1,MODES
IF(BCAC(I,1).NE.G.5%) GOTO 399

200 IF(BCAC(I,2) .NE.74. %) COTO 373
RETURM

300 WRITE(W, 8901)

C——CALCULATION OF ELEMENT MATRIX MKUX ANMD CGLOBAL MATRIX MTKUX

c
C

c

Cc

Do 797 LE=1,NELE

DO 503 I=1,NNEL,

Do 577 J=1, NNEL

THCK=7.0}

DO 499 K=1,NNEL

THCK=THCK+TH(LE, K)* (1. HDELTA(K, J})
4019 CONTINUE

THICK2 (LE, J )=THCK

N=ME(LE, I)

IN=EME(LE, J)

MAD(LE, I, J)=DEN*THICK2 (LE,J)*B(LE, I)/24.0

MTHUX( 1T, I )=MTKUX (I, I (1R, I, J)

567 CONTTHUE
———PRINT THE RESULT
IF(RESULT.ME.'YES'} GO TC 700
WRITE(W, 600) LE
679 FORMAT( 'MKIUX MATRIX ELEMBIT MO.',I2)
DO 614 I=1,NNEI,
610 WRITE(W, 627) ((LE,®ME(LE,I),MME(LE,J) MKUX(LE,I,J)),J=1,EL)
629 FORMAT(3X, 3('MRUX(',I3,',',I2,"',',I3,1¥%,')=",E14.3, X))
705 CQRITTMNUE
IF(RESULT.FQ. 'XX') GO TO 1904
8% FORMAT(////5%,43('-"),
1/,5¢,'l RESULT OF SHEAR ACTION MATRIX (MIKUX) I',
2/tEX:43(I_'))
WRITE (%, 99%)
o9 FORMAT(//,31("-"),
1 /.'I TOTAL GLOBAL MATRIX MTXUX I',
2 /r3l('-' ))
CAII, PRINT (NODES,MTKUX,W)
19705 RETURT

EMD
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SUBRCUTINE MTKUY3
C
C-——-THIS SUBROUTINE MAKES MATRIX OF SHEAR ACTION DM Y-DIRECTION
o]
IMPLICIT REAL*3(A-H,M,0-Z)
DITEGER W
CoMMaT/BIK1/ MCOE,NODES, NELE, NNEL, NP, NQ, M1E (499, 4}, 110D (473 ),
NDF(4973),1BPS(477, 4) ,SECPR(4%4, 4) ,DEN, TH(407, 4) , VIS,
GELCO(499, 2) ,GCCE (897) ,BCVL(479) ,RCAC(404d, 19},
a(4,4),A0(493,4),B(491, 4),C(499, 4) ,AREA (493 ) ,W, OQOR,
RESULT, UNIT1, TUNIT2
COMMCN/BLK4/MTKUY (2019, 20 ) ,MPUY (4093, 4, 4)
COMMCN/BLK11 /THICIL2 (499, 4)
COMMCN/BLK13/DELTA(4, 4)

W

C
C——I1ET ALL INITIAL VALJIES ZERO.
DO 1479 I=1,NODES
Lo 199 J=1,NODES
MTEUY (I, J)=7.7
109 CONTINUE
Lo 29 I=1,NODES
IF(IUNIT2.EQ.2) GO TO 141
IF{BCAC(I, 3).NE.M.4) GOTO 343
IF{BCAC(I, 4).NE.?.0(3) GOTO 369
171 IF{BCAC(I,1).ME.72.%) GO TO 370
IF(BRCAC(I, 2) .NE.7.3) GO TO 307
200 COITINUE
RETURN
379 WRITE(W,299) -
C—--—CAICULATION OF ELEMENT MATRIX MKUY AND GLORAL MATRIX MTKUY
: DO 799 LE=1,NELE
DO 509 I=1,NNEL
DO 589 J=1,NNEL
THCK=3 .3
DO 497 K=1,EL
THCK=THCK4TH(LE, K} * (1. HDELTA(X, J))
46% CONTINUE
THICK2 (LB, T )=TIICK
DIME(LE, I)
JN=GE(LE, T)
MKUY (LE, I, J )=DEN*TIIICK2(LE, J)*C(LE, 1)/24.4
Mm(m,m)mm(m,m)mm(m 1,7}
srzoj CONTTINUE
c .
C

PRINT THE RESULT '
IF(RESULT.NE. 'YES') GO 'TO 799
WRITE (W, 507) LE
679 FORMAT('MKUY MATRIX  ELEMENT NO.',I2)
DO 619 I=1,NNEL
617 WRITE (W, 629) ({LE,MME(LE,I),MME(LE,J) MKUY(LE,I,J)),J=1,NEL)
620 FORMAT(3X, 3('MRUY(’,13,',',12,',',I3,1X,")=",E19.3, X))
709 CONTINUE
IF(RESULT.EQ. 'XX') GO TO 1904
8790 FORMAT(////5%X,37('-"),
1/,%X,'I RESULT OF GLOBRAL MATRIX (MTKUY) I°,
2/,5%,37('-"))
WRITE (W, 97%)
933 FORMAT(//,25('-"),
1/'{ TOTAL GLORAL MATRIX I',
2/:25(.-I))

CAII, PRINT (NODES,MTIUY,W)
1% RETURH
END

c



SUBROUTING MI¥BX3
C
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C———-THIS SUBROUTIME MAKES MATRIX OF BODY FORCE ACTION

C I X-DIRSCTION
C
TMPLICIT REAL*B(A-H,M,0-2)
DRITEGER W
c .
COMMON/BIK1/ NCOE,MODES, NELE , MEL, NP, NQ), }E(409, 4) , N0D (499 ),
1 NDF{479) ,I3PS{49M, 4) , SECPR(493, 4) , DEN, TH (407, 4) , VIS,
2 CELCO(499, 2) ,CCOE (867 ) , BCVL (409 ) ,BCAC(479, 1),
3 al4,4),Aa(407,4),B(405,4),C{473, 4) , AREA(4170) ,W, COOR,
L4 RESULT, INIT1, TUNIT2
COMQN/BLKS5/MTKBX (2973, 204 ) ,MKBX (497, 4, 4}
COMMON/BLK12/THICK3 (473, 4)
c
C-~——1FET AIl, DVITIAL VAIUES ZERO.

Do 189 I=1,NOCES

Do 149 J=1,MODES .

MTKBX(I,J)=%.0
1% CONTINUE

DO 209 I=1,NODES

IF{BCAC(I,5).ME.A.%) GOTO 300
IF{PCAC(I,5) .NE.A.4) COTO 390
IF{INIT2.ME.2) GO TO 20¢
IF(BCAC(I,1).NE.Z.4) GO TO 399
IF(BCAC(I,2).NE.A.0) GO TO 309
220 CONTINUE
RETURN
377 WRITE (Y, 797)

c
C———CAICULATION OF ELFMENT MATRIX MKBX AND GLORAL MATRIX MTKBX
D0 679 1E=1,NELE
G1=TH(LE, 1)+TH(LE, 2)+TH(LE, 3)
G2=TH(LE, 1)**2+TH(LE, 2 )**2+4TH(LE, 3} **2
G3=TH(LE,1)*TH(LR, 2)*TH(LE, 3)
DO 499 I=1,MNEL .
DO 407 J=1,MNEL
IN=NME(LE, I)
N=ME(LE,J)
THICK3 (LE, J)}=C1*G2+42. A*G1* (TH(LE,J ) **2 )+G2*TH(LE, J)+2 . *G3
VISCOS=VIS*144%.7
MKBX(LE, I,J)=DEN*THICK3(LE,J)}*B(LE,I)/VISCCS
MTKBX ( IN, I )=MTK2X (IN, JN)-HKEX (LE, I, J)
A9% CONTINUE
C
C————PRINT THE RESULT
IF(RESULT.NE.'YES') GO TO 690
WRITE(W, 599) LE
599 FORMAT('MKBX MATRTX ELEMENT NO.',I2)
DO 514 I=1,MNNEL
. 516 WRITE(W,52%) ((LE,NME(LE,I),ME(LE,J),MKBX(LE,I,J)),J=1,MEL)
52( FORMAT(3X, 3('MKBX(',13,',',I2,',',13,1X, ")="',E1A.3, X))
677 CONTIMUE
"IF(RESULT.EQ.'XX') GO TO 170a
769 FORMAT(////5X,'1',44('-"),'1’,
1/,5%,'T RESULT OF BODY FORCE MATRIX (BX) I',
2/35{: 'I'JM('H')I.I‘)
WRITE (W, 860 )
808 FORMAT(//,31('-'),
1  /,'I TOTAL GLOAL MATRIX MTKBX I',

2 /l’ 3]- ( 't ) )
c
CALI, PRINT{NODES,MTIBX,%W)
106 RETUR

ED
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C———-THIS SUBROUTINE MAKES MATRIX OF BODY FORCE ACTION
C——— IN Y-DIRECTION
C
DMPLICIT REAL*3(A-,M,0-Z)
INTECER W
C .
COMMCN/BIK1/ NCCE,MNODES,NELE , NMEL, NP, NQ, IME (400, 4) ,M2IOD (4994 ) ,
1 NDF(49% ), IBPS (497, 4) , SECPR (477, 4) , DEN, TH{403, 4) , VIS,
2 GELCO(47%3, 2) ,GCOE(893) ,BCVL {4799}, BCAC (497, 14),
3 A(4,4),AA(479,4),B(499,4),C(497,4) ,AREA(490) , VW, COOR,
4 RESULT, (INIT1, TUNIT2
CQVMMON/BLK6/MTKBY (203, 204 ) ,MKBY (4903, 4, 4)
COMMQN/BLK12/THICK3 (407, 4)
c

C--——ILET ALL INITIAL VAIUES ZERO.
DO 129 I=1,MODES
Do 108 J=1,HODES
MTKBY(I,J)=7.0
100 CONTTNUR
0o 204 I=1,NOLES
IF(BCAC(I,7).NE.4.01) GOTO 399
I7(BCAC(I,8).NE.?.7A) GOTO 300,
IF(IUNIT2.HE.2) GO TO 209
IF(RCAC(I,1).MNE.¢.8) GO TO 399
IF(PCAC(I,2) . ME.0.5%) GO TO 399
200 CONTINUE
RETURN
. 379 WRITE({W, 790)
D0 649 1E=1,NELE
Gl=TH(ILE, 1)-i-’I'H(L._. 2MTH(LE, 3)
G2=TH(LE, 1 )**24TH (LE, 2)**24TH(LE, 3) **2
G3=TH(LE, 1)*TH(LE, 2)*TH(LE, 3)
DO 493 I=l,NNEL )
DO 493 J=1,MMEL
D=ME({LE, T)
JH=ME(LE, J)
THICK3(LE, J)=G1*G2+2. A*G1* (TH(LE, J) **2 )4G2*TH(LE, J )+2. 9*G3
VISCOS=VIS*1440, )
MKBY(LE, I, J)=DEN*THICK3(LE,J)*C(LE, I) /VISCCS
- MTIKBY (1IN, J“I)="1TN3Y(]1\T,J‘J)—I-["IKBY(LE I,J)
40“5 CONTINUE -
PRINT THE RESULT
IF(RESULT.NE. 'YES') GO TO 607
WRITE (W, 590) 1R
597 FORMAT('MKBY MATRIX EIEMENT }O.',I2)
DO 519 I=1,NHNEL
- 519 WRITE(W,529) ((LE,MME(LE,I),ME(LE,J),MKBY(IE,I,J)),J=1,MNNEL)
529 FORMAT (3%, 3('Mxmy(',13,°,',12,"',",13,1X, ' }="',E19.3, X))
.. 679 CONTINUE
- 7 IF(RESULT.EQ. 'XX') GO TO 1469
- 792 FPORMAT(////5X, 'I I,

C

1 /.5%,'T RESULT OF BODY FORCE MATRIX {BY) I',
2 /5%, I— — I')
WRITE (W, 370 )

877 FORMAT ('TOTAL GLORAL MATRIX MTKBY')
CALI. PRINT({NODES,MTK3Y,W)

129 RETURN
END
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C
C————THIS SUBROUTINE MAKES MATRIX OF SQUEEZE ACTION
C——%%% MyH=(-1)*AREA*DEN* (1. HDELTA) /12,0 ***
C
IMPLICIT REAL*3(A-H,M,0-Z)
INTEGER W
c
COMMQT/BIK1/ NCOE,NODES, FELE, MNEL, NP, 1Q, MME (4%, 4) ,MNOD (499 ) ,
1 NDF(47a), IRPS {47, 4) , SECPR(4A7, 4) , TEN, TH (490, 4) , VIS,
2 GELC0(404, 2),GCOE (873) , BCVL{49¢1) ,BCAC(494, 103),
3 A(4,4),AA(499,4),B(497, 4),C(493,4) ,AREA(403 ) , W, COOR,
4 RESULT, IMTITL, IUNIT2
COMMQRT/BLK7 /MTKH (200, 2003 ) ,MKH (464, 4, 4)
COMMCN/BIK13/DELTA(4, 4)
C

C———I1ET AL, INITIAL VAIUES ZERO.
Do 199 I=1,NODES
0O 19¢ J=1,NODES
MTKH(I,J)=7.0
190 CONTINUE
o 209 I=1,00ES
200 IF{BCAC(1,9).NE.J.%) GOTO 307
RETURM
309 WRITE (W, 797)
C————CALCULATION OF ELEMENT MATRIYX MEH AND GLOBAL MATRIX MTKH
DO 699 LE=1,NEIE
[0 499 I=1,MNEL
DO 493 J=1,INEL
IN=ME(LE, I)
=ME(LE, J)
MIKH{LE, I,J)=-1.9*AREA(LE }*Da2T* (1. +DELTA(I, J)})/12.9
MTEIE( 17, IN )=MTKH (IN, )R EH({LE, I, J)
400 CONTINUE :
c
C——-DRINT THE RESULT
IF(RESULT.NE. 'YES') CO TO 99
WRITE(W, 5%7) LE
597 FORMAT('MKII MATRIY  ELEMENT MO.',I2)
DO 514 I=1,MEL
519 WRITE(W,529) {((IE,MME(LE,T),"ME(LE,J),MH(ILE,I,T)),J=1,NNEL)
529 FORMAT(3X, 3('Mry(',13,',',12,',',13,1¥, " )="',E14.3, 2¢)) '
677 CONTINUE
IF(RESULT.EQ. 'XX') GO MO 1003
799 FORMAT(///*1"', 33('-"),'1",
1/,'t RESULT CF SQUEEZE MATRIX (MIKH) I',
2/'|I|'33(a_|)'l1|)

WRITE (W, 897}
899 FORMAT(//,30('-"),
1 /.'1 TOTAL GLOBAL MATRIX MTXKH I°,

2 /r3g(|_l))

CAIL, PRINT (NCDES, MTKH, )
1999 RETURN
END

C
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SUBROUTINE MTKVD3
C
C——-THIIS SUBROUTINE MAKES MATRIX OF DIFFUSION ACTION
C———MKVD=(-1.0 ) *AREA*DEN*(1 . HDELTA ) /12,0
C
IMPLICIT REAL*S(A-H,M,0-Z)
INTEGER W :
COMMON/BLK1/ NCOE,MNODES, NELE, MNEL, MNP, NQ, BIE(403, 4) , 530D (499},
MNDF{47%%}, IRPS (49%, 4) , SECPR (429, 4) ,DEN, T11(109, 3), VIS,
GELCO(497,2) ,GCOE (830 ) ,BCVL(423) , BCAC(477, 1a),
af{4,4),An(400,4),B(499,4),C(497,4) ,AREA(4%9) ,W, COOR,
RESULT, UNIT1, TUNIT2
COMMQT/BLKB/MTKVD (299, 290 ) ,MKVD (473, 4, 4)
COMMON/BILK13/DELTA(4, 4)

Wb

C
C——=1ET AIL INITIAL VALIES ZERO.
DO 199 I=1,MODES
DO 199 J=1,MNCDES
MTKVD(I,J)=1.0
190 CONTINUE
DO 299 I=1,NODES
2648 IF(BCAC(I,11).NE.%.9) GOTO 370
RETURN
303 WRITE(W, 799)
Comm—CATCIIATION OF EIEMRT MATRIX MEVD AND GLORRY, MATRIX MTKVD
D0 699 LE=1,NFLE
DO 409 I=1,R7EL
DO 493 J=1,MNEL
. IN=ME(LE,I)
JN=2ME(LE,T) .
DELTA{I,J)=%.0
DELTA(I,I)=1.0
" MKVD(LE, I,J)=-1.0*ARFA(LE)*DEN*(1,HDELTA(I,J))}/12.4
MTRVD { I, M )=MTKVD (IN, IN)+MKVD{LE, I, J)
470 CONTINUE
c
C———PRINT THE RESULT
IF(RESULT.NE. 'YES') GO TO 693
WRITE(W, 509) 1LE
573% FORMAT('MKVD MATRIX  EIEMINT !O.',I2)
DO 519 I=1,NNFL .
519 WRITE(W,524) ((LE,NE(LE,I),MME(LE,J),MKVD(LE,I,J)),J=1,NEL)
520 FORMAT(3X, 3('MxvD(’,I3,',',I2,',"',I3,1X,')=",E19.3,2X))
600 CONTTMUE '
IF(RESULT.EQ. 'XX') GO TO 1900
708 FORMAT(////SX,'T',43('-"),'L",
1/,5%,'T RESULT OF GLOBAL MATRIX (MTKVD) I°,
2/,53:,.]:';43('-'),'1')
WRITE(W, 8°0)
899 FORMAT(//,31('-"},
1 /.'I TOTAT, GLORAL MATRIX MTKVD I',
2 /:310'=-"))

CALL, PRINT (MODES,MTKVD,W)
1783 RETURN

C

END
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SUBROUTINE MTEFUX4
Fod :
Ce———-THIS ROUTIMNE IS TO CALCULATE THE MATRIX MTKUX
‘ IMPLICIT REAL*8(A~,MM,0-2)
INTEGER W .
COMMCH/BLK] /MCOE, NODES, NELE , FMEL, NP, MQ, NME (490, 4) ,MNOD (499 ), |

1 NDI'(499) , IBRPS (474, 4) , SECPR(409, 4) ,[EN, TH(4093, 4) , VIS,
2 GELCO(47%%, 2}, CCOE(893) , BCVL (493 ) , BCAC (4755, 1) ,
3 A(4,4),A0(490,4),B(499,4),C(409,4) ,AREA(47%) , W, COOR,
4 RESULT, WNIT1, TUNIT2
COMMON/BLK3 /UTKUX (209, 290 ) , MKUX (492, 4, 4)
COMMCN/BLK16/T(4),S(4)
COMMCHN/BLK17 /THICK4 (477)

COMMQAN/BLK18/C1(409),C2(407) , C3(429) ,C4(490) ,C6 (407 ) ,CL(409)

DO 18 I=1,I%CCES
L0 19 J=1,MOCES
MTRUX{I,J)=3.9
19 CONTINUE
- DO 1 I=1,NODES
IF{ECAC(I,1).NE.2.F) GO TO
, IF(RPCAC(I,2).KE.A. B} GO TO
1 CONTINUE
© RETURN
5 WRITE(W, 10%)
lgg FORMAT(////SX,'*******************************************',

1 /5%, ** RESULT OF SHEAR ACTION MATRIX (MTKUX) **',

2 /'5x"*******************************************')

U

c )
C————CAICULATION OF MKUX AND MTKUIX
DO 3¢ IE=1,NELR
. CONST=DEN*THICK4(LE)/36.4
Do 2% 1=1,4
Do 29 J=1,4
DI=ME(LE, I)
JN=7\ME(IE J)
=B(I)*{(T(I)*T(TH+3.4)* (C3(LE)*3 (T )+3.7*C8(LE) )}
B2—T(I)*(S(I)*S(J)+3 A)*(C3I(LE)*T(JT)+3.0*C4(LE))
MKUX(LE, I, J)=CONST*(B1-B2)
MTRITX ( IN, N )=MTRUX (127, N ) KX (LE, I, J)
COCCC———THIS PART IS NOT YET COMPLETED -w-m--—-—CCCCCCOCCCCCCOCCCCCCE
CALL TERMU3(T,S,TH,LE, IEN,C3,C4, C8, MKUX)
Do 29 1=1,4
0o 20 J=1,4
M=ME(LE,I)
JN=ME(LE,J)
MTRUX (TN, TN Y=MTRUX {IN, S8 )-RKIX(IE, I, J)
occccmcccccqroccc"ccccccooccoccccoc"cccmmococccccccccccccccccccm
20 CONTINUE
IF(RESULT.NE.'YES') GO TO 34
WRITE{W,119) 1E
110 FORMAT(///'ELEMENT MATRIX MKUX, /, 2X, ELRMENT NO.',I2)
DO 129 I=1,MNEL
120 WRITE (W, 139) (12, E(LE, I),ME(LE,J) ,MKUX(IE, I,J)) ,J=1, MNEL)
130 FORMAT{3X,4('MKUX(',13,',',I2,",',I3,1¢, ")=",E14.3,2X))

canoaan

30 CONTINUE
IF(RESULT.EQ. 'XX') GO TO 150
WRITE (W, 140)
149 FCRMAT(///'TOTAL GLOBAL MATRIX MTKUX')
c
CALL PRINT (3IODZS, MTKUX, )
c
159 RETURN
' B
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SUBROUTINE MTKUJY4
C
C——-THIS ROUTINE IS TO CALCULATE THE MATRICES OF MKUY AND MTKUY
IMPLICIT REAL*3(A-H,M,0-Z)
INTEGER W
COMMQIN/BILK1 XICOE, NODES,, MELE,, NNEL, NP, M0, N\ME (499, 4 ), INOD (409 ) , -
NDF (42133}, IRPS (4013, 4) , SECPR(494, 4) ,IEN, TH(490, 4) , VIS,
GELCO(47%3, 2) ,GC0E(899 ) ,BCVL (477) ,BCAC(495, 19),
A(4,4),28(490,4) ,B(49%,4),C(490, 4) ,AREA (490} ,W, COOR,
RESULT, UNIT1, TUNTT2
COMMON/BLK4 /MTKUY (295, 20101 ) ,MKUY (4967, 4, 4)
COMQT/BIK16/T(4),5(4)
COMMCN/BLK1 7 /THICKA (497)
COMMCN/BLK18/C1 (40%) ,C2(459) ,C3(499) ,C4(497) ,C6 (400 ) ,C8(409)

W N =

DO 19 I=1,HCDES
Do 14 J=1,NODES
MTKUY (I, J3)=0.9
19 CONTINUE
Do 1 I=1,HODES
IF(IUNIT2.EQ.2) GO TO 11
IF(BCAC(I, 3).NE.7
IF(BCAC(I,4) .NE.”
11 IF(BCAC(I,1).NE.7
© IF(BCAC(I,2).ME.0
1 CONTTNUE
RETURN
5 WRITE(W, 19%)
1799 FORMAT(///,E{, Vikkdokkkkkkdkk Rk kd ok kR Ak khadk kR h kR Rh AL

1 /+5X, ' **RESULT CF SHEAR ACTION MATRIX (MTKUY) **',
2 /,SX,'******************************************')
C . '
C———-CALCULATION CF MKUY AND MTKUY
DO 3¢ 1E=1,NELE
CALL TERMU3(T,S,TH,IE,DEN,C1,C2,C6,MKUY)
Do 29 I=1,4
Do 20 J=1,4
INaME(LE, I)
JN=ME(LE,J)
MTKUY { IN, JM7 }=MTKUY ( IV, TN ) IKUY(LE, I, J)
2% CONTINUE
. IF(RESULT.NE.'YES') GO TO 39
WRITE(W,1193) 1IE
119 FORMAT(///'ELEMENT MATRIX MFUY, /, 2X, ELEMENT NO.' ,12)
. DO 127 I=1,MNNEL
129 wm(w,lsa) ((r2,®E(LE, I),ME(LE,J) ,MKUY(LE, I,J)),J=1, NNEL)
" 139 FORMAT(3X,4('MUY(*,13,',',12,',',13,1%X,')="',E19.3,2X))
39 CONTINUE
WRITE(W, 144)
149 FORMAT(///'TOTAL GLORAL MATRIX MTKUY')

CALL PRINT (NOLES, MTKUY, W)

RETURN
D
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SURROUTINE MTKBX4

o

C———THIS ROUTINE IS TO CALCULATE THE MATRIX O MTKBX

IMPLICIT REAL*3(A-H,M,0-Z)

INTEGER W

COMMOLT/BLKL /NCCE, NODES, NELE, MNEL, NP, M), MME (449, 4), NNCD (463) ,
NDF{40%), IBPS(403, 4}, SECPR{493, 4) , TEIT, T11(499,4) , VIS,
GELCO(40%, 2} ,CCOE(87%) ,BCVL (40 ), BCAC(497, 191),
A(4,4),AA(40a,4),B(429,4),C(409, 4} ,AREA( 437} ,W, COOR,

RESULT, (ZIIT1, IUNIT2

CCVMQN/BLKS/MTK3X (299, 290) ,MKBX (499, 4, 4}

COMMCNT/BLK16/T(4),5(4)

COMMCN/BLK1 7/ THICK4 (499 )

COMMON/BLK1S/C1 (499) ,C2(479) ,C3(477) ,C4(407) ,C6{400) ,C8(477)

da W N

D0 19 I=1,NODES
Do 1/ J=1,NCDES
MTKBX(I,J)=3.7
19 CONTTMNUE
DO 1 I=1,MODES
IF(BCAC(I,5) .NE.9.0) GO
I7(BCAC(X,6).E.0.9) GO
IF{ IUNIT2.NE. 2) GO TO 1
IF(BCAC(I,1).NE.0.¢) CO
IF(BCAC(T, ).HE a.9) Go
1 CCTTIUE
RETURN
5 WRITE(W, 190) LE
120 FORMAT(/// BX, l****************************************'

1 /.5X, '** RESULT OF BODY FORCE MATRIX (MTKBX)**'
2 /' 5}(' tkdkrhkhhhhhhkkhkhkiikkkhhdihihhhhdihidhkd? )

88 88
e nwn

c
C———CAICTLATION CF MKEX AND MTK3X
DO 33 LE=1,NELE
CALL TERMB3(T, S,TH,IE,C3,C4,C8,DEN, VIS, MKEX)
Do 20 I=1,4
DO 2% J=1,4
IN=ME(IE,I)
JN=SME(LE, J)
MTKBX (TN, I )=MTKBX (IN, ) HEFRX (LE, I, J)
20 CONTINUE
IF(RESULT.NE.'YES') GO TO 35
WRITE(Y, 1147)
119 FORMAT{'ELEMENT MATRIX MKBX/2X,ELEMENT MO.',6I2)
DO 120 I=1,M¥EL
126 WRITE(W, 139) ((LE,MME(LE,I),NME(LE,J),MBX(LE,I,J)),J=1,NNEL)
130 FORMAT(3X, 4('MKBX(',I3,',',I2,',',13,1%, ")=",E1A.3,2X))
39 COITTIUE
WRITE (17, 143)
147 FCEMAT(/// "TOTAL GLOBAI, MATRTX MTKRX')

CALL, PRINT (NODES,MTKBX,W)

RETUR
END



c

149

1

5
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SUBROUTTNE MTKBY4

C———-THIS ROUTINE IS TO CALCULATE MKBY AND MIKBY

TMPLICIT REAL*S{A-,M,0-Z7)
INTEGER W
COMMCN/BLK1 /ICOE, NODES, NELE, NNEL, NP, NQ, MME (449, 4), 010D (497,

. NDF{400}, IBPS(42WJ 4),SECPR{49%,4) , DB, TH(497, 4) , VIS,
GELCO(409, 2),CCOE(399) , BCVL{420 ) ,BCAC(493, 15}, .
al4,4),n0(400,4),B(4799,4),C(479, 4) , AREA(450) 7, CO0R,
RESULT, UNIT1, TUNIT2
ccrma«/ms/my(zm 2017 w<BY(4m 4,4)

COMMCN/RLK16/T(4),5(4)
COMMCRT/BLKL 7/ THICKA {494 )
COMCM/BIK18/CL{493),C2(4n7),C3{403) ,C4(479) ,C6(498) ,C3(407)

B W

Do 19 I=1,NOUES
Do 19 J=1,NODES
MTKRY(I,J)=2.0
CONTTNUE

DO 1 I=1,NODES
IF{BCAC(I,7).XE.O,
IF(BCAC(I,8).NE.1,
IF(IUNIT2.ME. 2} GO TO
IF(BCAC(I, 1) .NE.7.F
IF(BCAc(I, 2) )
CONTTNUE

RETURN

WRITE (W, 1%)

)
)

33 383

88H88

)
JE.2.7)

170 FORMAT (/// ’ b keade e K de sk ko do e de e de o e ek e de ke e e e de ek de do ek ek de ek e ke

20

1 /.5X '** RESULT CF BODY FORCE MATRIX MTKBY **'
2 / 5X '***************************************')
DO 37 1E=1,NETE

CArL TERMB3(S,T,TH,LE,Cl,C6,C2,[EN, VIS MRBY)

DO 29 1=1,4

Do 29 J=1,4

DI=2ME(LE, I)

JN=2ME(LE, J)

MTKBY (1IN, N }=MTKBY (IN, N )-HEBY(IE, I,J)

CONTINUE '

IF(RESULT.NE. 'YES') GO TO 39

WRITE(W, 119) IE

119 FOPMAT('ELEMINT MATRIX MKBY ETEMENT NO. ', 12)

- 120

Do 120 I=1,NNEL
WRITE(W,139) ((LE,ME{LE,I),MME(LE,J),MKBY(LE,I,J)),J=1,NEL)

13 FORMAT(3X, 4( "v®Y(',23,',',12,',',I3,1X, ')=',E19.3, X))
39 CONTINUE '

WRITE (W, 14%)

149 FORMAT('TOTAIL GLORAL MATRIX MTEKRY')

RETURM
END



C

SUBROUTINE MTKH4

C————THIS ROUTINE IS TO CALCULATE MKH AMD MIKH CF QUADRITATERAL

TMPLICIT REAL*G(A-H,M,0-2)

INTEGER W

COrMQY/BLK] /NCOE, NODES, NELE,, NMEL, NP, NQ, NME (404, 4) ,NNOD (4973 ),
NDF(4%7%) ,1BPS(479,4) , SECPR(409,4) ,[=M, Td (490, 4) , VIS,
GELQO(407, 2) ,CCOE(877) ,BCVL (473 ) ,BCAC (497, 101),
A(4,4),2A(473,4) ,B(473,4),C(490,4) , AREA(409) , W, COOR,
: RESULT, UNIT1, TUNIT2 ‘

COMMCET/BLK7/MTKH (204, 207 ) ,MKH (4711, 4, 4)

COMMQOT/BIK16/T(4),5(4)

COMMQT/BLK18/C1 (407),C2(490),C3(409) ,C4(407),C6 (401 ,CB(420)

PN

DO 12 I=1,NCODES
LO 19 J=1,M0DES

. MTKH(I,J}=3.0
17 CONTINUE

1

5

DO 1 I=1,NODES

IF(BCAC(T,9) .NE.A.8) GO TO 5
COHTINUE

RETURN

WRITE(W, 199)

129 FORMAT(///,5X,44('*'),

1 /,5X, " ** RESULT OF SQUEEZE ACTION MATRIX MTKH**',
2 [, 5X,44(" %))

C——CALCULATION OF MKH AND MTHKH

14
11
12
201
119
127
139
30

148

DO 39 1E=],NEIE

DO 20 I=1,NNEL

Do 208 J=1,NNEL

IN=2ME(LE, I)

IN=NME(LE,J)

T1=T(I)+T(J)

T2=7(1)*7{J)

S1=g (I H+3(J)

$2=5(I)*s(J)

C21=C1(ILE)*C8(LE)-C3(LE}*C6 (1LE)
C22=C2(LE)*C3(I.E)-CL(LE}*C4(1E)
C23=C2(LE)*C8(LE)-C4(LE)*C6(LE)
C24=2.0*(T2*C22 /3. 4C22)
C25=2.9%(T1*C214T2*C23) /3. +2.9*C23
Hl=(-1.0)*DEN/3.9

H2=(C24*314C25%32} /3. 04C25

MKH(LE, I,J)=11%*H2

MTKHE (I3, I )=MTKH { IN, IN )R EH (1L, I, T)
WRITE(W,14) I=E,I1,J,TLl,T2,51,82
ForMAT(//,'LE,I,J,T1,T2,51,82",/,13,4X, 214, 5X, 4(F5.2, 2x))
WRITE(Y,11) C21,C22,C23,C24,C25
FCRMAT(*C21,C22,523,C24,C25',/,5(214.3,3X))
WRITE(W,12) H1,M2
FCEMAT('H1,H2',/,2(E10.3,5X))

CONTINUE

IF(RESULT.NE.'YES'} GO TO 37

WRITE(W,110) LT

FORMAT ('ELEMENT MATRIX MK | ELEMENT NO.',I2)
DO 129 I=1,NNEL

WRITE(W,139) ((1LE,MME(LE,I), L\M(LE,J),W’H(LE,I,J)),J=1,NNEI..)
FORMAT (3X, 4('MkH(',13,',',12,"',",13,1X, ' }=",E17.3, 2X})
CONTINUE

WRITE (W, 149)

FORMAT{///"IUI‘AL GLOBAL MATRIX MTKE')

CAII, PRINT(NODES,MTHI,W)

FETURN

159
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SIUBROUTINE MTKVD4
c .
C——-THIS ROUTINE IS TO CALCULATE MKVD AND MTKVD

IMPLICIT REAL*S(A-H,M,0-Z)

INTEGER W

COMMON/BLIK1 /NCOE, MODES , NELE, MNEL, NP, N, KME (469, 4) ,120D{48%) ,
NDF{49%), IRPS(483, 4}, SECPR({403, 4} , TR, TH(400,4) , VIS,
CELCO(4%7, 2) ,GZOE(8727 ) , RCVL (490 ) , BCAC (497, 141) ,
al(4,4),2a(409,4),8(470, 4) ,0{409, 4) ,AREA(470) W, CAOR,
RESULT, UNITL, TUNIT2
COM1/BLES/MTIKVD {299, 200} ,MKVD(4094, 4, 4)
COMMQI/BLK1G/T(4),5(4)
COMMCT/BIK18/C1 {402} ,C2(497),C3(479) ,C4(493),C6(493) ,C8(A09)

W=

o 12 I=1,NODES
Do 1@ J=1,MODES
MITRVD(I, J)=7.9
17 CONTINUE
Do 1 I=1,N0DES
IF{RCAC(I,19).ME.7.8) GO TO 5
1 CONTINUE
" RETURMN .
.5 WRITE(W, 177)
199 FORMAT(///,SX, ¥ dededededeodedededededod hdedoioke ke kdede e dedekkk ke dd vk dkkd ) ’
1 /.5X,'* RESULT CF DIFUSICN ACTICN MATRIX *',
2 /SX, Pkkxdkhkdkkkhhhhkhkhhhhkhkhkhkhkhhkdikihkhkhhihit )
C
C—————CAICULATION OF MEVD AND MTHKVD
Do 3@ LE=1,NELR
L0 28 J=1,MNEL
D=2ME(LE, I)
JN=NME (LE,J)
T1=T(I)+T(J)
T2=7{I)*T(J)
S1=8(I}+S(J)
S2=3(T)*3(J)
C21=C1(IE}*C3(ILE)-C3(LE)*Cs (LF)
C22=C2{LE)*C3(LE)-CL(LE)*C4(LE)
C23=C2(LE)*CB(LE)-C4(LE )*C6 (LE)
C24=2.0@*C21*(52/3.6+1.9)
C25=2.0/3.00%{S1*C22452*C23 }42. *C23
VD1=(-1.%)*DEN/8.7 '
VD2=(T1*C24+4T2*C25) /3. A+C25
MKVD(LE, I,J)=VD1*/D2
MTRVD (IN, IN }=MTRVD (IN, J¥ ) HIKVD(LE, I, J)
201 CONTINUE
IF(RESULT.NE. 'YES') GO TO 37
. WRITE(W,119) 1=
119 FORMAT ('MTKVD MATRIX FELEMENT MO.' 12)
DO 129 I=1,MRIEL
129 WRITE(W, 139} ((IE,WME(LE,I),IME(LE,J),MD(LE, I,J)),J=1, NNEL)
130 FORMRT(3X, 4('tkvD(',13,',',12,"',"',I3,1I¢, ' }=',E10.3,2X))
. 39 CONTINUE
WRITE(W, 1493)
143 FORMAT(///' TOTAL GLOBAL MATRIX MTKVD')

CAII, PRINT (NCDES,MTKVD,W)

RETURN
EXD
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SUBROUTINE PRINT (NODES,MTK,W)

c
C——-= THIS SUBROUTIME IS TO PRINT OVERALL, MATRIX
C
IMPLICTT REAL*3(A-H,M,0-2)
_INTEGER W
C

DIMENSION JJ(2749, 5) ,MTK(207%, 260
C——DEFINITION OF WRITING FORM.
ICASE=%
PO 2% IN=1,NCDES
IF(5*IN.GE.NCDES) GO TO 250
290 CONTINUE
250 ICASE=IN
IF(ICASE.EQ.1) GO TO 550
IM=ICASE-1
Do 309 J=1, 1
Do 399 K=1,5
JI(T, K)=5*(J-1)4K
300 CONTINUE
Do 599 J=1, N
WRITE(W, 35%) (JJ(J,K),K=1, 5)
350 PCRMAT(1H ,14%,5(13, 12x))
DO 403 I=1,NODES
490 WRITE(W,458) I, (MIx(I,J7(J,K)),K=1,5)
45 FORMAT(1H ,3¥%,I3,3X,5(E149.3,4%))
560 CONTINUE
5580 IK=NODES-S*(ICASE-1)
DO 569 K=1,5
JJ (ICASE, K)=5*{ICASE-1)+K
567 CONTINUE o
WRITE(W, 696) (JJ(ICASE,K),K=1,IK)
679 FORMAT(1H ,14X,5(12,12X))
DO 65 I=1,NODES
659 WRITE(W, 799) I, (MTK(I,JJ(ICASE,K)),X=1,IK)
708 FCRMAT(1H ,3%,I3,3X,5(E17.3,4X))
RETURN
END
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C———=TOMENCILATURE

oaooOnNaoQOOnn

SUBROUTINE SOLVE 162
THIS SUBROUTIME FIND THE UNKNOWI VAIUES CF FLOW AND PRESSURE.

IMPLICIT REAL*B(A-H,M,0-Z)
INTEGER W

NO. OF KNCWN P VALUE-—-ITP

NO. OF RICWN Q VALUE—-IIQ
IODE MO. OF KO P —NDP
NODE NO. OF KNCWI Q@ —IDQ
MEAN SURFACE VELOCITY —UX,UY
MEAN BOOJY FORCE ——BX,BY

Annanaaonnh

B WwN

COMON/ELK1/ MCORE,NODES, NELE, MNEL, NP, NOQ, MME (407, 4) , 10D (403 ) ,
NDF{409), IBPS (499, 4) , SOCPR (497, 4) ,DEN, TH (497, 4) , VIS,
CELC0(499, 2) ,CCOE(82a) ,BCVL {409) ,BCAC(499,13) ,
A{4,4),2A(400,4),B(49%, 4) ,c(493,4) ,AREA(4901) 17, COOR,
RESULT, UNITL, TUNIT2
COMMONT/RLK2 /MTKE ( 2013, 20167} ,MKP (2083, 263 } ,MTKP1 (203, 299) ,MP (493, 4, 4)
COMMON/BLK3 /MTKUX (207, 203 ), MKUX {403, 4, 4)
COMMON/BLKA/MTKUY (203, 2001 ), MKUY {497, 4, 4)
COMMCN/BLKS/MTKRX (2013, 2613 } ,MKBX {407, 4, 4)
COMMCN /BLK6 /MTKBY (204, 207 ) ,MKBY (499, 4, 4)
COMMQN/BLK7 /MTKH (2073, 270 ) MK (473, 4, 4)
COvMQ/BLKS/MTKVD ( 224, 209 ) ,MKVD (463, 4, 4)
CQTAON/BLK9/Q{499) , P(47% } ,QIN, QOUT, WW, QEL (443, 4)
COMMI/BLK14/ CFX(479),CFY(407)
COMMQN/BLK2% /UX(47@) , UY (479} ,BX {477 ) ,BY(403) ,H({49%) , VD (499 )
COMMQN/BLK21 /FX1,FX2,FY1,FY2, RF1, RF2, TRL, TO2
COMMQN/BLK22 /TFX1 , TFX2, TFY1, TFY2, TRF1, TRF2, TORQL, TORQ?2
COMMQT/BLK23 /NDQ (4007 ) , MDP {40997}
DIMEISION QQ1{494),002(407),03(497),004(453),
1 Q5{49m) ,006(477) ,007{473)
DIMENSION Q012(499),0013 (499),0Q14{495) ,0015(499) ,
1 Q016{473),0017{4AF)
DIMENSION (021{499)},0022(493),0023(409),0024 (400},
1 025(400) ,0026 (473 -
DIMENSION QQ27(40%),01(407),02(4979) ,P1{490)

IP=3

CALCULATION OF FIOW ACTICN VALUES

anQn

14

29

00

IF{TUNIT2.EQ.2) GO TO 20

DO 14 I=1,NODES

CEX(I)=1.7

CrY(1)=A.9
UX(I)=-1.0*(RCAC(I,1)-BCAC(I,2)) /2.9
UY{I)=-1.9*(BCAC(I, 3)-BCAC(T,4)) /2.9
CONTINUE

@ T 35

DO 3% I=1,NODES
RAD=GCOE (1)

ANG=GCCE { IRIODES )
IF{COOR.EQ.'RAD') GO ™ 21
ANG=3.141592654 /187, A*ANG
SN=DSTN (ANG )

CS=DC0S (ANG)
UXl=!".AD*BCGCE I,1 ;*SN
DC=RAD*DCAC(T, 2 }*517



XO=RAD*BCAC(I, 2)*S1T
UY1=RAD*BCAC{I, 1)}*CS
UY2=RAD*BCAC(I, 2)*CS
w(I)=(ta-ux2)/2.9
UY({I)={-1.7)}*(UY1-UY2) /2.9

30 CONTINUE

35 DO 49 I=1,NODES
H{I)=BCAC(I,9)
VD(I)=BCAC(I, 19)

409 CONTINUE

aan

CAILCULATION CF BODY FORCES

()Oél

DO 41 IE=1,NEIE

00 41 XI=1,MEL

IN=ME(LE, T)

BX(IN)=(BCAC(IN, 5)+BCAC(IN,6)) /2.9

BY(IN)={BCAC(IM, 7)}+BCAC(IN,8)) /2.0
41 CONTINUE

CALCULATION OF CENTRIFUGAL FORCE

e NeNo N

00

CALL CFORCE

DO 53 I=1,NCDES

BX(T)=8x(I)+Crx(1)

BY(I)=BY(I)+CFY(I)
5@ CONTINUE

nNOO

PRINT ALL THE FLOY ACTION VAIUES C‘AICULATED.

0o

WRITE(W, 51)
51 FORMAT(//,'I',43('-'),'I",

RN OO0 U WN

/'I FLOW ACTION VALUES (MEAN VAIDES) I',
/'T INCLUDING CENTRIFUGAL FORCES. I,
/II!,m(I_I)'iII'
//5%, 'SHEAR ACTION (X-DIRECTION).esssesess Ux',
/5%, 'SHEAR ACTION (Y=DIRECTION)eeese-....UY’,
/5%, "CENTRIFUGAL, FORCE (X-DIRECTION).....CFX',
/53X, "CENTRIFUCAL FORCE (Y-DIRECTION).....CFY',
/5%, '"TOTAL, BODY FORCE (¥-DIRECTTION)......BX (=BX4CFX)',
/5%, 'TOTAL BODY FORCE (Y-DIRECTION)......BY (=BY4CFY)',
/5X, 'SQUEEZE ACTION (Z~DIRECTICH)..... ce. H',
/5X, 'DIFFUSION ACTION (Z-DIRECTION)..... DY,
// . 1X, "NODR! GX, X', 19, "oy 9x,'cs'x' 9x, 'CFY’',
1, 'BX', mx 'BY', 11x 'q' mx 'VD')

DO 52 I=1,M0DES
52 WRITE(W,53) I, Ux(I),UY(I),cr'x(I),cmr(:t),Bx(I).By(I),H(I).VD(I)
53 FORMAT(2X,I3,58(2%,E17.3))
C————(I)=2mre(I,J)*P(J) I,J=1,NODES
-IF(NODES.LE, (NPHIQ)) GO TO 74
WRITE (W, 69) ODZES,NP,NQ
674 FORMAT(1H1,////10%, ' ** SOLVE THE EQUATICNS **',
1//.,19%, '"NODES=",I4, 10X, '¥p=", 14, 17, 'NQ=", 14,
2//, 10X, t¥** DICONSISTENT ***STOP***')
STOP
7% CONTINUE
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CTASSIFICATION CF ‘QONSTRAINED NODES

(s RN Re!

dad

- J=
K=
DO 163 I=1,NMODES
Q(r)=4.a
P(I)=7.9
I7(wDF{I).EQ.1) GO TO
IF(NDF(I).FQ.2) GO TO
116 J=3+1
Q(I)=RCVL(I)
@ TO 109
120 K=+l
P(I)=BCVL(1)
190 CONTINUE
c
o 25¢ I1=1,10DES
C———IFET ALI, INITIAL VAIUES ZERQ.
QL(T)=7.0
Q2(1)=.0
Q3(1)=7.7
4(1)=3.7
@5(1L)=".0
xX6(1)=A.9
7(I)=R.9
253 CONTIMNUE ,
IF(NP.MNE.G) GO TO 507

(ASE-1 IF ALL FLOW VALUES ARE KNOMIY

aa'h

Qaon

DO 350 I=1,NODES
DO 3%% J=1,10DES
QOL{I)=0Q1 (I HMTRP (I, J)*P(J)
02T y=002 (I )HITKUX (I, J)*UX{JT)
QO3 (I)=003 (T HMTIIY{I, T)*UY{J)
004 (1)=004 (1 )H+MTKBX(T, J) *BX(J)
005{1)=005{1)MTKBY{I,J}*BY(J)
O0R6{1 )=006 (I )+MTKH(I, T)*H(J)
QQ7{I)=007(1 )HTRVD (T, T)*WD (J)
307 CONTINUE
Q(I)=0{I)+01 (1)- (002 (X HQO3 (I HX4 (I )+05(I H+6(I)+07(1))
350 CONTINUE
C -
C———CALCULATE THE INVERSED MATRIX OF MTKP.
CALL MBG2A (MTKP,MKP, MODES, IP)
DO 477 I=1,NODES
DO 490 J=1,¥0DES

ok THE MATRIX MTKP HAS BEEN INVERTED.
P{I)=P(I)HMTKP(I,J)*Q{J)
477 CONTINUE
@ TO 955
C

500 IF{NQ.NE.?) GO TO 700



&
C
c

CASE-2 IF AIlL PRESSURE VALIES ARE KNCOWHN.

[eHeEP

naoanoaogaoann

C

6907

650

DO 65¢ I=1,MNODES .

DO 609 J=1,MNODES:

0L {T )=001 (I )RR {I,J)*P(TJ)
QQ2 (T )=00Q2 (I )MTKIX (I, T)*UX(JT)
QQ3 (T )=003 (1 )HMTKUY (I, T)*UY(J)
Q04( I }=004 (1 HMTKEX (I, T} *EX{J)
005{I }=005(1 ) TKBY (X, J) *BY(JT)
Q06 (T =006 (I)+HITIE(I, J)*8(J)
QQ7(I)=007(I)+MTKVD(I,J)*VD(J)
CQITINUE

Q(I)=0{I)+00L (I)+(QQ2 (T )+QQ3(I)+004 (I )+N5{I)+006 (I )+QQ7(I))

CQTINUE
G0 TO 955

CASE~3  FORM STANDARD PROBLEM

0o

1

798

873

814

837

DIVIDE ALL Q AMD P INTO KNCWIN .Q1,P2 AND UNKNOWN Q2,Pl

1 FIND INKNCWN VAIUE P1(I) -
Q1 (IQUOWN)=MTKP11 *P1 (UNKNCWN ) #TKP12*P2 (KICHET )

DO 839 I=1,NQ

LET ALL INITIAL VALUES 2EROC.
M1(I)=3.0

Q2(1)=1.0

oN12(1)=7.
o013 (I)=A.
Q014 (I)=7.
oN15(1 )=,
o016(1)=7.
oQ17(I)=7.
0021 (1)=7.
Q022 (1)=A.
0023(I)=7.
0024 (1 )=a.
o25(1)=3.
QO26(I)=A.
O27(1)=13.
DO 829 J=1,M0 _

MTKPL (I, J)=MTKP (NDQ (1) ,NDQ{(J)) . '
QQ12(I)=0012 (I )HMTRKIIX (DA (T ), NDQ (T ) ) *UX(NDQ(T) )
0013 (I )=0Q13{I HMTRUY (D (I }, HDQ{J } ) *UV (NDQ(.T) )
Q014 (I )=0014 (T )+MTHBX (NDQ(I ), MDQ{T ) ) *BX(MDQ(T) }
QOL5(T )=0015(T )+MTKBY (DR (T ), NDQ(JT } Y *BY (NDQ(J ) )
Q016(T )=0016 (T MK (NDQ(I ), DR (J) ) *H(MDQ(J ) )
QO17(1)=0Q17 (I }HMTRVD ({1}, M0 (T3} ) *VD(NDQ(J) )
CONTINUE '

SIQIIITAIBIIIRNID

QL (I)=0012{I)+QQ13(I)+Q014(I)+Q15 (I )HXN16(1)+0N17(I)

Do 810 J=1,NP
Q21 (T )=0021 (I MMTKP(HDQ(I )}, NDP{J ) }*P (MDP(J) )
0022 (1)=0022 (I ) RITRUX(MDQ(I ), NDP (J) ) *UX (DR (T })
0023 (I)=0023 (T ) HMTKUY (NDQ(I ), NDP (T ) ) *UY (WDP (T ))
0024 (1 )=X)24 (I )HMTKBX (NDQ(I ) ,NDP () ) *BX(NDP(.J) )
0025 (I )=0025 (T )HTKRY (MDQ (I ), NDP (J) ) *BY(NDP(J))
Q026 (I )=0026 (I )+MTKH (NDQ(T) ,NDP (T ) } *H(NDP (T ) )
Q027 {1 )=0027 (T }+TKVD (D1 ), MDP (J) ) *VD(XTDP (J) )
CONTINUE

Q02 (T )=0021(1)4+0022 (140023 (1)+0024 (T )+0Q25 (I HQ26 (I )+0027 (1)

QL{I)=2(DQ(T))~ (001 (T )+202(1))

'CONTRITUE
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C2——-ALL FIOJ VALUES QL HAVE REEN CALCULATED.
C———FIND WMKNCWN PRESSURE Pl.
C——-MAKE INV. MATRIX OF MTKPL(NDQ(I),NDQ(I))
IF(MQ-1)950, 8411, 850
849 MTKP1(1,1)=1.9/MMTxP1(1,1)
GO TO 850
C
850 CALL MBO2A({MTKPL,MKP,Q, IP)
IF(RESULT.ME.'YES') GO TO 867
WRITE(W, 851)
851 FORMAT(//, 2=, 37('C"),
/fzxf 'Cl r35xr 'Cl:
/,2X,'C RESULT CF INVERTED MATRIX MTKP1 C°',
/ v' e '35}{' e ,
/.2X,37('C*),
A /7.5, "NDQ(1)")
WRITE(W,852) (NDQ(I),I=1,NQ)
852 FORMAT(5X, I5)

bW

C
CALL PRINT({NQ,MTKPL,W)
C
C-————THE MATRIX MTKPl HAS BEEN INVERTED.
860 CONTINUE
DO 9% I1=1,1Q
P1{I)=A.0
0 998 J=1,N0Q
P1{I}=P1(I)+MTKP1(I,JT)*Q1{J)
oA CONTINUE
Do 991 I=1,NQ
P(DQ(I))=P1(I)
971 CONTINUE
c -
C3——AlL PRESSURE VAIUES ARE RNOWM MOW.
THEN FIND UNKNOWN FICW VALIES Q2.

c
DO 959 I=1,NP
C3-1 IET ALL INITIAL VALUES ZERO.
Q2(T)=7.9
Q21 {1}=7.03
QQ22(1)=1.9
023{1)=2.9
0024 (T )=A.9
025 (1 )=7.0
Q26(I)=7.49
QQ27(1)=3.9
C
C3-2 CALCULATION CF Q2
C————02 (I }=KP21 *P1+KP22*P2
DO 917 J=1,MODES
QQZ].(I)="Q2l(I)-!-{'TI'KP(NDP(I),J)*P(J)
0022 (T )=0022 (T HMTRUX (NDR({1 )}, I )*UX(T)
0023 (I)=0023 (I }TKUY (NDP(I), T )*UY(J)
Q024 (I)=0024 (I }TEBX(NDR(I) , J)Y*Bx{J)
QQ25 (I )=00Q25 (I }+MTKBY (NDP (1), J)*BY (J)
Q026 (I )=0026 (I )MTRI (WDP (X ), J)*I(T)
QO27{I =027 (1 )+ MTIVD (WIDP (1 ), T)*VD{J)
919 CONTTNUE
Q2(I)=0021(1)+022 (I )+3023 (I )40N24 (T )25 {1 40026 (I )+0027(1)
Q{NDP{T))=22(1)
95¢) CONTINUZR
C—-—-AIL FIOW VAIUES HAVE BEEN CALCTLATED
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C CALCULATION OF IMWARD and CUTWARD FIOW (Qin,Qout)
C

(0

955 QIN=3.%
QOUT=7.1%
DO 974 I=1,MODES
IF(Q(I).LT.4.8) GOTO 969
QOUT=COUT+HQ(T)
GO TO 979
969 QIN=QIN+Q(I)
970 CONTINUE
QIN=NABS (QINM)
C5——CAICUIATION OF LOAD CAPACITY (W)
DO 920 LE=1,NFIE
PP=33. 4
DO 980 I-l,;INEL.
PP=PP+P ({ME(LE, I)) /MINEL
080 CONTINUE
Wi=SN+PP*AREA (ILE )
997 CONTINUE

CATAZULATION CF FRICTION FORCE AMD TORQUE.

ann

aaoan

Do 1997 I=1,NCDES
- DO 1999 J=1,4
IF(BCAC(I,J) .ME.A.4) GO TO 1@@1
1909 CONTINUE
a0 O 11949
1991 WRITE(W,1092)
1932 FORMAT(///, ' *",65( %), *',

1/'* CALCULATION OF FRICTION FORCE AND TORQUE OF EACH ELEMENT

2 /n*r Gm(l*o) |*|)
WRITE (W, 1703)

1733 FORMAT(// 16X, 'LOWER SURFACE . 35X, '"UPPER SURFACE',
1 //,'EIEMRT',2X, 'X-Direction', 2X, 'Y-Direction', 3X,
2'RESULTANT',5X, 'F.TORQUE' , 4X, 'Y—Direction', X, 'Y-Direction',

3 3%, 'RESULTANT',4X,'F.TORQUE',/,)
TEX1=4, 0

TFY1=3.0

TRF1=7,0

TFYX2=7.0

TFY2=3.0

TRF2=1.0

TORQL=".3

TORQ2=73 .0

Do 1919 LE=1,NCIR

CArlL FFORCE(LE)

C TOTAL FRICTTION FCRCE CAICULATION
TF{1=TFX1+FX1
TEYI=TFTYI4+EYL
TRF1=TRF1+3F1
TEY2=TE 242
TRE2=TRF24RF2
IF(QOOR.ME.'PO') GO TO 1694

c TCTAL 'IORQUE CAICULATION
TORDI=TORQ1+TQ1
TORQP=TORQZ+TQ2

1794 WRITE(W,1795) LE,FX1,FYl, RF1, ™1, FX2,FY2, RF2, TQ?

1785 FORMAT(3X, I3, 3¥X,4(E14. 3, 3X)}, 1X, 4{817. 3, 3X))
1719 CONTINUR :
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CATCULATION CF ELEMENT FLOWS

Aad

IF{RESULT.EQ. 'XX') GO TO 1906
1199 DO 2094 LE=],NELE

DO 209% I=1,NNEL
INITIAL VALUES ARE ZERO
EP=3, 0
EUX=7.9
EUY=3.03
BXET~7.0
BYEI=%.0
EH=3.0
EVD=7.0
Do 2%@1 J=1,NNEL
J=ME(LE, J)
EP=EPHMP(LE, I,J)}*2(NT)
EUX=EUXHKUX (LE, I, J)*UX(JIN)
EUY=EUY-HKUY (LE, I, J)*UY{IN)
BXEI =BXFLHKBX{LE, I,J}*BX(IN)
BYEI=BYELHKBY(LE, I, J)*BY(JN}
FH=EH+MKH (LE, I, T)*H {IN)
EVD=CVDHIKVD (LE, I, J)*VD (JN)
2791 CONTINUE ‘
FL({LE, I )=EP+EUX+EUY-+BXEL+RYEL+EH+EVD
2735 CONTINUE
I7(RESULT.EQ. 'XY') GO TO 1906
WRITE(W, 2917)
2019 FORMAT(///,19('*'}, /'*' 17K, ',
1 /.'* ELERTENT FILOWS *',/,'*',17X,'*' /10('*'))
DO 2915 IE=1,NEIE
IF(NMEL.EQ.4) GO TO 2712
WRITE(W, 20111) IE, (MME(LE,I),I=1, 3), (QEL(LE: I),I=1,3)
2011 FORMAT(/,2X, '"ELEMENT NO.',I3,3%, 'NCDE NO.',3(9X,'NO.',13),
1 /19X, 'ELEMENT FLOW' 3(3x,312 5))
GO TO 2315
2712 WRITE(W, 2013) LE, (ME(LE,I),I=1,4), (QEL(IE,I) I=1,4)
2013 FORMAT(//, 2X, 'ELEMENT 0. ', 13, /sx 'NODE NOL ', 4(9X, 'NOo.? ,13),
1 /5X, 'ELEMENT FLOW',4(3X,E12.5))
2715 CONTINUE
1776 . RETURN
END
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C (MB&2A) o
C THIS ROUTINE IS c
C TO MAKE TNVERSED MATRIX C
c C
(0000006000000060000000060666008

SUBRCUTINE MBZ2A(A,C,M, IP)

IMPLICTT REAL*S{A-1,0-7)
DIMENSION A(200,290),C(206, 208)
DIMENSION D{49@), IND(400) , D (497)

MRS O
o 2 1=1,M
JND(T)=1

mD(I)=1

oo 2 J=1,M
IF(paBs{a(1,J))-AMAX)2, 2,3
AMAX=DABS (A(I,J))
I4=1

J4=J

CONTINUE
D(1)=1.4

MI=M-1

Do 11 J=1,MM
I=(14-7)6,6,4
D(1)=-D(1)
ISTO=IND(J)

D (I }=IND(14)
ND{I4)=ISTO
o5 K=1,M
STC=A(14,K)
A(I4,K)=A({J,K)
A(J,K)=STO
CONTINUE
IF(J4~3)3,8,9
D(1)=-D(1)
ISTO=JID(J)

TD{J )=IND{J4)

JMD(J4)=ISTO
D0 12 K=1,M

15
17

12

STO=A(K,J4)

A(K, J4)=A(K,J)
A(K,J)=STO

CONTTITUE

AMAX=3, 1

J1=T+1

Do 11 1=J1,M
STO=-A(I,J}/A(J,J)

Do 10 K=1,M
A(L,K)=A({I,K)+STO*A(J, K)
I7(K~7)19,19, 15
IF(DABS(A(I,K))-AMAX)14, 14,17
BMAX=DARS (A(T,K))

I4=T

J4=K

CONTINUE
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17

11

18

16
19

21

22

27

26

28
33

20

CCNTINUE

A(I,J)=STO

CONTINUE

Do 18 I=1,MM
D(I+1)=D(I)*A(I,I}
COTINUE
CET=D (M) *A(M,M)
PROD1=1.9
IF(IP-2)99,19,16
PROD1=1.0/DET

Do 20 J=1,M

Do 21 K=1,J

c(K,J)=0.9

CONTTMUE

DO 22 K=J,M
C(K,J)=A(K,J)

CONTTNUE

c(J,J)=l.%

PROD=DPROD1

Do 39 I=1,MM

I2=M-I

I1=I2+1

STO1=C(11,.J)
C(I1,T)=D(I1)*STO1L*PROD
IF(DARS(STO1)-DABS(A(I1,I1)))25,25, '>6
STO=5701/A(I1,I1)

DO 27 K=1,12 ,
C(K,J)#(K,J)—S'IO*A(K,I].)
CONTINUE
PROD=PROD*A(I1,I1)

@ TO 39
STO=A(11,I1)/STO1

DO 28 K=1,I2
C(K,J)=A(X, I1)-STO*C(K, J)
CONTINUE
PROD=-PROD*STOL
COTINUE
c(1,J)=D(1)*C(1, J)*PROD
CONTINUE

DO 49 I=1,M

K=1MD(I)

Do 4% J=1,M

L=THD(J)

a(L,K)=C(J, I}

CQNTINUE

' CONTINUE

RETURNM
END
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CCCCCCCCOCCOCCCCCCCCCoCceCCCc

C THIS SUBROUTINE IS
C TO PRINT OUT RESULYS OF
C VARICUS PROPERTIES

C
c
C

CCCCCCCOCCCCCCCCCCCCCCCCCoCCe

SUBROUTINE OUTPUT

IMPLICIT REAL*3{A-~H,M,0-Z)
INTEGER W

COMMQN/BLKL/ NCOE, NCDES, MELE, IINEL, MP, NQ, NME (499, 4) , 0D (4071)

1 NDF(47%7%), IBPS (487, 4) , SECPR (409, 4) , DEN, TH (409, 4) , VIS,
2 GELCO(479, 2) ,GCOE(8797) , BCVL(493) ,BCAC(490, 145) ,
3 A(4,4),AA(407,4) ,B{47F,4) ,C{490,4) ,AREA({47F) ,W,COOR,
4 RESULT, UNIT1, TUNIT2
COMMCI/BLKG/Q(408) , P(473) ,OIN, QOUT, VWi, QEL.(400, 4)
coMal/BLX1G /TEST

COMMONT/BIK14/ CFX(499),CFY{47%)
COMMQNT/BLK22 /TFX1, TFX2, TFY1, TFY2, TRF1, TRF2, TORQL, TORQ2

WRITE(W,19)
19 ForMAT(/////.27('Cc"),./,'C',25%, 'C’,
1 /,'C RESULT CF CAICULATICN C',
2 /,'c.25x, e, /27('c'))
WRITE(W,199) TEST
193 FORMAT(//, 2, T 00000000000t o O aiaOaaoliaonoaoooooaX !,
2 /.2X,'X 1. RESULT OF SYSTEM FIOWS AND PRESSURES X',
4 VI D 6600045000800 0P O ESEE VIS EPE OO I IS0 000,000 S
5//,2X, 'TEST MAME...' AR89, . |
6///.2X, 'NCDE', 8%, *GLOBAI, CO-CRDIMATES', 13X, 'FLOW' ,19X, 'PRESSURE ' )
IF (COOR.EQ.'PQ') GO TO 124
WRITE(W, 113) -
119 FORMAT(2Y, 'NUMBER',9X, 'X',13¥, 'Y',24%, 'Q(I)',o%, 'pP(I)")
GO TO 149
120 WRITE{W,133)
139 FORMAT(2X, 'NUMBER', 6X, "RADIUS ', 8%, 'ANGLE’, 14%, "'Q(I)', 9, 'P(1) ')
149 DO 207 I=1,MCDES
203 WRITE(W, 3%9) I, (GZLCo(I,J),J=1,NCOE)},Q(I),P(I)
3901 FORMAT(3X, I3, 5X,E19. 3,4%X,E14.3,6%,E12.5, 4, E12.5)
WRITE (W, 453) QIN,QOUT,WW
409 FORMAT(///, 2X, ' 30o0000o00noiononon’,
/2X,'X 2. TOTAL FIoW X',
/2%, 0o DOCoOtoionoooaK !,
// 5%, "Inward Flow.....Qin=",El2.5,
/. 5%, 'outvard Flow...Qout=',E12.5,
[/, 2%,220°%"),/,2%, "X 3. LOAD CAPACITY X',/2X,22('X'"),
// 5%, 'Load capacity...WW=",E12.5)
IF(COOR.EQ.'PO') GO TO 704
WRITE (W, 697 )
626 FORMAT(//'END CF PRINT')
793 DO 759 I=1,NMODES
IF(CFX(I).NE.#.9) GO TO 8099
IFP{CrY(I) NE.F.0) CO TO 830
750 CONTINUE
PRNO=1.9
GO TO 995
807 WRITE(Y, 99)
99 FORMAT(/,7X, 'CENTRIFUGAL FORCE HAS BEEN COMSIDERED. ')
o5 DO 9141 I=1,MNODES

bW
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95 DO 917 I=1,NODES
DO 919 J=1,4
IF(BCAC({I,J).ME.A.8) GO TO 959
919 CONTINUE
0 TO 192
c
C———=PRINT THE RESULT OF FRICTION FORCES AND FRICTION TORQUES
950 WRITE(W, 1227) TFX1,TFY1,TRF1, TFX2, TFY2, TRF2
1897 PORMAT(///2%,29('X"),/,2X,'X 4. TOTAL FRICTICN FORCE X',
1 /,2X,29('X*),//,16X, '"LOWER SURFACE', 29X, 'UPPER SURFACE',
2 //.,4%, "%-Direction', 3%, 'Y-Direction', 3X, 'RESULTANT', 7X,
3 "X-Direction',2X, 'Y-Direction',3X, 'RESULTANT',
4//,5¢,3(819.3, 3%X),3(3X,E12.3))
IF (PRNO.ED.1.4) GO TO 1962
WRIT=(W, 1691) TORQL, TORG2

1991 FORMAT(///,2X,38('X'),/2X,'X 5. TOTAL FRICTION TORQUE X',
1 /2,39('x'),//,5%, "TOTAL TORQUE ON ILKER SURFACE..TQl=',E12.5,
2 //5%," UPPER SURFACE. .TQ2=',E12.5)
1702 WRITE(W,699) :
RETURN
END



C (45.60/600000000866086604086800000686 8068
(o} C THIS SUBROUTINE IS TO c
C C CAICULATE THE CENTRIFUGAL FORCES C
C C 1IN ROTATTIG PROBIEM c
c $8.606000000606666600006000066000000006!
SUBROUTINE CFORCE
c
C THIS ROUTINE IS AVAITABIE FOR QLY TRIAMGUIAR ELEMENT
C . BBECAUSE OF THE TREATMENT OF MASS.
c -
IMPLICIT REAL*S(A-H,M,0-7)
TNTEGER W
[ -
COMMCN/BIK1,/ NCOE,MNODES,NELE, MNEL, NP, MQ, NME (467, 4) , NOD (400 } ,
1 NDF(490), IBPS (473, 4}, SECPR (409, 4) ,DEN, TH(400,4) , VIS,
2 GELCO(400, 2) ,GCOE(S89) , BCVL (4991) , BCAC (497, 101),
3 Al4,4),MA(499,4) ,8(490, 4),C(499, 4) ,AREA(499) ,W, COOR,
4 RESULT, UNI'T1, TUNIT2 '
COMMON/BLK14/ CFX(473),CFY(409)
DIMENSION RAD(477),ANG{497),Ac(4793), S{407)
. DIMENSION CF(401),Fc(479) ,FX(499),FY(400)
c
IF{COOR.NE.'PO') GO TO 1990
: IF(IUNIT2.NE.2) GO TO 1700
c
"DO 19 I=1,MODES
IF(BCAC(I,1).NE.2.0) GO TO 20
IF(BCAC(I,2).NE.7.9) GO 20
1% CONTINUE
RETURN
c
2 WRITE(W, 193)
C ATI, INITIAT, VAIIES ZERO
FCXﬁJng ' -
FCY=01.0
DO 3¢ I=1,MNODES
CFx(1)=3.0
CrY(1)=7.9
RAD(I)=7.%
ANG(I)=7.0
S{1)=0.0
FC(I)=7.9
FX({I)=2.9
FY(1)=3.2
30 CONTINUE
c
C———ARRANGEMENT OF CCORDINATE
DO 49 I=1,NODES
RAD(I )=CCOE(I)
ANG(I )=3COE ( IHIODES )

IF(UNIT1.EQ. 'RAD') GO TO 45
ANG(I)=AMG(T)*3.141592654/137.4
4% CONTINUE
45 DO 57 LE=1,NEILE
[0 58 I=1,NNEL

C————CAICULATION OF CENTRIFUGAL FORCE

K=\ME(LE,I)
AG(K}=GCOE(K-+HIODES )
AV1=BCAC(X, 1)

AV2=RCAC(X, 2)
IF(AVI-AV2.EQ.M.4) GO TO 64
AV3=(AV2-aVl)}/TH({1E,I)

F1={AVI*TH(LE, I)+AV1 ) **3-AV1**3
F2=RAD(X)*DEN/( 3. A*TH(LE, 1) *AV3)
=T1*F2
GO TO 61
67 P=RAD(K)*DEN*AV] **2
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69 F=RAD(K)*DEN*AVL**2
C—-—ASSEMBRLY STEP
61 FC(K)=FC(K)+F
S(K)=3(K)+1.9
IF(UNIT1.EQ. 'DEG') GO TO 62
IF(RESULT.NE.'YES') GO TO 50
IF(LE.GT.190) GO TO 59
WRITE(W, 193) LE,K, RAD(X) ,AG(K)
109 FORMAT(/,2X, '"ELEMENT NO.=', I3, 3X, "NODE No.=',I3,
1//6X, 'RADIUS=',E1M.3, 5%, 'ANGLE=',E1#. 3, 'RADIAN' )
GO TO 63
62 IF(RESULT.NE.'YES') GO T0 59
WRITE(W,101) LE,K,RAD(K),AG(K)
101 FORMAT(/,2X, 'ELEMENT NO.=',I3, 3X, 'NCDE MO.=',I3,
1 //6X, 'RADIUS=',E11. 3, 5%, 'AMGLE=",E14.3, 'DEG")
63 WRITE(W,1A2) AV1,AV2,F1,F2,F .
172 PORMAT{6X, 'LOWER SURFACE ANGULAR VELOCITY....',El4.3,
1 /6X, '"UPPER SURFACE AMGULAR VELOCITY....',E14.3,//
2 &%, 'F1=',E1%.3, 3%, 'F2=',E14. 3, &, 'CENTRIFUGAL FORCE=',E1d.3,
34, =F1*F2 )')
5% CONTINUE
DO 79 I=1,M0DES
IF(S(I).EQ.7.0) GO TO 79
FX(I)=FC(I)*DCOS(ANG(I))
FY(I)=rC(I)*DSI{ANG(I))
CF(I)=FC(1)/3(1)
CFX(I)=FX(I)/S(I)
CFY{I)}=FY{I)/S(I)
78 CONTI:UE
C
193 FCRMAT(//, 5, 'C ‘ o
/!5}(0 'C'D4SXI' 'c'l
/5%, 'C CALCULATION OF CENTRIFUGAL FORCE c',
/.5, 'C,17%, " (MEAN FORCE VAIDE)',19%,,'C',
/3%, 'C ~C*)
WRITE{V, 174)
194 FORMAT(//2X, 'MEAN CENTRIFUGAL FORCE AT EACH NODE.'/)
- O 89 I=1,NODES
8% WRITE(W,195) I,s(I),Fc(I),FX(1),CFY (1)
195 FORMAT(,6X, 'MODE NO.=',I3, 3, 's(I)=',Elf.3,5X,
1 'FC(I)=',El4.3, 3X, 'CFx=',E19. 3, 3X, 'CFY=',E17.3)
1793 RETURN
END

W




C THIS ROUTINE I5 TO CAICULATE C
C THE FRICTION FORCES AMD TORQUES C
COCCCCCCCCCCCCCCOOCCCCCCCCCCoCCoCaCcC

SUBRCUTINE FFORCE(LE)

THIS ROUTINE IS TO CALCULATE THE FRICI'IOH FORCES AND FRICFION TORGIES
FOR TRIANGLE ELEMENT. ;

OO0 OO0

IMPLICIT REAL*3(A-H,M,0-Z)

INTEGER W
c ;

COMMCN/BLK] /NCOE, NODES , NELE,, MNEL, NP, NQ, NME (4773, 4) , XNOD (407) ,
1 NDF(407), IBPS(407,4) , SECPR(499, 4) , DEN, TH{404, 4) , VIS,
2 GELCO{49a, 2) ,CCo=(873) , BCVL (409 ) , BCAC(494, 14) ,

3 A(4,4),28(479,4),8(499, 4),C(409,4) ,AREA(403) W, CCOR,
4 RESULT, UNIT1, TUNIT2

COMMQN/BIKY/Q(409) , P{400) ,QIN, COUT, WW, OFL (499, 4)
COMMCIT/RIK13/DELTA(4, 4)

COMMQYT/BLER24,/UX (4901} , UY (4961) , BX (499 ), BY (495) ,H{403) , VD(4901)
COMMCN/BLK21 /FX1,FX2,FY1,FY?2, FF1, RF2, TQL, TQ2

c

TX1=3.6
TX2=3.0
TY1=3.7
TY2=5.0
Ux1=%4.%

UY1=9.0

C=3.0

CY=2.9
THICKM=A. &

DO 1471 T=1,NNEIL,

IN=2ME(LE, I)

TX1=TXI1+E(LE, I)*P{IN)

TYL=TY14C(LE, I)*P (1)

WI=2.*UX(IN)

UYI=2.%*UY({IN)

UKL= 4UXT

UY1=UY14UYT

THICKM=THICKRM+TH(IE,I)

Do 1041 J=1,NNEL

JIN=ME(LE, J)

TX2=TX2+TH(LE, I)*{DELTA(T, J)+1 @)*ex (JIN)
1671 CONTINUE

THICKM=THICIM/3.0

TX11=T%1/12.%

TX21=TX2*ARFA(IE) /6.5

TX31=VIS*ARFA(LE }*UX1 /(3. *THICKM)

TY11=TY1/12.0

TY21=TY2*AREA(LE) /5.0

TY31=VIS*AREA(LE)*UY1l/(3.F*THICKM} .

IF(IX1 . NE.F.8) GO TO 129
FX1=3.9
GO O 139
129 FX1=(-1.0)*(T:11+721)+TX31
2= 1+T014+T31 :
132 IF(UY1.NE.4.%) G0 TO 147
FY1=A.0
Fy2=95.0
GO O 154
1491 FYl=(-1.@)*(TY1l1l+TY21)+TY31l
FY2=TY11+TY21+TY3L
c
C—————CALCULATION CF FRICTION TORQUE
1500 REL=DSQRT(FH{L **24FY]1**2)

RE2=DSORT (T2 **2+r“12**2 )
Do 1297 I=1,NuEL

M=o 0TTT TY 1)y,
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CX=CELCO(NME(LE, I),1)4+X

CY=GEICO(MME(LE, I),2)+CY
1992 CQITINUE

CX=CX/3.0

cY=CY/3.9

TQl=(-1.0) *CY*FX1+CX*FY1

TQ2=(~1.0 ) *CY*F2+ I FY2

RETURN

END
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' SUBROUTINE CIST4(X,Y,A,LE,C1,C2,(3,C4,C6,C8,
1 - cig,C11,C12,C13,C14,€15,C16,C17,C18,C19,
-2 ‘ €21,C22,C23,049,C41, AREA, T, S)
c )
C——--THIS ROUTINE IS TO CALCULATE THE COMMON CCNSTANTS FOR MATRICES
C———— OF PRESSURE AND OTHER ACTIONS.
IMPLICIT REAL*8(A-H,M,0-Z)
DIMENSION X(4),Y(4),A(4,4),%X(4,4),YY (4, 4),AREA{409),T(4),S(4)

p .
Do 11=1,4
o 1J=1,4
XX(1,3)=3.0
YY(1,3)=7.0
XX(I,T)=X(T)-x{T)
YY(I,I)=x{1)-Y(T)
1 CONTINUE ‘
APFA(LE}=A.%
AREA1=DARS( (A(1,2)+A(2, 3}4+A(3,1))~(A(2,1)+A(3,2)+A(1, 3))
AREAZ2=DABS((A(1, 3)+A(3,4)+A(4,1))-(A(3,1)+a(4,3)+A(1,4))
ARFA(LE )=, 5% AREA]+AREA2)

)
)

C1=(XX(3,4)-X%X(2,1)) /4.0
C2=(XxX(3,4)+xx(2,1)) /4.
C3=(YY(3,4)-v¥(2,1)} /4.0
Ca=(YY(3,4)+YY(2,1)}) /4.9
C6={XX(3,2)+x¢X(4,1)} /4.1
ca=(YY(3,2)4+YY(4,1)) /4.3
Cl12=C1*CI4+C3*C3
Cl1=2.9*(C1*C6+C3*C8)
C12=C6*Ce+C8*Cn
C13=C10
C14=2.7*(C1*C2+C3*C4)
C15=C2*024C4A*C4
C16=C10 ,
C17=C1*C5+C3*CS
C18=Cl4/2.0
C19=02*C6+C4A*C3
C21=C1*C8-C3*Cs
C22=C2*C3-C4*C1
C23=C2*CR-CA*CH
C=C23+C21
C41=C23-C21 -

T(1)=1.9

T(2)=1.7

T{3)}=1.0%

T{4)=1.9

" s{(1)=-1.09

s(2)=1.9

s(3)=1.9

s{4)=1.9 -

RETURN :

END
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SURRCUTINE TERMA(C14,Cl11,C12,C21,C22,C23,C49,C41,T, S, A%, RESULT)
C
C———-THIS ROUTINE IS TO CALCULATE THE TER1 'A' IN MATRIX OF MKP
C——FCR QUACRITATERAL ELEMENT (C21.HE.S.7)
IMPLICIT RFAL*S(A-H,M,0-Z)
REAI*S ITGA, ITGR, ITGF, ITCG, I'TGH
DIMENSION A(4,4),T(4),8(4)
INTEGER W
C
C———~CALCULATION OF TERM A
C .
CALL INTEGA{C21,C4%,C21,C41,ITGA)
CALL INTEGB(C21,C44,C21,C41,ITGB)
CALL INTECF({C21,C4™,C21,C41, ITCF)
CALL INTEGG{C21,C4%,C21,C41,ITGG)
CALL INTEGH(C21,C47,C21,C41, ITGH)

WRITE(W, 2) C21,C49,C21,C41

2 FORMAT(//'C21,C49,C21,C41',/,4(3X, E19.3))
WRITE(W, 3) ITGA, ITGB, ITGF, ITCG, ITGH

3 FORMAT(//'ITGA, ITTGB, I'TGF, ITGG, ITGH ' /,5(E1%. 3, 3X))
Dol I1=l,4
Do 1J=1,4
T1=T(X1)+T(J)
T2=T{I)*T(J)
S1=5(I)+s(J)
$2=5(1)*s(J)
A1=T2/C21
C24=(-1.9)*A1*C22/C21
C25=(T1-Al*C23)}/C21
C26={-1.08)*C22*C24
C27=(-1.8)*(C22*C25+C23*C24)
C28=1.7-C23*C25

C31=C1A*C25+C11*C24

C33=C12*C25

C34=C1a*C26/C21
C35=(C1A*C274C11*C26) /C21
C26=(C1A*C28+C11 *CR7+C12*C26) /C21
C37=(C11*C28+C12*C27}/C21
C38=C12*C28/C21

A11=52*(C31/3.9+C33) /4.0
A21=52/16.01
A22=C34*ITCGI+C35*ITCGH 36 *TTCF+C37 * ITGB+C38* ITCA
A2=A21*A22
A{I,J)=A114A2 :
IT(RESULT.NE. 'YES') GO TO 20
WRITE(W,9) I,J
9 FCRMAT(//,'1,T',/215)
WRITE(W, 14} C14,C11,C12,C21,C22,C23,C44,C41
19 FORMAT(//*TERM-A Cl17,C11,C12,C21,C22,C23,C44,¢c41",/,6(E14.3,2X), /.,
1 2(E17. 3, 2X))
WRITE(W,11) C24,C25,C26,C27,C28,C31,C33,034,C35,C36,C37,C38
11 ForMaT(//,'C24,C25,C26,C27,C28, C31,C33,C34,C35,C36,C37,C38
1',/,5(E1%.3,2X)/,7(E17.3, X))
WRITE(17,12) All,A21,A22,A2,A(L,J)
12 FCRMAT(//,'All,A71,A22,A2,A(1,7)',/.4(719, 3, 2X), 5%, E140. 3)
1 COITINUE

2 RETURN
END
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SUBROUTINE TE®MB(C13,C14,C15,C21,C22,C23,C44,C41,7,8,B,%, RESULT)

C

C———THIS ROUTIME IS TO CALCULATE THE TERM 'B' IN MATRIX MKP FOR

Comme—QUADRITATERAI, EILEMENT (C21.NE.A.7)
IMPLICIT REAL*S{A-H,M,0-3)
REAL*8 ITGA,ITG3, ITGF, ITCG, ITCGH
DIMEISICN B(4,4),T(4),s5(4)
INTEGER W

C

C——-—CALCULATION OF TERM B

C .
CALL INTEGA{C21,C47,C21,C41,ITGA)
CAIL, INTEGB(CZ21,C44,C21,C41,ITGR)
CAILI, INTEGF{C21,C49,C21,C41, ITGF)
CALL INTEGG{C21,C4f,C21,C41, ITGG)
CAIL INTEGH(C21,C44,C21,041, ITGH)

Do 1i=l,4

mm1lJ=1,4

T1=T(I)+T(J)

T2=T(I)*r(J)

S1=5(I)+s(J}

S52=3(1)*5(J)

B1=C13/C21
C24=(-1.9)*B1*C22/C21
C25=(C14-B1*C23}/C21
C26=(-1.0)*C22*C24 :
C27=(-1.9)*(C22*C25+C23*C24)
C28=C15-C23*C25
C31=C24*314C25*S$2

C33=025

C34=52*C26/C21
C35=(51*C26+52*C27)/C21
C36=(S1*C27+32*C28+C26) /C21
C37=(s1*C28+C27)/C21 -
C3ig=Crg/c21

B11=T2*(C31/3.04C33} /4.7
B21=C34*ITCEIH35* ITCGHCIG * ITCRHC37 * ITCRHC 38 *ITGA
B22=T2/16.1

B(I,J)=311+321*B22

"~ IF{RESULT.NE.'YES') GO TO 20
© WRITE(W,9) I,J
9 FORMAT(//,'I,J',3%,2I5)
WRITE (W, 1#) C13,C1l4,C15,C21,C22,C23,C404,C41
19 rorRMAT(//,'TERM-B Cl13,C14,Cl15,¢21,C22,C23,C47,C41",
1 /.6(E17.3,7X),/,2(E19.3, X))
WRITE(W,11) C€24,C27,C28,C31,C33,
1 C34,C35,C36,C37,C38
11 FOrRMAT{//,'C24,C27,C28,C31,C33°,/,
1 _ ‘C34,C35,C36,C37,€38',/,5(E14. 3, 3X), /,5(E19.3, 3X))
WRITE(W,12) B11,321,B22,B(I,J)
12 roRMAT(//,'B11,B21,B22,B(I,0)',/,3(E1n,3,3X), 5, E14.3)
1 CONTTIUE
200 RETURN
END
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SUBRCUTINE TERMC(C1%,C17,C18,C19,C21,C22,C23,C49,C41,

1 T,5,C, W, RESULT)
C
C———-THIS ROUTINE IS TO CALCULATE THE TERM 'C' IN MATRIX MKP FOR
C~————QUADRITATERAL, ELCMENT (C21.1E.%.7)

IMPLICTT REAL*3{A-H,M,0-7)

REAL*3 ITGA, ITGB, ITGF, ITCG, ITGH

DIMENSION T(4),5(4),C(4,4)

INTEGER W

CALL DNTEGA(C21,C4M,C21,C041, ITGA)
CAIL INTEGB(C21,C4%,C21,C41,ITGR)
CAIL DNTECF(C21,C4%,C21,CAl, ITGF )
CAIL INTEGG(C21,C4M,C21,C41, ITGG)
CALL, INTECH{C21,C44,C21,C41, ITCE)

m1l1I1=1,4

Do 1 J=1,4

Cea=C17%T (1) /C21
Cel=C17*T(I)/C21
C62=(-1.M)*C22*C63/C21
C63={C1HC1a8*T (I )-C22*C61-C23*Cer ) /C21
C64=(C17+C19*T (I )-C23*C61) /C21
C65=(-1.0)*C22*C62
C66=(-1.7)*(C22*C63+C23*CH2)
C67=C18-C22*Ce4~-C23*C63
C68=219-C23*Cha
C73=C624CH3I*S(T)

C71=C64

C72=C65*s(J) /C21
C73={Ce54+CH5*s{T}) /C21
C74=(C66+C67*3(T)) /cn
C75=(C67+C68%8(J)) /C21
C76=C683/C21

CA=S(I)*T(J)*(C73/3. c3+f'71)/4 ]
CB1=5(I)*1(J)/16.0
CR2=CT2*ITCHHC 73 * ITCCHC 74 ¥ I TGF4+C 75 * ITGR+C 76 *ITGA
CR=CB1*CB2
C(I,J)=CAiCB
IF(RESULT.NE.'YES') GO TO 209
WRITE(W,9) I,J
9 rorMaT(//,'I,3',/.215)
WRITE(W, 16) C80,C61, 062,063,064, C65,066,C67,C68,C79,C71,C72,

1 C73,C74,C75,C76

19 FORMAT(//, "TERM-C (C67,C6l,C62,C63,C64,C65,C66,C067,C681,/,
1 cie,Cc7y,C72,C73,C74,C75,C76",
2 5(E17.3, 3)’) / 4(‘:‘1'9) 3,3%),/,2(E19.3, 3X}))

WRITE({W,11) CA,CB1,CB2,CB,C(I,J)
11 FORMAT(//,'Ch,CB1,CB2,CB,C(I,J)'./,.5(E19.3,3X))
1 CONTINUE
2¢3 RETURN

i
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SUBRCUTINE INTEGA(A,B,C,D,INT)

IMPLICIT REAL*S(A-H,M,0-7)

REAL*S INT,INT1,INT2

AA=A4B

BB=A-B

CC=C+D

DD=C-D

INT1=AA*DLOG(DABS (AA}) /A+BR*DLOG (DABS (BB) ) /A
INT2=CC*DLOG (DABS (CC) ) /C+DD*DLOG (DARS (DD) ) /C
TT=INT1-INT2

RETURN

END

SUBROUTINE INTEGB({A,RB,C,D, INT)

IMPLICIT REAL*S(A-1,M,0-2)

REAL*3 INT,INT1, INT2, INT3

BA=A4B

BB=A-B

o=C4D

DO=C-D .

IT1=(B/A-D/C)

INT2=AA*BB*DLOG (DARS (AR/RR) } /(2. g*A**2)
INT3=CC*DD*DLOG (DABS (CC/DD) } /(2. 3*C**2)
INT=INT1+INT2-INT3

RETURN

END

SUBROUTINE INTEGC(A,B,C,D, INT)

MPLICIT REAL*S(A-I1,M,0-7)
REAL*S INT,INT1,INT2

T1=1.1

T2=1.6

X1=A*T1+B

X2=A%T248

AA=A/C

BB=B-A*D/C

R=AA/BB

AR=DARS(R)

I=(DARS (X1)-DARS (X2)) 1,2,2
YMBY=X2

XMIN=X1

GO TO 3

KMAX=X1

MIN=X2 .
IF(DARS (XMRX)}-AR) 14,29, 20
CArL, T'IGAL (AA,BB,X1,X2, INT)
RETUEN

IF(DABS (SMIM)-AR) 31, 49, 49
CALL INTGA2(AA,BB,X1,X2, INT)
RETURN

IF((X14+X2).1T.0.%) CO TO 59
IF(R-9.6) 63,738,772
R=(-1.0)*R

CALL INTCHL{AA,BR,XMIM,R, INT1)
CALL TNTGA2({AA,BB, R, YMAX, DIT2)
GO TO 103

IF(R-A.7) 89, 93,90
R=(-1.9)*R

CALL nmmlim,aa,mmx, R, INT1

CALL TMTGM2{aA, BR, R, XAIN, INT2
DIT=INT1+INT2

T TOAT



SUBROUTINE INTGAL (A, B,X1,X2, INT) 182
IMPLICIT REAL*3{A-H,M,0-7)

REAL*3 INT, INT1, INT2, DTP21, INT22

TNT1=DLOG(DABS (A) ) * (DLOG{DABS (X2 ) )-DLOG (DABS (X1)) )
DO 1 N=1, 54

INT21={ { (-1 .%)*B*X2/A)**N) /(N*N)

INT22=({ (-1.0)*B*X1/A)**) /(3*N)

INT2=TNT21-INT22

INT1=INT1+INT2

IF{INT2/INT1-7.931) 2,2,1

CONTINUE

INT=INT1

RETURN

BED

SUBROUTINE INTG%2(A,B,X1,X2,INT)
IMPLICIT REAL*Q(A-H,M,0~Z)

REAL*Q INT, INT1, INT2, INT21, THNT22
INT1={DLOG{DABS(B*X2) }**2-DLOG(DABRS{B*X1) ) **2) /2.5
DO 1 N=1,59 :
INT21=(({-1.2*A) /(B*X2))**1) /(N*7)
NT22=(((-1.0%A) /(B*X1) ) **N) / (N*)
INT2=INT21-INT22

INT1=INT1+INT2
I={INT2/DT1-3.001) 2,2,1
CONTINUE

INT=INT1

RETURN

D

SUBROUTINE INTEGD(A,B,C,D, INT)

IMPLICIT REAL*S(A-H,M,0-Z)

REAL*3 INT,INT1, INT2, INT3, INT4

AA=2B

BB=A-R

‘CC=CHD

DD=C-D

INT1=DLOG(DARS(BB) ) /(C*DD)}~DLOG (DABS (AA) ) /{C*CC)
INT2=DLOG{DABS (DD) ) /(C*DD)-DLOG (DABS(CC) ) /(C*CC)
Al=(1.0-A)/(1.54A) .

Bl=(1.#-B)/(1.54B)

INT3=DLOG(DABS(B1) )~-DLOG{DARS (A1)
DIT4=C*{C*B-D*A)

INT=INT1-INT2+IMT3/INT4

RETURN

BD

SUBROUTDNE INTEGE(A,B,C,D, IMT)

IMPLICIT REAL*S{A-H,M,0-7)
REAT*3 INT,INT1, T2, TNT3, T4
AA=AR

EB=A-B

CC=C+D

DD=C-D

TNT1={DLOG (DABS(BB) ) / (DD*DD )~DLOG (DABS (CC) } /{CC*CC) ) /(2. *C)
INT2=2*A/ (2. *C* (A*D-R*C)**2 )
INT3=DLOSG{DARS (BR*0C/ (BA*DD) ) )
INT4=2 . F*C* { B*C-A*D ) / { A*CC*DD)
DNT=IMT1-INT2* { I:T3+INT4)
RETURM

B

SUBEOUTINE INTECH(A,B,C,D, INT)



REAL*3 INT,INT1, T2

C -183
Al=((A**3+3**3)*DLOG(DARS{A+R) ) ) /(3. G*A**3)
A2=((A**3-n**3)*DLOG(DABS{A~B) ) ) /(3. O*Aa**3)
A3=2.0*(B/A)**2 /3.0
INT1=Al4A2-A3

Cl=( {C**3+D**3 ) *DLOG{DARS (C+D) ) } /(3. 0*C**3)
C2={(C**3-D**3 ) *DLOG(DARS(C-D) }) /(3. 03*C**3)
C3=2.9*(D/C)**2/3.0

DIT2=Cl+22-C3

INT=INT1-INT2

" RETURN
BED

SUBRCUTINE INTEGG(A,B,C,D, INT)

G 000N

IMPLICIT REAL*S(A-H,M,0-2)
REAL*S INT, INT1, INT2

All=(A**4-B**4) /(4. q*n**4)
Al2=Dr0G (PARS({A+B)} /{A~B)))
A13=B/{2.9*a)
A14=1.9/3.3+(B/A)**2
INTI=A11*A124A13*A14

Cl1=(C**4-D**4) /{4.a*C**4)
C12=DL0G(DABS({C+D)/(C-D)))}’
C13=D/(2.8*C)
C14=1.0/3.0+(D/C)**2

INT2=C11*C12+C13*C14
INT=INT1-INT2

RETURH
END

Oan

SUBROUTINE INTEGI(A,RB,C,D,INT)

IMPLICIT REAL*S(A-H,M,0-7)
REAL*3 INT, INT1, INT2

Al1=(A**54R**5) /(5 G*a**5)
A12=DIOG(DARS{A+B) )

A13=(A**S_D¥*5) /(5 gkpr*5)
A14=DroG(DARS(A-R))

A15=2.0*%( (B/A)**2/3.0+(R/A)**4) /5.0
INT1=A11*A124A13*A14-A15

Cl1=(C**54D**5) /(5 , G*C**5)
C12=DLOG(DARS(CH+D) )

C13=(C**5~D**5) /(5. 0*Ck+5)

C14=DLOG (DABS(C-D) )
C15=2.9*((D/C)**2/3.c+(D/C)**4) /5.9
INT2=C11*C124C13*C14-C15
INT=TNT1-INT?2

RETURM
BD
C .
OCCCCCCCCCCTIESE ROUTINE FAVE WOT OOMPLETED  YET. CCCOCCCCCCCCCCCCCOCCCe
C
C

C



C

UDRWTILIE TRMAL(LT,TH,C19,C1),C12,C22,C23, T, 5,A)

IMPLICIT REAL*3{A-1,0-37)
DRISIOT A(4,4),T(4),8{4),THH (497,

C=——-CALCULATION OF TERM-A WHIN C21=".9

C .

c

C

o1 1=1,4
DO 1J=1,4
AlL,J)=4.9

- TAI=1%.T

TA2=71.7
TA=1.9
Cl=r(I)*7(J)
C2=T(I}+T(J)
C3=1.0

Do 2 1-1,4
Do 2 ¥=1,4
DO 2 13=1,4

TL=(L)*T (11} *T (1)

T2= (L)Y * T () +T (M) *T () +T (1} *T (L)
T3=T(L)+T(M)+T (V) :
S1=3(L)*S(M)}*3 ()
S2=S(LY*S (1) +S{(M)*S (M )+3 (M) *S (L)
S3=3(L)+S(M)+3(I)
THICK=TH(LE, L) *TH{LE, M} *TH (L=, N)

CALL INTEGL(C1,C2,C3,T1,T2,7T3,TAL)

CALL INTEG2(C22,C23,C13,C11,C12, 51,82, 83, Ta2)

TA17=TA1*TA2
TASTAHTHICK*TALY

COTTINUE
A(I,3)=S(I)*S(T)*TA/1724.9
COTTINUS

RETURN

BD

SUBROUTINE TRMBL(LE,TH,C13,Cl4,C15,C22,C23,T7,S,B)

IMPLICIT REAL*Q(A-T1,0-7)
DIMEISTION B(4,4),7T(1),8(4),THi(497,4

Co———=CALCULATION OF TERM-B WHEN C21=7.0

m1li=l,4
B{I,I)=".0
TR1=%.9
TR=1.0
TR1MN=73. 1
TR=3.%
Cl"S(I)* {J)
=5{1}+3(J)
c3=1.@
DO 21=1,4
D 2 M=1,4
DD 2 u=l,4
T1=T(L) D) ¥ (1)
T2=T(LY*2 (1) +T (M) *T ) +T (1) *7 (L)
T3='1‘(L)+T(:!)+T(zr)
=3({L)*3(11)*3(11)
SZ—’S(L)*Q(J)#“(H)* CTy+3 0 *3(0)
§52= (L)+_}(r«)+,\‘
THICH=TTI{LR L)**"IfL:-:,n) T1(nE, )

CALL Iiresi(c13,cis,c15,71,7T2, 73,7

4)

)

1)

AT -rnr-w-u--\(pqq /—-—11 ~-} r--\ /'“! r"[ r-'\'r_:—) vv-v--\—\\
PV S S E A Siaep vl

184



Cc

LoL ==Ll " Liae
TR=TBATIIICK*TR1T

COITINUR
B(I,J)=T(I)*T(J)}*TB/1024.9
CONTINIZ

RETURT

EID

SURDOUTTNE THRACL(LE,TH,C1,C2,C3,04,022,023,T,5,C)
DMPLICIT REAL*S(A-Y,0-7)
DIMRISICN C(4,4),T{4),5(4)

C———CALCULATION OF TERIC WHEN C21=7.74

C

C

Do 1l I=l,4

Do 2 J=1,4

c(1,J)=9.9

T1=3.9

TC=4, ff

Al=C1*T(T)

A2=C2*T(I)

A3=C3%*7(I)+C1

A=CART(T 14C2

A5="3

AG="4

o 2 1~1,4

DO 2 M=1,4

DD 2 N=1,4

TI=7 (LY*T (M) *T (1)
T2=T{L)*T (M)+7 (M) *T (1) +T (N *T(L)
T3=T(L)+T(M)+7 ()
S1=3(L)*s{M)*s(17) _
S2=S(L)Y*S (M) +S (MY *S(11)+S (1) *3(L)
S3=5(L}+S(M}+3(17) _
THICK=TH(LE, L) *TH (L2, M) *TH (L2, 1)
CALL INTGll({Al,A2,A3,A4,RS,76,T1,T2,T3,C1l5,C16)
C11=C15*S(J)

Cl1=C15+C16*3(J)

Cl2=C16

CALL, TTEG2{C22,(23,C13,C11,C12,51,52,53,TC1)
TC=TC+THICK*TC1

CONTINUE

C{I, I=3(I)*T(T)*1C/1724.7
CoTnUS

RETURN

BD

SUBROUTINZ TR1A3(T,S,Ti1,1%,C13,C11,L812,C13,C14,C15,

1 €17,C18,C19,C23,A,B,C, D)

-=TIIIS SUBROUTINE IS FOR (C21=7.41,C72=7,0)CASE

C———-TIHICHIESS CHAMNGES WITHIIN AN ELEMZNT

c

MPLICIT REAL*S (A-T1,0-7)

DIMINSION A(4,4),R(4,4),C{4,4),D(4,4),T(4),s(a), TH(457, 4)

c(I,J)=17.%
o{7, I}=".0
DO 2 1=1,4
Do 21=1,4
Do 2 =1, 4

TIN5y Ry

. 18s



c
c

QCCCOCCCCOCCCCCOCCCCCOCCCCCCCCCCCCCCCCCCCClCCiCCCCOCCCCCCCCCCCrCCCCt

Lo=t\LijTizpTLiey
S1=s{L)*s(M)*3(:1)
S‘>=S(L)* (MY+3 () *3(D+3(1)*3(L)
=5 (L4531 +3 (1)
'mr[\_:c—“!(t_ LY*TU{LE, MY * T (LE, )
CAIl, wirecs(1,J,T,T1,T2,T3,TAl)
CALI, TNTEG7(C1M,C11,C12, 5,581,582, 53, Th2)
Al=Al+THICK*TA1*TA2

CALL INTEGS(I,J,S,S1,S2,S3,TRl)
CAIL ITrEG7(Cl3,Cl4,C15,T,T1,T2,T3,T=22)
B1=R1+THICK*TB1*TB2

- C24=217*(T2*T (1) +T1 }+C18*T1*71 (1)

C25=C17*({T2*7(I)+TL1)}4+C1o*TI*T(T)
C26=C13*(T(I)+T3)}+213*(T(I)*T3+7T2)
C27=C17* [T (I )+T3)+C19*(T(1)*T3+T2)
C28=C24/5.HC26/3. 183
C29=25/5.4027/3 . 44C19

CALL, IMTEC&(J,C28,C29,S,51,52,583,1C1)
Cl=Cl4THICK*TC]

CONTINUE
A(I,T)=5(T)*S(TI*AL/(256.0%223)
B(I,J)=T(I)*T(T)*B1/(256.0*C23)
(I, J)-S(I)*T(J)*Cl/(256.ﬂ.‘*"‘23)
D{(J,I)=C(1,J)

CQITINUS

RETURN

BED

C THESE ROUTINES ARE FOR CUADRITATLRAT, FIEMENT WITH SA4ME THICKMESS

cC
c

c

Cc

ol

e N RP]

~
e

SUBRQUTINE TE=R4A1(ClA,C11,C12,C22,C23, ’I‘,.S, B)

TMPLICIT REAL*3(A-1,M,0-7)
DIMETSION A(4,4),T(4),5(4)

C————-CATCULATICH OF TERM-A

24=C1a/C22
C25=(C11-C23*C24) /C22

| C26=C12-C23*%C25

C42=C034222
C43=C23-C22
Do 1I1=1,4
w1 J=1,4

2=T(I)*T(J)
S2=5(1)*3(J)
Al1=52/8.7*%(T2/3.7+1.7)
A2=2.F*C25+C25 /C22*DLOG (DARS(C42 /C43) )
A(I,J)=n1*A2
CONTINUT
RETURN
D

SUBROUTLIE TERMZ1(C13,C15,C22,C23,7,S,B)

DMPLICIT REAL*3(A-,M,0-2)
DIMEISION B(4,4),T(4),S(4)

Con——CALCULATION OF TERM-B .

C

C42="23+202
C43=C23-C22
w1 I=l A

Yy Y T=1

186



FAC T W R

S1=3(1)+3(J)

S2=3(I)*3(J) 187
C24=52/C22

C258=(51-023*C24) /C22

C26=1.7~223*C26

B1=T2/3.0
B2=C13/3.74C15
B3=2.A*C254C026 /C22*DLOG(DARS (C42/C43) )
B(I,J)=B1*B2*B3
1 CONTINUZ
RETURN
- END

oan

SUBRCUTINE TERMC1(C1%,Cl17,C18,C19,C22,C23,T,5,C)

TMPLICIT REAL*S(A~TI,M,0~Z)
DIMENSION C(4,4),T(4),5(4)
C
C-—-—-CAICULATION OF TERM C
c
CA2=223H322
£43=C23-022
m1li,4s
Do 1J=1,4
C24=2.0%(C1A*T(1)/3.7+C18)
c25=2.ra*(c17*1*(1)/3.m19)
=C24*5(J)/C22
mz—( C24+C25*3(J)-CAL*C23) /22
3~325-c:~xz*c23
=3(1)*T(J}/16.8
cv—z ra*czxzma/\_?z*s._oc(m.es(c42/c43) )
c(I,J)="1*C2 .
1 CONTIIUZ
RETURM
ED
c
c
c
SUBRCUTINE TEmA3(C13,C12,C23,7, S, A)
c
C————CAILCULATION OF TERM A AND B TCR Q21=7,4 C29=1,7 CASE)
C

IMPLICIT REAT*3{A-H,M,0-Z)
DMEISION Al4,4),7{4),5(4)

Do 1 I=1,4
Do 1 J=1,4
T2=7(I)}*T(J)
52=3(1)*s(J)
Al=52/{4.7*C23)
A2=T2/3.™1.7
A3=C10/3.MC12
A(I,JT)=01*A2*n3
1 CONTINUE
IND

Cc

C

C .
SUBRCUTTYIE TERC3(C17,C17,C18,C19,023,7,5,C)

c :

Co———CALCZULATION OF TERM-C OT C21=",7 C22=7.7 JASE

C

TACLICIT REAL*3(A-LM,0-2)
DTS TON o(4,4),7(4),5(2)

0



C"i‘ 'I‘( r( )/J g .I__,!
28=2.7 (cr.'*r( 1/3.4210)
Cl—"(T)*T(J)/(S.’ﬁ*CTe:’.)

C2=024*3(J3) /3. 942725 188

C(1,J)=21%C2
1 COTIINR

RETURT

=D
cC
C
c

SURRDUTTIME TTTEG5(I,J,T,T1,7T2,73, ITG5)
e .

C===TTEGRATION OF (1+T*TL}{14T*T) (14T*TT) (1+7*TI ) (147*7T)
C

TMPLICIT EEAT*3(A-1,0M,0-7)

REAL*S ITGS

DEENSION T(4)

C
T11=T1*T{T)+{PL+T2*T(T))*T(I)
T12=(T24T3*T(J) }+(T2+T(J))*T(I)

C
ITGS="11/5.4T12/3.741.73

c
RETURT
=D

C

c

c .
sSimroiTINE nreco(J,c1,c2, T, T, T2, T3, ITGH)

C

C TNTESAATION OF (1+T%TT) (1L+7+ 1) (1+7%ThT) (L+T7%73) (P1* 7402

[l

' LAPLICTT REAL*S (AP, M, D7)
REAL*T ITGH
DIMEISIZN T(4)

c

c )

TLI=2I*(T1+12%0(T) ) £20%T1#T(7)
T12=C1* (230 T) ) H IR (T (T)
Iraa=Tll/5. 412 /3. e

it

-

c
CURRUTIIE TTTNG7(C1,22,C3,7T,7), T2, T3, ITO7)

C

Co—=IITTEGRATION CF (1+T*TL ) {(1+0*T1) (1+7r ) (C1# %% 2100+ T4 (C3)

.

TMPLICTT REAL*2 (AL, 0-7)
REAL*S. ITGT
DIMTISTON T(‘i)

c

C
T11=C1%T24+C2* Tl
T12=214+22%T3+C3%T2 .

r‘l
ITC7=T11/5.4712/3. %403

c
nETUTRT
s}

C

C
ﬁ”?'-\ﬁ'r“v\‘r‘ 'mr'-v’?(ﬂf 'f:""_""l';—""‘:"l" ’::\uc"":ﬂr“—h)

TAPLICTT RN (A=T,17,9=7)

e A

DO ISION T(), i), e, ) e e, o, 1)

IR S



Nnan

0

UA=",

un=".6G
M1l t=l,4 189
UAL=(T (I )*T{(T )+ (T(I+2(T))*7(L) ) /3.5+1.7
UA2=(C*S{T)*S(LI+(S(T)+5(L))*23) /3. 74202

UR=UA+TI(LE, LY*UAL*IAD

UBL1={S{I}*S (I} +{3{I)4+3(T))*S(L))/2.+1. ™
UR2=(CA*T (T I*T(L)+(T{I)+2(L))*C3) /3. o4

UB=" I3+ (LE,L)*UBl*'m

CONTIT

A=7.00

B=3.0

CBTI=S (I )*DT1/16.7

QBT2="(I)}* DR /16.7

A=CISTIMIA

B=U015T2%0R

AR(IE,I,J)=A-R

COTTIIR

RETURY
=D

SL@roUTTNE TERMY3 (T, 8,7, L=, 021, C1,C2,C5, AR)

IMBLICIT REAL*R(A~1,M1,0-~7)

DETZSINT T(4),5(1),AB(407,4,4)

Do 2 I=1,4

Do 2 J=1,4

UA=.7

U3=7.M

DO 1 1L=1,4
UAL={CY*(T(L}+7(J3))+C2* (L)*T (7)) /3. 1422
UA2={S(L)*(S{X)+sS(T))+3(L)*3(3)) /3.™+1.9
UBR1={C1*(3{L)+3{T) )+26*3(L)*S(T)) /3. ™HC5
UR2=(T(LY* {T(I}+T(T))+T(I)*T (T} ) /3. 0+ .7
UA=IIAHTII(LE, LY*UALYIA2

B=R+31{LE, L)*UB1*U32

CAITTE

OBTI=T({I}*DT1/16.5

CLT2=5(1)}*01/16.7

A=DISTIHMIA

B=TIST2%A

AR(IL=,I,J7)=)-1

COYTIIUR

RETURY

™0

URROUTTNE TERM3(T,s,™1,LE,C3,04,07, DEM, VIS, A)

DAPLICIT RENL*2{A-T,0-7)

DIMESBION TH(407,4),T(4),S(4), (477, 4, 4)
o1 1=,4

01 J=1,4

A)=1.1

B1=17.9

Lo 2 1=1,4

Do 2 M=1,4

Do 2 v=1,4

TIICE=M (LR, LYY LT, MY T L{LE, A1)
T1=T{L)*T {1} *T (1)

TA=(LYF TN+ TN+ T)* (L)
TA=T(L)+T (1) +T7 (1)

S1=3ILY*S (1) *3(07)

Sr= (LIRSS GOSN ST 0*S(L)
SI="(L1 )50

crrr orrress(L, g7, T, 73, TAL)
ChLL ::'r“’(J,M L €n, 7, T



TALL TGS (F, o2, 04,7, T, T, T, T )
Bl=R14THI AT *TN2
2 ComnNE :
CBTI=3{1)* (0m1) /(3772. ™VIS) 190
CnT2="(T)Y*(0T1) /(3972 779I5)
A(LE, L, T)=(LZ, 1, TSNS TL* AL M3 T2 4 0L
1 Corrnis

RETUR!
i)

c

c

c
SUBROUTTIE INT=G1(C17,<11,C12,T1,T2,73, IIrl)

c .

c

c

C———=TNTZCRATIONT OF {1+TTL) {1+71M) (14T} (CLA*T**2+2011*T+H212)

TCPLICIT REAL*C(A-I,M,0-7)
REAL*S IMIT1

T12=C17*T24C11*T)
T14=010H011*T3+71 272

INT1=2. 9% (T12/5.°0+714/3."4212)

RETUZT
EMD
C
C
cC
SURRCUTIMY TTTCll{Cl,c2,C3,04,05,85,71,T2,73,015,C16)
C

C———DTECRATION OF (1+TTL)Y (1+774) (1470 (CLIT**24C11T+°172)
Cmmm—mHEN CLO=C1%G422 CLI=C3*S+C4 AND Cl2=C5%S+06
TAPLICIT PTAL*G (A=, M, 0-7)
C
023=21%T2403*T]
C21=C2%72424%7]
C22=C1+H23*D 3405+
C22=C24+04* T 34CE*T)
C18=2, % (C201/5.9+222 /3. ™25)
Cl6=2.7*{C21/5.M223 /2. H26)
RTTUR
=D
C
C
SUDROUTING INTEG2(Cl,C?,C14, 11,12, ™1, 72,72, 1)
c ‘
o
C——==TUTEGRPATION OF (1+TTLY(I+TT D {1+TT1) (CLIT**240117+C12) /{CiT+aD)
C
DIPLICIT ROAL*3 (A1, M, 0-7)
RZAL*2 LIT2
T189="17%T1/C1
T11=(C17*I24+C11%T1-710*C2) /Cl
T1=(Cl17* T2+ 1+ P24+21 2% 11711 *C0) /21
T13=(CIM+T11*T2401 2+ 71 2%C2) /o]
Tla={C114C12% 7371 3*C0 ) /]
T1S="12-714%2D
TT1=2.7%(T17/5.05+712/3.+714)
TT2=T15/C1*CLOG(DARS ((CL4+C2Y /(Cc1=220))
INT2=TT1+DT2
rRoTURT
=D

a0an

I STYTY T T T o~ ~4 - -~ ~ .
SURRTITT T TIRPL{CL, 22,04, T, 13,017, T, 00, T
1 falal-Sak et nintNale it B Inta i e Tl ORI a e B o P
: L N el AFR-BCORIE F N R S

H mAar
frt e A g e [T R FLEr

'

————— TUTCCPNTIZT 0 (L+TL) (14 O (147} (Cwnsd a1 1% 0an 1Y S 21w )

LIPS

10

I P Coe e ey



T17=117%T1/CL

C2l=(=1.7)*71*23/C1

C22=(T]1A*T24C11*T1=T1%* 24} /CL 191

Q23=(=1,M)*23*C2] /C1

Cod=(=1.2)*{C3*C22424*C21 Y /721

C25=({C1I*TI+CII *TP+C12*T1--74*C22) /C1

Co6=(-1.1)*C3*C23/C1

C27=({-1.M)*(C3*C24+24*223) /21

C22=(-1.7)*(C3*C25+74*224) /C1

C20=(CL*T3I+T11*T24C12*T1-C4*C25) /C1

CaA=(-1.7)}*23*C26/C1

C21=(-1.7)*(C3*CR7+C4*C24) /C)

C32=(-1.%)*(C3*Ca3*Ca*C27) /o1

C33=(-1.7)*{C3I*C2Ca*C22) /C1
34—(C11+C12*T3—C4*"29)/Cl

C38=(=1.7)*C3*C3N

C35=(-1. ﬂ)*(“3* 31+C4%C37)

c°7—( 1.3)*(C3*C32+04*C31)

O=(-1.0)*{C3*C23+TA*C32)

c39—(-1 A)*(C3*C34+C4*C33)

CAB=C12-24*C34

CA1=2.3*C37

C42=2.7*C31

C43=2.7*{C23/3.74C32)

Ca4=2 ,7%(24/3.7233)

C45=2,a* (T17/5.M+C25 /3. HC34)

PETURM

B
C
Cc
C

URROUTTHE I9TG22 (C1,AL,A2,A3,A4,05, A%, 07,258, T1,T2,T3,

l C47,C41,C42,C43,C44,CA5,C45, €47, 043, C49,C50, C51, 052)
C
c

C———=TMTECRATICN OF (1+TTL)(1+7T0) (L+TTD {C1oT**2+211T+212) /{(C17+4C2)

C———-—7EIT C2=A1*SHA2  CLTRASYSHIA  ClI=AS*SHNS AND Cl2=AT*S+A7
IMPLICTT R .L*%(A—i M,0-7)

c

c
Cl13=n3*T1/C1
Cla=n4*71 /C1
C15=(-1.7)*C13*nl /1
ClA={A3*T24AE*P1-C13*N2-T14%A1) /CL
C17={na*T24N6*P1—T14%:0) /C1
C19=(~1.7)*C15*A1/1
C18={-1 My*(C15*A24+215*A2) /C1
C20={R2*DPINE*P AT C1G6*A2-C17*A1) /C1
C21={AA*T3HAG*T2HAL*T1~C17*A2) /C1
C22=(-1.7}y*C19%A]1/C1
£23=(=1,2)* (C1E*p24219%M] ) /C1
Co4A=(=1.M)*{Z19*A24727%2]) /C1
CAE=(AZ4NE*TITHT2-02A* 2021 %81 ) /C1
C26= ALHAGFTIHNT 2721 %82} /71

7={~1.7)*C22%*71 /21

078—( 1.7)*{Ca2*A2+023*A1) /1
C29=(-1.7)*{C23*A2*C34*a1} /C1
CA=(=1. M} (C24*A24C25*%A1) /CL
C31={ASHAT*T3~C25*AD-C25%A1) /C1
C32={AG+AFT3-225*02) /1
C33=(=1.7)*C27*a1
Co3d= ( 1. f\])*(cq‘]**\ﬂ_f_(--)")*‘,\l)
CI5=(-1.0)*(C2a*A2+009%0])
TAG={1 )R {CINEA40ITHN] )
CaAT=(=-1.M)*(C3™*A2+221*N1)
C3C=\T7-C21%20-7272%01
CIN=NT-722%2
Ca4n=, T
C41=".7*C17
CAP=Y I/ )



9]

0

nan

P!

Ca5=2. )*mﬂ.ﬁh\ﬂ LT/, a0
)hﬁlxdd“w\\“a

L L
ca7=034/4
c49=235/C1
£49=2356/C1
C59=237/C1
cs1=C33/c1

C52=239/C1

RETURN
jougi B

SUSRCUTIIE INTG21(Al,A2,A3,C1,C2,C2,74,C5,51,52,52, 0TT31)

Cmmm==THTEGRATION OF {14SSL){(1434) (1458:7) (AL ** 24023402 ) ¥ (CI3* %4402

C

Moo aonNnaononan

0

C

TMPLIZIT REAL*Z(A-~I,M,D0=7)
REAL*S IT21

CC1=21*31
C22=N1*32402%3243*S1
CC3=A1I*S34A2*5 2403731
CCA=A1HAR*S I+ 3*3D
CC5=A2+A3*53

CEM=CY *C24CC0*C]
CE1=CCl*Ca+CC2*C3+ICI*C2HCTA*CL
CER=CC2*CE+TICI*CAH0CA*C3HICS* O3 * ],
CS3=CCa*CoHICI* A3 *C3

CE4=0\3*CS .

TNT21=2, % (50 /2. 4251 /7. 0252 /5. 053 /3. /+CE4 )
RETURN

BD

SURROUTING INTEG32(Al,A2,C1,C2,C3,C4,C5, 06, (L), S0, S01),
1 S1,82,82,T32)

SU3BRCUTTIIE ITNTo4l(Al,r2,A3,C1,C2,C3,C4,C8,C06,D1, 02,02,
1 S(L)<3(11),5(7),=1,<2,83, I1Tn41 )

SURPOUTTE TTZ042(A),A2,C1,02,C3,C4,08,06,07, 01,02, 23,
1 S(LY,s04),801), TTan)

SURROUTIIE I0TZa (41,721,270, I76)

TMILICTT REAL*2(A-TT, M, 0-7)

REmL*} I7G, IT31, ITG2, ITG3

C———-THIS ROUTLE IS TO CALCUEATE ..uwu TNTECRATION CF M*MT*LOG(A)

c

C1A=C1+22

Cl1=21-C2

AI=TLOAT(T)

AP=N1/2.0

AZ=ATTT(R?)
IF(F2.50.02) 50 ™ 1

~ TITTY YT TN AT ey
e TTEE—T Nn.,.la. u.._. HIPERS D e r..t...

T:1=".7

moa_
altl— te

=0+ /0

N 3 P o7

192

S¥AJHCIHGHRDLCARGHOG



1

lad

oI
I7G1=2.7*752/(AY+1.5)

GI={CL** (LI J=Cx* (3141 ) ) S ( (0T ) R1Ax (1141))
ITG2=TC3*DLOG(DARS(CL/C11))
ITG=ITG1+ITG?
o ™10

C———~NIZ N IS BEVIT MIEBER

1773

1

TG1=17.

TC2=3.53 *

RI=012)/2

D0 2 I=1,M1
TG1=(C2/CL)**(2*%1-2)}/(Al4L.0-2,0%*(I-1))
TC2=TG1+7G2

CONTTHUS

ITGl=2.0*TG2/ (Al+1.7)

TG3={CL** (+1 }4C2** (41 )}/ ((A141. ) *CL** (441 ) )
TGA=(CL** (1T+1 )-C2** (N+1) ) /{ (AL+1.3)*C1** (1141 ))

ITGI=TG3*DLOG(DARS (C17))
ITG2=TCA*DLOG(DARS(C11) )
ITG=ITG24ITG3-ITGL
RETURY

=D

ROTTOM
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