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" CHAPTER I
INTRODUCTION

Hydraulic cylinders are the most common actuators in fluid power
systems. In addition to working as fluid power components, they ﬁre re-
quired to function as structural members as well and consequently need
to be designed to meet specified structural requirements. The successful
performance of the hydraulic éy]inder as a load carrying unit is governed
by the necessity that the stresses and deflections produced at any parti-
cular Toad be less than tolerable Timits. Because axial compreésion is
the most prominent load system écting on the hydraulic cylinder, the
possibility of lateral buck]ing must also be examined.

Until recently, certain empirical formulas and numerous simplifying
assumptions were used in hydraulic cylinder design; The assumptions
range from considering the hydraulic cylinder to be a slender circular
column with a radius equal to that of the rod region to assuming the
cylinder to be a stepped column. The buckling loads for these simple
systems were the basis for design. Of late, however, the flexibility at
the interface of the cylinder and the rod due to the presence of the
seals and bearings and the correspondiﬁg reduction in the load carrying
capacity have been consideréd (10). The above analyses were restricted
to axial loads having eccentricity in the plane of the cy]inder self-

weight.



1.1 Objectives of the Study

The primary objective of this work was to extend the method of
analysis developed by Seshasai (10) for planar analysis to permit analy-
sis of fluid power cylinders subjeéted‘to biaxial bending and to include
effects of arbitrary support 16cations and eccentricities. The steps
taken to achieve this objective were:

1. Review previous methods of aﬁa]ysis.

2. Develop a finite element model of the cylinder subjected to bi-
axial bending and to 1nc1gde such effects as the crookedness angle at the
cylinder/rod interface, arbitrary-]ocatﬁon and eccentricity of supports,
arbitrary location and eccentricity of external loads, and influence of
pressurized hollow rods.

3. Develop a computer program to apply the method of analysis.

4. Verify the method of éna]ysis by comparing the results with pré-
vious analytical and experimental investigations.

5. Illustrate the application of the method to cylinders for which

no previous analysis was available.



CHAPTER 11
LITERATURE REVIEW

Early investigation (1) of hydraulic cylinders was based on the
assumptions that the cylinder would always fail by buckling of the rod
and that the cylinder portion is infinitely stiff. These assumptions
were based on the'misconception that the cylinder portion would behave
as a pressurized pipe closed at both ends; hence the internal pressure
would produce a stabilizing axial tensile force in the cylinder and pre-
vent it from buckling.

However, in hydraulic cylinders the Toad is transferred to the fluid
directly through the sliding connection‘and no axial force is present in
the walls of the cy]inder.. Under the effect of the internal fluid pres-
sure the cylinder acts as a fluid-filled column and is susceptible to
buckling (2) (3). Thé formulation of a differential eauation governing
the elastic response of stepped columns was formulated by investigators
(4) (5) (6) (7).

The hydraulic cylinder canvbe considered as a stepped column only
for buckling analysis. The stepped column analysis cannot be used to
determine stress failure of the cylinder, since the stress distribution
in the stepped column and hydfau]ic cylinder differ in the cylinder por-
tion. Because of the internal fluid pressure, the cylinder portion is
subjected to hdop stresses which are absent in stepped columns. For

buckling anaT}sis, the internal pressure in the cylinder can be replaced



by an axial ldaa on the Wal]s of the cylinder equal to pressure times
the cross-sectional area of the bore, and the bending moment distribu-
tion for the stepped column will be the same as for the pressurized
cylinder.

The presence of compressible seals and bearings at the interface
renders the hydraulic cylinder more flexible than the stepped column.
Under the effect of the axial load, the cylinder deflects and lateral
forces perpendicular to the axis of the cylinder act on the béarings and
seals. These forces transfer moménts across the interfacé and develop a
crookedness angle between the cylinder and the rod (Figuré 1). The
crookedness angle interacts wfth the axial load to increase the deflec-
tions, moments, and stresses (8) and hence reduces the load carrying
capacity of the cylinder. |

Several 1nvestigators have attempted to account for the crookedness
angle effect by: introducing a small eccentricity in the axial load (1);
assuming a constant crookedness angle (9); or calculating the crooked-
ness angle from an empirical formula (3). In a more rigorous and com-
plete analysis (8), the bearings and seals were modeled as Tinear springs
and a moment-crookedness angle relationship was developed. An iterative
procedure was used to account for the crookedness ané]e effect.

Although the more compTete procedure (10) for dealing with the
crookedness angle effect permits consideration of a wide variety of load-
ing and support conditions, it is restricted to loading and support eccen-

tricities only in the plane of the cylinder self-weight.
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Figure 1. Crookedness Angle
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CHAPTER III
METHOD OF ANALYSIS

In order to define a methbd sufficiently general to handle a wide
variety of parameters, it is necessary to represent the hydraulic cylin-
der by a model which has geometric and response characteristics as close
to the original structuré as possible.

In the present study the model is composed of space frame elements,
each having eight degrees of freedom. The physical propefties of these
elements correspond to the particular region of the hydraulic cylinder
they represent. The crookedness angle is taken into account by introduc-
ing a fictitious rotary spring at the junction of the rod and the cylin-
der.

In conventional finite element analysis, the displacement character-
istics. are assumed énd the accuracy of the solution improves with a reduc-
tion in element size. However, in the ﬁresent study, because the force-
displacement characteristics are derived from the differential equations
governing the bending of beams subjected to axial and lateral loads, the
minimum number of elements necessary to represent the geometry of the

hydraulic cylinder gives an accurate solution.
3.1 Assumptions

The assumptions used in the development of the analysis are as

follows.



1. A1l materials are linearly elastic, isotropic, and homogeneous.

2. Def]ections are small compared to the length of the cylinder.

3. The axes of the cylinder and the rod are co-linear before load-
ing.

4. The rod is fully extended but the piston is not in contact with
the stuffihg box.

5. The length of the stuffing box 1is smé]] compared to the length
of the cylinder. |

6. The rod and cylinder portions comprising the interface remain
straight.

7. The bearings and seals at the sliding connection can be replaced
by piecewise linear springs.

8. There is no axial force transfer through friction in either the
piston head or the stuffing box bearings. |

9. Cylinder supports can be anywhere along the length of the cylin-
der. However, the sliding connection must be between the cylinder and
the rod supports.

10. The system is not subjected to torsion.
3.2 Factors Affecting the Failure

Failure of a hydraulic cylinder is assumed to occur when the stress
at any point along the hydraulic cylinder exceeds a prescribed limit.
The following factors affect the load carrying capacity of the hydraulic
cylinder.

In hydraulic cylinders axial compfession is the most predominant
]oad system. In the cylinder portion it results in hoop stresses due to

the fluid pressure, and in the rod portion it produces compressive



stresses (and hobp stresseé in pressurized rods). Due to the jnteraction
of the axial load with deflections, longitudinal bending stresses are
produced both in‘ihe rod and in the cy]indér. |

The crookedness angle reduces the stiffness at the interface and in-
creases the deflections, moments, and stresses, and hence reduces the load
carrying capacity of the cylinder. |

Stop-tubes are proQided in hydraulic cylinders to increase the lever
arm of the moment carried by the sliding connection and to reduce the
contact forces. A stop-tube reduces the crookedness angle and increases
the load carrying capacity.

Eccentricities of applied loads or supports and the effect of self-
weight cause additional bending moments and stresses.

The cylinder support typé, location, and the number of supports
determine fhe effective length of the hydrau]ic‘cylinder and, hence, the
load carrying capacity. Friction moments in the pin supports also affect
the bending moment at any section along the length of thé cylinder. Fric-
tion moments may have éither a stabilizing or a destabilizing effect on

the cylinder, depending upon the direction of rotation of the pins.
3.3 Analytical Model

The éssumptions discuséed above permit the hydraulic cylinder to be
modeled as shown in Figure 2(a). Point C is the location at which the
cylinder and the rod axis intersect'whén the cy]indek is in a deflected
posiﬁion. The portion of the system to the left of C is consideréd to
possess the characteristics of the cylinder portion and that to the right

is treated as a part of the rod. The self-weight is assumed to act in
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the negative Y direction. The bearings and seals in the gfand region are
modeled as 1inearAsprings as described in Referepce (10).

' The supports at the end of the cylinder can either be pinned (permit
free rotation about the Y or Z axes) or fixed. For illustrative purposes
only two supports have been shown in Figure 2(a). HoWever, any number of
supports can be included ih the analysis. |

The finite element model shown in Figure Z(P) represents the cylin-
der shown in Figure 2(;). The cylinder and the rod are treated as one-

dimensional space frame elements. The effect of the crookedness angle is

taken into account by introducing a rotary spring at point C.
3.4 Method of Analysis

The present study includes the analysis of hydraulic cylinders sub-
jected to axial loads acting at arbitrary eccentricities, as shown in
Figure 3(a). For the purposes of analysis the eccentric load is replaced
by an equivalent system of axial load P and momgnts Mry’ Mrz’ M., and

cy
M _, as shown in Figure 3(b).

cz

As discussed earlier, the model of the hydraulic cylinder is a
steﬁped beam-column composed of space‘fkame-e]ements with a flexible
joint at the sliding connection. Each node of the model has four degrees
of freedom, restraint conditions, énd forces. The sliding connectionrof
the hydraulic cylinder is modeled as a combination of a cylinder element
and a rod element separated by a fictitious rotary spring.

‘To begin the solution procedure, an initial value of the crookedness
angle is estimated. In the case of nonvertical cylinders the initial

crookedness angle is due to the self-weight moments, and in vertical cyl-

inders an initial value is assumed. The crookedness angle so determined
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(a) Original System of Forces

(b) Equivalent System of Forces

L1

Figure 3. Equivalent Force System
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may be in an arbitrary bending plane and js resolved into components
about the Y and Z axes. The crookedness éng]e produces additional forces
at the gland and, hence, additional deflection. Consequently, due: to the
interaction of the axial load with the deflection, the moment distribu-
tion along the hydrau]ic cylinder length and the moment acting at the
gland are changed. Thé moments at the gland so Fa]cu]ated'wi1] be about
reference axes Y and Z. These moments are added{vectoria]Ty to determiﬁe
the interface moment in the bending plane and a new.estimate of the re-
sultant crookedness angle is calculated. The process is continued until
values of the crookedness angle, obtained from éuccessive iterations,
agree to a prescribed tolerance.

After a constant value of the crookedness angle is obtained from
successive iterations, the maximum streéses and deflections in the cylin-
der and the rod are calculated and compared with prescribed limiting
values. If the calculated stresses are below tﬁe 1imiting values, the
axial load is incremented until 1imiting conditions are reached.

Thus the process involves a dual iterative approach to calculate a
constant value of croakedness angle for a particular axial load and to
find the value of the axial Toad at which the stresses and deflections

are very close to the tolerable Timits.
3.5 Element Stiffness Matrix

The model of the cylinder is an assemblage of space frame é]ements
and conventional matrix analysis techniques are applied to determine the
displacements and forces in the model.

Figure 4(a) shows the forces acting on a sjng]e element of the

structure. Vy and Vz are shear forces in the Y and Z directionsn My
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and M, are moments about the Y and Z axes, respectively. Figure 4(b)
shows the displacements v and w in the Y, Z directions, along with the
rotations p and 8 about the Y and Z axes, respectively. The subscripts
in the figure correspond to the node numbers and the superscripts corre-
spond to the element numbers. The force-displacement relation for an

element is given by
R o= kTt o+ (rEmy] (3.1)

where

{F}
{u}
{K}
{FEM}

nodal force matrix;

nodal displacement matrix;

stiffness matrix; and

fixed end moments.

and

vt
i

(F' = —mm e ‘ (3.2a)
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TR (3.2b)
1
Vj+-I
i
Dj+]
;
Wj+]
.i

The derivation of the stiffness matrix for the frame element taking
the axial Toad into consideration is shown in Appendix A. Equation (3.1)

is expressed in matrix form as shoWn in Figure 5 (Equation (3.4)), where

E = modulus of elasticity of element i;
L = Tength of the element;

I = moment of inertia of the element;

q = self-weight/unit length; and

P = axﬁa] load on the member.

The stiffness coefficients are in ferms of R, S, T, and C, where

R = L k(14 0]
L
2
T= %5—31— [2k(1+¢C) - & (3.3)
s = k(*Eh

which are in terms of
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3.6 Constraint Equations at the Gland

A simp]é finite element model of the hydraulic cylinder is shown in
Figure 6. Elements 1 and_4 represent the cylinder and the rod, respec-
tively, and elements 2 and 3 together constitute the gland. The point C
(joint 3) corresponds to the location at which the cylinder and the rod
axes intersect. Elements 2 and 3 are assumed to be parts of the cylinder
and the rod, respectively, and have corresponding stiffness properties.

The purpose of developing the constraint equation is to incorporate
the effect of the crookedness angle at the gland. The forces acting at
the gland are shown in Figure 7. Displacements v, p, w, 8 correspond to
fdrces Vy, My, Vz’ and Mz, respectively. Superscripts on the forces and
displacements in Figures 6 and 7 correspond to element numbers and sub-
scripts correspond to node numbers.

At C, due to the crookedness angle there is a discontinuity of rota-

tion between the cylinder and the rod. In other words, at C the relation-

ships between the displacement of nodes 2 and 3 are
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Figure 6. Finite Element Model of the Hydraulic Cylinder

Node Nos. 1 2




(V)5 (V)5 (v )3 2'4

(a) Free Body Diagram of Element (b) Free Boay Diaaram of Element

~

No. 2 No. 3

/R(M 2 (Vy)3 TY (My)g

3 ,
v \I}‘(”y):s v

P—>3 / 3re—7P
‘ 3
7<(vz)§ )4'(|~«y>73<:<v2>3
(V,)3- 13
()5 2’3 M,)3

(c) Free Body Diagram of Joint 3

Figure 7. Forces Acting at the Gland

6L



20

2 _ 3
03 p3 pC

2 _ 3

33 = 33 - BC

(3.5)

V2 - V3

3 3

2 _ .3
W3 = Vs

where Pe and B are components of the crookedness angle about the Y and
Z axes, respectively.

From Figure 7, equilibrium of joint 3 can be expressed as

(V)5 + (V)3 = (V,);

M5+ ()3 = () |
(3.6)

' 2 3

(V)% + (v,)F = (V)
2 3

M)5+ )3 = )y

The stiffness matrix for an element a can be partitioned as

C Ta a]
e i Nij
K =
K3, K@
Jji i

where i and j are the left and right node numbers of element a. For
elements 2 and 3, the force-displacement relationship can be expressed

as

2 2 27 [.2
Kop Koz | [Ua] |F
: . = (3.7)
2 2 | b2l {2 |
K32 K33 | Y3] |F3
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3 37 137 T.3
K33 K3q| |Y3]| |F3| -
= (3.8)
3 3 3 |3 ‘
Kas Kaa | |Ya| |Fa

where {U} and {F} are the displacements and the forces, respectively, at

the nodes. A combination of Equations (3.6), (3.7), and (3.8) results in

2 2 2. 2. 3.3 .3 3

K3pUp + K3gly + K3gUs + KypUy = Fy (3.9)
3.3 3.3 |

KygUs * Kgals = Fy (3.10)

Application of the slope compatibility relations (Equation (3.5)) allows

‘the joint equilibrium conditions (Equations (3.9) and (3.10)) to be ex-

pressed as
_ co - -
2 2 3 ‘
Vs V3. V2 (Vy)3 0
2 2 3
(3ol | |*TkeatKaad) ) [FEKged | ) - [K33]
Wo , W3 Wy (VZ)3 0
2 2 3
| P2 | Rl | Fa ] _(MZ)QJ el
(3.11)
. T [ . - I r_ 7
2 3
V3 Va (Vy)4 0
2 3
5 Py 5 H (My)4 5 Pe
»[K43] +[K44] = -[K43] (3.12)
W’ w3 (v.) 0
3 4 z’4
BS By M)y Be
L L J L L
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A1l displacements at joint 3 are expressed in terms of the displacement
of element 2, i.e., {U}g.
Denoting the crookedness angle matrix as {C}, the constraint equa-

tions at the gland, Equations (3.11) and (3.12) can be expressed as

2 2 3 3 _ 2 »
[K3,1{Up} + [Kg, + K3aJ{Ug} + [K5,1{U,Y = {F}; - [K3514C}
(3.13)
[K3 T{u,} + [K3 1{U,} = {F} -‘[K3 1{cy (3.14)
4341Y3 44174 4 43 ¥

where the displacements {U}], {U}z, and {U}3 are the nodal displacements.
The overall force-deformation relationship for the entire model is shown

in Figure 8 (Equation (3.15)).
3.7 Determination of the Crookedness Angle

As discussed earlier, the crookedness angle reduces the load carry-
ing capacity\of the hydraulic cylinder and, hence, it is necessary to
understand tﬁe moment-crookedness angle relationship at the sliding con-
nection. In the present study the crookedness angle relationship is
based on the method followed by Seshasai (10).

The crookedness angle is a function of the material properties of
the bearings and seals and the geometry of the interface. As the cylin-
der deflects, the moment at the gland as well as the lateral forces
vacting on the bearings and seals increase. Because of the lateral
forces, the seals and bearings are compressed and a crookedness angle
develops at the sliding connection.

With an increase in the gland moment, a contact point may occur
either at the front edge of the piston head or at the outside edge of the

stuffing box, at which time the relationship between the moment and the
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crookedness angle changes. The contact point introduces a kinematic con-
straint and a lateral force is developed at the point of contact. The
occurrence of the contact point is dependent upon clearances between the
piston head and the cylinder wall, and between the stuffing box and the
rod as well as the lengths of the piston head, the stuffing box, and the
s1liding conneétion.

With an increase in the load, the moment at the gland increases and
a second contact point may occur. The crookedness ang1e becomes constant
after the occurrence of two contact points. Depending upon the configur-
ation of the sliding connection, pairs of contéct points may occur in
three different ﬁombinations, such as the outside and inside edges of the
stuffing box, the front edge of the piston head and the stuffing box, or
the front and back edges of the piston. The relationship between the
moment and the crookedness as derived in Reference (10) is given in Appen-

dix B.
3.8 Stress Calculation

Failure in hydrauTic cylinders can occur due to excessive axial
stress, excessive hoop stresses, a combination of axial, bending, and
hoop stresses resulting in excessive shear stresses, or excessive lateral
deflections.

The critical load of a hydraulic cylinder is reached whén the stress
at any point reaches a prescribed limit. The stresses to be compared
with the 1imit values are: |

1. Maximum hoop stress in the cylinder (and in the rod for pres-
surized rods).

i
2. The shear stress at the point of maximum bending moment.
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3. The longitudinal stress due to the combination of the axial load
and bending moments at the extreme fibers at the point of maximum bending
moment.

The methods for calculating the stresses are described in the following

sections.

3.8.1 Axial Stresses

Axial stresses in a hydraulic cylinder are due to the axial loading
of the system and are parallel to the axis of the cylinder. Because of
the presence of the sliding connection, axial stresses are not present
in the cylinder poktion of the hydraulic cylinder. The axial stress in

the rod portion is compressive and is given as follows.

Solid rod:
_ 4P
Taxial = _ 2 (3.16)
md
ro
Hollow rod without fluid pressure:
_ 4p | ,
%axial w(dz R d2 ) , (3.17)
ro ri
Hollow rod with fluid pressure:
P(d?. - d2.)
o =Sl 1 (3.18)
axial (d2 _ 42 ) )
ro ri
‘where
dro = outer diameter of the rod;
dri = inner diameter of the rod; and
d . = inner diameter of the cylinder.

ci
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3.8.2 Bending Stresses

The bending stress at any point along the length of the cylinder is

given by

_Mr
%bending - I (3.19)

where M is the resultant bending moment at any cross section, r is the
radial distance from the centroidal axis at which the bending stress is

required, and I is the moment of inertia of the cross section.

3.8.3 Hoop Stresses

Hoop stresses vary from a maximum at the inner surface of the tube
to a minimum at the outer surface. At the inner surface the hoop stress

is

————% (3.20)
1

5 ‘ (3.21)

where p is the fluid pressure.

3.8.4 Shear Stresses

The longitudinal stresses (bending and axial stresses) and the hoop
stress act in mutually perpendicular directions and are principal

stresses. Hence the maximum shear stress at any point is given by
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o} + 0. + 0 .
_ hoop = “axial bending
Ushear - 2 (3.22)

with appropriate signs.



CHAPTER 1V
COMPUTER PROGRAM

The method of analysis described in the preceding chapters has been
programmed in the FORTRAN 1anguage for solution on the IBM 370 computer.
Only minor changes may be necessary to execute the program on other types
of computers having the FORTRAN compiler.

The program listed in Appendix D permits a maximum of only seven
elements in the finite element model. However, the dimensions. in the
driver routine may be increased to‘permit ané]ysis of a model with any
number of elements, limited only by the size of.the computing system.
DetaiTed input information is also presented in Appendix D.

The program, named SACFI, has the following optioﬁs.

1. Determination of the critical load and anajysis for a certain
factored load. The factor of safety may be either applied to the stress
or to the load.

2. Analysis for a particular fluid pressure.

3. Analysis to determine the required 1ength of a stop-tube.

The computer program has a driver routine and 18 subroutines. Double
precision arithmetic is used in the program execution. A summary flow

diagram is presented in Figure 9.

28
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Read problem identificationfe

N Yes

Is prob]em name blank? >

Print problem identification

b

STOP

"Error in problem data?J)—_~X§§n_€>Print error

Print prob1emidatqj

Generate nodes and nodal coordinates
using SELF or AUTO options

Distribute material properties,
eccentricities, and restraint
conditions

Calculate constant quantities
used in the calculation

y

Calculate trial load and
trial load 1increments

Initialize crookedness angle 6 and its
components along XY-XZ planes

Figure 9. Flow Chart for Program SACFI




- w—n ema e we—e e am emen G e e e e -

- - w e e e w——— e mem e e = wm e

30

Initialize iterative control
INDEX = 1

N

Initialize load increment keys
KEYT = 1 KEYP = 1

Initialize KEYT = 1, KWIT = 1

Initialize KITERAT
KITERAT = 1 for first iteration
KITERAT = 2 for iterations in-

volving o

Form the stiffness matrix
for individual elements

Form the right-hand side
1 for self-weight effects only
2 for effects due to crooked-
ness angle

KITER
KITER

i n

“|Form overall stiffness matrix
and nodal force matrix

N

Solve simultaneous equations to
calculate unknown displacements

Calculate gland moments and moment
in the bending plane

Calculate crookedness angle
and its components

Calculate new coordinated step point C

Figure 9. (Continued)
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Is o converging? p—C—s{ INDEX = INDEX +1

Print [f€S ; No
ossage < Is INDEX > 252 >

-

Yes
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No
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Calculate nodal forces

N

Locate point'of maximum
bending moment

Calculate longitudinal, hoop,
and shear stresses
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tolerable Timits?

Is pressure > input pressure? >1§§e4Print errorJ

©

Figure 9. (Continued)
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to input pressure

KEYST = 2

Print results

N
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critical load

Factored Load = factor of safety
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— — — —~{Limiting stress = 1imiting stress
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Figure 9. (Continued)
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4.1 Subprogram Operation

4.1.1 DRIVER

The DRIVER routine sets up the maximum storage, maximum dimensions,
and number of elements permitted in the program. It calls subroutine

SACFI to perform the analysis of the hydraulic cylinder.

4.1.2 SACFI

SACFI 1is the executive subroutine for the complete program. This
subroutine sets up all iterative control keys and calls other subroutines

to perform the required operations.

4.1.3 INECHO

Subroutjne iNECHO reads and echoprints aT] input data. The subrou-
tine checks the input data at several stages for proper input and if any
error in the input is encountered durihg the execution, the program ter-
minates and prints an error message. Two options, AUTO and SELF, aid in
generating node numbers and coordinates. The AUTO option generates node
numbers automatically and in the SELF option node numbers and coordinates
are supplied as input data. The SELF option is useful wheh it is neces-
sary to have a refined mesh in certain regions of the hydraulic cylinder.
In general, required data input are the dimensions of the cylinder parts,
support conditions, loading eccentricities, friction coefficients at the

supports, and self-weights of .the various parts of the cylinder.
4.1.4 DIST

Subroutine DIST generates the nodal data, depending on the options
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used in INECHO. It also distributes the material properties and elastic

restraints at the supports.

4.1.5 CONST

Subroutine CONST calculates constant quantities used in the calcula-
tion, such as the stiffnesses of bearings and seals, cross-section prop-

erties of the cylinder, friction moments, and hoop stress coefficients.

4.1.6  TRIALP

TRIALP calculates the initial load and load increments necessary
for the iterative brocess. The trial load is the smaller of the buckling
load obtained by considering the stiffness of the whole cylinder to be
that of thé rod and the lbad that caUses the cylinder to fail by hoop
stress. In the case of hollow pressurized rods, the load causing hoop
stress failure in the rod region is also considered in the above compari-

son.

4.1.7 EQSTIF

EQSTIF assembles the overall stiffness matrix, fhe matrix of nodal
forces, and impéses any specified displacements at the nodes by calling
the subroutine MOD. For successive‘iterations in calculating the crook-
edness angle, subroutine EQSTIF formulates the constrainf equations at
the g]énd. The function of the subroutine is to assemble the overa]]

stiffness matrix and nodal force matrix as in Equation (3.15).

4.1.8 STIFF

Subroutine STIFF generates the stiffness matrix for each element -

and calculates nodal forces due to the self-weight.
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4.1.9 MOD

Subroutine MOD modifies the overall stiffness matrix to impose any

specified nodal displacements.

4.1.10 MULT

Subroutine MULT performs multiplication of two matrices.

4.1.11 BANSOL

Subroutine BANSOL solves the system of simultaneous equations (Equa-
tion (3.15)) for the unknown displacements {U}. Gauss elimination is

used for solution of the simultaneous equations.

4.1.12 THETA

Subroutine THETA calculates the crookedness angle at the gland for
any particular value of the gland moment. This subroutine calculates
the forces acting on the bearings by calling GFORCE. Subroutine THETA
also locates the position of the step point C (Figure 6) for any parti-

cular value of the crookedness angle.

4.1.13 GFORCE

Subroutine GFORCE calculates the forces on the seals and bearings

for a particular value of the crookedness angle.

4.1.14 GLAFOR

Subroutine GLAFOR calculates the value of gland moment for a parti-
cular value of the crookedness angle. This value of the gland moment is

in turn used to calculate a new value of the crookedness angle.
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4.1.15 FORCES -

Subroutine FORCES calculates the nodai forces in the finite element

model.

4.1.16 STOPTB

Subroutine STOPTB determines the required length of a stop-tube by
incrementing the Tength of the stop-tube and checking the crookedness
angle and lateral forces on the bearings and seals against the limiting

values.

4.1.17 MAXMOM

Subroutine MAXMOM determines the locations in the cylinder and the

rod at which the bending moment is maximum.

4.1.18 STRESS

Subroutine STRESS calculates the maximum 1ongitud1na1.stress,’maxi-
mum hoop stress, and maximum shear stress, and compares them with the
Timiting values. It then makes any necessary change in the trial load

using the trial load increments.

4.1.19 OUTPUT

Subroutine OUTPUT prints all results necessary in the design of
hydraulic cylinders, such as the maximum load carrying capacity, type of
failure, magnitude of stresses, and factors of safety existing for these
stresses, magnitudes of the forces on the bearings and seals, crookedness

angle, and magnitude of deflections.
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4.2 Example Problems

In order to verify the accuracy of the method of analysis and to
demonstrate the use of the computer program, several problems have been

solved and results have been compared with other investigations.

4.2.1 Problem SACFI1

SACFIT is an‘example problém for the analysis of hydraulic cylinders
under the following loading conditions and analysis options.

1. -Vertical hydraulic cylinder (no self-weight), pinned at both
ends, and no eccentricity.

2. Horizontal cylinder, no eccentricity.

3. Horizontal cylinder, eccentricity on the rod side = +0.5 inches
(along the Y axis).

-0.5 inches

4. Horizontal cylinder, eccentricity on the rod side

(along the Y axis).

5. Analysis for given operating pressure = 2 ksi.
6. Analysis to determine stop-tube length. |
The details of the cylinder considered in the example are shown in
Table I (Appendix C).
The above problems were solved using SACREG (10) and the results
are summarized in Figure 10. There is a slight difference in the ulti-
mate load in cases where the self-weight is acting because of differences

in assumptions regarding the self-weight distribution at the gland.

4.2.2 - Comparison of Results With

Experimenta] Investigatioh

In the following section of this study the analytical procedure
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Critical fluid pressure = 3 ksi
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developed herein is compared with the experimental response of hydraulic
cylinders (11). The earlier work was primarily directed toward assess-

ing the accuracy of the model of the rod/cylinder interfact in predict-

ing the actual behavior of the real system. The effort involved was:

1. Subjectiné fluid power cylinders to controlled loading situa-
tions and measuring the response of each cylinder. All cylinders were
loaded Taterally by applying equal loads equidistaht from the supports.
A direct reading dial indicator was used to measure the deflection of
the system at the interface. Values of 10ad and interface deflections
wére recorded simultaneously for each increment of load. The maximum
lateral load applied to each cylinder produced the same bending moment
at the 1nterface’as that predicted by the computer program for ultimate
axial Toad. |

2. Performing analyses of these cylinders with

a. The computer program described in Reference (10) using
dimensional and material properties furnished by the
manufacturer.

b. Ana]yzing the hydraulic cylinder as a continuous beam,
assuming that crookedness angle at the gland is absent.

3. Comparing experimental results, analytical results including
the effect of the crookedness angle (10), and the results, assuming the
rod/cylinder interfaceé to be continuous.

In this section the analytical procedure followed in the present study
is also included in the above comparisons. -

The cyTlinders which Qere investigated are described in Appendix C

(Tables I through VIII). In all cases the cylinders were regular, single
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stage units. The manufacturer's drawings and specificatiohs were used
in determining the va]ues‘oprarameters used in the analysis.

Experimehta] and analytical results are presented in Figures 11
through 18. In these graphs bending moments have normalized by dividing
the maximum applied moment. Deflections have been normalized by divid-
ing by the measured deflection at maximum applied moment.

As the crookedness angle effect is not present in the continuous
beam analysis, the predicted def]ections are lower than those measured
and provide an upper bound on thebmoment-def1ection‘relationship. For
most of the cases the results of the analytical procedure SACREG (10)
and the present analysis are very close and provide a lower bound on the
experimental result. The present study gives a conservative estimate of

the load carrying éapacity of the cylinder.

4.2.3 Effect of Eccentricity on the

Critical Load

Axial Tload eccentricity in a hydraulic cylinder reduces its load
carrying capacity. In actual practice the eccentric load can be in or
out of the/plane of self-weights. In the case of eccentric loads acting
in an arbitrary plane, not along the plane of self-weights, the eccen-
tricity must be resolved into components along and perpendicuiar to the
direction of self-weight (along the Y and Z axes). The computer program
SACFI may be used to analyze cylinders in which the ecéentricity may or
may not be along the'p1ane_of self-weight. |

To verify the procedure followed herein, the axial load was applied
at the rod end of a vertical cylinder. The eccentricity was kept con-

stant for all cases. As the self-weights are absent in a vertical
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cylinder, an accurate solution necessitates that the critical load be

the same for all cases. The details of the cylinder used in the example

are given in Table I, and an eccentricity of one inch at the rod end was

applied at differeht combinations of eccentricities in the Y and Z‘difec—
tions.. In all cases the critical load was found to be 17.05 kips.

Prob1ém SACFI2 illustrates the application of the computer program
to brob]ems with eccentricities ih arbitrary directions and also shows
the effect of the eccentricity on the load carrying capacity of the
cylinder.

A hydraulic cylinder, OSU No. I (Table I, Appendix C) is analyzed .
in a horizontal position with pin supports at both ends. The axial Toad
P is assumed to act at an eccentricity ey along a rédia] diréction, as
shown in Figure 19. ey and e are the eccentricities in the Y and Z

directions, ?espective]y. The position of the axial load is defined by

152
e
y

¢ = tan

where ¢ is measured froh the positive Y axis. For the cylinder under
consideration, an eccentricity of one inch was applied at the rod end at
different vaTues of ¢. Thé results are tabulated in Figure 20.

The tabulation listed in Figure 20 indicates that positive axial.
load eccentricities (0< ¢ <90) reduce the ultimate load carrying capacity
of the cylinder. For these eccentricities tﬁe moments dQe to the self--
weight and the eccentricity are additive. For'axia] Toads applied with
negative eccentricity (90 < ¢ < 180), the effect of the self-weight is
opposite to that of the eccentric loading and, hence, there is a corre-

sponding slight increase in the critical load.
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Fiaure 19. Hydraulic Cylinder Subjected to an Axial Load
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Eccentricity Eccentricity Critical
Along Y Axis Along Z Axis Load
(in.) (in.) ¢ (kips)
1.0000 0.0000 0° 15.13
0.7071 0.7071 45° 15.60
0.0000 1.0000 90° 16.80
-0.7071 0.7071 135° 18.07
-1.0000 0.0000 180° 18.35

Figure 20. Tabulation of Critical Load at
Various Positions of the
Eccentric Load
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4.2.4 Analysis of Vertical Lift Cylinders

To illustrate the generality of the method, the 10ad carrying capa-
city of a vertical Tift cy]ihder is determined in this example prob1em.
A 1ift cylinder (Figure 21(a)) is a regular cylinder with a chain anchor
welded to the cylinder port. The 1ift chains hook to the chaiﬁ anchors
at one end and pass over the pulley supported at the rod end and carry
the carriage assembly at the other end.

When a load P is 1ifted by the carriage assembly, an axial force 2P
results in the cylinder and a tension P is produced in the chain. The
force P in the chain is tr;nsferred to the cylinder at the chain anchor.
This force P can be replaced by an axial force P and a moment Pd, as
shown in Figure 21(b).

The éna]ysis was performed using OSU Cylinder I (Téb]e I, Appendix
C) and the distance between the.chain anchor and the cylinder axis was
taken as five inches. The load carrying capacity for the cylinder was
found to be 10.5 kips. The input data for problem SACFI3 are shown in
Appendix D.

4.2.5 Example Problem SACFI4

Example problem SACFI4 illustrates all the options and wide range
of possible variations in the input data in program SACFI. The input

data Tisting is included with the results 1nbAppendix D.
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CHAPTER V
SUMMARY AND RECOMMENDATIONS

The method ofvanalysis presented here replaces the‘origina1 struc-
ture by a model composed.of discrete space frame elements. This results
in a solution app]icab]e.for a more general system of loading and bound-
~ary conditions than was available from previous analyses. Because the
force-displacement characteristics of the individual elements are based
on the closed form solution governing the bending of beams under the
effect of axial and lateral loads, the minimum number of elements neces-
sary to represent the hydraulic cylinder geometry given an accurate solu?
tion. |

The analysis takes into account the crookedness angle at the sliding
connection, eccentricity of loading at any point along the cylinder in
any arbitrary direction, self-weight of .the system, and presence of any
external moment anywhere along the cylinder. The ana]ysis is applicable
to a wide'range of variations, such as hollow and solid rods, with or
without fluid pressure, or any number and combination of simple and fixed
supports.

Computer program SACFI incorporates the method of analysis,and solu-
tions obtained usfng the program have compared satisfactorily with known
analytical so]utiéné and experimental results. The program has the

following options:

54
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1. Determination of the critical load and analysis for a certain
factored load. »

2. Analysis for a particular fluid ﬁressure.

3. Ana]ysis to determine the required length of the stop-tube.
Future extensions and improvements should be directed toward:

1. Experimental investigation of the hydraulic cylinder to deter-
mine the ultimate load carrying capacity and to compare experimental re-
sults with the theoretical analysis.

2. Development of the biaxial bending analysis of tie rod and tele-
scopic cylinders using the finite element analysis.

.3. Development of design charts and graphs.
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Each individual element considered in the analysis of hydraulic

cylinders has eight degrees of freedom, as shown in Figure 6.

displacement relation for a typical element is derived below.

The force-

A beam element of length L, subjected to an axial load P, and loaded

by its self-weight in the negative Y direction is shown in Figure 22. v

and g are the translation and rotation displacements, respectively.

The differential equation expressing the bending of beams under

axial and lateral loads is given by

IV

EIv:' + Pv" = -q
where
E = Young's modulus of the material;
I = moment of inertia of the cross section; and
q = self-weight per unit length.

Equation (A.1) can be written as

2
L EI
where
2 _ PL2
¢ ___I_.

The general solution of Equation (A.2) is

2.2
v = Asin Q‘.-[- Bcos %.{- C_X+ D _M
L L L 2¢2EI

(A.1)

(A.2)

(A.3)

The boundary conditions which are to be enforced on the solution are

,at x = 0: v-= Vi

1
—
<

il

at x v

i+]
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Fiqure 22. Force System Acting on a Plane Frame
Element in the XY Plane
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I
o
<

1}

at x B.

j

(A.4)

i
—
<

1}

at x B

i+1
Equation (A.4) results in values for constants as given in Equation
(A.5), Figure 23.

Shear forces and moments at ends A and B in the element can be ex-

pressed in terms of deflection v as

(Mz)i = -EIV%

(Mz),,q = EIV¥,, .6)
(Vy)i = EI[v'" - Pv']

(Vy)i+1 = -EI[v"' - Pv']

Combination of Equations (A.5) and (A.6) yields the force-displacement
relationship for effects in the XY plane, as shown in Equation}(A.7),
Figure 24. | |

Equation (A.7) can bé written as shown in Equation (A.8), Figure 25.

The same element subjected to effects in the XZ p1éne is shown in
Figuré 26. w and p are the translation and rotation displacements. Be-
cause it is assumed that the self-weight acts along the negative Y direc-
tion, the moments due to the self-weight are absent.

Application of‘the.procedure.outlined above allows the force-
deformation relationship for this case to be expressed as shown in Equa-
tion (A.9). Equations,(A.é),and (A.9) can be combined to express the
force-deformation relationship for the three-dimensional system as in

Equation (3.3), Figure 5.
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General Discussion of the Crookedness Angle

The effect of the crookedness angle at the sliding connection is
included in the present study. The relationship between the moment and
crookedness angle as formulated by Seshasai (10)* is reproduced here.

The sliding connection at the rod-cylinder interface in a fluid
power cy]indef introduces an angular deflection at the interface due to
the presence of seals and bearings. This angular deflection increases
with increasing applied load.

Two types of seals commonly used in hydraulic cylinders are dynamic
and static seals. Dynamic seals prevent the hydraulic fluid from pene-
trating between fwo cylinder parts, which translate with respect to one
another. Piston seals and rod seals are examp]eé of dynamic seals.
Static seals are used at many points between fwo static surfaces; for
example, cylinder and end cap or cylinder and head. Rod bearings are
provided to give adequate support and rigidity for the rod. Some common
seal materials are nitrile, butyl, ethylene propylene, neoprene, polyure-
thane, silicone, and tetra fluro ethy1ene. The bearing materials are ,
in general, bronze, cast iron, and steel. These seals and bearings are
modeled as Tinear springs in the present analysis.

As the cylinder deflections increase with loading, the lateral load
on the bearings and seals increases. Due to the Cthression of the bear-
ings,va crookedness angle deve]pps at the 1hterfacé. As explained ear-

lier, the relationship between the moment and the crookedness angle is

v*K. L. Seshasai, "Stress and Deflection Analysis of Regular, Tele-
scoping and Tie Rod Cylinders," unpublished Ph.D. thesis, Oklahoma State
University, December, 1976.
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linear until the occurrence of the first contact point. The contact
point may occur either'between'thé rims of the piston head and the cylin-
der wall or between the stuffing box and the rod. The contact point
introduces a kinematic restraint and a lateral force develops at the
point of contact.. Further increase in the crookedness angle terminates
when two kinematic constraints develop due to the occurrence of two con-
tact points.

The moment-crookedness angle relationships derived in the following
sections apply to the case in which a kinematic constraint is absent and
for the following five cases of contact.

1. Contact at the piston head front edge.

2. Contact at the stuffing box outside edge.

3. Contact at piston head edges.

4. Contact at stuffing box edges.

5. Contact at the piston head front and stuffing box outside edges.

The equations for 1atera1.forces at the bearings and seals and at
the contact points are also developed in the following sections. |

The line diagram (Figure 27) shows the crookedness angle between
the cylinder axis ahd the rod axis, and the deformation of piston bear-

ings and rod bearings. From the free body dﬁagram,

p p p
9: 6] = 62 = :—l—
P, P P P TP
XP e x® o xP e xd x+x§
r r r
Pl (8.1)
X"+ XD X X"+ X

where



Center line
of rod

. il :
L : ‘}'Xr‘- X'{-—j \_Center Tine

Figure 27.

of cylinder

lo—o Xg'

Deformations of Bearings and Seals
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6?,1 = 1 to M are the deformations in the piston head bearings;
6:,1 =] to.N are the deformations in fhe rod bearings;
X?,i =1 to Mare the distancesvof the piston head bearings from
the piston head backface (see Figure 28);
X§,1 = 1 to N are the distances of the rod bearfngs from the stuff-

ing box innerface (see Figure 28);

P is the distance of the piston head backface from
step point C; and

is the distance of the stuffing box innerface from
step point C.

The bearings and seals are modeled as linear springs, hence

FP
a$=-l; i=1toM
¢

and

N
i

. i=1toN | (B.2)

7<|'l1
e = e =S

where

F? and F' are the lateral forces on the piston bearings and rod
bearings, respectively; and

K? and K. are the stiffnesses of the piston bearings and rod bear-
ings, respectively, which are modeled as linear springs.

Equations (B.1) and (B.2) are combined to obtain

p p p
o - A I TR o i
P.(yP P P.(xP P T P.(xP p
K= (X + X7) Ky (X7 + X5) Ky (X7 + X4)
r . r
= F] = F2 = = FN
r r r r r r r r
Kie (X + x]) Kz'(x + x2) KN-(X + XN)

(B.3)



71

in which X" and XP are related by
X" =6c - xP . (B.4)
where GC = gland clearance (see Figure 28).

~ Absence of Kinematic Constraints

The moment across the S]iding connection develops lateral forces on
only the bearings and seals. Figure 28 shows the crookedness angle and
the corresponding forces on the bearings and seals. Summainn of ver-

tical forces gives,

(B.5)

Ne~=
-
-

N~

P .
F:

i=1 i

These forces are expressed in terms of 6 using Equation (B.3) to obtain

M M N N
J KBxB 4 xPe 7 xB = ¥ kTex] + ace 2 Kr - xP T KT
Lo L7 Lo
i=1 i=1 i=1 i=1 i=1
which may be solved for xP
M
2 KI-XS + GC - Z ki - 7 kExE
XP = . =] i=] (B.6)
M N P
LK+ 1K
i=1 i=1
Moments are summed about point C to obtain
T E (P 4 @) ¢ TEOC X = (8.7)
1 F i) r LF i) = Mg ®.

where MG is the bending moment at the sliding connection. The lateral
forces in Equation (B.7) are expressed in terms of 6 using Equation

(B.3), which results in

‘ MG i _ . |
8= 7 7 | (B.8)
1 K? -(xP + xp) + Z K (X + X "
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Figure 28. No Metal-to-Metal Contact
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Figure 29. Contact at Piston Head Front Edge
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The displacements at the piston head front edge and at the stuffing

box outside edge are,

s = (XP + PHL) 0 (B.9)
and
s¢ = (X" + SBL)-o (B.10)
where _
PHL = piston head length; and
SBL = stuffing box length.

For a certain value of moment, if either 62 is greatek than PCL

(piston clearance from cylinder wall), or 6; is greater than RCL (rod

clearance from stuffing box), the next case with one kinematic constraint

should be considered. If both the displacements are gfeater thahﬂ£he
corresponding clearances, the proper type of one kinematic constraint
case to be used.is determined by nbting whether 62 exceeds PCL first or
5; exceeds RCL as é is increased in Equations (B.9) and (B.10). If-sg
exceeds PCL, the case with one kinematic constraint at the piston head

front edge results, and if 6; exceeds RCL, the case with one kinematic

constraint at the outside edge of the stuffing box should be considered.
Presence of One Kinematic Constraint

Contact at the Piston Head Front Edge

The metal-to-metal contact of the front edge of the piston head

‘with the cylinder wall (Figure 29) establishes that
sg = PCL. | (B.11)

The crookedness angle is expressed as
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9= —rPeb (B.12)B
P + PHL
with the sign of the moment at the sliding connection.
Summation of vertical forces gives,
M N
R+ TP = JFf | (B.13)
Pt 4ol

where F? =lateral contact point force at piston head front edge. Bearing
forces in terms of 6, Equation (B.3), are substituted in Equation (B.13),

and the equation for the lateral contact point force may be expressed as

N N M M N
FPo=oe{ T kXD +6ce T kD - TRPaxP o xPe( T kP + T kD).
f j=p 11 E LI i1 1 qep
B(B.14)
A summation of moments about the contact point yields
o 0 N . | "
- iZ]Fi-(PHL - X3) + iz]Fi-(PHL +GC+ Xi) = Mg (B.15)
Equations (B.3) and (B.12) are equated to provide
peL-KE- (xP + x?)
PP = : ; i=1toM
P + PHL
and |
. PCL-K:-(GC - xP+ x?)
Fi = s 1=1 toN. (B.16)
P + PHL
Combination of Equations (B.15) and (B.16) results in
N Mo M. PHL
r ry ,r ry or ,*r G
Y (GC+X; )« (PHL+GCHX. ) *Ki= § (PHL=X:)*X: *K: = =5
p_ i=1 i LA W=D LR PCL
X" = [ N .
§EE-+iZ]K1-(PHL-X1)-+1Z]Ki-(PHL+GC+Xi)

(B.17)
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For all signs to be consistent, PCL must have the same sign as M.; hence,
MG/PCL is always positive.
The displacements at the piston head back edge and at the stuffing

box outside edge are,

6p =
and
sf = (X" +sBL)-e. - (B.19)
For.a certain value of moment, if either sg is greater than PCL, or
62 is greater than RCL, the next case with two kinematic constraints

should be considered. If both the displacements are greater than the

corresponding clearances, the proper case of two kinematic constraints

to be used is determined by noting whether 5§ exceeds PCL first or 6;
exceeds RCL as 6 is increased in the Equations (B.18) and (B.19). If sP

b
exceeds PCL, the case with kinematic constraints at both edges of the

piston head should be used, or 1f 6? exceeds RCL, the éase with kinematic
~constraints at the piston head front edge and at the stuffing box outside

edge should be considered.

Contact at the Stuffing Box Outside_Edge

The metal-to-metal contact of the stuffing box outside edge with

the rod (Figure 30) establishes that,
. _
6f = RCL : (B.20)

The crookedness angle is expressed as

g = RCL

- (B.21)
GC - XP + SBL

with the sign of the moment at the sliding connection.
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In the same manner as in the previous case, summation of vertical

forces gives,

M
-
i=1 '

He-1=

r r . ; :
L | (B.22)

when bearing forces in terms of 6, Equation (B.3) is substituted in
Equation (B.22), the Tlateral contact point force at the stuffing box

outside edge is

1 N N ‘ N M
ro_ p P r r,r r P P
Fro= oo (xPe( T KR+ 7 KE)-( ] KieXi+GCe § Ki- 7 K5eX3)3
f jep 1 g j=p 71 =1 1‘121 17
(B.23)
Moments are summed about the contact point td obtain
M 0 b N r r -
1Z]F1~(SBL+GC+Xi) -‘1Z]Fi~(SBL-Xi) = Mg. (B.24)
Equations (B.3) and (B.21) are equated to provide
o ReLkB-(xP + f)
Fi = - ; i=1toM
Gc - xP + sBL
and
. ReL-Ki-(aC - xP + xT)
F. = ; 1 =1toN. (B.25)

! GC - XP + SBL
Equation (B.25) is substitdted in Equation (B.24) to yield

Mg - (GC+SBL
g (GC+XY) + (SBL-XT) K- 2 (SBL+GC+XE) - XE Kp+--———§f——-—l

xP

m
ot Z KB (SBL+GCHXE)+ 2 Y- (sBL-XT)
i= i=1

(B.26)

Again, for all signs to be consistent, RCL must have the same sign'as

MG; hence, MG/RCL is always positive.
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The displacements at the piston head front edge and at the stuffing

box inside edge are;

68 = (xP + PHL) -0 (B.27)
and
5;,= X'-e. (8.28)
p

For a certain value of moment, if either Gf is greater thah PCL, or
dg is greater than RCL, the next case with two kinematic cpnstkaints
should be considered. . If both the displacements are greater than the
corresponding clearances, the proper case of two kinematic constraints
to be used iS'determinéd by noting whether 6? exceeds PCL first or GE

exceeds RCL as 6 is increased in Equations (B.27) and (B.28). If 5?
exceeds PCL, the case with kinematic constraints at the piston head
front edge and at the stuffing box outside edge should be used, or if

6; exceeds RCL, the case with kinematic constraints at both edges of the

stuffing box should be considered.
Presence of Two Kinematic Constraints

Contact at Piston Head Edges

The metal-to-metal contact at the piston head edges with the cylin-
der wall (Figure 31) establishes that,

XP = -PHL/2-0 (B.29)

and also,

6 = 2+0(PCL)/PHL (B.30)
with the sign of the moment at the sliding connection.

. Moments are summed about the piston head backside contact point,
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M N
p. pa p ' r’ r =
Ff PHL + 1Z]Fi X1 + 1Z]F1 (GC + Xi) MG

from which

- i=1 i=] . (B.31)

Summation of vertical forces gives the backside piston head edge
contact point force,
M

N
FE - F% +-121F§ - 12 F?. | (B.32)

Contact at Stuffing Box Edges

The metal-to-metal contact at the stuffing box edges with the rod

(Figure 32) establishes that,

xP

GC + SBL/2-0 | | (B.33)

and also,

6 = 2:0(RCL)/SBL (B.34)
with the sign of the moment at the sliding connection. |

Moments are summed about the stuffing box inside edge contact point,

M N
r. v gP. P L
FeSBL + 1Z1F‘ (6C + Xj) + 1Z1Fi Xy = Mg

from which

M. - TEP.(6C+ XP) - T ETXT
G = i i = i "

ro_
£ - SBL . C (B.35)

ne-—=
ne-1=2

F

The stuffing box inside contact point force is obtained from summa-

tion of vertical forces,
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Figure 32. Contact at Stuffing Box Edges
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Figure 33. 'Contact at Piston Head Front
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Edges
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N

M
r_ el ro_ P
Fp = Fp + 1Z]Fi 1Z1F1. (B.36)

Contact at Piston Head Front and

Stuffing Box Outside Edges

The metal-to-metal contact at the piston head front edge with the
cylinder wall and the stuffﬁng box outside edge with the rod (Figure 33)
establishes that,

g = PCL + RCL

* PHL + 6C + SBL (8.37)

with the sign of the moment at the sliding connection.

The distance of point C from the piston head backface is given by,

_PeL

xP == - PHL | (B.38)

with PCL/6 being always positive for consistent sign convention.
Summation of moments about the stuffing box outside contact point

gives,

Me - .

N
FR-(SBL + GC + XB) + J Fl-(sBL - )
P . i '
Fy

1 i=]
PAL + 6C + SBL (B.39)

nNe~—1=

Summation of vertical forces gives,
M

N
Y‘=p p_ r
Fe=Fp+ 1Z1Fi 1Z1Fi' (B.40)

Lateral Forces on Bearings and Seals

In all cases, after the crookedness angle, 6, is calculated, the
lateral forces on the bearings and seals are calculated with Equation

(B.3).
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TABLE I
STRUCTURAL AND MATERIAL DETAILS OF OSU CYLINDER NO. 1

-Identification: OSU No. 1
No. Cyls. Tested: 1

Dimensions (inches):

Lengths: Extended 105.69
Stroke 50.00 -
Cylinder 52.91
Rod 52.78
Diameters: Cylinder/outer 3.500

Cylinder/inner 3.020
Rod (solid) 2.000

Clearances (each side):

Piston head/cylinder 0.003

Stuffing box/rod 0.026
Seals and Bearings:
Piston bearing: Mat'l: bronze
Thickness: 0.373 in.
Width: 0.530 in.
Modulus: 15000 ksi
Piston seal: Mat'l: cotton fabric and neoprene green tweed
compound No. 2410
Thickness: 0.318-1in.
Width: 1.0 1in.
Modulus: 400 ksi (assumed)
Rod bearing:  Mat'l: bronze
Thickness: 0.125 in.
Width; 1.00 in.
Modulus: 15000 ksi

Rod seal:

None




84

TABLE II
STRUCTURAL AND MATERIAL DETAILS OF OSU CYLINDER NO. 2

Identification: O0OSU No. 2
No. Cy]s.‘Tested: 1
Dimensions (inches):
Lengths: Extended 85.41
Stroke 40.00
Cylinder 42.88
Rod 43,72
Diameters: Cylinder/outer 4.000
Cylinder/inner 3.525
Rod (solid) 2.000
Clearances (each side):

Piston head/cylinder 0.003
Stuffing box/rod 0.030

Seals and Bearings:

Piston bearings: Mat'l: bronze
Thickness: 0.382 in.
Width: 0.530 in.

Modulus: 15000 ksi

Piston seal: Mat'l: Cotton fabric and neoprene green tweed
compound No. 2410
Thickness: 0.382 in.
Width: 1.00 in.
Modulus: 400 ksi (assumed)

Rod bearing:' Mat'l: bronze
Thickness: 0.125 in.
. Width: 1.00 in.

Modulus: 15000 ksi

Rod seal: None
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TABLE III
STRUCTURAL AND MATERIAL DETAILS OF OSU CYLINDER NO. 3

Identification: O0OSU No. 3
No. Cyls. Tested: 3

Dimensions (inches):

Lengths: Extended 82.99
Stroke 35.12
Cylinder 38.65
Rod 42.19
Diameters: Cylinder/outer 4.500

Cylinder/inner 4.000
Rod (solid)

Clearances (each side):

2.000

Piston head/cylinder 0.014

Stuffing box/rod

Seals and Bearings:

Piston bearing:

Piston seal:

Rod bearing:

Rod Seal:

Mat'l:
Thickness:
Width:
Modulus:

Mfgr:
Mat'l:
Thickness:
Width:
Modulus:

- Mat'l:

Thickness:
Width:
Modulus:

Mat'l:
Thickness:
Width:
Modulus:

0.006

30-40% glass-filled nylon

0.106 in.

0.38 in.

800 ksi (from data supplied by sponsor)

Goshen Rubber Co. and Dynamic Seal Co.
Fluorinated rubber with glass fibers
0.198 in.

0.278 in.

250 ksi (assumed)

Garlock polyurethane
0.252 1in.

0.421 1in.

320 ksi (assumed)

“"Rulon"

0.055 in.

1.005 in.

320 ksi (assumed)




TABLE IV
STRUCTURAL AND MATERIAL DETAILS OF OSU CYLINDER NO. 4

Identification: O0SU No. 4
No. Cyls. Tested: 1
Dimensions (inches):

Lengths: Extended 71.75
Stroke . 27.69
Cylinder 33.13
Rod 38.06
Stop Tube 3

Diameters: Cylinder/outer 6.0
Cylinder/inner 5.270
Rod (solid) 2.500

Clearances (each side):

Piston head/cylinder 0.057
Stuffing box/rod 0.015

Seals and Bearings:

Piston bearing: Mat'l: Phenolic nylatron
Thickness: 0.191 in.
Width: 1.5 in.
Modulus: 850 ksi (from sponsor)
Piston seal: Mat'l: 60% bronze-filled TFE
Thickness: 0.250 in.
Width: 0.375 in.
Modulus: 197 ksi (from mfr.)
Rod bearing: Mat'l: Sintered iron
Thickness: 0.320 in.
Width: 2.2 in.
Modulus: 200 ksi (assumed)
Rod seal: Mat'l: Parker compound N304-7
Thickness: 0.3 in.
Width: 0.5 in.

Modulus: 190 ksi (assumed)
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TABLE V
STRUCTURAL AND MATERIAL DETAILS OF OSU CYLINDER NO. 5

Identification: O0OSU No. 5
No. Cyls. Tested: 1
Dimensions (inches):

Extended

Lengths: 42.25
Stroke 15.00
Cylinder 19.26
Rod 21.165
Diameters: '~ Cylinder/outer 4.500

Cylinder/inner 4.002
Rod (solid)

Clearances (each side):

1.500

Piston head/cylinder 0.012

Stuffing box/rod

Seals and Bearings:

Piston bearing:

Piston seal:

Rod bearing:

Rod seal:

Mat'l:
Thickness:
Width:
Modulus:

Mat'l:
Thickness:
Width:
Modulus:

Mat'l:
Thickness:
Width:
Modulus:

Mat'l:
Thickness:

‘Width:

Modulus:

0.004

glass reinforced nylon
0.122 in.

0.510 in.

900 ksi (assumed)

green tweed compound, Nylatron
0.25 in.

0.413 in.

200 ksi (assumed)

bronze
0.128 in.
1.703 1in.
1500 ksi

green tweed compound
0.139 in.

0.139 1in.

200 ksi (assumed)




STRUCTURAL AND MATERIAL DETAILS OF OSU CYLINDER NO.

TABLE VI
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Identification:

Lengths:

Diameters:

0SU No. 6

No. Cyls. Tested: 1

Dimensions (inches):

Extended
Stroke  15.00
Cylinder 17.73
Rod 20.52

40.50

Cylinder/outer 4.500
Cylinder/inner 4.002
Rod (solid) 1.250

Clearances (each Side):

Piston head/cylinder 0.004

Seals and Bearings:

Piston bearing:
Piston seal:
Rod bearing:

Rod Seals: No. 1

Stuffing box/rod 0.002
Mat'l: leather
Thickness: 0.188 in.

Width: 0.095 in.
Modulus: 200 ksi (assumed)
Mat'l: synthetic rubber
Thickness: 0.21 in.
Width: 0.21 in.
Modulus: 800 ksi
Mat'l: bronze
Thickness: 0.121 in.
Width: 1.238 in.
Modulus: 15000 ksi
Mat'l: synthetic rubber
Thickness: 0.139 in.
Width: 0.139 in.
Modulus: 800 ksi

No.2 Mat'l: polyurethane
Thickness: 0.139 in.
Width: 0.109 in.
Modulus: 200 ksi (assumed)




TABLE VII
STRUCTURAL AND MATERIAL DETAILS OF OSU CYLINDER NO. 7

Identification: O0OSU No. 7
No. Cyls. Tested: 1
Dimensions (inches):
Lengths: Extended 34.415
Stroke 12.000
Cylinder 13.295
Rod 18.020
Diameters: Cylinder/outer 3.455
‘ Cylinder/inner 2.9985
Rod (solid) 1.499
Clearances (each side):

Piston head/cylinder -0.01325 in.
Stuffing box/rod -0.00150 in.

Seals and Bearings:

Piston bearing: Mat'l: unknown
Thickness: 0.127 in.
Width: 0.492 in.
Modulus: 600 ksi (assumed)
Piston seal: Mat'l: TFE (glass filled)
Thickness: 0.063 in.
Width: 0.210 1in.
Modulus: 230 ksi {assumed)
Rod bearing: None
Rod seal: "Mat'l: Polypack
Thickness: 0.189 in.
Width: 0.421 1in.

Modulus: 600 ksi (assumed)




TABLE VIII

STRUCTURAL AND MATERIAL DETAILS OF 0SU CYLINDER NO.

8
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Identification: O0SU No. 8
No. Cyls. Tested: 2
Dimensions (inches):
Lengths: Extended 26.625
Stroke 9.000
Cylinder 10.400
Rod 12.787
Diameters: Cylinder/outer 2.000
Cylinder/inner 1.750
Rod (solid) 0.747
Clearances (each side):

Piston head/cylinder -0.0025 in.
Stuffing box/rod -0.0025 in.

Seals and Bearings:

Piston bearing: Mat'l: Teflon
Thickness: 0.055 in.
Width: 0.088 1in.
Modulus: 600 ksi

Rod bearing: Mat'l: Teflon
Thickness: 0.125 in.
Width: 0.213 in.

Modulus: 600 ksi
Piston seal: None

Rod seal: None




APPENDIX D

COMPUTER PROGRAM FOR HYDRAULIC CYLINDERS--SACFI
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PYPLICIY REAL & 8 ( A-My O-L )

C-=-= >>> DRIVER F2R PRCGRAM SACII
C--=- >>> CIMEMSICNS DF™A & 8 DEPEND ON VALUE OF MWIDE
DIMENSIIN AL 64, B)y B( 64 ¥y CO( 64}, BC( &%), AC(64 , 8 )
C-—-= >>> DIMENSIONS OF FOLLOWING ARRAYS DEPEND ON VALUE OF NPMAX
DIMENSION X( 81, FXY( 8 )oFXZ( 3}, NPCNOEL 8)y CEXY(B),
1 €CxXY({ 8 ), ECX2( 8), BH4X2{-—8&), BMXY{ 8 ),SHXY{ 8},
SHXZ( 8) o+ AXMULT( 8 ), APMCY( 8 1}, AFMOZ( 8 },P2( 8
{=-~= >>> MAXIvUM NO OF HLODES
NPPAX = 8
C--=- >>> NUMBER OF ELEMENTS
NELUYAX = NPMAX - 1
C---- >>> MAX STCRAGE SIZE
MW IDE =3
MLONG = 64
MLONGL = MLONG /7 2
CALL SACFI .
1 t A, B, AC, BD, CD, X, FXY, FXZ, NPCODE, CEXY, DEXZ,
I ECXY, ECX2, BMXZ, BMXY, SHXY, SHXZ,
I NPMAX, NELMAX,.MWHIDF, MLONG, MLCNGl, AXMULT, APMOY,
3 APMOZ, Pl
sToe
END

{
1
1
1

SUBRCUTING SACF!

t A, B, AC, BOD, CO, X, FXY, FXZ, NPCCDE, DEXY, DFXZs
ECXY, ECXZ, BMXZ, BMXY, SHXY, SHXZ,
NPMAX, NELMAX, MKIDS, MLONG, MLONGLl, AXMULY, APMOY,
A2MDZ, P1 )

IMPLICIY &EAL ¢« 8 (A -y, C - 2}

CCMMON / RRGSTF / PRKX, SPRK, RHKY, SREK

CC¥MCN / CL%AR 7 PCL, RCL

CCMMCN / CLEANC / CSBC, PCLL, RCLE

COMMON / CRPROP / RDZy CYZ, RDZI, CYZI, HSCCI, hSCCO, HSCRIl,

* HSCRO, 3AREAC, wAREAF, CAREAC, CARFAPR

COMACN / OLAMTS /7 C0D, ClD, ROD, RID, CPD, KPD, PHD, S8D

COoMMiriy / FRCONS / FCCY, FCRD

COMMON / ESOPTYF / OPPRE, ALTF, ALF, FS, LFSTP

CCMMON / GLDFOR / FX(S), FY(S5). Fl, F2, F3, F4

COMMON 7 1D / 1DCARD{40), NPROB, IPRDZ(19), LPRTP

COM#0ON / INCLFR ¢/ CINCL, FCC, FCR

COMMON / LENGTS / STROK, PHL, $BL, FPTK, CHDS, LFLUID

COMMON / PISTCN /7 PRW{S): PRT(S5), PRELS), PRK({S}s PROST(5}, HNPHBR
comMoN / PROPTS / FCYL, EROD, FYCYL, FYROD

COMMON / ROD3BRS / RBW(S5), RAT(5), RBE(S), RBK{5), FENSI(S5), NRDBR
CCMMON / STPTHBS / CL, RL, STPTO

COMMLN / URITS /7 LNTU, L2DY¢ LPREU, LANGU

COMMON / WGTCCN / WPM, WSH

COMMON / GTVER 7 wC, WK

COMMON 7/ ELEM / NUMEL ,HU¥NP, NOCYE, NGL, NGLA

CONMON / ORDL  / NODCIL( 10}, XCROL{ 10}, NCOE2( 10}, XDRD2(10}
COMMIN /  TEMP  / NCDCY( 10}, LCEXY{ LC), LCEXZ( 10), ECXYAL 10 ),
® ECXZAL - 12}, KODEXY{ L0). KCDEXZ2{ 10), APMOY1(10},
* APMOZL( 10 }

DATA ZERD , CNE, M1BO / 2.0CD00,1.00D0C, 180.000G0 /

R R N

[

DATA
CATA
DATA

Pl /7 3.141592¢5000 /
T6LNR, LDAD, LDEG / 4H
HUNDRD / 100.00000 /

¢ GHLOAD, 4HDEG /

DIFMENSTON X{ NPHMAX )y NPCNDE ( NPMAX), FXY({ HPHMAX ), FXZ{ MPMAX ),

DEXY( NPMAX), OEXZ( NPMAX )}, A( YLONG, MWIOE 1},
B{ HLONG ), ECXY( NPMAX ), ECXZ( ANFMAX ),
CO{ MLONG Jo GLFORCL 8 1, BHXZIE WOMAX ),
BPXY( NPMAX), SHXY({ NPMAX ), SHXZ{ HFMAYX |}

DIMENSIGN AD{ MLONG, MWIDE ) ¢ BD( MLONG )}, AXMULT( NPMAX ),

100 CALL

1
C

]

—— )

CALL

CatL

CALL

APMOY{ NPMAX 1y APMOZ( NPMAX )}, P1 { NPMAX )
NPKRCB = IBLNK
MAAND = 8

INECH)
{ IBLNKy GCy NPMAX
TFLAGL, IFLAG2, NCYL, NROD, NCOND , EXLy AXMULT )
FYCYLT = FyYCYL
FYRODOT = FYROD
DISY

{ NCYL, NROD, NCOND, ITFLAGL, I[FLAG2, NFMAX, NELMAX,
MLONG, MWIDE, 6GC. EXL LLPRYP, FDPD,

X+ NPCODE o ECXY, ECXZ, APMOY ARMOZ )
conNsS T :
( ECYL, EROD,y CHDS:+ LANGU,
Cyl o ®DI, CYK, RCK }
TRIALP ’

( £EOD, LPRTP, RDI, FYCYL, BARFAC, HSCCl, FYROD,
RARLAR, HSCRT 4 EXL 4 AXMULT, NPMAX (NUMKP,

26



IF ( OIFF o LY. DTETSA ) G TO #CO

IFC IhafXe 6T 25 ) G TU 79C
TANEX = IMDEX + 1L

GO T 3090
PRINT 2000

3930 CCHTINUE

KITER =1

CALL FORCFES

¢ X, CYL, RDI, CD,y APMAX, MLONG,PLl, RHCC, BETA,
BUXY, SHXY, BMXZ, SHAZ, AMAXCY, LODEC,
AMAXPD, NCDER, OfXY, DEXZ )

CALL MAXMOM

( MODEC, HGDER, CYl, RDI, X,P1l, BMXY, CDy MLCHG,
SHXY, B4XZ, SHXZ, NPMAX, DEXY, DEXZ, RHOC, BETA,
AMAXCY, AMAXRD, XCWV, XRH, DEFLC, DEFLR, PC, PR | )

910 CaLL STRESS

4] PINCRLl, PINCRZ2, P }
FILOAD =P
C-== >>> SET UP KFYS
[
C-=- >> KEYT & KEYP ARE KEYS FOR PROPER LOAL INCREMENT 709
C==== >>> KEYST 1S SET TC CHECK INPUT PR AGAINST CRITICAL PRESS
C-==- >>> KEYF IS SET TO QUIT LOO® AT FINAL [ITERATICN
200 KEYF =1 :
KEYST =1
KEYT =1 C
KWIT =1 a
KEYP =}
INDEX =1 i
KTERAT =1 1
RHOC = ZERD c
BETA = 2ERD
YETAY = ZERQ I
KITER =1 *
300 CALL EQSTIF *
( Py MWIDE, MLONG» Xy CYI, RDI, EXL, NFMAX, NELMAX,NPCODE c
1 +ECXY, ECXZs MOAND, RHNC, BETA,KITERAXMULT,APMOY,APMOZ, *
A, By PI )

DO 350 1Z = 1 , MLCNG
BD{ 12 i= B( 12}
DO 350 JZ = 1 5 MWIDE
ADU 12, 32 )= AL 12 4 J2 )
350 CONTINUE
400 CALL BANSOL
500 CALL GLAFOR

{ BDy» AD, MBAND: MWIDE, MLGNG , CD , MLONGI

i ( Xy CYT, RDI., COy NPMAX, Pl MLCNG:+ByRHOC,BETA,KITER,
I FILOAD, P,
C GLFORC, BMGy GAMA
600 CALL THETA ' .
i { PRK, PRDST, RBK, RBDST, NPHEBR, NRDBR,
1 © GCys BMG, PHL, SBL,
o XGLs YGL, TETAF

IF( LPRTP . NE. 3 ) GO TG 652
IF{ KFYST.EQ.1l ) GO TO 650
' ALTHIL = ALTH
TEMPZ = Pl / H180
IF{ LANGU. EQ. LDEG ) ALTHL
KTERAT = 1
CALL STOPIR

= ALTH # TEMP2

t ( TETAFy MPHBR, NRCBR, ALTHy ALF, STROK, KTERAT, GC
3458 = CL ¢ EPTK ¢ CHDS + RL - GC
CALL DIST
1 ¢ NCYL, NPOD, NCOND, IFLAGL., IFLAG2, NPFAX, NELMAX,
1 MLONG, MWIDE, GCs» EXL »LPRTP, RPD,

c X+ NPCODE 4 ECXY, ECX2Z, APMOY ,AFMOZ

KITER = 1

650 X 4 NGL ) = XU NICLYE ) + PHL ¢ XxGL
FHOC = TETAF % OSIN{ GAMA )
RETA = TETAF #* CCOS { GaMA )

DTETA = DABS( TETAY / HUNDRD 1}
DIFF = DARS ( TETAF - TETAY )
TETAY = YETAF
KITER =2
IF( KTFEAT. NL. 1 1 GO T3 300

' 900
1
1
I

C

{ KEYF, KEYT, KEYP, RID, CHDS, CFPRE, FYRGD , FYCYL ,
PINCR1, PINCR2, KEYST, LFLUID, Py AMAXCY, AMAXRD,PLl,PC,

PR,
HSCos HSR, AXTEN, CSTR, RSTR, CS5Ss» NCSS, NPHAX,
PSSy NRSS )
INDEX =z 1
IF ( XKEYF + NE « 3 ) GO YO 300
IF ( KEYST « NE. 1 } GO TO 900
[F { LPRTP , EQ . 1 ¥ 647 Y0 900
PRES = P / SAREAC

1F  CPPRE . GT . PPES ) GO TO 2020
P = OPPRE * BAREAC

KEYST =2
TETAY = ZERO
GO TO 300

CALL QuTpPur

{ KWIT, BAREAC, XCM, XRM, DEFLC, DEFLR , CHDS,GC, TETAY,
FYCYLT, FYRODT, CSTR, RSTR, HSC, HSR,
AXTEN, MPHRR, NRDBR, TETAY, CSS, NCSS, RSS, NRSS,P,EXL)
IF { KWIT o NE. 1 } GO TC 200 :
IF { LPRTP . NE. 1 ) GN TO 100
IF { FS « LE. ONE ) GO TC 1CO
L = P / FS
KWET = 2

C >>>>> &PPLY FACTOR OF SAFTEY

C

IF { LFSTP ., €Q. LOAD ) GO TO 300

EYCYLT = FYCYL / FS
FYRODT = FYROD / F§
60 70 220 -
2020 PRINT 2050, PRES
] G0 TO 100
2000 FCFMAT{ 15K, * CROOKEDNESS ANGLE NOT CCNVERGING ° )

2050 FORMAT ({

141, 20(/7) 100 1IN, 21H¥ ek **x SRRCR &% 2% [ ), ///)/,

1 10X, 3BHOPERATING PRESSURE (S GPEATER THAKN THE /
2 10Xy 42HCAPACITY{ CRITICAL LOAD ) OF THE CYLINDER, //
3 10X, 37HTHE MAXIMUM PRESSURE FOR THE CYL IS =,1PD10.3,//)
2130 CONTINUE
STOP
END

€6



SUh - INTING [NFAHR v J0Xe 2H 2+ 4Xy 2H 1, 4%y 2H 4y 4X, 2H 5, &Xo 2H 6,

; i € IBLUK, GOy NPMAX 2 4%, 2H Ty /4 17Xe £ 2%y A4 ) !
S ¢ TFLAGL, TFLAG2, NCYL, NP2D, NCCND , EX1, A4PULT ) 240 FORMAY ( 23X, 25KNC KEEP CPTIINS EXERCISEC, / !
¢ ) 269 FCRMAT { /, SXy 33HTABLT 7t UNITS CF MEASUREMENT.//, 17X,

C-~== >> SUNITUTI*IF T REAC AMD ECHO [NPUT DATA FOR SACRES 1 CHLENGTH, 6X, 411040, SX, S8HPFESSURE, 3X, THANGULAR,

c 2 /¢ 11Xy &0 7%, 24} )
IPPLICIT REAL = B (A - Hy O~ Z ) 270 FOKMAT ( //y 5X, 32HTABLE 3: °~  CYULINCER OIMENSICNS, //, 10X,
CLeny / CLERMC / €SBC, PCLL, RCL1 1 BHLENGTHS:y 7/, 17X, 23HSTRCKE PISTOGN HEAD, 2X,
COMMON 7 DLAMTS / €6, CIDy, 870, RID, CPD, RPO, PUD, $BD 2 4OHSTUFFING BOX END PLATE HINGE CIST., //y 14X,
CCHHCN / FSOPTF / OPPRE, ALTH, ALF, FS, LFSTP .3 5( 2%, 1PC12.5 ) ’ !
CCY¥CN /1D / LCCARD(40Q ), MPRGH, [FROBLLTY, LPRTP 280 FORMAT ( //, 18X, 20HCYLINDER FCOs BX.

7 INCLFP /7 CINCL, FCC, FCR 1 ?3HEXTENDED STCP TUBE )
/ LENGTS / STPOK, PHL. SBL, EPTK, CHDS, LFLUID 290 FORMAY ( /. 14X, 4{ 2X, 1P012.5 ) . )
/ PISTCH / PRWI(S), PRT(5), PRE(S), PPK{S), PROST(5}, NPHBR 300 FORMAT ( /, 15X, 23HTHESE KOT INPUT BECAUSE, )
CCU4CN / PFOPTS / ECYL, EROD, FYCYL, FYRQD ) : 1 351 STNP TURE LENGTH ANALYSIS IS ASKED, / )
Cov¥eN / 90DRRS /7 RBWIS), PAT(S), RBE(SY, RBK(S5), 2eN3T(5}), NaDBR 310 FORMAT { /, 10X, 1OHDIAMETERS:, //, LTX, 10HCYL. OQUTER, &X,
COMMCN / STPTBS / CL, RL, STPTB i 38HCYL. IHLNER RCD CUTER ROD INNER, / )
CC¥0N / WMITS 7/ LNTU, LODU, LPREU, LAANGU 320 FORMAT ( 14X, 4t 2X, 1FD12.5 )¢ 2X, SHSCLID RCOy / )
COMMON / WGTIND / %Cl, WRLl, WPHl, WSB1 : 330 FORMAT ¢ 14X, 4l 2X, 1PD12.5 )}, 2X. 10+KOLLOW RCD )
CCHMMIN /  ORDL /7 NCDEL( 103, XCRDL{ 10), NCDE2{ 101, XCRD2{10) 335 FORMAT { 72Xy LOHWITH ELUID }
COMMON 7 TEMP /7 NGDCY( 10}, LCEXY( 103, LCEXZ( 10), FCXYAL 10 ), 340 FORMAT { 72X, Y3HWITH NG FLUID }
* ECXZAL 10}, KGDEXY( 10), KCDEXZ{ 10), APMOYI(LO), 350 FORMAT ( /. 18X, 23HCYL. PIN * 0D PIN *, 3X,
* APMDZIC 10 ) 1 . 26HPISTON HEAD @ STUF. BOX 3.//, 14Xs 4t 2X, 1PD12.5 1,
¢ 2 /v 16X, 26H(* ISRO, THE END IS FIXED),
DIMENSION PRKL{S5}, RBKL{5)¢AXMULTL NPMAX } 3 321 (2 ZERO, OTHSR CPYION IS IAPUT) !

(9]

360 FORMAT (L1HL,10X, 1OHCLEARANCES BETWEEN:, //y 12X,

CATA NCONS / 4HCONS / 1 20 6X, BHCYLINDER 1}, 8X, 3HROC, /s 9Xys 30 11X, 3HAND ).
DATA ZEPC, TWO / 0,0D00, 2.0000 / 2 /e 16X, 12HSTUFFING BOXe 2X, L3HPISTCN HEAD 3, 2X,
DATA ISELF / 4HSELF/ 3 LIHSTUF, BOX &, //, 14X, 30 2X. 1PD12.5 }s /4 29X,
DATA CNE / 1.000CO0 / 4 31H{A ZERQ, OTHER CPTICN IS INPUT) L )
DATA LPIN, LFIX / 3HPIN, 3HFIX / 370 FORMAT ( /4%, 31HTABLE &: BEARINGS AND SEALS, //+¢ 10X,
CATA KEEP, IENDs LYES / 4HKEEP, 3HEND, .3HYES / : 1 16HPISTNN BEARINGS:, / i )
< 380 FOPMAT ( 21X, 30 2H Ay 12X )}y 2H By TX. 13HDISTANCE FROM, /,
C==== >>> FORMATS 1 20X, SHYIDTH, TX, FHTHICKNESS, 2X, 14HYGUNGS MODULUS, 3X.
: 2 GHSTIFFRNESS,y 5X, 9HSACK EACE, /7.
10 FCPMAT { 20A4 } 3 S{ 16Xy S 2Xy LPU12.5 )y /) )
20 FCRFMAT ( A4, 19A4 ) 390 FORMAT ( 19X, L3HROO BEARINGS:, / }
30 FCPMAT ( 4X, Ily 5X, 7{ A4, 6X } ) 400 FORMAT 15X, 4SH(A IS USED TO CALCULATE B - HENCE, EITHER A C©
40 FOEMAT [ 64X, 40 6%, A4 ) ) 1 e 10HR IS INPUT, /. 28X, :
S0 FCOKMAT ( 8F10.0 ) 46MZEPN'S ABOVE TLOICATE THAT THEY ARE NOT INPUT), / }
€0 FCFHAT ( 5F10.0, 10X, A3 ) 410 FOPMAT ( /4 5X, 46HTABLE S: WEIGHTS AND MATERIAL PROPERTIES,
80 FCRMAT ( 6X, A4, 2110 , 6X: A4 } 1 /7, 10X, 1THWEIGHTS OF PARTS:, //. 18X, BHCYLINDER, 9X,
70 FGRMAT ( TF12.3, 6X, A4 ) 2 3HRAD, 7X, LLHPISTLN HEAD. 2X, L12HSTUFFING BOX, /. 21X,
345 FCRMAT( 8F10.3 ) 3 . ITHIPER UNIT LENGTHY, /7, 14X, 4( 2Xs 1PD12.5 )¢ / }
90 FCKMAT ( 119, F10.3, (10, F10.3, TX, A2 ) 420 FORMAT ( 7, 10X, 2CHMATERIAL PREPERTIES:, //y 22Xy
100 FCRMAT( 11C, TX. A3, 7X, A3, 4F10.3,7X,A3 ) 1 14HYOUNGS MODULUS, 15X, L2HYIELD STRESS, 7/, 10X,
140 FCRMAT [ 1HL1,5X,32HPRCGRAM SACFI - STRESS ANALYSIS , 2 20 #X, BHCYLIMATZ, 49X, 3HROD ).//, L4X, 41 2X, 1PD12.51/}
1 23IHOF HYDFAULIC CYLINDERS,//2 (5Xy 2044, / Yo/ ) 430 FORMAT { 7/5Y%, 4LMTARLEG: IMCUINATION,FRICTION CGEFFICIENT,
150 FORMAT  S5X, BHPROBLEM , A4, /7, 1X, 1GA4 ) 1 LTHEACTN® GF SAFTGY,./19X,
160 FORMAT ( /. SX, LIHINPUT DATA:, //, 5X, BHTABLE 1:, SX, 2 20MCYL [LOER INCLINATICN,S5X, 1PD10.3 )
1 L12ZHCOMTROL DATA 3 440 FCRMAY ( 1OX,21HFPICTION CUIFFICIENTS, /18X,
170 FORMAT ( 7/, 10X, 41HPROBLEM TYPE = [ - CRITICAL LOAD ANALYSIS, 1 1ZHCYLINDER END, 99X, 1PDLI0.3,/23X%,
1 3IH A ANALYSIS FOR A FACTORED LOAD, / ) 3 THROD FRD, 5X, LPD12,3 }
180 FCRMAT ( /4 10X. 2THPROBLEM TYPE = 2 - ANALYSIS, 457 FOPMAT(LHL,5X,20HTABLET: STATICN DAYA, /12X,
1 26H FOR A PARTICULAR PRESSURE, / ) 2 Ao GHIPTIONG//12X,
190 FORMAT ( /. 10X, 27HPROBLEM TYPE = 3 - AMALYSIS, 1 1PHUMRER CF ELIMERNTS /22X,
1 39H TO DEYERMINE SUITABLE STOC-TUBE LENGTH, / ) 2 BHCYLINDER, 5%, 14, /21X,
. 210 FARMAT ( /. 18X« 3TUTABLES RETAINED FRCM¥ PREVICLS PRUAIEM, //. 3

L, BX, T4 !

76



a6 FOFMAT(/5%,3IHSTA %~-COm 0 STL . TX-CCURD  NSFG ,/ s 10t 610
1 [3,2X01PR10.3,04,1%,17%31%.3,7 ) )
475 FORMAT( //9X36MTAMF3: FIXITY CONDITICNS,,ECCENTRICTITY -
1 TEH 6F LCADING, /95X, Cmmmm
2 HSHHODE FIXITY ALCHG PLANE  ECCEHTRICITY ALCNG,11X, <
3 LIHMOMENTS ABOUT, /Ll4X, ’
3 35HXY X2 XY XLol3X,
5 11HY 4 ) ot
<480 FORMAT(//5K, 10(14,5X1A3,6X,A3,7X,1¢010.3,2%X,1PC10.3,2X, e
1 1PD10.342X,1PD10.3, /75X ) ) -
4490 FCFMATL( //5X, 34MAXIAL L3JAD OTISTRIEYTICN (S UNIFCeM )
494 FPEMATL /7/20X,32HAXTAL LOAD. MAGNIFICATICH FACTOPS, /254,
* THNODE NOLW5X,24HAXTIAL LOAD MAGNIFICATION )
495 FO2MAT( /10X, 122, 12X, F10.3 ) 6890
500 FOKMAT ( /. 10X, 27HONLY CRITICAL L7AD ANALYSIS , / )
510 FOPMAT ( /, 19X, LOHFACTOP OF SAFE(Y = , F6.3, 4H ON , AL, / )
520 FCKMAT ( /4 10X, 21HIPERATICIG PRISSURE = , 1PD12.5, / ) [
930 FOKMAT ( /, 19X, 32HNPSRATING CYL [KDER PRESSURE = 5 1PDL2.5477, 690
1 16X, 32HALLOWAYLE CROINKSUNESS AKNGLE =, 1PDl2.5, o
2 101 AT GLAND, //419%, 324%4LLOAA3LE TOTAL LATERAL FORCE = (———-
: 3 1PDL2.%y 134 0ON BEARINGS, / ) C
550 FOEMAT [ ///, 107, 30He®esx ERIJR [N LENGTHS tx«ts, )
56 FCRMAT ( ///y 19X, TH¥&x=x
3 32HEPRNR 3 PHD [S GREATER THAN CID , GH *2¥xx, / ) 700
S70 FURMAT ( ///, 10X, THekrxex
1 37HERPOR ¢ RD 1S GREATEO THAMN SBD *t%rs, / ]
683 FORMAT ( //, 10X, 6H=¥¥k¥% , 194PRIGEAH TERMINATED , GHEks®t )
590 FCPMAT ( tH] )
IF ( MPR0OB .ME. [BLMNK ) GO TO 659 710
c . 720
C==== >>> REAN AMD FCHO RUN AND PRCBLEM [DENTIFICATICN
3
READ ( 5y 17 ) ( IDCARD( T )y I = 1, 49 )
650 READ ( 5, 20 ) NPRCB, ( IPEGH( T )y I =1, 19 )
C 130
C-=-== >>> TEST FGR END CF RUN 735
C [ SR
[F ( NPNB .EQ. IBLNX ) GO TO 1700 '
PRINT149, ( IDCARDL I )y I =14 40 ) 7490
PRINT 150, NPRQOB, ( IPROS( [ )}, I =1, 19 ) C----
C==== >>> READ TABLE 1: PROBLEM TYPE AND TAPBLES TO BE RETAINED FRO“
c PREVIJUS PROFLEM 750
[+
READ ( 5, 32 ) LPRTP, KEEP2, KEEP3, KEEP4, KEEPS5, KEEP&, KEEPT7, g____
1 KEEPS C
{F ( KEEP2 .EQ. KEEP } GC TQO 660
c
C==== >>> READ TABLE 2: UNITS OF MEASUREMENT
C
READ ( S 40 ) LNTU, LODU, LPREY, LANGU
660 IF { KEEP3 .EQ. KEEP )} GO TO 690
READ { 5, 60 ) STRCK, PHL, S3L; EPTK, CFDS, LFLUID 760
[F ( LFRTP .EQ. 3 ) GO YO 670
C
C==== >>> READ TABLE 3: (LENGTHS AND DIAMETERS
c 165
READ ( S. S50 ) Cl, RL, EXL, STPTB 768

RELD ( 5
7EAD ( 5,

50 ) €00,
50 ) CSBC,

cC1D, 790, RID,
PCLL, RCLL

CPD, KPD, PHC, SAD

>>> CALCULATE GLANC CLEARANCE

GC 2EROD
IF { LPRTP . NE. 3 ) GC = CL - STROK = PHL

>>> TEST FCR PROPER INPUT

G2 TC 689
CHDS - EPTK -
A .LT. STRCK ) GO TC 1000
PCL1 .GT. ZERDO .CP. 7CLL .GY. ZE2D ) GC TC 690
PHD .GT..CID ) G0 TG 1109

FOD JGT,. SBD ) GO TG 1200

IF { LPRTP

A

«£Q. 3 )
ExL -

CL - SBL - RPD / TwWO
1F
IF (
IF (
IF (
IF {

KEEP%4 .EQ. KEEP ) GO TC 735

>>> READ TABLE 4: PISTON RINGS AMD POD BEARINGS DETAILS
I =1
J=1
READ ( S, 60 ) PRW(I), PRT(I),
PRK(T) = PRKI(I)
IF ( NEND .EQ. IEND ) GC TO 71O
T =14+1
GO TC 700
CNPHBR =
READ € 5, 67 ) PBWlJ), RBTLJ),
RAK(J) FBXKLL )
NEMD LEQ. IEND ) GG TO 730
J=J ¢l
GO YO 720
NRDBR
IF ( KCEPS
>>> READ TABLE
READ ( Sy 50 )

PRE(1), P7KL(I), PRDST(I), NEND

RBE(J)y RRK1(J)y RBOST(J), NEND

IF

=J
+EQ.
S:

KEEP )} GC TG 740 .
WEIGHTS OF PARTS AND MATERIAL PROPERTIES
WCl, WRLl, WPHIL, WSBLl, ECYL, ERQD, FYCYL, FYRCD
IF ( KESPH .EQ. KEEP ) GCT TG 750
>>> READ TABLE 6: [MCLINATICN,FRICTICN CCEFFICIENT,
FACTOR OF SAFTEY, ALLCHABLE _CRCOKECNESS ANGLE & DEFLN
READ ( S+ 73 ) CINCL,s FCC, FCR, FS, CPPRE, #LTH, ALF, LFSTP
IF ( XKEEPT . EQ . KZEP ) GO TO 775

>>> READ TABLE 7 STATION DATA

1=1
IFLAGL =T

READ ( 5 , 80 ) NCCND , NCYL, N20D, NAXCON
NUMNP = NCYL ¢ NRCD ¢ ]

{F ( NCOND .
GO TO 768

EC. ISELF ) GO TO 760

READ ( 5, SO ) NODEL( I )y XCRDMI ) , NODE2(T ),XCRD2(I ), NENOD
IF ( NFND . EQ. TEND ) GC TO 765
t=1+¢+¢1
GO 1O 760
[FLAGL = |

IF( NAXCON . EQ . NCONS ) GO TO 770
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READY 0 S 4 85 ) ( AKMULTL T2 J, (4R = 1 , NUMNP )
G2 TN 175
770 DG 771 IND = 1 , HU“NP
AXMULTL END ) = OME
771 CCMTINUE
o
C-== >>> READ TARLE B8, FIXITY CIUDITICMS,FCCENTRICITY OF LDADING
775 IF { KFEPE . EG . KERP )} GO TO 786
. = 1
780 READ (S, 120) NCOCY( J ) ,LCEXY( J ), LCEXZ{ J), ECXYAL J},
& SCXZAL 9 by APHCYL( J ) LAPMCZLC J ), LENDN
IF ( LCEXY { J ) + S9. LPIN ) KODEXYL J ) = |
ITF € LCSXY (0 ) o EQ. LFIX )} KODEXY( J ) = 2
IF & LCEXZE [ 4 ) o 9. LPIN ) KODEXZE J ) = 1
TF { LCEXZ € 3 ) o SQ. LFIX ) K2DEXZ( J ) = 2
IF € LCEXY [ J ) . EQ. IBLNK) KOGDEXY{ 3} = 0
I ( LCEXZ ( J ) . EQ. IBLNK) KODEXI( J } = O
[F ( [ENDN . EQ. IEMD )} GO TO 785
J =J + 1
G0 T0 780
[
C-==- >>> PRINT ALL THE TABLES REAC
c
785 IFLAG2 = J
786 PRINT 160 )
1F ( LPRTP - 2 ) 790, €00 , 819
790 PRINT 170
G0 TO 820
800 PRINT 180
60 10 820
810 PRINT 190
820 PRINT 210. KEEP2, KEEP3, KEEP4, KEEPS, KEEP&, KEEPT, KEEP8
IF ( KEEPZ .NE. ISLNK ) GO TO 830
1F ( KEEP3 JNE. IBLNK } GO TO 830
TF { KEEP4 (NE. IBLNK } GO TO 830
ITF { KEEPS .NE. IBLNK ) GN TO 830
I1F ( KEEPS6 NE. IBLNK ) GO TO 830
IF { KEEP7 LEQ. IBLNK ) PRINT 240
830 CONTINUE .
PRINT 260, LNTU, LCDU, LPREU, LANGU
PRINT 270. STRCK, PHL, SHL, EPTK, CHDS
PRINT 280
IF ( LPRTP .€Q. 3 )} GO TG 85)
PRINT 290, CL., RL, EXL, STPTB
CO 7O 860
850 PRINT 309
860 PRINT 310
IF { RID .GT. ZERD ) GO TQ 880
PRINT 320, COD, CID. ROO., RID
GO TO 890
880 PRINT 330, COD, CID, RQDs PID
I[F ( LFLUID JNE. LYES ) GO TO 88S
PRINT 3135 '
GO TO 8990
885 PRINT 340 .
890 PRINT 350, CPD, RPD, PHD, S$BD
PRINT 360, CSBC, PCL1, RCL1

RINT 370

1
900

1

960
965

219
920

EEREY]

1900
1100
1200
1009
1700

Lo~

PuINT

p<14T 310

pRIMT 330, (-R3W(l), RBT(!), PAE(I),

PRIT 400

PHENT 410, WCl, WPL, 4YPHL, aSHl

PAIMT 425G, ECYL, EPOD, FYCYL, FYRQD

PEINT 430 . CINCL

PRINT 440 , FCCs FCR

PRINT 450 , MCOND, NCYL, NOQU

[F  NCOND. NE. ISELF )} GO TO 920

PPINT 460 , { NODEL( I )y XGROL{ [ )}, ACOS2( I ),
I =1, IFLAGL )

PRINT 475 .

PRINT 480 , [ NODCY! J), LCEXY( J by LCEXZU J )+ ECXYALJ),
ECXZA(

TF1 NAXCON o
PRINT 494
PRINT 4495,

GO TO 965
PRINT 490 .

IF { LPRTP
IF ( LPRTP

GO TO 920

PRINT 500
IF {
IF {

RETYRN

LPRTP
LPRTP

EQ

1R

«EQ.
«EQ.

+EQ.
.EQ.

J ) . APMOYLL U ) APMOLLL J Do =1, IFLAGZ )

NCONS )} GC 10 9692

XMULTH

1 AND, FS LT. DONE )
1 )} PRINT 510,

2 ) PRINT 520,
3 ) PRINT 530,

gPPRE
OPPRE,

> DKAGONOSTKCS FCR OTLLEGAL INPUTS

PRINT 550

GO 7O
PRINT 560

GO0 10
PRINT S5T0
PRINT 580
PRINT 590

1600

1600

MR ¥, [MR = 1

REXL{T),RADSTLIN, 1L,

» NUMNP

51 T9 910

FSe LFSTP

ALTH, ALF

>>> END OF RUN [F ERROR IN INPUT 1S- ENCCUNTERED

sTQoP
END

xXeRp2( 1

SURI T S

3 3

339, ( PRWIL)y PRTLTI), PRE(IY, PEXKLLE),PRCTT L), 121, N2 )

)
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RREERE]

SLEATUTINE NEST -

- -~ oA 015k H
1 © AL, NPED, MOTUND, LFLAGL, [FLEGZ, SPNAY, "iTUMAK, ;"' >>>> CN-U«DINATE SATA FO? SELE CPTION
1 YLING, MAIDE. GC, DXL LPPTP, RpC, .
- Ko HPTDUE |, FOXY, ECXZ, APMOY SAFKCH ) 1793 b 1400 'NEL‘ 'IFEtgﬁngz( 1) - NOBELL 1)
TP2LICTT 77AL . 8 { A - H, © - 2} LE NaH . NEL ’
‘ LLL'l 7 RUMEL,fMAP, NOCYE, NGL, HSLA AR wneye ) ¥a .
AU5L 7 NOBELE 131, XORDEL 1), 4I2€20 10}, XCPN2410) " : 3&35}} } : : 23: Qggy' ) i;?%{f i - iﬁiL
TEMP/ HINCYL 10), LCFXYL 193, 125X2t 101, “CXvA( 10 ), IF ( “ODE1C [ 1 . EQu NOLA ) €IRDLE-1 ) = XGLA
ECXZAL 131, KODEXY( L1l, KCOEX2( 13, ASMCYLILO), IF | 11 o EQ. NOCYE 1 27BD20( [ ) = EFCL
A APMAZLL 10 2 F 1) . Eq. NGU ) X3RD2( 1 ) = XGL
COMMON / LENGTS / STROK, PHL, SBL, EPTX, CHDS, LFLUID F 1) - co. noLa ) x0oD2( I ) = XGLA
COM=ON / STPTBS / CLys RL, STPTH _ A 1 ). EQ. ™JUNP ) XxCRD2( 1 ) = EXL
DIMSNSIIN X1 KPMAX By ECXY{ NPMAX ), ECXZ( KOMAX 1, NPLODE{ NPMAX) S 1 XCRDZ2( 1 ) - XFRDL( I )) /7 DENOM
* JAENCY [ NPHAX ), APMOZU NPHAX ) S NIDELL L ) e 1
DATA ZFRU o TWO / £.00D00, 2.00000 / . CEnDESL T ) - 1
DATA ISELF /4HSELF / XC ISTRT = 1 1= x020L( 1 )
HUMEL = NCYL + NFOD 0O 1100 11 = ISTRT , 1ST0P
HUANPD = NUMEL + 1 X U L1 b= x{ [1 = 1) ¢ 0X
iszE - &9?51‘.'1‘ 1190 CCNTINUE :
VT X{ 1ST9P+li= X99D2 ( 1 )
cec, o 1299 CONTINUE .
SFCL = CHOS + EPTK + STROK c
IF{ LPRTP . NE. 3 ) GO TO 300 , - o= >>> DISTRUBUTE THE ELASTIC CCASTRALHIS
AL = STROK + SBL + GC + RPD / 2.06000 1300 00 1400 J = 1, IFLAG2
L = STROK + PFL + GC (sTA 2 haneyl 4 )
: E4L LR A A IKODE = 2 ® KOSEXY( J ) + KCOEXZ( J )
300 CONTINUE o = R = GC - sBL NPCODE( ISTA ) = IKCDE
EEGL = G+ prL e ene , ECXY( ISTA )= ECXYA { J )
XGLA = EFCL + EFGL ECXZLISTA) = ECXZIN ( J )
L . APMOY( [STA ) = APHOYL ( J )
XGL = EFCL # ( EFGL / THWO ) APMOZ( 1STA ) = aPHOZL ¢ J )
DENOML = NCvL - 2 1409 CONTINUE
DEMIMZ = NROD RETURN
DXCY = EFCL / DENGML £rD :
CXRD = EFRD / DENOM2 '
DC 400 4 = L, NUMNP
X { J) = ZERO
NPCODE {J)= ZERD
ECXYL J ) = ZERO
ECXZU J ) = ZERQ
APMCY( J )} = ZERD
APNOZL 0 ) = ZERO

400 CCNTINUE.
) IF ( NCOND . EQ. ISELF ) GO TO 100C

=== >>> CO-0ORDINATE DATA FOR AUTO OPTIGONS

D0 8OO 1 = 2, NUMNP
( .

IF 1 GT. NGCYE ) GO TO 609
X1 ) =Xt 1 -11) +0XCY
GU TO 803
600 CCNTINUE

1F (.1 . EQ. NGL ) X[ T ) = XGL
IF ( 1 . Eus NGLA } X { I ) = XGLA
1F( 1. E3. NGL.OR. I.EQ.NGLA ) GO TC 809
XU T ) = XC 1 =1 ) + DXRD
800 CONTINUE
GO TO 1320
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SURRTUTINLE CINST

1  ZCYL, EEEND, CHDS, LANGU,
C cyr , 201, CYK, RGK
C
C==== >>> SUBRCHIINE TC CALCULATE CONSTANT TEEMS FOR CCNVEMIENME
C
IMPLICIT FEAL ¢ 8 (A - Hy O~ 1)
COMMON / F3GSTF / PPKX, SPRK, REKY, SREK
COMMON / (RPRCP / RO/, CYZ, RDZIy CYZI, HSCCIs KSCCO, HSCRT,
* HSCRQ, BAREAC, EAREAR, CARFAC, CAREAR
CCHMGN / CLTARP  / PCL, RCL '
CAMvON / CLEenNC /7 €£SBC, PCLL, RCLL
CGMMCN / GLAM“TS /s C0D, CID, RQU, RIDy CPDy RPDy PHUy SED
COMYCN / FFCCNS / FCCY, F(CRD
CCMMAM /7 INCLFR 7 CItICL, FCC, FCR
COMMGN / PISTGH / PPU(S), PRT(5), PRE(5), PPK(5}s PRDSTIS}, NPHBR
COMMON / “CDBRS / FBWI(S5), RBT(5), RBE(S), RBK(S), RBOST(5), NRDBR
COMON 7/ wGCTCCN / WPH, WSB . i
COMMEN / AGTIND / WCLl, WR1l, WPHl, WSB1
COMMON / aGTVER / wWC, WR
c :
DATA ZEQC, Tu3, FTUR, SXTFOR / 0.0000, 2.0DC0, 4.0DCO, &4.0D000 /
DATA HLBD /1823.9C200 /
DATA P / 3.1415926535897930C0 /
CATA LNEG / 4HDEG /
c
C==== >>> CALCULATE STIFFNESSES OF BEARINGS AND SEALS ¥ N2T INPUT
C
SPRK = €90
PRK X = 7CR0
DO1LIe 1 = 1, NPHBR
IF ( PPK(1) .GT, ZERO ) GU TO 1090
FOK(I) = CID * PRW(I) * PRE{I) / PRT(T1)
100 PEKX = POX(I) * PRDST(I) + FRKX
110 SPRY = PPK(1) + SPRK
SPBX = ZERQ
RBKY = (FRO
00 13C [ = 1, NRDBR
[F ( RIK(I} .GT. ZERO ) GO. 7O 120
RRK(1} = RCD * RBW({I) = RPBE(T) / RBT(I)
120 R3KY = PBK([) * RBDST(I) + RBKY
130 SRBK = RBK(I) + SRBK
C
C==== >>> CALCULATE CROSS SECTIINAL PRQOPERTIES
C
R0D2 = ROD * ROO
fiD2 = RID # RID
Cob2 = COD * CQD
cin2 = CID * CID :
cyl = Pl ®* ( C0OD2 * COD2 =~ CIC2 * CID2 ) / SXTFOR ~
RDT = P[ * ( RCD2 * ROD2 - RID2 # RID2 ) / SXTFGR
. rROLZ = RD! * TWO / RCO
(423 = CYl = TWO / €CO0
fOZ1 = 1.00+20
IF ( RID «GT, ZERQ ) PDZI = RDI * ThO 7/ RID
cyzl = CYl * TWO 7 CID

C
C---- >>> BORE AREAS AND CROSS SEC}[UNAL AREAS OF CYLINDER AND ROD

RARELC = Pl * CIN2 / FOUR
BARFAR = Pl * RID2 / FCUR
CARFEAC = Pl * ( COD2 - CID2 ) / FCUR
CAREAR = PT % ( 20C2 - RID2 ) / FCUR
[ .
C-==-= >>> CALCULATE HOOP STRESS COEFFICIENT
o
RDENC = COD2 - CID2
HSCCI = { COD2 + CID2 ) / RODTNC
HSCCO = TWO * CID2 / RDENC
RDENR = ROD2. - RIC2
HSCRI = ( ROD2 + RID2 ) / RDENR
HSCRO = TWO * RID2 / RDENR
c . ) :
CYK = DSQRT ( ECYL * CYI }
FOK = DSQRT ( ERCD * RDI )
C
C-=-= >>> CALCULATE CLEARANCES AT PISTON HEAC AND STUFFING BOX
C
PCL = ( CID - PFC ) / THWO
IF ¢ PCLL .GT. ZERO ) PCL = PCL1
RCL = ( SBD - RGD ) /7 THO -+ CSBC
IF ( RCL1 «GT. ZERO )} RCL = RCL1 ¢ CSRC
C
C--== >>> CALCULATE VERTICAL COMPCNENTS OF WEIGHTS
C
TEMP = Pl / H180
BETA3 = CINCL
[F( LANGU.EQ.LCEG ) BETA3 = CINCL * TEMP
cB = DCNS ( BETA3 )
wC = WCl * (B
wR = WR1 * CB
wPH = WPHL * CB
WSB = WSB1 * CB
c -

RETURN
END
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SURROUTINE TUALP
I { E<OD, LPRTP,
1 RAREAR,
o] PIHCRL,

01,
SRy,
eiNCo?,

FYCYL, BASEAC, HSCCI, FYROD,
TRL o AXMULT, NPVAX GNUMNO,
P12 )
f=-== >>> SUBROUTIHE TO CALCULATE TRIAL LGAD AND LNAD INC2ZENENTS
IMPLTCIT FFAL % 8 { A - 1, O - 7)) )
CUMMON / LENGTS / STRNX, PHL, SBL, EPTX, CIBS, LFLUID

«

OATA Ty, FIFTY, FIVHUN / 2.2000,
DATA PT / 3.1315926535897936C0 /
CATA LY®S/ 3HYES/

53.9r20, 599.CC0OC /

DIMENSION AXMULT { MPMAX )
c
C~===- 3> [F LPRTP = 3 CALCULATE APPROXIMATE EXTE'DED LENGTH
-
IF { LPRTP = 3 ) 110, L0G, 110
109 ExL = STRCK ¢ STROK + PHL + SBL + CHDS + EPTK
C
C-=== >>> TRIAL L0AC {1) AS PER FYLERS RUCKLING, CONSINEFING FULL
< LENGTH STIFFMESS AS THAT OF ROD OMLY
C
110 P12 = Pl # PI * EROC * ROI / { EXL # EXU )
c
f==== >>> TRIAL LOAD (2) A5 PER EXCESSIVE HCCP STRESS RESTRICTION IN CYL
C
P2 = FYCYL # BSREAC / MSCCI
c
C-—-= >>> TRIAL LOAD (3) AS PER EXCESSIVE HCCP STPESS RESTRICTIOM IN RQD
c
P3 = FYQ0D * BAREAR / HSC®I
1F { LFLUID .NE. LYES ) P3 = P2
T , .
C==== >>> TRIAL LOAD, SMALLER OF (1), (2} ANC (3)
c
P12 = DMINLL P12, P2, P3 )}
c
C >>»> CALCULATE TRIAL LOAD FOR CYLIMDERS wITh VARTABLE AXIAL LOADS
c
DAX = 1.000C0
D0 200 I =1 , NUMNP
I£( AXMULTL I ) o GT. DAX ) GO TQO 150
GO TQ 200
150 CAX = AXMULT( 1)

200 CONTINUE

P12 = P12 / CAX

c

C==== >>> CALCULATE LOAD INCREMENTS

c
PIMCRL = P12/ FIFYY
PINCR2 = P12/ ( FIVHUN * TWO )

- RETURN
END

NEEENS

IxEnNel

[aXaXe]

SUHROUTINE EQSTIF

I { Py 4WiNE, MLING, X, CY¥I, 2D, EXt, MFMAX, NOLMAX,%N5(C7 2
1 sECXY, ECXZ, MBAND, RHIC, HETALKITER, AZMULT y APVOY J2¥20,
0 A, B8, PL )
1“PLICIY ©ZAL * 8 { A - H, 0 - Z )

DIMENSION NPCL 2 )y AL MLUNG, MWIUF ), B MLONG ¥, tM{ 2 ),

1 SIDE B, A )y WPCODFL NBMAC ), X[ NEFAX ),
2 COXYL LEMAX ), SCXI{ NDPMAC 1, BSU 8 ), AXPULT( %NPYUK ),
2 LPMOY L BPHAX ), APPILL NPMAX ). PLLE NF¥AX )

CLMYON / ELEH / MUMEL NUMAP, NOCYE, NGL, NGLA

COMMCH 7 IMCLER /- CINCL,. FCC, FCR

COMMON / PRAPTS / £6YC, £300, FYCYL, FYROD

CO4vN 7 CRPRQAP / PDZ, CYL, 9DZI, CYZL, HSCCL, HSCEO, HSCFI,
L4 HSCRO, BAREAC, FA2FAR, CAREAC, CAREAR

CCMMCN / WOTCON /7 WPH, WSH

CUMMLN /7 WGTVER / wWC, WR . .

DATA ZEROQ / 0.00D00 /

00 190 [ = 1 , NPMAX

PLC 1 ) = 0.0D39

100 CONTINUE
>>>>> CALCULATE NODAL AXIAL FORCES

D0 200 ICK = 1 , NUMNP

PLL TCX ) = AXMULT( ICK ) = P
200 COMTINUE
>>>5> INTIALIZE MATRICES
DO 420 I =1 , NLONG
6( 1 ) = IEROD
DO 400 4 = 1, MWIDE
Al 1, J) = ZERO
400 CCHTINUE
-=== >>>> FORM STIFFNESS MATRIX
DO 890 N = 1 , NUMEL .
NPCL 1) =N
NPCE 2 ) =N+ 1
CALL ST{FF
i { X, CYL, PDI+ NPC, NPNMAX, Pl,
U 5QD, 8BS, RCONS, SCINS , CONS
===~ >>>> FORM THE RIGHT HAND SIDE
KJ =4 % (N -1
Bl KJ+¢1 ) = B(C KJ ¢ 1 ) ¢+ 8S{ 1}
8( KJ+#4 ) = Bl KJ & 4 ) ¢+ BS( 4
Bl KJ#5 ) = B( KJ + 5 } + B850 5 )
B( KJ+8 ) = B8{ KJ ¢+ 8 } + 8S{L 8 )
IF( KITER, EQ.. 1 )} GO TQO 459
IF(NPC{l). NE. NGL) GO TO %50
B{ KJ+#1 } = B{ KJ + 1 ) - RCONS * RETA
Bl KJ+#2 ) = B( KJ + 2 ) - SCONS =* RHCC
Bl KJ+3 ) = B( KJ + 3 ) + RCONS * PRHOC
Bl KJ#4 ) = B{ KJ ¢ 4 ) =~ SCUNS * BETA
Bl KJ#¢5 ) = B{ KJ + S} * RCONS * BETA
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q( KI5 )
He nJ+7

Bl NJ ¢ 6 ) - CONS ¢ RHOC

S Bl KJ ¢+ 7 ) - FCONS * PHOC 60 TC ( 1600,160041500,1530,1500,15C0,1500 ), KEY

B KJ+3 ) = DL KJ ¢ 3 ) - CONS * DETA 1502 M AN 3
¢ CaLL MOA( Ae R v[oéggnwwxns MBAND, M , U )
———— 0 A TFM N ] ] 0 Ty 2! . N
E >>> £00 TO TOTAL STIFFNESS MATRIX 1623 GO TO( 1800,1800,1670,1800,1700,1800,1700) ¢ KEY
450 DC S0 1J = 1 , 2 . 1730 m - ;E;ON %
500 ccr‘-n\:::lrtn' b o F LNecty 1 CALL MODU A, B, MLONG, MWIDE, MDAND, M , U )
o0 7961 =1 . 2 1822 GO TG ( 2020.1900,2030, 1600,193041560,1900) 4 KEY
DG TOI K = 1, 4 1990 M =4 %N -1
1 ST 4K v = ZERO
ki AP CALL MO0 A, By, MLCNG, "WIDE, MBAND, M , U }
00 709 92} .2 2009 GO TO { 2270,2200,2200,2200,2200,2100,2100 )4 KEY
o0 109 b o1 2102 " = 4 %N
A J T« = ZF_RO
. jj. . o sﬁéché ;ct e CALL MOO( A, B, MLCNG, “WICE, MEAND, M , U )
2209 CONTINUE
L s 4w (3 -1 4L RETURN
AU T1, 34 0= AC IT 5 JJ ) ¢ SQD ( KKy LL ) o
600 CONTIKUE )
700 CONTINUE
802 CONTINUE
C .
C---- >>>> CALCULATE FRICTION TERMS
Cc .
FRCCNS = ( P ¢ ( FCR - FCC )1 / EXL
FCMIM = PLL 1 ) % FCC
FRMQM = PL{ HUMNP ) % FCR
c
C-=== >>>> ADG FRICTICNAL TEPMS TO R . H. § -
c
DO 1400 M = 1 , NUYNP
K =4 * UN-11
KEY = NPCODE( N ) ¢ 1
GO TO( 1300,900,1100,900,1152,900,1300 ) o+ KEY
900  IE( £CXZ( M ). £0. ZERO )} GO TO 1059
1EC N . GT . NGLA ] GO TO 1C00
B K+3) =00 K#*3 ) - FRCONS
BOK2) =0l K¢+ 2 ) - FCMOM
TF{ KEY.EQ.2.0R.KEY.FQ.6 ) GO TC 1300
1000 BUK® 31 =0D0K®3 ) + FRCONS
BUK +2 1 = BU K+ 2 ) + FRMOM
1050 IF{ KEY.EQ.2.0F.KEY.EQ.6 ) GO TO 1220
1100 +  IF( N.GT.HGLA ) GO TO 1200 .
B k+ 1) = B( K ¢ 1 1.- FRCONS
Bl K ¢ &4 ) = DB{ K * 4 ) - FCHAOM
GG TO 1330
1200 GUK ¢1 ) =8(K®*1) +FPCONS
B O K+ 41 =Bl KG®S& ) + FRMOM

1300 CONTIENUE
3t ke 2 )
. B0 K+ 4 )
1400 CONTINU:
C
C ==== D>>>> PIVISE FIR
C
00 2200 N =1,
KEY

B (K &2 ) +P & ECXZU N )¢ APHOY( N )
Bl K ¢ 4 ) &« P ¥ ECXY (N ) ¢ APMOT O N )

SPECIFIFD DISPLACEMONTS

NYENR
= NPCODEL N} + 1

0oL




[aEalal

SURRQUTINE STIF

1 { x. C¥I,
c S+ BS,

RDI, NPC, NPMAX, Pl,
PCONS, STCNS, CONS

>>>> SUBRQUTINT YO FORMULATE YHE STIFFNESS MATRIX

IMPLICIT PEAL #*
COMMON / ELEN
CCMMON / PFDOTS
COMMCN / WGTVER
CCMMON 7/ WGTCON
COMMON / (PP2OP
&
DATA ZERD, GNE,
*
DIMENSION S 8
00 100 1 =1
BS( 1
DO 100 J = 1
St I, 3}
100 CONYINUE
N
XLEN
XLEN2
XLEN

D~ D

8
4
/
/
/
/

TWO, TRE, FCUR, SIX/ 0.CCCCO,1.C0D00,2.00000,
3.00C00, 4.CODO0, 6.00D00 /
}o NPCU 2 )y BSU Bl. XU NPMAX )}y PL( HPMAX )

8

LA I L}

1F ( NOC( 2

AREA
LENE
E
G0 YO 309

209 LREA
AlNE
E

300 CCONTINULE
AXTE
PHI 2
PHI
PHI NG
ALF A
ALFA2
BETAL
RETA2
THET
ca
DERIM
AK
KAT
KAT2
KATS
sCous
cnnn
[0 I}
SPity
CPHT
DERTIM
ANYR
TCONS
ANV®=]

wohon

F O TIN TON O (T I N T  TN L | J ( JN 1 H{JO (I RO B T O 1}

CA-H C-27)

NUMEL NU“NP, NOCYE, NGL, NGLA

ECYL, ERDD, FYCYL, FYROD

WCy WR

wWPH, wWSB

ROZ, CY2, RDZ1, CYZI, HSCCI, HSCCO, HSCRI,

HSCRO, BA®REAC, BAREAR, CAREAC, CAREAR

LERO
2ERQ

NPCO L)

X N+ 1) -XtUNI
XLEN * XYLEN

XLENZ * XLEN

) « GT . KGL ) GO YO 20C
CAREAC

cYt

ECYL

CAREAR
RDI
E20D

AREA * [ / XLEN
FLLU N ) # XLEM2 / ( E * AINE )
SQRT( Pvl2
PHIZ / FOLR
-SIX = [ CNE -( PHI/DSINIPHII))/PHI2
ALFA * ALFA
TRE * ( CAT = { PHI / CTANCU PHI ))) / PHI2
BETALl * BETAL
BETAL * TwWO
ALFA / TRET
FOUR % BETAZ - ALFA2
TRE % BFTAL/ DENGM
FOUR * E * AINE / XLEN
KAY / XLEN
KAT / YLTN2
AK * KAT
CA * SCUKS
PHIZ * PhI
DSINL PHL )
ncost pPut )
XLEND *= ( THO - TWD * CPHI - PHI*SPHI)
PHI3 % SPHT # AINE = E
ANVE £ [ENOM
~PHIZ2 # [ CPHI - ONE ) % XLEN * E* AINE

RCONS = ANVR1 / DENCY
St 1+ 1 ) = TCONS
S(C 1 4 4 ) = RCCONS
S{ 1 + 5 1) = =-TCONS
St 1 4 8 ) = RCONS
St 2 4 2 ) = SCONS
S{ 2+ 3 ) = -RCONS
St 2, 6 } = CONS
S({ 2 ¢« 7 ) = RCONS
S{ 3 ¢« 3 ) = TCONS
St 3, 6 ) = —RCONS
St 3 5 7 ) = -TCONS
S( 4 » 4 ) = SCONS
St 4 4, 51 = -RCONS
S 4 , 8 ) = CONS
St 59w 5 ) = TCCNS
St 54 8 ) = —-RCONS
St 6 + 6 ) = SCONS
St 6 4+ T ) = RCCONS
S{ 7+ 7 ) = TCONS .
St 8 4 8 ) = SCONS
C
C—=== >>>> FORM SYMMETRIC MATRIX
C
DO 600 I = 1, 8
DO 500 J =1, 8
SU Js1 b = SC T o J 0}
590 CONTINUE
600 CONTINUF
Cc
C -=~= >>>> FORM THE RIGHT HAND SIDC
c
WPHE = WC + WPH
WSRE = WR & aSB
fF{ NPC(2). LE. NOCYE) WY = WC
1F( NPC(2) o EQ o NGL) WY = WPHE
IFL NPC(2) . EQ. NGLA) WT = WSRE
IFL NPC(2)., GT. NGLA ) WT = WR
DELC = PHI # { Tw3 - TWO * CCOSI
k4 DS ING PHI ))
CONSL = TWO & DSINC PHI )
Wi 2 = WT * XLFN2
WL2A = WL2 / TA0
: BSE .1 ) = =WT * XLEN / TwWO
HSL & ) = WL2A * CCHKSL1 / DELC
HBS( & ) = =WT * XLEN / TWO
BSL B J = =WL2A * CCHS] % CPHI1/ DELC-
* WL2A ¥ SPHl /7 PHI
RETUPN
END ’

PHI) ~ PHI =

PHI * DCCS( PHI )

- WLZ / FHI2

+ WL2 / PHI2

PHI

10L
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SUBROUTINE MULT { X¢ Yo Iy Me N K )
>3>> SUBRAUTINEG TO PERFGRM MATRIX MULTIPLICATION.
IMPLICIT REAL ¢ 8 ( A - H, C = 7))

DIMENSIUN X(O ¥y, N )} ¢+ YU Ny K ¥}y 20 My K )
OATA ZERO / 0.00DO0C / :

DC 1101 =1 M
D0 110 4 = 1. K
TEYP = LERO
DO 100 L =1 4+ N
TFue = TEMP ¢ X({ 1 » L ) * YL L o J

100 CCONTINUS
201, J) = TEMP
110 CCATIANUZ
" RETURN
END

SURKCUTINE 30 ( AyBs MLOYS JMAIDE, MBAND, M, U
C .
C >>>> SUBROUTINE TJ MCOIFY THL 'CVERALL STIFFAESS MATRIX

IMPLICIT REAL & R ( A - H, C - 2}
DIMENSTON AL MLGNG, MWIDE ) 4 B
- DATA Z2ERO, CNE /70.030D00 . 1.C0000

N3 110 1T = 2, MEAND

K ) =M -1+ 1
IFL K « LE., @ ) GO 10 109
Bl K ) =Bf K ) - &(Ky 1 ) * U
AL K, 1 ) =:2€80 :
100 K = M+ 1 -1
1FL MLONG o LT. K ) GP 7O 119
8¢ K) =80K - A, I} %uU
AL M, I ) = 2€m9
110 CONTINUE
A( M 4 L) = ONE
Bl ) =u
RETURN

END

col



SURROUTINE THETA

QUERNUTTLE AANSTL ( 8 , A , MBAND, MWICE, MLONG, CO, HLOMGL ) ' { PRK, FRP'ST, 28X, RBDST, NPHRR, NRDOBR, GC, BMG,
C i PHL, SRL
C >>>> SUBROUIING T9, SILVE RANDEG PATRIX b XGL. YGL. TETA
C o
IMPLICIT REAL * 8 ( A-N, C-1 ) C---- >>> SUBROUTINE TG CALCULATE CROCKEDNESS ANGLE AND FORCES AV
DIFTNSIL Bf MLONG 1o AL MLENG, MWIOE ), CDO MLCNG } c INTERFACE :
NATA 75RO / 0.000) /. ONE /7 1,0020 / c
130 00 169 N =t HLCKCL IMPLICIT REAL * 3 ( A - Hy G - 7 )
IF [ A(N,1) .EQ. ZERD ) GO TO 160 CCMMON / BRGSTF / PRKX, SPRK, REKY, SREK
TEMP = ONE /7 AlYN41) COMMON /7 CLEAR  / PCLy FCL
EINY = TEMP = BUN) : CCMMON / GLDFCR /7 FX{5), FY(S), Fl, F2, F3, F4&
DO 150 4 = 2, MEAND c
IF ( A(N,%) LEQ. ZE°0 ) GO TO 150 ) DIMENSION PRK( NPHER ), PRDST( NPHBR )}, RBK{ NRCBR 1,RBDST(NRDBR)
C = A(N,M) * ToMp C
3 = g € M- 1 . - CATA 2520, ONE, TwC / 0.0D00, 1.0D09D, z.0D00 /
= o
0O 140 K = M, VGAND c
J=4+1 C---= >>> MONITOR FOR PSOPEP SIGN
ALT4d) = AlL.d} - € * A(NyK) c .
140 CONTINUE . SIGN = CONE
R{I)} = BUJ} - A(N.4)} * B(N) IF ( BMG ) 160, 110, 109
AlMaM) = C : 100 © SIGN = BMG / DABS( BMG )
159 CCRYINUE 110 SRPBK = SRBK + SPRK
160 CONTINUE Fl = ZERO
170 G0 150 % = 1L , MLCAGL F2 = ZERD
N = MLONGle 1 - M F3 = "ZERO
DO 180 K = 2, MBAND F& = lEFQ
L = N+K-=1 (ot
BINY = BIN) - A(N,K) = B(L) ] C-==~ >>> CASE 1: ND METAL TO MCTAL COMTACT AT SLIDING CONNECTION
189 CONTINUE c
. NH ;‘N,0 MLONG1 . XGL = ( RBKY ¢ GC * SRSK - PRKX ) / SRPBK
B(NY) = B(N YoL = 6C - XGL
COL N} = Bl N 1F { PCL .EQ. 7FRO .AND. RCL .EQ. 2ERO ) GO TO 690
190 CCNTINUE CF = 7800
. MLONG2 = MLOHGL + 1 00 130 1 = 1, NPHBR
DO 200 KL = MLONG2, MLOMG 130 CF = CF ¢ PRRK{ | ) * (XGL + PRDST(I)) *
Cof KL ) = ZERO * { XGL + PRDST( 1 } )
200 CONTINUE . DO 140 1 = 1, KRDAR .
RETUPN 140 CF = CF # RBYO I )} % ( YGL + PBOST(L I ) ) =
END * ( YGL « RADSTE 1 ) )
YETA = BMG / CF
. D1 = { XGL + PHL ) % DABS { TETA )
D2 = [ YGL ¢ SEL ) ¥ DABS( TETA )
. IF ( D1 .GF. PCL .AND. 02 .GE. PCL ) GO TO 170
IF ( Bl - PCL ) 150, 222, 20D
150 IF € D2 - PCL } 752, 330, 300
179 D22 = PCL * ( YGL ¢ SHL ) /7 { XGL ¢ PHL )
IF { D22 - PCL } 2203, 363, 300
c
C==-== >>> CASE 2:¢ COMNTACT AT FROGNT FACE NF FISTON HEAD
C
200 XNUM = ZERO
XDEN = ZERQ
AGL = PHL ¢ 5C
-~ BGL = PABS( BMG )} /7 PCL
DO 210 I = 1, LPHAR

. .
ToMP = PRK(I) * ( PHL - PRDST(I) )

€0l



220

240
250

270

Commmm
300

329

340
350

370

Ceeem

400

xXney = XDEN ¢ TEMup
Xt = XNUM + TEuo « PPOSTH{ 1}
XNyt = - XNy™

B0 220 1 = 1, KRDBR
yeup = ROK({ T } ¢ { AGL * RRDSTCL I 1))
XDEN = XDEN ¢ TEMP R
XNUY = XNUM + TE®P % [ GC ¢ RBDST{I) 1} 479
XNUM = XNUM - BGL ® PHL
XDEN = BGL ¢+ XDEN
XGL = XNUM / XDEN 480
YGL = GC - XGL
TETA = PCL / ( XGL ¢ PHL ) % SIGN
Q3 = CABS{ TETA * XGL
D2 = { YGL + SBL ) * DABS ( YETA )} c

IF t D3 .G5%. PCL .AND. 02 .GE. RCL ) GO TO 270 C----

IF ( D3 - PCL ) 240, 402, 40D [

IF ( D2 - RCL )} 250, 620G,y 600 500
F1 = TETA -{ RBKY # GC * SREK ~ PRKX ~ XGL¥SRPRK }

GO YO 750
TETA = PCL ® TWD / PHL
02 = ( PHL /7 TwG ¢ G + SEBL ) * TETA

IF { D2 - PCL ) 400, 600, 670

>>> CASE 3: CONTACTY AT FRONT FACE OF STUFFING BGX 570

XNUM = 1ERQ
XDEN = ZERQ . ’ 580
AGL = SBL + GC
B8GL = GABS( BMG ] / RCL

DO 310 1 = 1, MNPHBR
TEVP = PRKI{ I ) # ( AGL + PRDST( 1 ) ) C
XL = XDEN & TtwMp C--—
XU = YNUM ¢ TEMP % PRDST(I) c
XNUM =~ XNUM . c

DO 320 I = 1, LANBR 600
TgH4e = FBK{I) %= ( SBL - RBDST(I} )
X0 = XDFM & TEwp
XHUM = XNUM ¢ TEuP &« ( GC + RODST(1) )
XK = XNUM + PGL # AGL
YDEN = BGL + XDEN
XGL = XMNUM / X¥DEN
YGL = GC - XGL 670
TETE = RCL /7 ( YGL + SBRL ) * SIGN

: Dl = ( XGL + PKL } * OABS { TETA )

D& = RABS( TETA % YGL ) . 680
ITF { DI .GE. PCL JAND. D4 .GE. RCL } GO YO 370
IF { D1 - PCL ) 343, 62Cy 620

IF [ b4 - PCL ) 350, 500, 530
P2 = TETA % { XGL * SPPBK -RBKY-GC#SPBK+PRKX ) 699

GO0 TO 7592 c
TETA = PCL & Tk / SOL 150
ol = { PHL » GC.¢ SBL / TwO ) & DABS( TETA §

T L Dby - PCL ) 500, 60C, 6CO
>>> CAST 4% CONTACT AT FRONT AND BACK FACES 0OF PISTON HEAD

XGL = - PHL /7 TwC .
TE1A = TWO ¥ PCL / PHL * SIGN

YGL = GC - XGL
CALL GFORCE ( PRX, PRDSY, TFTA, XGL, NPKER, FX )
CALL GFORCE ( RBK, RRDST, TETA, YGL, NRCBR, FY )
D0 470 1 = 1., NPHBR
F3 = F3 ¢+ FX(!)
Fl = Fl & FX{1} * PRQNST(I)
DO 480 1T = 1, NRDER
F3 = F3 - FY(I)
Fl = Fl1 ¢ FY(1} * ( GC + RBDSTLI) ) -
k1l = { BMG - F1 ) / PHL
F3 = Fl ¢+ F3

RETURN

>>> CASE 5: CONTACT AT FRONT AND BACK FACES OF STQ#?ING BOX

XGL = GC ¢ SBL / TwC .
TETA. = TWO * RCL /7 SBL * SICN
YGL = 6C - XGL
CALL GFORCE ( PRK, PRDST, TETA, XGL, NFFBR, FX )
CALL GFORCE ( R8K, RBDST, TETA, YGL, NRCBR, FY }
DO 570 1 = 1, NPHBR .
F2 = = FX(1) * ( GC + PRDST(I)} ) ¢ F2
Fé = = FX{1} + Fa
D0 580 I = 1, MNRDBR
F2 = F2 - FY(1) * RBDST(I)
F4 = F& + FY(1)}
F2 = { BMG ¢ F2 } / SBL
Fé4 = F2 + F&

"FETURN

>>> CASE 6: CONTACT AT FRAINT FACE OF PISTON HEAD AND FRONT FACE
OF STUFFING BOX

TETA = PCL + RCL ) /7 ( PHL + GC + SBL } * SIGN
XGL = PCL / DABS{ VETA |} - PHL
YGL = 6C ~ XGL
CALL GFOPCE ( PFK, PRDST, TETA, XGL, NPHBR, FX )
CaLL GFORCE ( PBX, PBODST, TETA, YGL, NRCBF, FY )

D0 670 1 = 1, NPHBR .
- FX(I) = ( SBL + GC ¢ PRDSTU(I) ) & F1

Fl =
F2 = FXUIY ¢ F2
DO ¢80 I = 1, NRDBR
Fl = F1 + FY(I'} + ( SBL ~ RBLCST(I} )
F2 = = FYUI} + F2
Fi = { BMG ¢ F1L )} / ( PHL ¢ GC ¢ SPL )
F2 = Fl + F2
RETURPN
TETA = ZLERO
CALL GFORCE ( Pr¥, PRDST, TETA, XGL, NFHBR, FX )
CALL GFORCE ( FUY, RRDST, TETA, YGlL, NULCHR, FY )
EFTURN
ErD

vOL



SURROUTINE Grence SUBRCUTINE GLAFOR

, 1 { X, CYI, RDI, €D, NPYAX, P1,MLCNG,BRMOC,KETA,KITER,
Ct { AKy DST, TETAs XGLs Ke Fo i FILOAD, P.
JRC b A :
C---= >>> SURROUTINE 10 CALCULATE FURCES CN EACH BEARING c CLFIRC. BNG, GAM !
c weLICIT PEAL * 8 1 Y E >>>> SUSRNUTINE TO CALCULATE GLAND FORCES.
DIZENSTON AKIN), OSTIN), FIN) IMPLICIT REAL % 8 ¢ A — My O — 73
¢ D0 100 1 = 1+ N : CCMMCN / ELEN /7 NUMEL,NUMAP, NOCYE, AGL, NGLA
= L. ' : COVMON 7 PROPYS / ECYL, E3CD, FYCYL. FYRQD
F (1) =AKCL ) % ( XGL # DSTC 1 ) ) * TETA CCMMDN / WGTVER / WC, WR
100 CONT INUE DIMENSION CD( MLGNG ), GFt 8 )y GLFORC( B ), S{ 8 , 8 ), NPC( 2 1,
RETURN * RSL 8 ) 4 XU NPMAX J o BL MLGNG ), PLL NPMAX )
END DATA ZFRC. P5, PIZ / 0.90000, 0.5D0J, 1.571428DCC /
¢
€ =--= >>>> CALCULATE FCRCES AND VCHMENTS AT THE GLAND
C

00 330 IN =1, 2
NPCL 1 )= NOCYC « IN -1
NPC{ 2 )= NPCE 1.) ¢ )

CALL STIFF

1 { X, CYly PDY, NPC, NPNMAX, Pl,

c S+ BS, RCONS, SCCNS, CONS )
13 =4 % ( NPCO 1} -1 ) +1

00O 100 § =1 , 8
GFL I 1 = CDC 14
14 =13 + 1

103 CONTINUE
IFC NPCL 1), NE. NGL ) GO TO 160
GFL 2 ) GF{ 2 ) ¢ RHCC
GFL 4 ) GFt 4 ) + BETA

160 CCHTINUE
CALL MULT( Sy GFy GLFC?Cy 8 4 8 o 1}
IF(C IN . NEJL ) GO TO 200

TEMPO = -P5 = GLFCRC( 6 )
TEMO8 = =P5 * GLFCRC( 8 )
GO 7O 300
' 200 GLEPRCL 6)= TEMPO + PS5 * GLFORC( 2 )
GLFECRCL 8 )= TEHPB + P5 * GLFCPC( 4 )
300 CONTYINKUE
GLFORC( & ) = - GLFCRC( 6 )
GLFCRCL 8 )} = ~GLFCRC ( 8 }
C
' ’ C-== >3> CALCULATE MCMENT IN THE RESULTAMT P LANE
C
RMG = DSQRT{ GLFORCt 6 ) ** 2 ¢ GLFCRCL 8 ) %2 )
SIGN = 1.00000 ’
I£ ( GLFUORC( &8 } . GQ. ZERO ) GO 7C 400 .
IF  GLFCRCC 6 ) . EQ. ZERG ) GO TG 500 .
GAMAL = GLFORT( 6} / GLFORC( 8 )
GAMA2 = DABS( GAMAL )
sigH = GAMAL / GAMAZ
GAMA = DATAN( GAMAL )
GO TC 620
400 GAA = Pl2
GO TO 609
500 GAaUA ZERO

SIGN GLFORC( % ) / DABS{ GLFCRC( 8 )}

qolL



C
C
C

SURRQUTINE FORCES

603 CCNTINUE 1 ( X, CYI, &DI, €D, APMAX, MLOANG,Pl, RHCC, BETA,
e = SIGN * BN6 c BuXY, SHXY, BMX., SHXZ, LMAXCY, NODEC,
KXy = 4 % NGL - 3 0 AMAXED, NODER, DEXY, DEX2 )
KXZ = 4 *®* NGL -1 C
C >5>> SUBRIUTINE TO CALCULATE KCDAL FORCES.
£ CR QUKL ING C
>>>>> TESY FCR LING ) IMPLICIT REAL *» 8 { A - Hy C =~ Z )
1F ( P . NE JFILOAD ) GO TO 710 CCMMON / ELEN / NUMEL (NUMAO, NOCYE, ANGL, NGLA
JEC COL KXY ) . EQ . ZE5RG ) GO TO 680 CCMUGN / WGTCCM /7 WPH, WSB
YSIGNL = CDU xxY } /7 CA8S{ COot KXY 1} COMMNN / wWGTVER / WC,e WR
1EC CDL KX2 ) . EQ o ZERQ ) G0 YO 700 COMMON /7 PRIPTS / FCYL, ERDD, FYCYL, FYRAD
60 TO 690 ) DINELSION BMXY( NPMAX), SHXY (KPMAX), BMXZ (NPMAX ) , SHXZ (NPHAX) ,
cen YSICNL = 1.00000 * NPCUL 2 )y AR( B 4 1 )y CD{ MLCNG ), )
-699 ZS1GNL = CO( KXZ ) / CABSU CC{ KXZ 1) * AF( & ) o XU NPM2X )y SU 8 4 8 )y BS{ B ) 4 DEXY(NPMAX)
60 10 71D ) * fDEXZ{ NFMAX ) 4 PLL NPMAX )
1a¢ 751351 = 1.00000 CATA PS5, ZERD, TWJ / 0.5337., 0.79009, 2.00D30 /
710 IF( KITER.NEL1 ) GO TD 800 DO 100 J = 1 + NUUKP
IFL CY( KXY | . EQ ., LE3C } GO YO 720 BMXY( J ) = ZERD
YSIGNZ = CO( KXY ) / CTABSL CCE KXY }) SHXY{ J ) = ZERQ
[F{ COL KXZ ) « EQ . ZFRO } GO TO 740 AMXZ( J } = ZERQ
G0 To 73° SHXZ{ J ) = LERO
1290 YSIGR2 = 1.000C0 100 CONT INUE
. 130 . 2STGN2 = CDU KXZ ) / DABS( CC{ KxZ 1) DC 130 IP = 1 , KUMAP
GO 10 7592 NP = 4 % ( 1P -1} + 1
740 . 251G6N2 = 1.00009 NJ = NP+ 2
1759 AKXY = YSIGNL - YSIGN2 DEXY{ IP) = CI{ NP )
AKY.Z = 2SIGNL - 2S1GNZ DEXZ( IP) = CD( NJ )
{F( AKXY.NE,7ERO 1 GO TO 900 139 COMTINUE
1F( ArXZ2.LELZERD ) GT TO 970 AMAXCY = Z€P0
¥YSICGNL =  YSIGN2 AMAXRD = ZFRQ
2SIGHNL =  ISIGN2 N0 1009 N = 1 , MUMEL
800 RETURN NPCLZ) el
P 4 N =14
lggg Snmxr}??gi.aaume CYLINDER BUCKLED AT A LDAD OF,D10.3 ) CALL STIFF
S10p 1 { Xi CYI, RDI, NPC, NP¥AX, Pl,
END o Ss BSy FPCONS, SCTANS, CONS )
IJ =4 % [ N-11) 1
DC 1501 =1 .+ 8
AR({!, 1 } = CD( 10 )
14 = 14 + 1
150 CCNTINUE
FF(O NPCE 1 )o NE. NGL )} GO TO 160
* AR(2 + 1 )= ARL 2, 1 | ¢ RHOC
. AR(& ,+ 1 )= AR( 4, 1 } + BETA
160 CALL MULT ( S, AP, AF, 8 , 8 , 1}
IFt N . ME, 1 )} GO TO 2C0
BMXY( M} = =P5 #AF{ 4 )
AMXZE KR) = =P5 *x AF{ 2 )
200 CONTINUE
BAXZU M ) = RMXZ2( N ) - 05 % AF( 2 )
BMXYE N 1 o= EMXYL N ) - P5 ¢ AR 4 )
SHXY( W } = AFL ) )
SHXZU ) = AF( 3 )
BMXZE Nel b= BYXIL Ne 1 ) ¢ PS * AF{ 6 } —d
BMXY( M+l )= AMXY( N¢ 1 )} ¢ PS5 * AF( 8 ) o
SHXYINIL) = -AF( 5 ) o
SHXZU Nsl) = AV (T



TEL NPCL LE. NEL, NUMSL) GO TO 400 SUBROUYTINE MAWROM
BMXY( Ntl)= Tul & AuXY{ N ¢+ 1 } i ( NCPEC, NODER, CYI, RCl. X4Pl, BMXY, CC, ¥LDONG,
BMXZL Neld= THO % 84X2( K ¢+ 1 ) ] i SHAY, BMXZs SHXZ, NPMAX, DEXY, DEXZ, RMCC, BETA,
400 {F{ N. GT. NGL } GO YO 700 C AMAXCY, AMAXRD, XCM, XRM, DEFLC, DEFLR, PC, PR )
AMOMC = DSOPT ( BWXZ({ N ) * RMXZ{ N ) + BMXY (N } * [4
* . BMXY(O N )} C > SUBROUTINE TO LCCATE THE POSITION OF MAXIMUM MCMENTS
1E( AMOMC o Gl. AMAXCY ) GO 10 600 c :
GO 10 12732 IMPLICIT REAL * 8 ( A - M, C - 2 )
600 AMAXCY = AMGHC CCvM0N / PRAPTS / FCYL, EPOD, FYCYL, FYRCD
HODEC = N COMYON 7 WGTVER /7 +C, WR
GO TO 100G COMULN / ELEN / NUMEL (NUMKP, NOCYE, AGLy NGLA
700 AMOMR = PSQRYT ( BMXZU N ) * BMXZ( N )} + BMXY ( N } ¥ DIMENSION X{ MNPEAX), BMXY({ NPMAX), SHXY( NPMAX), BMXZ{ NPMAX ),
* BMXY( H )} ’ ® SHXZ{ NPMAX ), DEXY{ NPMAX ), DEXZ( NPVAX 1} ,
IF ( AMOuP GY. AMAXRD ) GO 1O 80D + PYI{ NPMAX )
GO TC 1000 DIMENSION CO( MLGNG Do CTS( 4y 4 )y FTSC & )y FTPL 4}, FTDL 4 )
800 AMAXSD = AMOMR CATA CNE, TWO / 1.C0D20, 2.92D03 /
NODER = N DATA ZERO / 0.00D0OO /
1009 CCONTITHRUE AMAXCY = 0.C0D00
RETURN AMAXSD = 0.20000
END 1K = NODEC = 1
ESTIF = ECYL * CYI
W = WC
. NTIMES = 19 -
IF( NGDEC. EQ. NGL ) NLIT =1
IF{ MODEC. NE. NGL )} NLIT = 2
JCNTRL = 1 .
GO TO 400
300 1K = NODER - 1
ESTIF = ERCD % RDI
W = WR
NLIT = 2
ICNTRL = 2
490 €N 1500 1 =1 4 NUIY
1IfF¢ 1. £Q. 2. ALDe ICNTPL. EQ. 2 ) NTIFES= 30
XLEN = x{ IK +# 1} - x( IK )}
XLEN?2 = XLFH & XLEN
XLENG = XLEN2 * XLEN?2 .
PHI 2 = ( PL{ IK } * XLEN2 ) / ESTIF
PHI = DSORT( PHIZ2 )
PHI 4 = PHI2 * PHI2
SPHI = DSINC PHI )
CPHI = PCCS( PHI )
CCTPHI = CPHI / SPHI
. . XPH2 = YLEN2 / PHI2
XPH4 = XLEN4 / Pris4
VE I = W / ESTIF
DELC = PHI &% ( TwD - TWO * CPhI - PHI * SPHI 1}
ATERNM] = ( ONT - CPHI- PHI & SPHI }
ATERM2 = CPH] - ONE
AYERT3 = SPHL - PHL * CPHI
ATEPvy = PHI ~ SPHI
TCYSE 1, 1 ) = =PHI # SPHI
CTsSt 1y 2 ) XLEN # ATURML
CTSL 1y 3 ) = =~ CVSL ) 4 1)
CTISE 1y 4 ) = XLCEM * ATEENQ .
CTSL 2, 1 ) = = LMD * ATCRMD o
CTSE 2y 2 ) = XLEN & AlFOM3 D]
CYSE 2. 3 ) = =CYSL 2 4+ 1)



XLEN & ATERM4 TF{ JICNTRL, £Q } 30 TO w02

CTst 2, 4 ) = .2
CTSE 3, 1 1 = CISC 1, 2 3 ¢ PHI AMOMC = DSOQRTI AMXY & AMXY ¢ AMXZ * AMX2 )
CTSE 3, 2 ) = XLEN * CTS( 2 , 1 ) IFE AMINC o GT. AMAXCY ) GO TO 800
CTSL 3, 3 ) = =CTS( 3 4 1 ) GO TQ 1200
CTSU 3, &4 ) = CTS{ 3 , 2} aeo EMAXCY = AMCMC
CTSL 44 1 } = PHI * ATERM] XxC* = X[ IK )} + XREF
CTSU 44 2 3 = =CTSL 2 &« 21 DEFLC = DSQET ( DEFLXY * DEFLXY + DEFLXZ * DEFLXZ }
CVSe 4y 3 ) = CTSC 2 + 1} 50 TU 1200
CTSU 4o 4 } = ~CTISC 2 4 &2 S 902 AMDYZ = DSQAT( ANXY % AMXY + AVXZ * AMXZ |}
DO 420 1CT = 1. 4 IF{ AMOR . GT. AMAXRD 1 GO YO 110€
DO 420 JCT = 1, 4 Go ¥c 1200 un
CTSUICT, JCT) = CTsE 1CT, JCT ) / DELC 1133 AMAXRD = AMOUR
420 CONTINUS XF* = X{ 1K } + XREF
KONS = W * XLENG / ( TWO * PHI2*ESTIF * OELC ) DEFLR = DSORT{ DEFLXY * DEFLXY + DEFLXI* DEFLXZ )
CONDI = KONS * DELC /7 PHI 1200 CCNTINUE -
CONDZ = KOKS * ( TWO® SPHI =~ PHI # CPHI - PHIL ) XKEFL = XU 1K ) ¢ XREF
COND3 = -KONS * DELC XREF = XREF ¢ XLEN / NTIMES
COnpé = -COND2 1300 CCNTINUS
NP = 4 % ( K - 1) 1K = IK ¢ 1
FIS{ 1 )} = CD{ N2-+ } } 1520 CONTINUES .
FIS( 2 ) = CDU NP + & ) 1F ( IC;JTRL. €Q. fl; : GO IICJ 3:‘)0
FTS{ 3 ) = CDL NP ¢ 5 ) C = P1C Nant
FTS{ & } = COlL NP + 8} ‘ PE = P1{ NODER }
ETDL L ) = CDU NP + 3 : : RETURN
FIDE 2 1 = ~COt NP « 2 ) END
FIO(C 3 ) = COL NP « 7 )
FTO( 4 ) = =CD{ NP + 6 }
IFL 1K. EQ. NGL. AND. ICNTRL. EQ. 2 } GO TO 450
GO T 470 L
450 ETS{ 2 ) = FIS( 2 ) + BETA
FYD( 2 } = FTIBL 2 ) + RHOC
E1D(L 2 ) = -FIDL 2 )
470 CALL MULT( CYS, FTS, FTP, 4, 4, 1 )
AXY = FTP{ 1 1 + CCNDL
By = FIP(L 2 ) + CCND2
cXxy = FYP{ 3 ) + CCND3
DXY = FTP( 4 } + CCND4
CALL MULTL CTS, FYD, FIP, 44 4, 1 }
ST = FTP( 1 )
RXZ = FTP{ 2 )
cxz = FTPL 3 )
oxZ = FTPL 4 |}
. XKEF = 2E£0 .
5C3 DC 1309 1AZ = 1 4 NTIMES
XREF2 = ¥QEF %= XREF
PHITAP = PH] * XREF / XLEN
SPHIT = DSTti{ PHITAP )
CPHIT = DCOS( PHITAP )
GIMEX = XREF / XLEN
TANT = XKEF2 % XPH2 / ESTIF
ALDAD = W * TANT / TwD
DLFLXY = AXY * SPHIT ¢ BXY® CFHIT & CXY % DIMEX+
* DXY « ALCAD
DEFLXZ = AXZ * SPHIT ¢ RXZ * CPHIT # CXZ * DIHEX 4DXZ
AMXY = LMXY( K ) ¢ SHXY{ IK ) * XREF = w ¢
* XREF2 /Th0 -~ PRI Tk ) % { DEFLXY - DEXY( IK})
Xy = BMXZL IK ) = 34XZ0 1K } * XREF +

b4 PLE IK 3 ¢ ( DEILXZ - GEXZC 1K ) )
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SUBROUTINT STOPTR

1 ( YOTA , ROonan, warnaw, ALTH, ALF, STROK, KYERAT, GC )
C
C——==— >>> SuQUIIvE TO CALCULATE THE REQUIRED LENGTH CF STQP-TUBRE
C
IMPLICIY REAL % 8 (A - Hy, C = 7
COMrh /4 SLDEOR / FXU(SY, FYUS), Fl, F2, F3, F&
Co Ml f/ ST0vRS / CL, RL, STPTR
CUaMnN /7 FLEN / LUMTL MYYAF, KROCYE, AGL, NGLA
CoMMoN 4 0R01 /7 NODELL 15). XORDIC 1CY, NCDE2( 10), XORD2(10)
[«
CATA Twily, HUKNDRD / 2.0272, 100.2009 /
C .
C==== 25> INCREMENT FOR STOP-TUSE LENGTH
[+
GC! = STROK /7 HUNDRE
C .
C---- >>> CALCULATT TOTAL LATERAL FORCE
c
TF = DABS( F1 ).+ CABS{ F2 ) + DABS{ F3 ) + DABS( Fa4)
D0 102 1 = 1, HNPHBR
100 TF = TF + DABS{ FX(I} )
DO 110 1 = 1, NRDBR
110 TF = YF + DARS{ FY(1) }
F = TF / TwQ
C
C-=== >>> CHR(LK TOTAL FORCE AND CHROOKEDNESS ANGLE LIMITS
C
IF € F JLT. ALF .AND. DABS{ TETA } .LT. ALTH | RETURN
GC = GC + 6CI
IF ( GC - STROK / TW3 / TwWd ) 120, 120, 900
120 KTERAT = 2
RETURN
900 PRINT 9190
Q10 FOKMAT ( IML, ///. 5{ 25H* * % * % ERRQOR * = %= % *, / ),
1 ///yv 4SHFGRCE ANT (ROCKEDNESS ANGLE LIMITS AT 2/
2 4SHSLIDING COANECTINN ARC T1CC SMALL: v/
3 45HRESULTS 1 UNZCONOMIC AL DESIGNS v/
4 45HSTOP TUBT LENGTH BECONES > STRCKE / 43 '/
5 45HSUGGESTIGON -~ INCREASE LIMITING VALUES. o/ )
sTQP
END

SURRDUTINE §S1vLSg

1 ( KEy©, K{YT, KEYP, RIC, CHDS, CPPRE, FYRODT, FYCYLT,
1 PINCRL, PINCR2, KEYST, LFLULD, P, BMC, BMR,PL,PC,PR,
(o HSC, MHSF, AX1EN, CSTR, RSTR, CSS, NCSSs NPMAX,
d RSS, MRSS
c .
C——== >>> SURRAUTINE TO CHECK THE MAXTIMUM STPESSES WITH THE LIMITING
C STRESSFS :
C ’
[MPLICIT REAL * &6 ( A -~ He C - 2}
COMIN / CRPREP /7 RDZ, CYZy RDZIM, CYZL, HSCCI, HSCCO, HSCRI,
* HSCFO, BAREAC, BAREAP, CAREAC, CAFEAR
COFMEN / HGTVYER / wl, WR :
GATA ZERO / 9.000C0 /
DATA LYES / 3HYFS / .
DIMENSION PL{ NPMAX )
[
[4
C-—~-- >>> CALCULAT® ALL STRESSES
C .
c HOIP STRESSES
[4
' PRE = PC/ BAREA(L
HSC = KWSCCI % PRE
HSCA = RSCCD * PRE
HSR = 2EFRC
IF ( LFLUID LEC. LYES ) HSR = HSCR1] * PPE
’ HSRO = ZERO
IF { LFLUID +EQ. LYES ) HSRC = HSCKC * PRE
[
[ LONGITUDINAL STRESSES
C
AXTEN = LEROD
IF ( CHDS .tT. ZF°O )} AXTEN = PCL 7/ CAFREAC
CSTR = BMC / CYZ
CSTRI = BMC /7 CYZ!
IF { LFLUID .FC. LYES ) PR = PP- PRE # BAREAR
EX2ST = PR / CAR{ AR
RSTR = BMR / RDZ ¢ AXRST
RSTRI = BMR / RDZI + AYRST
c
[+ SHEAR STRESSES
¢
! CSSD = HSCO + CSTP
CSS! = MSC 4 CS171
TF ( €SST .GT. CSSI ) G2 10 20
css = CSS1
NCSS = 2
GO T0 52
20 css = CSSP R
NCSS =1 : 7
51 RSS = JEED
NFSS =0
IF ( LELUID JNF. LYES ) 6D TO 90
RSSO = HSETT ¢ RSTR
RSSI = HS5R ¢ RSTRT
1F { RSSD LGT. RSSI ) GO TO 60

k&S = 1'SS1

601



69
99
o
Commm
C
C
Ce~=-
C
109
C
C-=n=
[
200
4n9
507

1kSS

GO TR a)

RSS

MRSS

CONYINUE

IF ( KEYF
KEYST

IF (

"

nu

2

RSSO
1

«NE. 1 ) GO TO 500

«ME. 1 ) GO TC 522

>>> CHECK WITH LIMITING STRESSES

IF {
IF (

>>> CHANGE THE YRIAL LOAD CORRESPONDINGLY

RETURN
IF

RETURN

STRMX1
STRMX2
sSTevxi
KEYT

P

KEYP

P
KEYT

>>> ITERATIVE

PETULK

QETUON

RETUPN
END

P
KE YF

p

Keyp

KEYF

.EQ.

REFI

won

non

CHAXT [ CSTR, HSC,
D¥AX1 ( RSTR, HSR,

«GT. FYCYLY .OR, STRMX2
«EQ.

2 } GO 70 400

P + PINCR]
2 ) 6010 200
P - PINCRL # PINCR2
2
NEMENT SECTION
b - PINCRZ
2
P o+ PINCF2
2

3

c .

SUBRCUTINE DUTPUT

S ( KWiT, BAREAC, XCY, XRD, YCMA&X, YRMAX, CHDS, GC,

1 FYCYLY, FYRJDT, CSTR, RSTR, KSC,

f NPHOR, NPDA2, TH{, CSS, NCSS, RSS,
C—=== >>> SUBRCUTINE TC PRINT ALL ThE RESULTS
C

IMPLICIT REAL = 8 ( A - H, O~ 2}

COMMEN / FSSPTF / OPPRE, ALTH, ALF, FS, LFSTP

CCMMCN / GLDFCR / FX(5). FY(5), Fly F2. F3,

CCHMMSN /7 1D / 1QCARD(4D), NPROB, IPY08(19), LPRTP

CCMMCN / UNITS 7/ LNTU, LODU, LPREU, LANGU
c

DATA 2%R(C, TWRO, H180 /.G.0DC0, 2.0D00, 18C.0000 /

DATA Pl / 3.1415926535857930C0 /

CATA LDEG / 4HCEG /
C
C==== >>> FORMATS
C

100 FORMAT ( 1HL, 5X, 36HPROGPAM SACFI - STRESS ANALYSIS OF
1 21HCYLINDERS { REGULAR )¢ /74 2( S5Xy 20A4, / ),
110 FOPMAY ( 5X, BHPRTBLEM , A4, //4 LIX, 1G24

120 FCR"AT

130 FORMAT
1

140 FCFRMAT

1

150 FCRMAT
1
2

160 FCRMAT
1
2

180 FCPMAT
1
2

250 FCRMAT
1

260 FCPMAT

300 FCRMAT

N -

312 FOPMAT

—

314 FORMAT
316 FUKMATY
318 FO¥4AT
320 FORYAT
1
325 rQavar
1
2
339 FCORUAT
1

17+ SX43SHRESULTS:
/14 5X,44HRESULTS:
BHPRESSURE ,  /
//+ SX¢45HRESULTS:
6HLENGTH, /
/¢14X425HCRITICLL LOAD
77414X 4 25HFAXT VU FLUID PRESSURE
/74 14X, 25HCRCIKEDNESS ANGLE
/114X ,25HOPERATING PRESSURE
/716X ,25HL0AD
774 14X 29HCR.USKE DMESS ANGLE

ANALYSTS TO

[ L I (A (I 1

/vy S5X434HREQUIRED LENGTH OF STOP-TUBE
//¢ 5Xy34HCORRCSPONCING EXTENCED LENGTH

HSR, AXTEN,

TETA,

NRSS o P o EXL

Fé

CRITICAL LCAD ANALYSIS, / )
ANALYS TS FCR A GIVEN OPERATING ,

DETERMINE STOP-TUBE .

¢« lPC10.3, 4X.
»1PD10.3, 4X,
v 1PD12.5, 2X,
+1PD10.3y 4X,
W 1PC103,y 4X,
+IPC12.5¢ 2X,

//s SX432HTESULTS WITH THIS STCP-TUBE ARE:, /
1MLy /4 S5Xo4CHANALYSIS AFTER AFPPLYING GIVEN FACTOR COF

10HSAFETY CF 4 F6.34 2X%, 2hCNy 2Xe A4, 2H:

/4 14X,25P1.0480
77,16X,250FLUID PRESSURE

/79 14X, 2SHORCOKIGNESS AMGLE
/+ S5X. GHCYLIMDIRZ,

774 10X, 29HPAXT MUY CEFLECTION

wonon

/710X, 290MAXTMUY LCNGITUDINAL STOESS
/79 10X 2F9HAT L DISTANCE FRCM CYL SUP

/7, 10X, 29HEACT Y OF SAFETY ON CYL
/210X, 29HMAY SHTA® STRESS IN CYL
710X, 24HAT “AX LCNG STRESS FCINT

10Xe 214ALD AT DUTER SURFACE

IN%, 218AKD AT 1R OSURFACE
/410X, 29HFACTYOR OF SAFETY DN CYL

/o 1DX 290 MAXE Y HOOP STRESS Th CYL

/70 LCY W 29PFACTOR OF SAFETY ON CYL

/10X 2GHAXTAL TORSION [N QVFR FANWG

774 10X 296FACTN2 0F SAHETY ON (YL

/710X 29H0ND DUFLECTICN IN OVEFERANG

/e 5X, 9HRPOD HEY
£/ 10X 2DNEAA LY DEFLFCTION

+1PEL0L3, 4X,y
+1PD10.3, 4X,
2 1PC12.5, 2X,

+1PD10.3,
»1PD10.3,
»1PD10.3,
«1PD10.3,
+«1PD10.3,

N KN

+1PD10. 3,
+1PD10.3,
»1PD10. 3,
11PD10. 3,
+1PD10. 3,
+1PD10.3,

HHHNHN

= ,1PD10.3,

A4,
A4,
Ay
Aby,
Ad,
Lay

’
A4,
Ad,
As,

4X,
HhXe
4Xy

/
4 Xy

4%,
4,
hX,

4Xy

/

/

A&,
A4,
A4,

LY

= 1PD10.3,4X, 54
= 1PD10.3,4X,44

OLL



342 FORMAT (

343 FORMAT
350 FCRMAT

360 FCRMAT ( 1IHle //+ S5Xy 29HFORCES AT SLICINC CONNECTION:, //, 15X,
1

77 410X 29HMAXTHMG S LONSTTUDINAL STRESS= 41PL103y 44Xy

2
3 /7:10Xs2%-AT A DISTANCE FROM CYL SUP = 41PD10.3, 4X,
4

/7 410X, 29HFACTIR OF SAFETY OGN ROD = +1PD10.3, /
/410X, 291:%AX SHEAR STRESS IN KGO = 41PD10.3, 4X,

1 /913X s24EAT AX LCANG STRESS PCINT

1

-

/410X ,291FACTCR OF SAFEYY ON FOC = ,1PD10.3, /
/010X 29RMAXTMUNY HOOP STRESS IN ROD = ,1PD10.3, 4X,
/74 10X, 29HFACTIR OF SAFETY GN ROD = 41PD10.3, /

23HPISTCHN BEARINGS (SEALS), 6X, SHFORCE, /425Xy 2HND,

370 FCRMAT ( /4 50 25X, 12, 12X, 1PC13.3, 2Xy A4y /7 )
380 FORMAT ( /418X, 20KP0OD BEARINGS (SEALS), 6X, SHFORCE, /25X, 2HNO/)

390 FCRYAT ( //8x3BHFl- FORCE AT PISTON HEZD FRONT FACE

=1PD11.3,

1 //8X3BHF2~ FCACE AT STUFFING EQX FRONY FACE =1PD11.3,
2 //BX33HF3~ FCRCE AT PISTON HEAC EACK FACE =1PD11.3,
3 //78X38HF4~ FORCE AT STUFFING BCX INNER FACE =1PD1l.3,
4 /+11X433H(ZERD FORCZS INDICATE NC CONTACTY) , /
400 FORMAT ( //7y 10Xy 39HTHETA EQUAL TO ZERO IMPLIES CONTINUOUS
1 17HCCNTACT AT GLAND. o+ /. 10X,
2 34HABOVE FORCES CANNOT BE CALCULATED.
3 33HHENCE, ARE PRINTED CUT AS Z2ERC'S. o+ //
c .
TEMP = H180 / Pl
IF ( LANGU .EQ. LDEG ) TETA = TETA * TEMP
PRE = P / bAREAC
IfF ( KWIT «NE. 1 ) GO TO 540
C
C--== >>> PRINT ALL RESULTS
c
PRINT 100, ( ICCarDI(I), I = 1, 40 )
PRINT 110, HPRGCB, ( TPRO3(I)y I =1, 19)
50 70 ( 510, 520, 530 ), LPRTP
510 PRINY 120
PRINY. 150, P, LODU, PRE, LPREU, TETA, LALNGU
GC TO 550
520 PRINT 1130
PRINT 160, OPPRE., LPREU, Py LODU, TETA, LANGU
GG TO 559
530 PRINT 140
PRINT 180y GCy LNTU, FXLs LNTU
PRINT 150, P, LOUDU, OPPRE, LPPEU, TETA, LANGU
G3d TO 5590
540 PRINT 2504 FS, LFSTP
PRINT 260, P, LCDU, PRE, LPREU, TETA, LANGU
C
C-=== >> CALCULATE THE FACTOR CF SAFETY'S Gh MAXIMUM STRESSES WITH
C LIMITING STRESSES AND PRINT
C
5590 FCSF = FYCYLT 7/ CSTR
PRINT 320, YCMAX, LNTU, CSTR, LPPEU, XCY, LNTU, FCSF
FCSF = FYCYLY / CSS
css = CSS / 140

PRINT 312, €SS, LPPEU
IF ( NCSS (EQ. L ) PRINT 314
I { NCSS .tQ. 2 )} PRINT 318
PRINT 3148+ FCSF :
FCSF - = FYCYLT / HSC
PRINT 323, HSC, LPPEU, FCSF

A4,
A4,
)
A4,
)
]
A4,
}

7
)

2XA4

2XA%-

2XA4
2XA4
)

560

570

1F

PRINT

PRINT
1F

PRINT
1F
IF

PRINT

PRINT
PRINT
PRINT
PRINTY
PRINT
PRINT
IF
RETURN
END

{ Ci1dS «GFe ZERI ) GO TO 56D

rCSF = FYCYLT / AXTEN
ENDDF = THC * CHDS

325, AXTEN, LFREY, tCSF, ENDCF. LNTU
FCSF = fYRGDT / RSTR

33), YRMAX, LMTU, RSTR, LPREU. XRC, LNTU, FCSF
( HSR .EQ. ZFRO ) GO TO 570
FCSF = FYRODT / RSS
RSS = RSS / TwC
342, RSSs LPREU
( NRSS LEQe 1 ) PRINT 314
[ NRSS <EQs 2 ) PRINT 316
348, FCSF
FCSF = FYRODT / HSR
350, HSR, LPREU, FCSF
369
370, { I, FX{I), LODU, [ = Ly NPHBK }
380
370, U 1, FY(1), LODU, I = 1, NRCER )
396, Fl. LODU, F2, LODU, F3, LODU, F4, LOCU
( TETA LEQ. 2ERO ) PRINT 420
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PROSRIY SALPT - STRESS ax:Lv5§s Of ¥VPFrautlC CYLLIRDERS,
K. RAVI ShANRAS FXAMPLE PROBLEMS
CODED Ch NOVEMUER 1 1978 -
FROBLEX 1
SCGLEN RID o HORIZCKYAL CYLINDER,y CRITVICAL LOAD ANALYSIS
IKPLY CATA:
TABLE 1: CCNISOL EATA

PROBLIM TYPE = ) - CRIVEICAL LDAD ANALYSIS € ANALYSIS FCR A FACTCRED LOAD

TABLES PEYAINED FROM PPLVICUS PRODLEM

2 3 “ 5 [3 7
. NO KEE®# OPTIONS CXERCISED

1ABLE 2: UXITS OF MCASUREMENT

LEKGTH 104D PRESSUPE  ANGULAR
INCH K1ps Ks1 RAD
T4ELE 3: CYLINDER DIMENSIONS
LENGTHS: :
STROKE PISTUN HEAD STUFFING BCX END PLATE FINGE DIST.

5.C00000+01 1.780020+00 5.625000-Ct 9.303CCR-01 c.0

CYLINDER POD EXIENDIN stne 1UEE
5.29060D+01 $.218370¢01 1.05¢880C2 0.9
CIAMETERS: °
CYL. QUTER CVL. IRNER RCD QUTER ROD INNER

3.5009CD+C0 3.020000+00 2.00390014C0 0.0 SCLID FOU

CYt, PIN POUD Pl & PISTOY HLAD @ STUF. rOX @

5.003000-03 9.93723)D-03 2.955CM 0y 2.C5274D+00
(e 280, THE En0 IS FIXED) (& 23¢9, CTRER OPTION IS IhPU1)

¢
-CLEARANCES BETWECN:

CYLINDER
AND AND AND
STUFFING 80X PISTON HEAD @ STYUuF, BOX @

CYL INDER ROD

0.0 . 0.0 0.0

{3 ZERO, OTHER GPTIUN 15 IRPUT)

TADLE 4: BEARINGS AND SEALS
PISTON BEAKINGS:

A &

4
wWIDTH THICKNESS  YOUNGS MODULUS

5.300000-01 3.725%020-C1 1.50C00D+¢C4

1.000000¢00 3.815990-01 4.000000¢C2 -

ROD BEARINGS:

A A A
WiDTH THICKNESS YOUNGS MCDULUS

1.6C0000¢00 1.250020-01 1.500000+04

e DISTANCE FRCM
STIFFNESS BACK FACE
0.0 1.515000400
0.0 7.500000-01

e DISTANCE FPCH
STIFFNESS BACK $ALE
0.0 1.062000+20

(A 1S USED TO CALCULATE 8 - HENCE, EITHFER A OR B 1S JHPUT
26R0*S ABOVE INDICETE THAT YHEY ARE ANCT INPUT])

TABLE S: WEIGHTS AKD MATERIAL PRCPERTIES
REIGHTS OF PARTS:

CYLINDER. ROD
(PER UNIT LENGIH)

PISTON READ
2.400000-03 3.9500000-03 4.157300-03

MATERIAL PROPFRTIES:

YOURGS ¥0O0ULUS YIELD
CYLINDER PCD CYLINDER

2.900000¢04 2.90000D¢ 04 7.502200 ¢C1

STUFFING 80X

1.777€0D-02

STRESS
RCO

4.,050C00¢01

TABLLG: INCULINATICM, FRICTICN COEFFICIENT.FACTOR OF SAFTEY,

CYLINDGR INCLINATION 0.0
FRICTICN COCFFICIENTS

CYLINDER END 0.0

ROC ENO 0.0

¢l



TABLET: SYAYION CATA . PRCGRAY SACFY = STRESS ANALYVSIS ©OF CYLINDERS U RCGULAR }

AuToUPTION
N, RAVI SHAXXAR EXAMPLE PROBLEMS
NUABER OF CLEPENTS . CODED CN MOVEMBER L 1978
CYLINDER 3 '
®OD 1
PROBLEY 1
TABLEB: FIXITY CONDIVIONS,ECCENTRICITY 'OF LOADING SOLID ROO o HORIICHNTAL CYLINDER, CRITICAL LDAD ANALYSIS
NODE  FIXITY ALONG PLANE  ECCEMTRICITY ALONG MOMINTS ABOUT
XY xZ Xy Xz Y 2
RESULYS: CRITICAL LOAD ANALYSIS
1 PIN PIN 0.0 0.0 0.0 0.0
H PIN PIN 6.0 0.0 0.0 0.0 CRITICAL LOED = 2.582D+01 [$1.33
MAXIHUM FLUID PRESSURE = 3.6050400 KSI
AXTAL LOAD DISTRIBUTICN IS UNIFORM _ ' CRODKEDNESS ANGLE *  3.45558D-05 RAD
FACTOR DF SAFEYY = 1.000 ON LOAD !
. CYL INDER:

MAXTHUY DEFLECYIGN = T.8460-01 INCH
VAXIMUM LCNGITUDINAL STRESS: 1.319De0l ($3]
AT A DISTANCE FKCK CYL SUP = 5,3150+01 INCH

FACTOR OF SAFETY CN CYL = 5.687D400

MAX SHEAR STRESS IN CYL = 1.8000+01 kSt

AT MAX LOKG STRESS POINT

. AND AT ILNLR SURFACE °
FACTOR OF SAFETY ON (YL = 2.004D+00 .
VAXIMUM HOOP STRESS IN CYL = 2.461D¢0} kSt

FACTOR OF SAFEYY ON CYL = 3.0470+00

ROD :
MAXIMUY DEFLECTICN = £.2080-01 IRCH
FAXTMUH LCNGITUCINAL STPESSs  4.046D+01 KSt
AT A DISTANCE FFCP £YL SUP =  4,94ED¢01 INCH

FACTOR OFf SAFETY CN ROD = 1.0010¢00

ELL



FORCES AT SLIDING COANNECTION:

fl-
£2-
F3-

F4-

FCRCE
FORCE

FORCE

PISTCN BEARINGS (SEALS) FORCE
T NO
1 6.45204¢ 00
2 2.3330-01
ROD BEARINGS (SEALS) FORCE
KO
1 6.6850¢00
AT PISTOM HEAD FRCNT FACE - = . 0.0
AT STUFFIKG BOX FPONT FACE = 0.0
AT PISYCN HEAG BACK FACE = 0.0
AT STUTFFING BUOX INNER FACE = 0.0

FORCE

(ZERD FORCES INDICATE HO CONTACT)

KIP$S

KiPS

KiPs

KIPS
K1PS
KIPS

KiPS

vLL



PRCGREY SACFI - SIRESS ANALVS[S.OF HYDRAULTC CYLINDCRS,
N. RAVI SHANRAR EXAMPLE PROBLEIUS
COJED CN KOVEM3ER | 1978
PROELINM 2
HOLLOW RIDVERTICAL CYLINDER,ECCENTRICITY ALOMG X AND Y AXES

INPUT DATA:

TABLE }: CCNTR0L DATA

PROBLEM TYPE = ) - CRIVICAL LOAD ANZLYSIS & E&NALYSES FCR A FACYCRED LGAD

TABLES RETAINED FROM PREVICUS PRODLEY

2 3 4 6 7
KEEP KEEP KEEP KEEP
TABLE 2: UNITS OF MEASURERENT
LENGTH L0AD  PRCSSURE  ANGULAR
INCH KPS kst RAD
TABLE 3:  CYLINDER DIMENSIONS
LENGIHS :
STROKE PISTCN MEAD STUFFING 80X KD FLATE  HINGE DIST.

5.000330+0) 1.716C0204+00 5.6250CD-C1 - 9.000CC0-01 c.0

CYLINDER fUO EXTENDED ST10P TUBE
$.290600+¢01 5.27830D¢01 1.05689D0+C2 0.0
CIAMETERS:
Cyt. OUTER CyL. IHNER RGO ouTER ROD IANER

3.500000¢00 3.020000+00 2,030030¢37 1.500CC0+00 HCLLCW RCD
WITh FLUID

CYL., PIN = P00 PIN » PISTON HEAC @ STUF, 80x @

$.000000-01 $.0200%0-01 2.995C00+22 2.052CCD¢CO
(* 2ERD, THE END 1S FIXED) (@ ZERO, OTHER GPVION IS LMNPUT)

CLEARANCES BLTWEEN:
CYLINDER CYLINDER ROD
It AED AND
SIUFFING BOX PISTON MELD @ STUF. BOX @

0.0 0.9 0.0
{3 IERD, OJTHER OPTION IS INPUT)

TABLE 4: BEARINGS AKD SEALS

PISTON BEARINGS:

A A A 8 DISTANCF £R
(s 1]
WinTH THICKNESS  YOUNGS HMIDULUS STIFFNESS BACK FACE
5.3ce000-01 3.725030-01 1.50000D+C4 0.0 1.5150 i
1.000000+00 3.815030-01 4.022C00 %22 J.0 7:532033:3E

RCD BEARIHNGS: .

A A A 4 DISTANCE FROM
HIDTH YMICKNSSS YCUNGS MODYLUS STIFINESS BACK FACE
1.00029D+00 1.250000-01 1.500000+¢C4 0.0 1.06200D¢00

(& IS uSSD TO CALCULAYE B - HENCE, EITFER & OR B IS INPUT
ZERO'S ABIVE INDICATE THAT THGY ARE NCT INPUT)
TABLE S: WEIGHTS AND MATERIAL PROPERYIES
KEIGHTS OF PARTYS:

CYLINDER ROD

PISTON HEAD STUFFIN
(PER UNRIT LENGTH) 4 fne gox

2.400330-03 3.00023p-03 4.157000-¢C3 1.777¢C0D-02

MATERIAL PROPLRTIES:

YOUNGS HOOULUS YIELD STRESS
CYLINOER ROD CYLIHDER RCD

2.900000+¢04 2.90000D¢04 7.500000+C1 4.050CCD01L

TABLEG: INCULINATICN, FRICTICN COEFFICTENT,FACYOR GF SAFTEY,

CYL INDER INCULINATION 1.507D+00
FRICTION COTFV ICIENTS
CYLINDER END 0.0
{00 ERO 0.0

SlLL



TAELEY: STAYIQCN DATA PRCGRAM SACFI ~— STKESS ANALYSIS OF CYLINDERS { REGLLAR }
AUTOOPTION

N. KAV SHAMKAR EXAPPLE PRCBLEMS
HUMBER CF ELEPENTS - CODED CN ROVEMBER 1 1978
CYLINDER - 3
ROD 1
PROELEVN 2
TLBLES: FIXITY COMOIYIONS ECCENIRICITY CF LOADING HCLLOW ROD,VERTICAL CYLINOER,ECCENTRICITY ALONG X AND Y AXES
NODE  FIXITY ALONG PLANE ECCENTRICITY ALONG MOMERTS ABOUT
XY x2 Xy xz ¥
RESULLTS: CRITICAL LOAD ANALYSIS
1 Fix PIN 0.0 0.0 0.0 0.0 ‘
s Pin PIN 5.0000-0L  5.00)0-01 0.0 0.0 CRITICAL LOAD = 1.403D¢01 xtPs
MAXIMUM FLUID PRESSURE = 1.955D+00 KSt
AX1AL LCAD DISTRIBUTICN 1S UNIFO/H ) CRCOKEDNESS ANGLE = 1.798730-05 RAD
FACTOR OF SAFETY = 1.000 O LOAD
CYLINDER:
PAXIMUM DEFLECTICN s €.607D-01 INCH

PAX[MUM LONGITUCINAL STRESS= 6.7820+00 Ks1
AT A DISTANCE FRCOM CYL SUP = 5,375D¢01 INCH
FACTOR OF SAFETY (N CYL = 1.1060¢01

KAX SHEAR STRESS In CYL = 9,614D+00 KSI
AT MAX .LONG STRESS POINT

AND AT INNER SURFACE

FACTOR OF SAFETY ON CYL = 3.900D¢00

HAXIHUM HOOP STRESS IN CYL = 1.338D+¢01 KSI

FACTOP OF SAFETY ON CYL = 5.6070+00-

R0D H
BAXIMUM DEFLECTION = 6.9480-01 INCH
FAXIMUM LCNGITUCINAL STRESS= 3.544D401 KS1
BT A DISTANCE FRCHM CYL SUP =  7.3100¢01 INCH

FACTOR OF SAFETY CN ROD = 1.143D+¢00

PAX SHEAR STRFSS IM ROD * .2.0240+01 K51
AY MAX LONG STRESS POINT
AKC AT QUTER SURFACE

FACTOR OF SAFFTY Ch ROD = 1.0010400

FAXTMUM HOOP STRESS IN ROD = 6.9560+00 KS1

9LL



TEACTOR UF SALETY CN ROD .

FORCES AT SLIDING CGNNECTION:

PISTCN BEARIAGS (SEALS) .

(3]

ROD OGEARINGS (SEALS)
KO

Fl~ FORCE. AT PISTIN HEAD FRONT

5.7890¢00

FORCE

3.3590¢C0

1.2140-01

FORCE

3.48CDe00

FACE . = 0.0

F2- FORCE AT STUFFING BOX erNY FACE = 0.0

F3- FORCE AT PISTIN HEAD BACK FACE = 0.0

b4~ FORCE AT STUFFING BOX INNER FACE = 0,0
(ZERD FORCES FNDICATE NO CONTACT)

Kips§'

KIPS

K1PS

KIPS

KIPS

KIPS

K1PS

L1



FECGORAM SACFT ~ SIPESS ANALYS]S OF hYORAULIC CYLINOERS,
No KAVI SIANKAR ' [XAMPLE PROBLEMS
COOZD €N KROVEMAER 1 1978
PRCBLEN 3
HCLLOK ROO INCLINED AT 32, ECCENTRICITY AT JIKRIERIOR NODE
1KPUT CATA:
TABLE 1: . CONYROL DATA

PRGBLEM TYPE = 1 - CRITICAL LOAD ANALYSIS & ANALYSIS FCR A FACTCRED LOAD

TABLES RETAINED FFGY PREVICUS PROBLEM

2 3 P 6 7
KEEP KEEP KEEP KEEP

TABLE 21 UNITS OF MEASUREMENT

LENGTH LOAD PRESSURE  ANGULAR

INCH K1PS rs1 DEG
TABLE 3t CYLINDER DIMENSIONS

LENGTHS ¢
STRIKE PISTON MEAD STUFFING GOX  END PLATE  FINGE DIST.

5.007020¢01 1.78C03D¢00 5.625%00-Ct © 9.000C00-01 C.0

CYLINDER rOD EXIE“D[D SToP TUBE
5.290600401 5.278320¢01 1.0568904C2 0.0
DIAMETERS :
Cyt., QUTER CYL. INNEP

ROD QUTER ROD IKNER

3.500000+CO 3.022030+00 2.,000095 ¢CO 1,500000¢00 HCLLOW RCD
WiTH FLUID
CYL., PIN ¢ f0D PiIN ¥ PISTOM HEAC 3 STUF. ECX @

5.0C0000~01 $.000C2D-01 2.995C00+C0 2.05245CD4C0
t¢ ZERD, THE END 1S FUIXED) (@ 2€RD, OMHER UPTION 15 INPUTH

CLEARANCFES DETWEDN:
CYLIHNDER CYL INDER ROV
AND AND
STUFFING BOX P1ISTON HEAD @ STUF. 80X @

0.0 0.0 0.0
ta ZERQO, OTHER OPTION IS INPUT)

TABLE 4: BEARINGS AKD SEALS

PISYON BEARINGS:

A A A | 4
WIDTH THICKNESS YOURWGS MODULUS - STIFFNESS

5.300700-01 3.725990-01 1.50C0CD ¢C4 0.0
1.000000¢G0 3.81500D0-01 4.0003600+02 0.0

RCD BEARINGS:

A L) A L]
WIDTH THICKNESS  YOUHGS MODULUS STIFFAESS

1.000000¢00 1.250000~01 1.500000+C4 0.0

DISTANCE FROX
BACK FACE

1.515C00400
7.500000-01

DISYARNCE TROM
BACK FACE

1.C62000400

(A IS USED TO CALCULATE B - MENCE, EITHER A OP B IS INPUT
ZERQ'S ABOVE INDICATE THAY ThEY ARE NOT [NPUT)

TABLE 5: WEIGHTS AND MATERIAL PRCPERTIES
WEIGHTS OF PARTS:

CYLINDER ROD

{PER UNIT LENGTH)

2.400060-03 3.000009-03 4.157020-03 1.777CC00-02

MATERIAL PROPERTIES:

YOUNGS MODULUS YIELD STRESS
CYLINDER OO CYLINDER RCO

2.90000D0+04 2.90000D¢04 7.530000¢C1 4.050030¢01

TABLEG6: INCLINATICH,FRICTICN COFFFICIENT ,FACTOR OF SAFTEY,

CYLIRDEZR INCUINATION 3.0000+01
FRICTION COOFFICIENTS

CYLINDER fhU 1.0J0Nn-03

ROL END 1.000C-03

PISTON HEAD STUFFING BOX
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PROGR2M SACFI - SYKESS ANALYSIS OF CYLINCEMS ( REGULAR )
TABLET: STATICN DATA .
AuloarTICN N. RAVI SHARKAR EXAMPLE FROBLEMS
" CODED CN KOVEMALR 1 1S78
NUMBER OF ELEPENTS
CYLINDER 3
ROD 1 PROBL EM 3

HOLLOW ROD INCLIKLED AT 30, ECCENTRICITY AT INTERIOR NODE
TABLEB: FIXITY CONDIYICHS,ECCENTRICITY OF tQADING ’

NODE  FIXITY ALONG PLANE ECCENTRICITY ALONG HOMERT S ABCUT .
XY xz XY Xz Y RESULTS: CRITICAL LOAD ARALYSIS
1 PIN PN 0.0 0.0 0.0 0.0 CRITICAL LODAD = 1.003040F  KIPS
3 : 5.0000-01 0.0 0.0 0.0 el :
5 PIN PIN 1.0930¢00 0.0 0.0 0.0 MAXIMUM FLUID PRESSURE = 1.400D¢00  KS1

CROOKEDNCSS ANGLE * 1.350210-03 DEG
AXIAL L0OAD DISTRIMUTION IS UNIFORM
' CYLINDER:
FACTOR OF SAFETY = 1.000 GN STRS
: MAXIMUM DEFLECTICK = 7.8010-01 INCH
PAX{MUM LCNGITUDINAL STRESS= 1.034D¢01 KSl
AT A DISTANCE FROM CYL SUP = 5.3750+01 INCH

FACTOR DF SAFETY ON CYL & T7.2540+00

MAX SHEAR STRESS IN Cvb = §,2500+00 KS1
AT MaX tONG STRESS POINT
ARD AY UUTER SURFACE

FACTOR OF SAFETY CN CYL = 4.0540+00

PAXTMUN HOOP STRESS IN CYL = 9,5600400 KSt

FACTOR OF SAFEYY ON CYL = T7.8450+¢00

ROD I

FAXTMUN DEFLECTION = 7.864D-01 INCH
FAXTMUM LONGITUDINAL SYRESS= 3.684D+01 KS1
AT A OISTANCE FROM CYL SUP = 5.434D¢01 INCH

FACYOR OF SAFGTY CN ROD = 1.0990¢00

MLX SHEAR STRESS IN FQOD = 2.0220+91 KSt
AT PAX LONG STRESS FOINT
AhD AT ODUTER SURFACE

FACTOR OF SAFETY CN ROD = 1.001De00

FAXTIHYM HOOP SERPESS IN RDD = 5.0000400 KSt
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FrCI0d OF SAREYY CI FGD = 8.16C0+00

FORCES AT SLIDING CCANECTICN:

PISTCR BEAKENGS (SFALS] FORCE
(3]

1 4.40CD¢00

2 1.5%910-01

ROD BEARINGS (SEALS] FCRCE
NO

1 - 4.5590+00

Fl- FORCE AT PISTCN HEAD FRONT FACE
F2- FORCE AT STUFFING 80X FPONT FACE
F3=- FORCE AT PISTCN HEAD BACK FACE

F4- FORCE AY STUFFING BOX INNER FACE
(ZERO FORCES INDICATE NO (ONTACT)

KiPS

K1PS

KiPS

Kirs
KIPS
KiPs
KIPS

A



PROGRAM SACFI - STRESS ANALYSIS £F nYORAULIC CYLINDERS,
Ko RAVI SHARKAR EXAMPLE PRODLENMS
CCUZD CN NOVEMAER } 1978
PROBLEM [}
ANALYSIS FOR CRITICAL PRESSUCE=2KS1y SELF CPTION
INPLT CATA:
TABLE 13 CCNTROL DATA

PROBLEM TYPE = 2 - ANALYSIS FCOR A PARTICULAR PRESSURE

TABLES RETAIRED FRCHM PRFVICUS PROBLEN

2 3 4 . 5 6 T
KEFP KEEP
TABLE 23 UNITS OF HEASUREMEKRTY
LENGTH LOAD PRESSURE ANGULAR
INCH KiPS KSI RAD
TABLE 3: CYLINODER DIMENSIONS
LENGTHS:
STROKE PISTCON HEAD STUFFING BCX END FLATE
- 5.000000+01 ° 1.78000D100 5.62500D~C1 9.000CC0-01
CYLINDER ROU §X*EN9ED STOP TUBE
5,29060D401 5.278300¢01 1.056990¢C2 0.0
C1AMETCRS:
CrYL. CGUTER CYL. INHER RO QUIER ROD INNLR
3.50000D+00 3.020000+00 2.00C000+00 0.0
CYL. PIN ¢ ROD It = PISTON HEAC @ STUF. PCX @

5.0290730-01 2.595C% ¢03

(¢ ZtRO,

5.000030-01

2.052(CD+N0
THE €40 1S FIXED) (@ ZERQ, OThER UPTION IS 1HPUT)

CLEARLNCES BETYREEN:

CYLINDER CYLINDER ROD
£ND AND AND
STUFEING BOX PISTCN HEAD @ STUF. BOX @

0.0 . 0.0
ta LICPO, OTHER OPTION IS INPUTH

TABLE 4: BELARINGS AND SCALS

PISTON BEARINGS:

A A A [
WIDTH THICKNESS YCUHGS MODULUS  STIFFKRESS
3.7250%0-01
3.815020-01

5.30)000-01

1.500000+C4 0.
1.000030+00 0.

)
4. 000000 +02 0
" PCD BEARINGS:

A A A e
WIDTH THICKNESS YOUNGS MODULUS STIFFNESS

1.€0900D¢00 1.250000-01 1.500000+¢C4 0.0
(A IS USED YO CALCULATE B ~ HMENCE, EITHCR A DR 8

LERO'S ABOVE INDICATE THAT THEY ARE ACY

TLBLE 5: WEIGHTS AND KAYERIAL PROPERTIES

REIGIHIS OF PARTS:

HINGE DIST. CYLINDER k0D PISTON HEAD

(PER UNIT LENGTH)

0.0 ]
2.400000-03  3.000000-03  4.15790D-03  1.777¢00-02
FATERIAL PROPERTIES:
YOUAGS KGDULUS YLELD STRESS
CYLINDER POD CYLINDER RCO
2.9000004C4  2.900900+0%  7.50000D4C1  4.050CC0+91
SCLID ROD
TABLEG: IMCLINATICH,TRICTION CCEFFICIENT,FACTOR CF SAFTEY,
CYLINDER IACLINETION 0.0
FRICTION COCFFICIENTS
CYLINDEP END 0.0
ROD (ND 0.3

STUFFING PCX

DISTANCE FRO™
BACK FACE

1.515000¢00
7.500000-01

DISTANCE FROM
BACK FaCE

1.062000+00

1S INPUT
INPUT )

Ll



TA8LET: STAVTICN DATA
SELFOPTION

NUMBER OF ELCPMENTS

CYLIKDLR 3
ROD 1
STA x-CODRD STA X-COJRD NSEG

H 6.0 0 0.0
2 5.0930+01 o 0.0
3 5.207D401 0 0.0
4 5.32«D+01 0 0.0
5 1.0510¢02 0 0.0

TLRLES: FIXITY CCNDIYIONS-ECCFNYR{(I!Y OF LJABIRG

KCOE FIXITY ALONG PLANE ECCENTRICITY ALLNG HOMENTS ABOUT
XY Xl XY x2 ¥ 4

1 PIN PIA 0.0 0.0 0.0 0.0

S + PIN PINR 0.0 0.0 0.0 0.0

AX1AL LOAD DISTRIBUTICN IS UNIFORM

OPERATING PRESSLRE = 2.000000+00

PRCGRAY SACFY - STFESS ANALYSIS OF CYLINDERS { KEGULAR 1}
N. RAVI SHANKAR EXAMPLE PROBLEMS
CODLD - Glv NOVEYBER 1 1978
PROSLEN &

ANALYSIS FOR CRITICAL PRESSURE=2KST, SELF OPTION

RESULTS: AMALYSIS FOR A GIVEN OPERATENG PRESSURE
OPERATING PRESSURE = 2.0000400  KSI
LosD = 1.4330401  KIPS
CROJIKEDNESS ANGLE .= 1.086470-05 RAD
CYL INDER :
MAXIMUM DEFLECTICN = 2.4300-01 INCH
FAXIMUM LONGITUCINAL STRESS= 4.251D¢00  KSI
AT A DISTANCE FROP CYL SUP = 5,375D+01 INCH

FLCTOR DF SAFETY CN CYL = 1.764D+0}

MEX SHOCAR .STRESS IN CVL = B.6620+00 KSt
AV MAX LOKRG STRESS POINT
AKD AT INNER SURFACE

FACTOR OF SAFETY CH.CYL = 4,32%0¢00

PAXIMU4 HOOP STRESS IN CYL = 1.3660+¢01 KSI

FACTOR Of SAFETY CN CYL = 5.4%20+00

ROD :
MAXIMUM DEFLECTICN = 2,447D-01 INCH
MAXIMUM LCNGITUCIMAL STRPESS=  1.48(D+01 KS1
AT A DISTANCE [&CV CYL SUP = 5,437D¢01 IRCH

FACTOR OF SAFETY OM ROD ®  2.7250+00

el



FORCES AT SLIDING CONNECTICN:

PISYCN BEAKINGS ESCALSE FORCE
NO
1 2.0320¢00
2 71.3420-02
ROD BEARINGS (SEALS) FORCE
Ao
1 . 2.106D¢0)
Fl- FORCL AT PISTCN HEAD FRONT FACE = 0.0
F2- FORCE AT STUFFING BOX FFCNT FACE = 0.0
F3- TORCE AT PISTCN MEAD BACK FACE = 0.0
F4~ FORCE AT STUFFING BOX IWNER FACE = 0.0

(LERQ FORCES TADICATE ND CONTACT)

K1Ps

KiPS

X1P$S

K1PS
KiPs
K1PS

Kies

PROGRAN SACFI - STRESS ANALYSIS OF HYDRAULIC CYLINDERS,

N. RAVI SHAKKAR EXANPLE PRODLEMS
CODED ON NOVEMOLR 1 1978

PROBLEN E

ANALYS1S FOR DETERMIHATION OF STOP YUBE LENGTH METRIC UNITS

INPUT DATAZ
TABLE 12 CONTROL DATA

PROBLEM YYPE = 3 — AHALYSIS TO DETCRMINE SUITABLE STOP-TUBE LENGTH

TABLES REVALKED FROM PnEledS PROBLEN

2 3 4 5 6 7

NO KEEP OPVIONS EXERCISED

TALLE 21 UNITS OF KEASUREMENT
LENGTH LOAD PRESSURE ANGULAR
(<] KGS KGSC RAD
TABLEAJI CYLINDER DIMENSIONS
LENGTHSS ’
STRUKE PISTON HEAD STUFFING BOX END PLATE HINGE DISY

14270000402 4.50000D400 1.42375D+00 2.286000¢00 0.0

CYLINDER ROO EXTENDED SYOP YUBE

THESE NOY INPUT BECAUSE STOP TUBE LENGTH ANALYSIS 1S ASKED

DIAKEIERS?
CYL. OQUIER CYLs THNER ROD OUTER ROD THNER
8.8%000D¢+00 T.670000¢00 5.000000¢00 0.0 SOL1D ROD
CYLa PIN & ROD PIN ¢ FISTON HEAD 8 SVTUF. BOX &

1.27000D+0Q0 1.2700004+00 7.640730D¢00 5.2120804+00
te ZCROs THE END IS FIXED) (& ZERDs OTHER OPTIUN IS INPUT)

€l



CLEARAKCLS DEIMEENS

CYLINDER
AWD
STUFFING B8DX

CYLINDER
AND

PISTON HEAD 3

ROD
AND
STUF. BOX 9

YABLET2 SYATION DATA
AUTOOPYION

HUNDER OF ELEMENTS
CYLINDER

u

0.0 0.0 0.0
(3 IERQs OTHER OPIION 1S INPUT)
TEILE As BEARINGS AND SEALS

PISTON BEARINGS?

[ A [ 8 DISYRNCE Fre-
MIDVTH THICKNESS YDUNGS MODULUS STIFFNRESS BACK rAcE
1346200400 9.500000-01 1.000000+06 0. 34850000400

o
2.500000+00 9.500000-01 2.,82000D+04 0.0 1.90000D¢0C

KOD BEARINGS:

A A B

A DISTENCE FRr
NIDYH THICKHESS YDUNGS MUDULUS STIFTNLSS

BACK FalE
29500000000 3.000000-01 1.00000D¢06 6.0 2.70000D+06
3
CA IS USED YO CALCULATE & ~ HZNCEs EITHER & OR 8 IS INPUT
ZERD'S ACOVE INDICATE THAT THEY ARE KUT INPUT)

TABLL Sz WEIGHTS AND MATCRIAL PROPERTIES

WEIGHTS OF PARTS:

CYLINDER ROD
(PER URIT LENGIH)

PISTON HEAD STUFFING BOX
2.125000¢00 3.400000400 1,95000D¢00 8.300000400
NATERIAL PROPERTIES?

YOUNGS MODULUS
CYLINDER ROD

YIELD SIRESS
CYLINDER ROD ) 9

2.100000D+06 2100000406 6.000000¢03 4.000000+0)3

TABLEGE INCLINATION+FRICTION COEFFICICNTSsFACTOR OF SAFYEY,

CYLINUDTR INCLINATION 0.0
FRICTION COUFFICILNTS

CYLINDLR END 0.0

ROD END 0.0

ROD !

YAOGLESZ FIXITY CONDITIONS.ECCENTRICITY OF LOADING
NODE FIXITY ALOKG PLANE ECCENTRICITY ALONG

xy Xz Xy X7
3 PIN PIN 0.0 - 0.0
5 PIN PIN 0.0 G0

AXIAL LOAD DISTRIBUTION IS5 UNIFORM
OPERATING CYLINDER PRESSURL = 2.000000+02
ALLOKADLE CRODKCDNESS ANGLE =  7.500000-05

ALLOMABLE TOYAL LAIERAL FURCE = 3.500000+¢03

MOMENTS ABOUT
Y 2

-X-1
D)
©

AT GCLAND

Q4 BCARINGS

vel



PROGRAM SACFJ <~ STRESS ANALYSIS OF CYLINDEKS ( REGULAR )

Ne RAVI SHANKAR EXAMPLE PRORLENRS
CODED ON NOVEMHER 1 1978

PROBLERN H ‘

ANALYSIS FOR DETERMINATION OF STOP TUBE LENGTH MEYREC UNITS

RESULTS: ANALYSIS YO DETEAMINE STOP-TUDE LENGIH
REQUIRED LENGYH OF STOP-TUBE = 5.0800¢00 (4.
CORRESPONDING. EXTEWDED LENGTH & 2,679D¢02 [4.]

RESULYS wWITH FHIS STOP-TUBE ARE:R

CRIFEICAL LOAD = '9.2410¢03  KGS .

WAXIMUR FLUID PRESSURE = 2.0000402 KGSC
CROOKEDNESS ANGLE =  3.15900D-05 . RAD
" CYLINDER:
WAXINUN DUFLECTION | = 2.6490¢00 cr
KAXIMUM LONGITUDINAL STRESSx 1.248D+03 XGSC
AT A DISTANCE FROM CYL SUP. = 1.3810402 cH
FACIDR OF SAFETY ON CYL =  4.807D¢00
MAX SHCAR STRESS IN CYL =  1.2210403 °  KGSC

AT KAX LONG STRESS PUINT
AND AT INNER SURFACE .

FACTOR OF SAFETY ON -CYL = 2.4570¢00
MAXIMUM HDOP STRLSS IN CYL =  1.3650403  KGSC
FACTOR OF SAFETY ON CTL ©  4.3960400 .
ROD )
WAKIMUM DEFLECTION = 2.676D¢00 cn
HL*IHUH LONGITUD INAL STRESS=a 3.635804+03 KGSC
AT A DISFANCE FROM CYL SUP =  1,4030¢02 CH
" FACYDR DF SAFETY ON RDD = 3140990400

FORCES AY SLIDIRL CONNECTIONR

PISTON BEARINGS [SEALS)
ND

RGD BEARINGS. (SEALS)
NGO

FORCE

343400403

1e294D+02

FORCE

3.2700¢03

F1- FORCE AY PISTON MEAD FRONT FACE = 0.0

F2- FORCE &Y STUFFING BOX FRONT FACE = 0.0

F3- FORCE AT PISYON HEAD BACK FACE = 0.0

F4- FORCE AT STUFFING BUX INNER FACE = Q.0
(ZERD FORCES IRVDICAYE NO CONTACT)

KGS

KGS

KGS

KGS
XGS

KGS

Gel



PROGRAM SACFI - STRLSS AKALYSIS OF HYDRAULIC CYLINDERS,

..
Mo RAVI SHANKAR EXAMPLE PROSLEMS
COUCD ON 'NOVECMUER 1 197g
PROBLENM 6
_\(Fllcll LIFT CYLINDER
1hfUT DATAR
1ABLE 21 CONTROL DATA

PRODLEN TYPE = | - CRITICAL LOAD ANALYSIS € ANALYSIS FOR A FRACTORED LOAD

TABLLS RETAIXED FRON PREVIOUS PROGLEM

CLOARANCES BLIWFEN:

CYLINDER CYL INDER ROD
AND £ND AND
STUFFING RCX PISTON HEAD & SYUF. 80X @

0.0 0.0

0.0
(3 LERO, OTHER CPTION S INPUT)

TAGBLE 4: BEARINGS AKD SCALS

PISION BEARINGS:

A A A e CISTANCE FROM

WIDOTH THICKNESS  YCUNGS MODULUS STIFINESS eACK FACE
5.300000-01 3.725000-01 1.500000+C4 0.0 1.515000¢00
1.020000¢00 3.815030-01 4.200300¢02 0.0 1.500000-01

FCD BEARIRGS:

L} A A L} DISTANCE FROK

: HIDTH THICKNESS  YOUNGS MODULUS STIFFNESS BACK FACE
1,003000400 1.250000-01 1.50000D+(4 .0 1.0€2000¢00

A IS USED TO CALCULATE B - HENCE, EITHFER A OR B8 1S inegY
2ERQ'S ABOVE INDICATE THAT THEY ARE ANOT InPUT}

TABLE 5t WEIGHTS AND MAYERIAL PROPERTIES

WEIGHTS OF PARYS:

2 3 “ - s 6 7
. NO KEEP OPTIONS EXERCISED
TABLE 21 UKITS OF MEASUREMLNT
‘LENGTH LOAD PRESSURE ARGULAR
INCH xres kST &AD
TABLE 33 CYLINDER DIMENSIONS
LENGINSS .
STROKE PISTON HEAD STUFFING BOX END PLATE HINGE DIST.
5.00000D401  1.780000400  5.625000-01  9.000000-01 0.0
CYLINDER ROD EXTERDED SToP Tunc
5290600401  5.278300¢0%1  1.056840+02 0.0
PIAMETERSS
CYL. OUTER CYL. INNLR RED OUTER ROD INNER
3.500000400  3.020000¢00 2.000000400 0.0 SOLID ROD
CYL. PIN ROD PIN ¢  PISTUN HEAD @ STUF. BOX ®

$.000000-01

$.000000-01

24995000400

2.0%2000400

(e ZERQs THE LND ES FiXCD) & ZLROe UTHER DFTION IS IKPUY)

CYLINDER FOD PISTON HEAD STUFFING 30X
(PER UNIT LENGTH)
2.400300-03  3.000000-03 4.157000-C3 1.777C00-02
FATERIAL PROPERTIES:
YOUNGS MOOULUS YIELD -STRESS
CYLINDER ROO CYLIKDLR RCD . '
2.500000¢04  2.900000+404  7.500000+01 4.050C00+01

TABLEG:

THCUIHATICON, FRICTION COFFFICTIENT,FACTOR OF SAFTEY,- -
CYLIRDER [RCLINETION 1.5710+00
FPICTION COEFFICLENTS
CYLINDTE ERD 0.0 !
ROC END 0.0
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Te6LET: STATICN CatTa

AUTOORTICN
NUMBER CF ELEMFATS
CYL1.0ER 3
ROD 1

TLRLER: FEXTTY CONDITVIONS,ECCENTRICITY OF LOADING

NODE FIXIYY ALONG FLARE ECCENTRICITY ALCNG MOMEANTS AGLGUT
XY ¥4 xY Xz Y 4

1 FixX Flx 0.0 0.0 - 0.0 c.
2 2.5000100 0.0 0.0 0.0

AX1AL LCAD MAGNIFICATION FACTCRS

NODE NO AXIAL LOAD MAGHIFICATION
1 1.000
’ 2 2.000
3 2.0C0
4 2.600
5 2.090

FACTOR OF SAFETY = 1.030 OH LOAD

THE CYLINDER BUCKLED AT A tOAD OF 0.1050+¢02
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000000000 I TN E 12222220522 1383 3813340438 RARAASYGSSS, SO0 GLAGOGA% JPT 111771y 000NJITO0NOII Y LI 110222222222833333 1313408484308 8 55555, 05%00006060, 077,272 Vs

1234567430123 4506783)1230967830123850L7 1001234506 7A8901258%90L 70901238567 39UL2385%07:4)0 123357 2A)012345G78901234,070)0172345678 0012385670501 2385057 ) 4012 4%0a753317345.209)
M : JARD
;;02 N. RAVI SIANRAR EXAMPLE PRGALENS 9054 8.89 1.67 $.00 1627 1.27 7.6073 “.21209
02 CODED ON NUVENIER 1 1974 2055 ) .
1903 1 SOLID R00 » MONIZONTAL CYLINDEA) CRITICAL LOAD ANALYSIS 2036 1.3462  0.9500 tooouvoo. 3.35
330 ) : . 2357 2.5 0.95 25200, 1.99 En:
Y 5 2058 2.5 0.300 1000000, 2.10 n
\,222 50.00 ":f:. ‘;’:2325 ‘:f, fao N0 3353 1.125 1.409 1.95 8.3 21600900, 2100000. 6000 1000.
207 $2.906 52,7837 .. 105.689 : 1060 200. 0.000075 3500,
wos 3.5 3.02 2.0 0.0 0.005 ¢.Co5 24995 2.05¢ 2061 Auto 3 1 CONS
Looe ) 3062 1 Pin - PIN
Sote 0.530  0.3725 15000, 1515 . . 2063 5 PIN PIN . END
RETEY 1.000 043015 400, 0.75 - €an J064 6 VERTICAL LIFT CYLINDER
w2 1.900 0.125 15000, 14062 END 2065 |
<013 0.0024 0.003 0.004157 0.01777 21000, 23000, 75. 40,5 1066 1NCH XIPS KSI RAD
2014 1.0 Liap 2067 $0.00 1.78 0.5625 0.9 KO
5215 AUTO - 3 1 CONS 3068 52.9006 52.783 10%.689
2916 1 PIN PIN . 0063 3.5 3.02 2.00 0.5 0.5 2.995 2.052
017 5 BIN PIN i . Fnp 3070 .
so1e 2 HOLLOW ROD, VERTICAL CYLIMDIRLECCENTRICIIY ALONG X AND Y AXES 007t . 0.530  0.3725 15000. 1.51%
919 t XEEP KEEP KELP KECP 9072 1,000 0.3815 s00. 6.75 (2]
)320 50.00 1.78 0.5025 0.9 0.0 YES 0073 le000 0.125 15000, ‘1,062 END
9021 $2.906 52.783 105.689 0074 0.0024 0.003 0.004157 0.01777 29000. 29000.  75. 40.5
t022 3.5 3.02 2.00 1.5 0.5 0.5 2,995 2,052 2075 1.5707 1.0 Loan
2023 . 2076 AUTO 3 i
7024 1.507 1.0 Loap 9077 1.0 2.0 2.0 2.0 2.0
2025 1 FIX PIN Jo7rs 1 FIX FIX
1026 s PIN PIN 0.5 0.5 . gnp 9079 2 2.5 END
27 3 HOLLOM ROD »INCLENED AT 30+ ECCENIRICITY AT INTERINR NUDE 3000 THIS IS A BLANK CARD
0928 1 XEEP KEEP KLEP XEEP sos1
o029 INCH XIPs 133 DEG
3030 30. 0.001 0.001 1.0 sins
j031 1 (28] PIN
3332 3 . 0.5
5033 s PIN PIN 1.0 (%)
s03e ) ANALYSIS FOR CRITICAL PRESSURFz2XSEs SELF ORFION
t03s 2 KEEP KEEP
1336 INCH KIPS KSI RAD
t037 s0.00 “1.78 0.5625 0.9 0.9 NO
3038 52.906 52,783 105.689 :
5039 3.5 3.02 2.00 0.5 0.5 2.995 2.052
Jo40
2081 . 2.0
jvaz SCLF 3 1 cons
oAl . 1
S04 2 50.9
1945 3 52,0712
e 4 53,2828
0ar ., 5 105.683 EliD
10An 1 PIN PIN
a9 . 5 PIN PIN £8N
3050 s ANALYSIS FOR ODLTERMINATION OF STOP TUBE LENGTH MEIRIC UNITS
1951 3 .
1382 cn KGS KGSC RAD
353 127.00  a.5 1.42375  2.235 D)
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Program SACFI--Guide for Data Input

PROGRAM IDENTIFICATION (Two alphanumeric cards at the beginning of run)

Format--20A4

PROBLEM IDENTIFICATION (One card at the beginning of each problem)

Prob.
Name '
NPROB : ' Problem Description

&

1 ]

1 4 11
Format--20A4

Program stops if NPROB is blank

TABLE 1: CONTROL DATA (One card for each problem)

_ LPRTP 2 3 4 5 6 7 8
M| I

1 5 11 14 21 24 31 34 41 44 51 54 61 64 71 74
Format--LPRTP - I1; 2 to 7 - A4

80
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LPRTP = 1--Critical load analysis and analysis for a factored load using given factor of safety
2--Analysis for a particular fluid pressure

3--Analysis to determine a stop tube length for given limiting values of crookedness angle and
lateral force at the sliding connection at a given fluid pressure

If any of the following tables are same as in the previous problem and are to be retained for this
problem, enter "KEEP" in the corresponding blocks 2 to 7

Enter only LPRTP for the first problem

TABLE 2: UNITS OF MEASUREMENTS (No card if TABLE 2 is retained from previous problem)

LNTU o Lopy LPREU LANGU
1 [ 1] [ ] [ 1 v
1 T 14 21 24 3T 34 i 4 80

Format--A4 for all
Unit of lengths (ex: INCH, FEET, CM, MET, etc.)

LNTU -
LODU - Unit of 1oads (ex: LBS, KIPS, KGS, etc.)
LPREU - Unit of pressures (ex: KSI, PSI, KSCM, etc.)
LANGU - Unit of angles (enter DEG or RAD starting in columm 41)

TABLE 3: CYLINDER DIMENSIONS (No cards if TABLE 3 is retained from previous problem; see Figure 34 for
details) ' '

Card No. 1--Lengths

oel




STROK PHL SBL EPTK CHDS LFLUID
| | [ [ |
1 1 21 31 41 61 63 80
Format--LFLUID--A3; E10.3 for the rest
LFLUID - Enter "YES", for hollow rod with fluid
- Enter "NO" or blank, for hoiTow rod without fluid or solid rod
Card No. 2--Lengths (card No. 2 is not input for LPRTP = 3)
CL RL EXL STPTB
[ | | 1 |
1 11 21 31 40 80
Format--E10.3 for all
Card No. 3--Diameters
* T *% Tt
COD CID ROD RID CPD . RPD PHD SBD
| | I [ [ 1 , |
1 11 21 3] 41 51 61 71 80

Format--E10.3 for all
* CPD - Leave blank if cylinder support is fixed
+ RPD - Leave blank if rod support is fixed
** and ++ - See next card

Card No. 4--Clearances

TlEL




sk tt
CSBC PCL , RCL

| “ L. |

el

11 - 21 - 30 80
Format--E10.3 for all
~**Input either PHD or PCL; if both are input, PCL will be used and PHD will be ignored
++Input either SBD or RCL; if both are input, RCL wif] be used and SBD will be ignored

TABLE 4: BEARINGS AND SEALS (No cards if TABLE 4 is retained from previous problem; see Figure 35 for

details)

Piston Head Bearing Cards: (one card for each bearing)

PR PRT PRE PRK PRDST NEND

L | | [ [ |

1 11 21 31 41 - 50 61 63 , 80
Format--NEND--A3; E10.3 for the rest

NEND - Enter "END" on the last piston head bearing card
* Input either (PRW, PRT and PRE) or (PRK); if PRK and some or all of PRW, PRT, and PRE are input,
PRK will be used and the rest ignored
Rod Bearing Cards: (one card for each bearing)
___RBMW RBT _ RBE RBK RBDST NEND
%M_ i [ I | | ) l

11 21 31 41 50 61 63 80

Format--NEND--A3; E10.3 for the rest
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NEND - Enter "END" on the last rod bearing card

* Input either (RBW, RBT, and RBE) or (RBK); if RBK and some or all of RBW, RBT and RBE are input,
RBK will be used and the rest ignored

PRE and RBE - Young's modulus of piston head bearings and rod bearings
PRK and RBK - Stiffnesses of piston head bearings and rod bearings per unit length (force required to

_compress a unit length of bearing by one unit)

TABLE 5: WEIGHTS AND MATERIAL PROPERTIES (No card, if TABLE 5 is retained from previous problem)

WC WR WPH WSB ECYL EROD FYCYL FYROD

[ | 1 1 L 1 |
T 11 21 31 & 51 61 7 80

 Format--E10.3 for all

WC and WR - Weight of cylinder and rod per unit length
WPH - Weight of piston head
WSB - Weight of stuffing box

ECYL and EROD

Modulus of elasticity of cylinder and rod, respectively

FYCYL and FYROD

Yield stresses of cylinder and rod, respectively

TABLE 6: INCLINATION, FRICTION COEFFICIENTS, FACTOR OF SAFETY, OPERATING PRESSURE, ALLOWABLE LATERAL FACE,

AND_CROOKEDNESS ANGLE LIMITS (No card if TABLE 6 is retained from previous problem)

* * o
CINCL FCC FCR FS OPPRE ALTM ALF LFSTP

| l | |
1 — 7 T m | 5 6 71 80

gel



LFSTP--A4, E10.3 for the rest.
CINCL - Inclination of the cylinder with horizontal
FCC - Friction coefficient at cylinder pin. Leave blank if the particular node is fixed.
FCR - Friction coefficient at rod pin. Leave blank if the particular nbde is fixed.
FS - Factor of safety.

LFSTP - Factor of safety type (enter LOAD if FS is to be applied to the critical load obtained; enter
STRS if FS is to be applied for the limiting stresses).

If only critical load analysis is required and no factored load analysis is required, enter FS < 1.0
and LFSTP--LOAD or STRS blank.

OPPRE - Particular operating pressure for which analysis is required.
ALTM - Allowable crookedness angle at the sliding connection.
. ALF - Allowable total lateral force on bearings.

*Refer to Figure 36 for sign convention.

TABLE 7: STATION DATA (No card if TABLE 7 is retained from previous problem)

NCOND  NCYL NROD ~ NAXCON
[ ] | ] | |
T 6 10 20 30 37 40

NCOND--A4, NAXCON--A4, I10 for the rest.
NCOND - Enter "AUTO" for auto option and "SELF" for self option.
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NCYL - Number of elements inthe cylinder portion. The elements in the gland region are also included
in NCYL. Minimum value is 3.

NROD - Number of elements in the rod region.

NAXCON - Enter "CONS" if the axial load is uniform throughout the cylinder. Leave blank if the inten-
sity of the axial load is not uniform.

Card No. 2--Mesh data for "self option" (card No. 2 is not input if NCOND = AUTO)

NODE . COORD. NODE COORD. IEND
I |

10 Izo' 30 40 48 50
Format-Node--110, Coordinate--E10.3, NEND--A3
IEND - Enter "END" on the last mesh data card
NODE - Nodé number.
COORD - X coordinate of the particular node. » ,
Card No. 3--Magnification factor for the axial load (card No. 3 is not input if NCONS is blank).

AXMULT1 AXMULT2 AXMULT3  ~  AXMULT4 AXMULTS AXMULT6 AXMULT? AXMULTS8

T 21 30 o BT 61 A 81
Format E10.3 for all.
AXMULT1, AXMULT2--AXMULTN - Magnification factor for the axial load at the corresponding node numbers.

Gel



TABLE 8: FIXITY CONDITIONS, ECCENTRICITY OF LOADS, AND INTERIOR MOMENTS (No card if TABLE 8 is retained from
previous problem)

NODCY LCEXY LCEXZ _ ECXY _ECxz ____APMOY APMOZ NEND
l Il [ || L L l |
1 10 18 20 28 30 40 50 60 70 78 80

Formats NODCY--I10, LCEXY, LCEXZ, NEND--A3, Rest E10.3.
" NEND--Enter "END" on the last card.
NODCY - Nodal number.

LCEXY - Fixity along Y axis--enter "FIX" for fixed and "PIN" for pinned support.
LCEXZ - Fixity along Z axis--enter "FIX" for fixed and "PIN" for pinned support.
ECXY --Eccentriéity along Y axis.
ECXZ - Eccentricity along Z axis.
APMOY - Applied moment about Y axis (right-hahd sign convention is followed).
APMOZ - Applied moment about Z axis (right-hand sign convention is followed).

*See Figure 36 for sign convention.

Next Problem

Start from "PROBLEM IDENTIFICATION" card.

END OF RUN

At the end of last prob]em data set, insert a blank card (only first 4 columns need to be blank; the
rest of the cards may be used for comments).

9€L
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~—— CHDS —

| .
(enter negative CSBC-clearance between

CHDS -
, cylinder wall and
N J#EPTK 1 {uffing box
3 PCL’//Wfr———r RID (zero if solid)
: -~ PHD _L_____
O g O L ROD =2 ©
AN V2 S s m L A b~
PD (z==4 - PHL!“ : RL
e ‘ EXL -

Figure 34. Cylinder Dimensions for SACFI
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r

Figure 35. Dimensions of Bearings and Seals for SACFI .

+ve ECLC T [ _ B 7\ 1 Fve ECLR
-ve ECLC § | p .} -ve ECIR
- +ve direction
+ve direction for FCR

for FCC ' . ;

Figure 36. Sign Conventions for Eccentricities of Loading
and Friction Coefficients for SACFI .
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