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ABSTRACT 

The purpose of this project was to develop 

an aid to designing machinery shafts to find the 

optimum design for most shaft design applications 

met in design engineers' practices, to reduce the 

cost of the shafts. 

The result was a computer package capable 

of handling the design optimization of step shafts 

supported on two bearings which will find the shaft 

design with minimum cost. 

Additional benefits were obtained such as 

reducing engineering time and cost, increasing 

reliability of the design, etc. 
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1. INTRODUCTION 

The design of a step shaft is a laborious 

process. Starting from assumed diameter sizes, the 

stresses along the shaft, deflections and the natural 

frequency would be determined for these diameters. 

This could be done by hand in which case a graphical 

method would probably be used to determine deflections 

and natural frequencies (see references J, 5, 10 and 
11), or it could be done by using computer packages 
as is the package "Stress" (25) available from 

McMaster University or "Multi-Span" (26) from 
Massachusetts Institute of Technology, in which 
case the shaft will be considered as a piece of 

structure. Considerable effort will be required 

from the user to provide the data concerning the 
shaft to be fed in these vast application packages. 

The stresses determined by hand or by 
computer would be multiplied by stress concentration 
factors available from handbooks or manuals to obtain 
intensified stresses at shaft shoulders, keyways, 

holes and other stress raising irregularities on 
the shaft. 

If the values obtained for stresses, 

deflections and natural frequency are not satisfactory, 
the process will be repeated for a different set of 
diameters. After a number of cycles, all the stresses 

would be below the allowable stress, the deflections 

below allowable deflection and natural frequency above 
allowable value, but it is unlikely that the weight of 
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the shaft will be minimum. More cycles could be 

repeated at expensive engineering time to obtain 

a decreased weight or the process could be stopped 

at the risk of having an overdimensioned shaft. 

The object of this project was to create a 

computer package applicable specifically to a step 

shaft on two bearings that will determine the optimum 

design of the shaft at low engineering cost. To the 
best knowledge of the authors of this package, there 

are no other packages available to treat the design 

optimization of a shaft. Compared with the design of 

a shaft by hand or by hand and some computer package 

help as described above, the use of this package will 

present the following advantages: 

1. The weight of the shaft will likely be lower. 
How low the weight of a shaft designed by hand 
is depends on the ability of the designer. A 
number of trials done during the progress of 
this project have shown that the weight could 
be reduced by roughly 10% as an average. On a 
hoist shaft weighing 40,000 lbs., this would 
mean 4,000 lbs. which at a cost of about $1./lb. 
means a $4,000. savings. 

2. The engineering time required to design a shaft 
with this package will be low. While by hand 
the time required will be between 8 to 24 hours, 
this package will only require 2 to 3 hours to 
prepare the input data and run the program. 
This would result in an average savings of about 
14 hours which at a cost of $25./hr. means a 
$350. savings. 

J. While a design done by hand could be subjected 
to errors, the result given by this package will 
be accurate and correct and reliability of the 
shaft might be greater. 
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The application of this package is limited 

to horizontal shafts on two bearings with or without 
cantilever extension subjected to concentrated and 
uniformly distributed loads and torsional moments. 

This covers most of the shaft designs met in practice. 
It could be developed to cover a larger range of 

shafts including multi-span shafts and shafts with 

other cases of loading. The work done so far will 

be useful for such a development. 

The use of the package is especially 
attractive for shafts for heavy machinery such as 

mine hoists, naval machinery, steel mill machinery, 
presses, etc. where a reduction of the wei~ht of the 

shaft results in substantial savings and for shafts 

for spacecraft machinery, aircraft machinery, nuclear 

reactor machinery etc. where the reliability and the 
weight of the shaft is important. 

2. DESCRIPTION OF THE PROBLEM 

2.1 GEOMETRICAL CONFIGURATION OF THE SHAFT 

The shaft consists of a series of cylindrical 
sections of various diameter size. It is supported on 

two bearings and can have a cantilever extension. The 
bearings permit slopes of the shaft at the bearing point 

and one of them is free to translate along the axis of 
the shaft. (See a typical configuration shown in Fig. 1). 

The location of the bearings and the location 

of the shaft shoulder and shoulder radius is known. The 

diameters of the shaft will be determined as the result 
of the optimization process with the exception of certain 

diameters that can be of predetermined sizes that will 
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not be changed during the optimization (as it may be 

required by the bearing size, coupling size, standard 

parts mounted on the shaft, etc.). 
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Fig. 1 
Typical Configuration of the Shaft 

The configuration of the shaft may be restricted 

by some diameters having to be ~reater than others for 

assembly considerations. A minimum shoulder may be 
required for example adjacent to bearings, a gear, 

coupling, etc. 

The shaft may have keyways, grooves, holes, etc. 

2.2 LOADING 

The axis of the shaft is situated in the 
horizontal plane. The shaft can be subjected to 
any concentrated or uniformly distributed forces 

perpendicular to axis of shaft, projected in vertical 

and horizontal plane and any torsional moments. (See 
Fig. 2.) showing typical loading on the shaft. 

J 
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Fig. 2 
Typical Loading on the Shaft 

2.3 OPTIMIZATION PROBLEM 

We wish to optimize the shaft of a geometrical 

configuration and loading as described above. Our opti

mization problem is to find the unknown diameter sizes 

of the shaft for which the weight of the shaft will be 
minimum and the following constraints will be satisfied: 

- the stress at any point along the 
shaft will be below the allowable 
value; 

- the maximum deflection will be less 
than an allowable deflection; 

- the slope of the shaft in bearings 
will be below an allowable slope; 

- the torsional deflection will be 
less than the allowable limit; 

- the critical speed will be greater 
than a speci f ied value; 

- the shoulder size at specified points 
along the s haf t wi ll be great er t han 
certain given values. 
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2.4 INDEPENDENT VARIABLES 

Of all diameters of the shaft o1 , D2 .•• Dm' 

some are of predetermined size and cannot be changed 
through optimization. The unknown diameters form the 

independent variables d1 , d2 •.• dn (n ~ m). 

2.5 SPECIFICATIONS 

The user will define the geometrical 
configuration of the shaft and the loading. He will 

also set the specifications to which the design of 
the shaft will have to conform. The references 7, 
12, 13, 14, 15J 16, 17 and other manuals, codes and 

standards could be to users' assistance to set some 

of the following specifications required to be 

supplied: 

1. allowable stress: 

2. allowable bending deflection: 

J. allowable slope in bearings: 

4. allowable torsional deflection: 

s. critical speed to be above a minimum 
value: 

6. size and location of diameters that 
the user wishes to stay unchanged, 
diameters that will not be optimized: 

7. minimum diameter increase or decrease 
and location for cases in which the 
shoulder cannot be below a given 
value; 

8. stress concentration factor for stress 
raising irregularities other than 
shaft shoulders. For shaft shoulders, 
the stress concentration factor is 
selected internally from tables 
extracted from (6). 
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2.6 OBJECTIVE FUNCTION 

tve wish t o find the design of the s haft 

that can be manuf actured at a minimum co s t. The co s t 

of t he shaf t could depend on the size of the shaft, 

on geometrical configuration and could vary f rom one 

manufacturer to another. 

By decreasing the weight of the shaft, the 

cost will decrease and for a shaft of defined 

geometrical configuration manufactured by a certain 

company, the desi gn of minimum weight will cost the 

least. 

The objective function of our optimization 

problem is the total weight of the shaft which is to 

be minimi zed. 
m ~ 2 

W(d,, d ,_ . .. dn) .:: I y _!f_Qf:!_ rv .- X._,) 
i :2 4 1\" (. 

Where: 

n ,.,...d1 
= L" a 1r i -1 

j"'2 4-

D., d. are shaft diameters as described 
l l 

in 2.4; 

W (di' d2 ••• dn) is the weight of the 
shaft; 

xl is the abscisa at the point where the 

shaft section of a diameter d. or D. 
l l 

starts; 

o is the specif ic weig ht fo r steel. 

2.7 CO NS TRA I NT FUNCTIO NS 

Our optimization problem has inequalit y 

c onstraints only: 
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1. The maximum stress on the shaft II;_mcrr shall be 
less than the allowable stress ~L . Our first 

constraint function 1s: 

.£ ;:::- (I r;-
-1 VaL- ucmat 

2. The maximum deflection c.fmax shall be less than 

the allowable deflection Jal 

(2.2) 

(2.J) 

3. The slope of the shaft in bearings C\'.A and ctB shall 

be less than the allowable limit ~al 

~ =: cia. I - Cl. 4 :;:: 0 
- <: 
,.. 

()) =: ct .... J - O'e, ~ 0 -"4 .... 

(2.4) 

4. The maximum rotational deflection tfmay shall be 

less than the allowable torsional deflection Pot 

5. The critical speed of the shaft RPMc R shall be 

greater than the allowable critical speed RPMal 

6. The increase or decrease in diameter size in 

particular points di -di-l shall be greater than 
a minimum value 6 d. 

l 

rh (d·· - ·d . ) - 1\ d ' 'f j := (. r- t D 1 ~0 

(2.6) 

(2.7) 
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for an increase in diameter, or 

;:) ( d - d (' ) - !\ d c' "'--. a (l ; .:: ' t' - ' Ll . -;::::::;. (2. 8) 
J 

for decrease 

p is the number of inequality constraints 

The increase or decrease in diameter size is 
chosen depending whether the starting diameters in that 

point are increasing or decreasing. 

In the above expressions 

are values specified by user while 

are calculated as shown in § 5. 

3. OPTIMIZATION METHOD 

To minimize the objective function W(d1 , d2 ... dn) 
subjected to the constraints cf 1 (d,,d~. . . . df'l ) ~0 1 J-= !

1
2 . . . p 

as defined at 2.6 and 2.7, use is made of. a direct search 
method employing the subroutine "SEEK3" from "OPTISEP" 

package (Reference 2) developed by Prof. James N. Siddall 
from McMaster University, Hamilton. The method is described 

in Ref. 1, 2, 20 & 21. With this method, an artificial, 
unconstrained objective function is defined as follows: 

p I 
P ( d, 

1 
d z __ . d n ) r ) ::::. W ( d1, d 2 _ -. d n ) r f L ( ci d d ) 

J.:. I 4.' J .J I Z. - - . 11 

. 2 
£ 'fk (dl, d ?. - -· dn) + L. - -;.::: . 
k=r r r 

( 3.1) 

In this function ~k (d1 , d2 .•• n) would be 
equality constraint function. Since we do not have any 

equality constraints, the last term of the function is 
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not used and the function is reduced to 

p(d. 1 d 2 ,- .• dr.,r) = W(d,,da, ... dn; 1- rjt ~i(J~ 1 i/:z.-··dn) "" 

r is a parameter that is 1. 0 at the beginning. ~Vi th 
this value for r, a direct search method is used to 

minimize P(d1 , d2 ••• dn' r). Starting from an 
initial base point with d1 , d2 ••• dn having starting 
values given by user, an exploration search is made. 

One of the variables is increased a small amount; and 

if the function Pis improved~the new value of the 
variable is retained. If the move does not improve 

P, a negative step is tried. If this also fails, 
then the variable takes its base point value. The 
process is repeated for each variable and if no 
improvement of P is obtained, the step lengths are 

halved and the search is repeated until the step 

lengths are smaller than a preset small value when 

an optimum is assumed. 

If this search yields a smaller value of P, 
then a new base point is established and a pattern 
move equal to the vector joining the original and 

the new base point is attempted. If the search is 

successful, the new search starts from that point, 

otherwise starts from the previous point. The 
process is repeated until a preset number of cycles 

have been exceeded or until the step lengths are 
less than the preset value. 

After this cycle, the parameter r is reduced 

and the artificial function is minimized again. The 
process continues until no improvement in the function 

W(d1 , d2 ••• dn) can be reached when it is assumed 
that the optimum solution has been found. 
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The subroutine has shown to be powerful, 
reaching the optimum solution after a few minimizations 

of the artificial objective function. 

No feasible starting point is required. A 
feasible solution is desirable to reduce the computer 
time and cost of the run. 

A typical cost to run the program for a 

shaft of average complexity would be between $10.-$50. 
at a computer cost of $416/hr. 

The subroutine "SEEK1" (Reference 1, 2 and 21) 

that follows the same direct search method but 
combined with a random search has also been tried. 

The results have not been satisfactory, the subroutine 
tending to hang up in constraints. If a sufficient 
number of random shots are tried, the subroutine 
would eventually converge but slowly, using more 

computer time than "SEEK)". 

The subroutine "SIMPLEX" (Reference 1 ,2,22,23 and 24) 

that uses the same artificial function as "SEEK)" but 

gropes towards the optimum by contracting and expanding 
an n dimensional space, called SIMPLEX, has been tried 
but without success. It hangs up in constraints. An 

optimum solution has not been found at a reasonable 

computer time and expense. 

4. OUTPUT INFORMATION 

4.1 OUTPUT FORMAT 

A typical output format is shown in the sample 

run 8 from Appendix A "User' s Manual". 

4.2 INFORMATION PROVIDED 

The following information is printed ou t : 
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1. Input data as supplied by user containing: 

1.1 length of first span in inches; 

1.2 length of the cantilever span in inches; 

1. 3 concentrated wei ghts attached to the shaft 
in lbs. provided separately for calculati on 
of natural frequency. Location in inches 
measured from the first bearing and the 
weight in lbs . is shown; 

1.4 concentrated vertical forces in lbs. and 
location in inches; 

1.5 concentrated horizontal forces in lbs. and 
location in inches; 

1.6 uniformly distributed weights attached to 
the shaft in lbs./inches and location of 
the beginning and the end of the force in 
inches; 

1.7 vertical uniformly distributed forces in 
lbs./inches and location in inches; 

1.8 horizontal uniformly distributed forces 
in lbs./inches and location in inches; 

1.9 torsional moments in lbs./inches and 
location of the beginning and the end 
of the portion of the shaft between which 
it is applied in inches; 

1.10 diameter size and the location of the 
point of the shaft where that diameter 
size starts in inches; 

1.11 stress concentration factor for stress 
raising irregularities and location in 
inches; 

1 .12 shoulder radii and location in inches; 

1 . 13 the table 'Dimension s and Lo adi ng ' 
systemizing the above i nfo rmation; 

1.14 allowable stress in lbs./sq. inches; 
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1.15 allowable bending de f lection in inches; 

1.16 allowable slope in bearings in radians; 

1.17 allowable t orsional deflection in radians; 

1.1 8 minimum critical speed in RPM; 

1.19 diameters of predetermined size and point 
of beginning in inches; 

1.20 diameter increase or decrease and location 
in inches; 

2. Information required by optimization subroutine 
"SEEK3"· No user input is required to supply 
this information. The following data is printed 
out: 

2.1 N - number of independent variables X(I) 
that is the number of shaft diameter 
sizes di to be determined; 

2.2 IPRINT = 1 indicates that after each 
optimization cycle of a constant 
parameter R the independent variables 
X and the objective function 
U = W (d1 , d2 ••• dn) will be printed 
out; 

2.3 IDATA = 1 indicates that the input data 
for SEEK 3 is printed out; 

2.4 NCONS is the number of inequality 
constraints 

2.5 NEQUS is the number of equality constraints 
set at 0; 

2. 6 RMI N(I) is the estimated lower bound of 
range of X ( I ) , set at 

RMIN ( I ) = .9 XSTART(I) ( 4.1) 

RMAX ( I) is t he est imated upper bound of 
range of X (I) , set at 

RMA X(I) = 1.1 XSTART( I) ( 4 . 2 ) 
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2.8 XSTART(I) is the starting value of X(I) 
= di as given by user; 

2.9 G is the step size fraction used to establish 
the minimum step size; 

2.10 M = 20 is the maximum number of cycles 
permitted; 

2.11 R is the penalty multiplier used in SEEKJ 
(See ,. i .. J ) ; 

2.12 Reduce = .05 is the reduction factor for 
r after each minimization; 

J. Results after each minimization cycle of U 
including values for R, U and X(I); 

4. Optimum solution if found including U, X(I) and 
PHI (I) = ~ i 

5. 'Output Data• concerning the optimum design of the 
shaft, as follows: 

5.1 The vertical, horizontal and the 
geometrical resultant of the reactions 
in the two bearings in lbs. and the 
location of the bearings in inches; 

5.2 The vertical, horizontal and geometrical 
resultant of the bending moment and 
torsional moment in lbs. ins. at all 
points on the shaft specified by user 
in input data: 

5.3 Bending deflections in inches, slopes 
and rotations of the axis of the shaft 
in radians in all specified points 
along the shaft, in vertical and 
horizontal plane and the geometrical 
resultant; 

5.4 Vertical, horizontal and the resultant of 
bending stresses, torsion stresses, combined 
stresses and intensified stresses as well 
as the stress intensifi cation factor for 
bending and torsion in all specified 
points along the shaft: 
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5.5 The weight of the shaft in lbs.; 

5. 6 Angular frequency of dundamental mode 
of vibrations in rad./sec. and the 
critical speed in RPM; 

4.3 PLOT OF SHAFT 

The optimum design of the shaft is plotted 

on a Benson-Lenner Plotter. Depending on the size 
of the shaft, a suitable scale is chosen so that 
the plot of the lengths of the shaft is between 

12! - 31i inches for shaft shorter than 500 inches, 
from the following range of scales commonly used in 
drafting: 

3/4 in. = 1 ft. 
1 in. = 1 ft. 
1 t in. = 1 ft. 

3 in. = 1 ft. 
Half Full Scale 

Full Scale 
Double Scale 

5. ENGINEERING MODELLING 

5.1 BENDING DEFLECTIONS AND STRESSES 

The forces applied on the shaft are kept 

in three distinct groups that are treated separately: 

1. gravitational forces caused by 
masses attached to the shaft; 

2. vertical exterior forces; 

3. horizontal forces. 

They can initially be concentrated or uniformly 

distributed forces. The shaft's own weight is added to 

uniformly distributed gravitational forces. Within each 
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of the three groups of forces, the uniformly distributed 

f orces are replaced by a number of concentrated forces 

equal in size and space d at equal intervals. 

Each force is t aken individually and reactions 

in bearings and bending moments are calcula ted for the 

force acting alone. 

To calculate deflection caused by each force, 

use is made of the area-moment method (Reference J) as 

follows: 

L L 

XL ------------"------ --- --- ------- - --+------i 
x. I 

~ Xp 
a I 

XM I 
A A- -- ----~--- ~--- - ·0-------~ 

-o 
I 

Cs 

c 

- MOMENT DIAGRAM 

F i g . J 
AREA -MOMENT METHOD 

Is• 

~ 

X 

eT 
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Take first a force F situated in the span AB. 
For each cylindrical portion of the shaft, MN , between 

two adjacent discrete points specified in input data, 

the moment area is calculated: 

Mm + M (X - X ) Am = n n m 
2 

Mm and Mn being bending moments in M and N 
caused by the force F. 

The angle e between the tangent to the 

deflection curve at points M and N is 

e = Am_ 
Elz 

( 5. 1) 

( 5. 2) 

E is modulus of elasticity for shafts material 

l z is the moment of inertia of shafts section 
oetween M and N 

The total angle eT between tangents to the 

deflection curve at the bearings is 

(5.3) 

n 1 is the number of discrete points between 

bearings. 

In a point S 

n s is the number of discrete point s from 

bearing A to point S . 

(5.4) 

Consider the di s tance BB' between bearing B 
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and the tanESent to the deflection curve in A measured 

along the vertical. The contribution made by th e 

deformati on of the length MN to this distance is M' N'. 

(5.5) 

\iJhere CB is the distance between the centre 

of gravity of moment area Am and bearing B, Then the 

total distance BB' is 

(5.6) 

For any point S on the shaft 

(5.7) 

The deflection in point S is: 

. ~ .=; 5 j";:;; sIs I f - 5 5 I = B 51
;< c -s 5 I 

(5.8) 

Take points A1 and B1 close to bearing A and B 

L 
Q P, ~ 85, ~ 10 ooo. 

The deflection in A1 and B1 is J4, and 

calculated as above. 

The slope in bearing A and B is: 

Jt~l 
ci il =:: ~-

R P, 

(5.9) 

(5.10) 
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(5.11) 

The s lope in the point S is: 

(5.12) 

The deflection 1n a point T situated in the 

cantilever span is: 

(5.13) 

For a force situated in the cantilever span, 

the deflections and slopes are calculated in a similar 

manner. 

Applying the superposition principle, the 

reactions in bearings, moments, deflections and slopes 

in each point on the shaft are calculated by totalizing 

the reactions, moments, deflections and slopes caused 

by each of the gravitational forces, exterior vertical 

forces and horizontal forces . 

The vertical reactions in bearings, moments, 

deflections and slopes all along the shaft are calculated 

by adding the effects of gravitational and vertical 

exterior forces . 

The normal stresses produced by bending are 

calculated then in the vertical and horizontal planes. 

" f'-1v , :) ; 
Uv· = - i - Y j 

L I 2 ' "-
1. (5.14) 
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r\ ' I...J( 
'X -· 

2 

The geometrical resultant of the reacions 

(5.15) 

in bearings, moments, deflections, slopes and stresses 

are computed next: 

RA ::::: -~ RR/.;- ~ 2 · A H (5.16) 

Rt:. .:: ~ Reo/ -+ RF1 i (5.17) 

Mr· ~-Mvi'l + 1'11"1 i 
2 

(5.18) = 

J Jvi 2. r 2. 
~ -I" cJ H r' (5.19) 

~ al; 
2 

0c' = + 0! 1'1 i (5.20) 

5.2 TORSIONAL DEFLECTIONS AND STRESSES 

The torsional deflection at any point on the 

shaft 1s calculated as follows: 

where 

T. is the torsion moment in section i; 
l 

G is the modulus of shear; 

Ip. is the polar moment of inertia of section i: 
1 

(5.21) 

X. 1 , X. are the co-ordinates of the be ginning and end 
1- 1 

of section i; 
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The shearing stress is calculated : 

,..,... T( Dr' 
L· == --- X 2 

l I p~· (5.22) 

5. 3 COMBINED STRESSZS 

The combined stresses are calculated according 

to the maximum strain theory of elastic failure suggested 

by St. Venant (References 3, 4, 5, 18 and 19) commonly 

accepted for mechanical shafting:: 

(5.23) 

5.4 INTENSIFIED STRESSES 

In any point on the shaft where there is a 

stress concentration due to shaft shoulders, keyways, 
holes, grooves, etc., the intensified bending or shear 

stress is calculated by multiplying the stresses 

calculated as shown above by a stress intensification 

factor. 

For shaft shoulders, the stress intensification 

factor is calculated within the program. The intensifica

tion factor for bending stresses is selected from Table 1 
and the intensification factor for torsional shear from 

Table 2 below by linear interpolation. The tables are 

reproduced from Ref. ( 6) pages 386 and 388. 

TABLE 2.1 - BENDING STRESS CONCENTRATION FACTORS 
r FOR SHAFT SHOULDE RS 

h~'- d 
r ·'-, . 0 2 . 10 . 20 .27 . 20 1.0 

. 5 1.61 1. 49 1. 39 1. 34 1. 22 1. 07 
1.0 1. 91 1. 70 1.48 1. 38 1.22 1.08 

1.5 2. 00 1. 73 1. 50 1. 39 1. 23 1.08 

2.0 1. 74 1. 52 1. 39 1. 23 1. 09 

3.5 1. 76 1. 54 1.40 1. 23 1. 10 
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TABLE 2·2 - TORSIO N STRESS CO NCENTRATION FACTOR 
FOR SHAFT SHOULDERS 

D\ !: 
a: \d .002 .01 .02 .OJ .04 .06 .08 .10 .12 

2.00 J,O 2.25 2.00 1.82 1. 65 1.51 1.44 1. 39 
1.33 2.7 2.16 1. 91 1. 76 1.60 1.48 1.40 1. 35 
1.20 J,O 2.5 2.00 1. 75 1. 62 1.50 1.40 1. 34 1. 30 
1.09 2.20 1. 88 1. 53 1.40 1. 30 1.20 1.16 1.15 1.15 

In these tables; 

r ~ shoulder radius 

d = the smaller diameter size 

D = the greater diameter size 

h = (D - d)/2 

For other kinds of irregularities on the shaft, 

the stress intensification factors should be supplied in 
input data. They could be selected by the user from the 

same Ref. (6). 

5.5 CRITICAL SPEED 

The angular frequency of the fundamental mode 

of transverse vibrations caused by weights attached to 

the shaft is calculated by applying the energy method 

suggested by Ray~eig~ (Refs. 8, 9 and 10). 

9 I W· y· 
p = ~~/ 1 

J 2. ( 5. 24) 
L W· ~· ' 1 ) J ._, 

where: 

p = angular frequ ency in rad/ se c 

g = gravitational acceleration in in/sec2 

vJ. = weight attached to the shaft in a point of 
J co-ordinate x. 

J 
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y. = deflection caused by the weights attached to 
J the shaft in a point of co-ordinate x. 

J 
The shaft's own weight is calculated in the 

program and added to weights attached to the shaft as 

a number of concentrated forces distributed along the 

shaft. 

The critical speed of the shaft is then 

calculated: 

RP M _ 302_ 
Cr- Jr 

where RPM = critical speed in revolutions/minute cr 

6. CONCLUSIONS 

(5.25) 

The computer package developed by this work 
is capable of bringing a considerable support to the 

design of a vast majority of shafts the design engineer 

would meet in his practice. The engineer's capability 

will still play the main role in the design. The 

engineer will establish the geometrical configuration 

and the loading and will specify allowable stresses, 

deflections, etc., depending on application, available 

space, reliability required and other factors. 

The main objectives achieved by this package 

are: 

1. The design of the shaft obtained by the package, 
complying with user specifications, is the 
optimum design with minimum weight and cost. 
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2. The package is specifically d irected to solve 
t he s pecific problem of designing a shaft. 
The use of a l ar ge purpose s tress analysis 
packa ge will no t only f ail to g ive the user 
the optimum design but will require user's 
involvement in areas not relevant to his 
problem while missing desi t;n aspects specific 
to the shaft as is the stress raisers, minimum 
shoulder required, etc. 

3· User's input is practical and simple. It is 
limited to a minimum of data determining the 
design. No theoretical sophistication is 
required to prepare the input data or to 
interpret the results printed out. 

4. The engineering time required to design a 
shaft with help of this package is low. 

5. The computer time and expense is low. 

6. The results are accurate and correct. 

The applicability of the package is limited 

to the design of horizontal step shaft on two bearings 

with concentrated or uniformly distributed forces and 

torsional moments. 

This would cover most of designer's shaft 

design problems. The following extensions to this 

work might be though useful to cover a larger area 

of applicability and to increase the versatility of 

the program in other aspects: 

1. Design of shafts on more than two bearings; 

2. Design of inclined or vertical shafts; 

3. Large r l oad i ng case c overage such as: 

3. 1 Axial loads; 
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J.2 Moments in planes containing the axis 
of the shaft (only torsional moments, 
perpendicular to axis of shaft are 
handled in present stage); 

J.J Variable loading along the shaft or 
on portions of the shaft. 

4. Design of shafts with a number of alternatives 
concerning the loading. The same shaft might 
at different times be subjected to different 
loading. 

5. Design of shafts that could have sections varying 
continuously as might be required by application 
or to enable further reduction of weight. 

6. Calculation of natural frequency for rotational 
vibrations, useful especially for long shafts 
on several bearings. 

7. Interpret user input less restricted to following 
a format pattern. 

8. Adapt package for time sharing system. 
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APPENDIX A 

PROGRAM SHAFT I 

DESIGN OPTIMIZATION OF A SHAFT 
ON TWO BEARINGS 

PROGRAM LISTING 
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29. 
PROGRAM SHAFT! ( INPUT, OUTPUT, TAPE5= INPUT, TAPE6=0UTPUT> 

DESIGN OPTIMIZATION OF A SHAFT ON 'livO BEARINGS 
********************************************** 

THE PROGRAH DETEIUUNES THE OPTIMUM DESIGN OF A SBAFT ON TWO 
BEARINGS SUBJECTED TO EXTERIOR FORCES AND TORSIONAL MOMENTS FOR 
THE JIII N Il'MI l't'E I GHT 

D Il'IENS ION 
*Rr'IAX< 50), RJiliN< 50), X< 50), XSTRT< 50), PHI< 20), PSI< 1>, Wl< 50), W2< 50), 
*W3< 50) , W4< 50> , RD< 50) , WORK!< 200) , WOP.K2< 200) , WORK3< 200) , WORK4< 200) , 
*WORKK< 200), WORKL< 200), 'VORKM< 200>, WORKN< 200), WORKP< 200), 
*XA<50,51) ,}U(50> ,XH<50) ,XS<50> ,XL< 50) ,X0<50) ,XP<50) ,XE<50> ,XC< 50), 
*STEP<50>,FUNC51> 

REAL L, Ll, L2 

COIDION/ AA/ ROVDBC B> , HOVRB< 7) , CB< 7, 8) , ROVDT< 11) , DOVDT< 6) , CT< 6, 11 > , 
*FCT1C20>,FCT2C20) 

COl'IJIION/BB/ RA,RB, XR<200) ,X2<200) ,D2(200> ,PV2<200) 
*,BJIW(200),BJ.Illi(200),BM<200),DFLV<200),DFLH<200>,SLV(200),SLH<200), 
*SL<200),STRVC200),STRHC200),STR<200),SCB<200>,SCT<200),SCF2<200), 
*RAD2<200),STRINT<200),TJI~(200>,TETA(200>,TAU<200),TAUINT<200), 
*STRI< 200> , S IGrlAH 200) , PH2< 200> , DFL< 200) , PW'2( 200) , BMH< 200>, 
*DFLWC200),SLWC200),STRWC200), 
*'WORKACZ00),W0RKB(200),WORKC<200),WORKD<2G0>,WORKE(200>,WORKFC200), 
*'fORKG< 200) , WORKlH 200) , WORKI < 200) 

COJIIJIION/DD/ E,G,N00, A,B,N1,N2,N3 
COHJIION/EE/XDIA(50),DIAC50),ND 
COJIIJIIOIVFF/ STRAL, DFLAL, SLAL, TETAAL, RPIDIIN ,XDI< 20>, DI< 20), NDI 
COIDION/GG/ XDF< 20), DF< 20>, NDF, WORKS< 50) 

MODULUS OF ELASTICITY 
E=30000000. 
(;=: 11500000. 
N{)0=200 
W= 1.0 

CALL LOAI> <N00,ND,N1,N2,N3,A,B, W,XDIA,DIA,XR, 
* X2, Pli"2, PV2, PP...2, TJI~, D2, SCF2, RAD2, RD, 
*WORKA, WORKB, WORKC, WORKD, ' ·TORKE, WORKF, WORKG, WORKH, WORKI, WORKK, WORKL, 
*WORKJII, WORKN, WORlCP, WORK1, WORK2, WORK3, WORlC4) 

REAl> AND PRINT OUT THE CONSTRAINTS 

ALLOWABLE STRESS 
READ< 5, 100) STRAL 
WRITE<6,101> STRAL 

ALLOWABLE DEFLECTION 
READ<5,102) DFLAL 
WRITEC6,103) DFLAL 

ALLOi'TABLE SLOPE IN BEARINGS 
READ< 5, 102> SLAL 
WRITEC6,104) SLAL 

ALLOl'IABLE TORSIONAL DEFLECTION 
READ< 5, 102) TETAAL 
'illiTE< 6, 105> TETAAL 

l'IIN Il'lUJ.Il CRITICAL SPEED 
READ< 5, 100) RPMMIN 
WRITE<6, 106> RPJ.Ill'IIU 

CONSTRAINTS DEFINING SHAFT DIAMETERS 
D I AJIIETERS OF F I XED SIZE 
READ< 5, 107> NDF 
WRITE<6, 109) 
DO 1 I= 1, NDF 
READ<5,108) XDF<I>,DF<I> 

MAl 10 
MAl 20 
MAl 30 
MAl 40 
MAl 50 
MAl 60 
MAl 70 
MAl 80 
MAl 90 
MAl 100 
MAl 110 
RL\1 120 
MAl 130 
MAl 140 
JllAI 150 
MAl 160 
MAl 170 
JI1AI 130 
MAl 190 
MAl 200 
MAl 210 
JllAI 220 
JllAI 230 
NAI 240 
NAI 250 
JllAI 260 
JllAI 270 
MAl 280 
f>lAI 290 
l'lAI 300 
JIIAI 310 
MAl 320 
MAl 330 
JllAI 340 
JllAI 350 
f>lAI 360 
JllAI 370 
MAl 380 
JllAI 390 
folAI 400 
UAI 410 
l'lAI 420 
JllAI 430 
JllAI 440 
MAI 450 
MAl 460 
f·lAI 470 
MAl 480 
MAl 490 
JllAI 500 
MAl 510 
JllAI 520 
MAl 530 
MAl 540 
MAl 550 
l'lAI 560 
JllAI 570 
MAl 580 
JllAI 590 
MAl 600 
JllAI 610 
f>lAI 620 
JIIA I 630 
MAl 640 
MAl 650 
MAl 660 
JllAI 670 
MAl 680 
I1AI 690 
JllAI 700 
lllAI 710 
JllAI 720 
MAl 730 
MAl 740 
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WRITE< 6, 110> 'mF< I>, DF< I> 
1 CONTINUE 

c 
C liiiNHIUM DIAl'lETER INCREASE 

READ<5,107> NDI 
WRITE< 6, 112) 
DO 2 I= 1, NDI 
READ<5,108> XDHD,DHI> 
~'ffiiTE<6,110) ~HI) ,DH I> 

2 CONTINUE 
c 
C THE PROGRA1'1 USES THE SUBROUTINE SEEK3 FOR OPTIMIZATION 
c 

c 

c 

c 

c 

c 

c 

c 

!PRINT= 1 
IDATA=1 
NEQ.US=0 
111AXI'I=20 

D041 1=1,50 
XSTRT< I> =0. 0 
IDlAX( I> =0. 0 
RM:IN< 1>=0.0 
X< I> =0.0 

41 CONTINUE 

N=0 
NND=ND-1 
DO 4 I= 1, NND 
N=N+ 1 
XSTRT( N> =DIA( I> 
DO 3 J=1,NDF 
IF<XI>IA<I>.EQ..XI>F(J)) N=N-1 

3 CONTINUE 
IF<I.EQ.1) GO TO 4 
IF<DIA(I).EQ.DIA<J-1)) N=N-1 

4 CONTINUE 

DO 5 I= 1, N 
ffilAX( I>= 1. 1*XSTRT( I) 
RHIN< I>= 0. 9*XSTRT< I> 

5 CONTINUE 

NCONS=6+NDI 

F=.02 
H=.05 
INDEX=1 
R= 1. 
REDUCE=.05 
CALL SEEK3(N,RMAX,RMIN,NCONS,NEQUS,XSTRT,F,H,R,REDUCE,MAXM,INDEX, 

*I PRINT, I DATA, U, X, PHI, PSI, NVIOL, WORK1,lfORK2, WORK3, WORK4) 
CALL ANSWER< U, X, PHI, PSI, N, NCONS, NEQ.US> 

DO 70 1=1,ND 
WORKS< I> =DIA< I> 

70 CONTINUE 

NND=ND-1 
K=0 
DO 10 I= 1, NND 
K=K+1 
DIA< I> =X< K> 
DO 9 J= 1 ,NDF 
IF<XI>IA( I>.EQ..XDF<J>> GO TO 8 
GO TO 9 

8 DI A < I> =DF< J) 
K=K-1 

9 CONTINUE 
IF<I.EQ.1) GO TO 10 
IF<WORY~<I).EQ..WORKS<I-1)) GO TO 90 
GO TO 10 

90 DIA< I> =DIA( 1-1) 
K=K-1 

10 CONTINUE 

I·IAI 750 
liiAI 760 
liiAI 770 
liiAI 780 
MAl 790 
liiAI 800 
li!AI 810 
l'IAI 820 
liiAI 830 
l'IAI 840 
l'1A I 850 
l'IAI 860 
.riAI 870 
lll~I 880 
li!AI 890 
l'IAI 900 
l'IAI 910 
l'IA I 920 
li!AI 930 
liiAI 940 
liiAI 950 
li!AI 960 
NAI 970 
l'IAI 980 
li!AI 990 
.IliA I 1000 
li!AI1010 
l'IA I 1020 
l'IAI 1030 
l'IAI 1040 
l'IAI1050 
lilA I 1060 
lilA I 1070 
iliA I 1080 
.IIIAI1090 
li!AI 1100 
li1AI1110 
l'IAI1120 
l'IAI 1130 
liAI 1140 
lilA I 1150 
.IIIAI1160 
l'IAI1170 
l'IAI 1180 
I'IAI1190 
lilA I 1200 
liiAI 1210 
MAl 1220 
lilA I 1230 
MAl 1240 
lilA I 1250 
lilA I 1260 
lilA I 1270 
li!AI1280 
l'IAI 1290 
lilA I 1300 
l'IAI 1310 
l'IA I 1320 
lilA I 1330 
l'IAI 1340 
.IIIAI1350 
.li1AI1360 
l'IAI 1370 
li!Ail380 
MAl 1390 
.IliA I 1400 
.IliA I 1410 
l'IAI 1420 
MAl 1430 
l'IAI 1440 
l'IAI 1450 
li!AI1460 
lilA I 1470 
l'IAI 1480 
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DIA<ND>=DIA<ND-1) MAI1490 
C lilA I 1500 

c 
c 

c 
100 
101 

102 
103 

104 

105 

106 

107 
108 
109 

110 
112 

CALL STRESS<E,G,N00,ND,N1,N2,N3,A,B, RA,RB,XDIA,DIA,XR,X2, ~~1151~ 
*D2, PW2, PV2, PII2, Bllflv, Bf'IV, BNH, BM, DFLW, DFLV, DFLH, DFL, SLW, SLV, SLH,SL, 11~1 1520 
*STRW,STRV ,STRH,STR,RPMCR,SCB, SCT, SCF2,RAD2,STRINT, 11'12, TETA, TAU, 11~1 1530 
:::TAUINT,STR1 ,SIGNAl, 11~1 1540 
* WORKA, WORKB, WORKC, WORKD, WORKE, WORKF, WORKG, WORKH, WORKI, 1) lilA I 1550 

lilA I 1560 
CALL SHAFTP< XDIA, DIA, RD, A, ND, WORK!, WORK2, WORK3, WOFIK4) lilA I 1570 

lilA I 1580 
STOP MAI1590 

I'~ I 1600 
FOIDIAT<F10.0) MAI1610 
FOIDL/\T( 1H1,/////, f'IAI1620 

*10X,40HALLmvABLE STilESS ,F10.0,8H LB/SQ.IN,/ f'IAI 1630 
*//) UAI1640 

FORMAT<F10.5) f'IAI1650 
FOIDIAT< 10X,40HALLOWABLE BENDING DEFLECTION ,F10.5,3H IN 11IAI1660 

:1:,///) !'11\1 1670 
FOIDIAT< HlX,40HALL01'TABLE SLOPE IN BEARINGS ,F10.5,4H RA f'IAI1680 

*D,///) f'IAI 1690 
FOIDIAT< 10X,40HALLOWABLE TORSIONAL DEFLECTION ,F10.5,4H RA NAI1700 

*D,///) MAI1710 
FOIDIAT( 10X,40ID11NHIUM CRITICAL SPEED ,F10.0,4H RP NAI1720 

*M, ///) MAl 1730 
FOIDL4T( I 10) I'IAI 1740 
FOR!·IAT<2F10.3) MAI1750 
FOIDL/\T(///, 10X,23HDIANETERS OF FIXED SIZE ,//, 10X,20H X !IIAI1760 

* DIA , //) lilA I 1770 
FOIDIAT< 10X,2F10.3,//) UAI 1780 
FOIDIATU//,10X,34IDIINIIIIUU DIAI'IETER INCREASE/DECREASE ,//,15X,20HX 111AI1790 

* DIA. !NCR. ,//) l'IAI 1800 
END lilA I 1810 



c 
c 

c 

c 

70 

1 

2 

c 
c 

c 

c 

c 

c 

90 
3 

4 

41 

5 
6 
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SUBROUTINE CONSTCX,NCONST,PHI> 
============================== 
D IliiENS ION XC 1) , PH H 1> 

C0~~10N/AA/ ROVDBC8J,HOVP~<7>,CB<7,8),ROVDT<ll),DOVDT<6>,CT<6,11J, 
*FCT1<20J,FCT2<20J 

cmmON/BB/ RA, RB, XR< 200) , X2< 200> , D2< 200) , PV2< 200) 
*•B~IV<200J ,BMH<200J ,Blii<200J ,DFLV<200J ,DFLH(200J ,SLVC200) ,SLHC200J, 
*SLC200J,STRVC200>,STRH<200>,STRC200) ,SCDC200J,SCTC200J,SCF2C200J, 
*RAD2<200J,STRINT<200),~~(200J,TETA<200J,TAU<200J,TAUINT<200J, 
*STR1<200) ,SIGJ.Ilt\1<200) ,PH2C200J ,DFL<200J ,PW2(200J ,BM"IV<200J, 
*DFLW< 200>, SLW< 200), STRW< 200), 
*l'lORKA< 200), WORKB< 200), WORKC< 200), WO.RI<DC200J, WORKE< 200), WORKFC200), 
:r.WORKG< 200) , WORKH< 200> , WORKI < 200) 

CO.miON/DD/ E, G, N00, L1,L2, N1, N2, N 
co:miON/EE/XDIAC50J ,DIA(G0> ,ND 
COl'mON/FF/ STRAL,DFLAL,SLAL,TETAAL,RPIDIIN,XDIC20J ,DI(2(()) ,NDI 
COmlON/GG/ XDF< 20> , DF< 20) , NDF, WORKS< 50> 

DO 70 1=1,ND 
WORKS< I> =DIA< I> 
CONTINUE 
NND=ND-1 
K=O 
DO 3 I= 1 ,NND 
K=K+1 
DIA( D=X<K> 
DO 2 J= 1 ,NDF 
IF<XDIA<I>.EQ.XDF(J)) GO TO 1 
GO TO 2 
DIA< I) =DF< J) 
K=K-1 
CONTINUE 
IF<I.EQ.1) GO TO 3 
IFOlORKS< I>. EQ.. WORKS< 1-1> J GO TO 90 
GO TO 3 
DIA< I> =DIA< 1-1> 
CONTINUE 
DIACND>=DIACND-lJ 

CALL STRESSCE,G,N00,ND,Nl,N2,N,Ll,L2,RA,RB,XDIA,DIA,XR,X2, 
*D2, PW2, PV2, PH2, BHW, B~, mm, alii, DFLW, DFLV, DFLH, DFL, SLW, SLV, SLH,SL, 
*STRW,STRV,STRH,STR,RPMCR,SCB,SCT,SCF2,RAD2,STRINT~TM2,TETA,TAU, 
*TAUINT, STRl, SIG~IAl, 
* WORKA, WORKB, WORKC, lvORKD, WORKE, WORKF, WORKG, w·oRKH, WORKI, 0) 

CALL UAXHH STR1, STRMAX, NJ 
CALL ~IAXHI< DFL, DFUIAX, N> 

PHI< 1> =STRAL-STIDIAX 
PH I ( 2) = DFLAL- DFUIAX 
PHIC3J=SLAL-SL<l> 
PHIC4J=SLAL-SL<N1> 
PHI<5>=TETAAL-TETA<N) 
PH I ( 6 J = RPHCR-RPM!U N 

~1=6 
DO 6 I= 1, NND 
DO 5 J= 1, NDI 
IF< XDIA< I) • EQ.. XD H JJ J GO TO 4 
GO TO 5 
M=M+l 
Ilt'CDIA<I-1> .GT.DIA(I)) GO TO 41 
PHI<M>=DIACIJ-DIA<I-1>-DICJ) 
GO TO 5 
CONTINUE 
PHI<N>=DIA<I-1>-DIACIJ-DI(J) 
CONTINUE 
CONTINUE 

RETURN 
END 

CON 10 

CON 20 
CON 30 
CON 40 
CON 50 
CON 60 
CON 70 
CON 80 
CON 90 
CON 100 
CON 110 
CON 120 
CON 130 
CON 140 
CON 150 
CON 160 
CON 170 
CON 180 
CON 190 
CON 200 
CON 210 
CON 220 
CON 230 
CON 240 
CON 250 
CON 260 
CON 270 
COH 280 
CON 290 
CON 300 
CON 310 
CON 320 
CON 330 
CON 340 
CON 350 
CON 360 
CON 370 
CON 380 
CON 390 
CON 400 
CON 410 
CON 420 
CON 430 
CON 440 
CON 450 
CON 460 
CON 470 
CON 480 
CON 490 
CON 500 
CON 510 
CON 520 
CON 530 
CON 540 
CON 550 
CON 560 
CON 570 
CON 580 
CON 590 
CON 600 
CON 610 
CON 620 
CON 630 
CON 640 
CON 650 
CON 660 
CON 670 
CON 680 
CON 690 
CON 700 
CON 710 
CON 720 
CON 730 
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SUBROUTINE UREAL( X, U> URE 10 
c ===================== 
c URE 20 

D HIENS I ON X< 1) URE 30 
c URE 40 

CO~lliON/EE/XDIA(50),DIA<50),ND URE 50 
COI>lliON/GG/ XDF( 20) , DF< 20>, NDF, W'ORKS< 50) URE 60 

c URE 70 
DO 70 I= 1, ND URE 80 
WORKS< I> =DIA< I> URE 90 

70 CONTINUE URE 100 
NND=ND-1 URE 110 
K=0 URE 120 
DO 3 I= 1, NND URE 130 
K=K+l URE 140 
DIA< I) =X< K) URE 150 
DO 2 J=1,NDF URE 160 
IF<XDIA< I> .EQ..XDF(J)) GO TO l URE 170 
GO TO 2 URE 180 

1 DIA< I>=DF(J) URE 190 
K=K-~ URE 200 

2 CONTINUE URE 210 
IF< I. EQ.. 1) GO TO 3 URE 220 
IFOTORKS< I>. EQ. WORKS< I-D > GO TO 90 URE 230 
GO TO 3 URE 240 

90 DIA< I> =DIA< l-1) URE 250 
3 CONTINUE URE 260 

DIA<ND>=DIA<ND-1> URE 270 
PI=3. 1415926 URE 280 
U=0.0 URE 290 
DO 4 I=2,ND URE 300 
U=U+PI*DIA<I-1>**2/4,*<XI>IA<I>-XI>IA<I-1))*.283 URE 310 

4 CONTINUE URE 320 
RETURN URE 330 
END URE 340 



c 

c 

c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 

c 

c 

c 

c 
c 

c 
c 
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SUBROUTINE LOAD (N00,ND,Nl,N2,N,Ll,L2,W,XDIA,DIA,XR, * X2,PW2,PV2,PH2,~~.D2,SCF2,RAD2,RD, 
*X1. Plll ,PV1 ,PHI, UNFW1, UNFV1, UNFH1, ~Il ,D1 ,SCF1 ,RAD1, UNFW2, UNFV2, 
*UNii'H2, WORKl, WORK2, WORK3, WORK4 > 

DI~~NSION XDIA<ND>,DIA<ND>,XR<N00),X2(N00>,PV2<N00),PH2<N00>, 
*T~~<N00),D2(N00),SCF2<N00>,RAD2<N00),Xl<N00),PV1<N00),PH1<N00), 
*UNFV 1( N00 > , UNFHl< N00) , ~11< N00) , D 1( N00) , SCF 1( N00) , RAD 1< N00) , 
*UNFV2< N00), UHFH2< N00), WORKl < N00>, lWRK2< N00), WORK3< N00>, WOHK4( N00), 
*RD< ND> , PW1 { N00), PW2< N00> , UNFWl < N00) , UNFW2< N00> 

COMJ.IION/ AIV ROVDB< 8) , HOVRB( 7) , CB< 7, 8) , ROVDT< 11) , DOVDT< 6) , CT< 6, 11) , 
*FCT1<20),FCT~<20) 

THIS SUBROUTINE READS INPUT DATA CONSISTING OF DI~mNSIONS AND 
LOADING ON THE SHAFT AND ARRANGES THEM IN WORKING ARRAYS FOR THE 
OPTH1IZATION PROCESS 

REAL L, L1, L2 

DATA FOR CALCULATING STRESS INTENSIFICATION 

DATA <ROVDB<J>,J=1,8)/0.0,0.05,0.1,0.2,0.27,0.50,1.0,10000./ 

DATA <HOVRB<I>,I=1,7)/0.0,0.5,1.0,1.5,2.0,3.5,10000./ 

DATA ( ( CB< I, J) , J= 1, 8> , I= 1, 7) / 

* 1.00, 1.00, 1.00, 1.00, 1.00, 1.00, 1.00, 1.00, . 

* 2.00, 1.61' 1.49, 1.39, 1.34, 1.22, 1.08, 1.00, 

* 2.00, 1.91' 1. 70, 1.48, 1.38, 1.22, 1.08, 1. 00, 

* 2.00, 2.00, 1.73, 1.50, 1.39, 1.23, 1.08, 1.00, 

* 2.00, 2.00, 1. 74, 1.52, 1.39' 1.23, 1.09' 1.00, 

* 2.00, 2.00, 1. 76, 1.54, 1.40, 1.23, 1. 10' 1.00, 

* 2.00, 2.00, 2.00, 2.00, 2.00, 2.00, 2.00, 2.00/ 

DATA <ROVDT<J>,J=1,11)/0.0,0.005,0.01,0.02,0.03,0.04,0 . 06,0.08,.10 
*·. 12, 10000./ 

DATA<DOVDT<I>,I=1,6)/10000.,2.00,1.33,1.20,1.09,1.00/ 

DATA<< CT< I, J), J= 1, 11), I= 1, 6) / * 3.00, 3.00, 3.00, 2.25, 
* 1 . 39 ' 1 • 00' * 3.00, 3.00, 3.00, 2.25, 
* 1 • 39 ' 1 • 00' * 3.00, 3.00, 2.7, 2. 16, 
* 1 . 35 ' 1 • 00 ' * 3.0, 3 . 00, 2.50, 2.00, 
* 1 . 30' 1 . 00' * 3.00, 2.20, 1.88, 1.53, * 1. 15, 1.00, * 1.00, 1.00, 1.00, 1.00, 
* 1. 00' 1. 00/ 

SET WORKING ARRAYS TO 0 
DO 1 I= 1, N00 
Xl< I> =0.0 
X2< 1>=0.0 
PWH 1>=0.0 
PW2< I>=0.0 
PVt< I> =0. 0 
PV2<I>=0.0 
PHl< I> =0. 0 
PH2< I> =0. 0 
U.NFWI< I>= 0. 0 
UNFW2< I> =0. 0 
UNFV I< I> = 0. 0 

2.00, 

2.00, 

1. 91' 

1.75, 

1.40, 

1.00, 

1.82, 1.65, 1.51' 

1.82, 1.65, 1.51' 

1. 76, 1.60, 1.48, 

1.62, 1.50, 1.40, 

1.30, 1.20, 1. 16. 

1.00, 1.00, 1.00, 

1.44, 

1.44, 

1.40, 

1.34, 

1. 15' 

1. 00, 

10 

20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 



35· 

UNFV2<1>=0.0 740 
UNFH1(1)=0.0 750 
UNFll2<I>=0.0 760 
TI>ll< I> = 0. 0 770 
TU2< I>=0.9 780 
D1GIJ=0.0 790 
D2(1J=0.0 800 
SCF1<I>=1.0 810 
SCF2<I>=1.0 820 
RAD1<IJ=1 0000. 830 
RAD2<I>=10000. 840 
XIt< I> =0. 0 850 
WORK1<I>=0.0 860 
WORK2< 1)=0.0 870 
WORK3<I>=0.0 880 
WORK4<I>=0.0 890 

1 CONTINUE 900 
c 910 

PW=0. 0 920 
PV=0.0 930 
PH=0.0 940 
UNFW=0.0 950 
UNFV=0.0 960 
UNFH=0.0 970 
TI>l= 0. 0 980 
D=0.0 990 
SCF=1.0 1000 
RAD=10000. 1010 
PI=3.1415926 1020 

c 1030 
C PRINT OUT THE TITLE AND INPUT DATA 1040 
c 1050 

WRITE< 6, 150> 1060 
c 1070 
C READ INPUT DATA t'UID PRINT OUT 1080 
c 1090 

READ<5,101) Ll,L2 1100 
L=L1+L2 1110 
XH 2) =L 1120 

c 1130 
WRITE<6, 150L1,L2 1140 

c 1150 
NX=2 1160 

c 1170 
C CONCENTRATED FORCES 1180 
c 1190 

READ<5,110JNPW,NPV,NPH 1200 
IF<NPW.EQ.0) GO TO 69 1210 
WRITE< 6, 137) 1220 
DO 30 1=1,NPW 1230 
READ< 5, 111) XPW, PW 1240 
WRITE<6,140 XPW,P~v 1250 
X=XPW 1260 
CALL RANGE< X, Plv, PV, PH, UNFW, UNFV, UNFH, TM,D,SCF, Xl ,PWl, PVl, PH1, UNFWl 1270 

*• UNFV1, UNFH1, Till, Dl, SCF1 ,X2,PW2, PV2, PH2, UNFW2, UNFV2, UNFH2, TM2,D2, 1280 
*SCF2,RAD,RAD1,RAD2,NX,N00) 1290 

30 CONTINUE 1300 
PW=0. 0 1310 

69 CONTINUE 1320 
~ 1330 

IF<NPV.EQ.0) GO TO 70 1340 
WRITE< 6, 140) 1350 
DO 2 I= l,NPV 1360 
READ<5,111J XPV,PV 1370 
WRITE<6, 140XPV,PV 1380 
X=XPV 1390 
CALL RANGE< X,PW,PV, PH, UNFW, UNFV, UNFH, TM, D, SCF ,X1, PWl, PV1, PHI, UNFWl 1400 

*• UNFV1, UNFHl, TM1 ,D1,SCF1 ,X2,PW2,PV2, PH2, UNFW'2, UNFV2, UNFH2, TM2, D2, 1410 
*SCF2,nAD,RAD1,RAD2,NX,N00> 1420 

2 CONTINUE 1430 
PV=0.0 1440 

c 1450 
70 CONTINUE 1460 

IF<NPH.EQ.0) GO TO 71 1470 



c 

c 

liRITE<6, 142> 

DO 3 I=l,NPH 
READ<5,111) XPH,PH 
liRITE<6,141) XPH,PH 
X=XPH 

)6. 

CALL RANGE<X,PW,PV,PH, UNFW, UNFV, UNFH, TM,D,SCF,XI,PWl,PVl,PBl, UNFWl 
*, UNFV I , UNFH I , Till , D 1 , SCF 1 , X2, PW2, PV2, PH2 ,. UTWW2, UNFV2, UNFH2, TM2, D2, 
*SCF2,RAD,RAD1,RAD2,NX,N00) 

3 CONTINUE 
PH=0.0 

71 CONTINUE 
c 
C UNIFORMLY DISTRIBUTED FORCES 
c 

READ<5, 110> NUNFW,NUNFV,NUNFB 
IF<NUNFW.EQ.0) GO TO 31 
liRITE( 6, 138> 
DO 32 I=l,NUNFW 
READ< 5, 112) XIUNFW, X2UNFW, UNFW 
WRITE<6,144) X1UNFW,X2UNFW,UNFW 
X=X1UNFW 
CALL RANGE<X,PW,PV,PH,UNFW,UNFV,UNFH,TM,D,SCF,X1,PW1,PV1,PH1,UNFW1 

*,UNFVl,UNFH1,TMI,Dl,SCF1,X2,PW2,PV2,PH2,UNFW2,UNFV2,UNFH2,11m,D2, 
*SCF2,RAD,RADI,RAD2,NX,N00) 

UNFW=-UNFW 
X=X2UNFW 
CALL RANGE<X,PW,PV,PH, UNFW, UNFV, UNFH,TM,D,SCF ,XI ,PW1,PV1,PH1 ,UNFWI 

*,UNFVl,UNFH1,TMI,Dl,SCFl,X2,PW2,PV2,PH2,UNFW2,UNFV2,UNFH2,TM2,D2, 
*SCF2,RAD,R.ADl,RAD2,NX,N00) 

32 CONTINUE 
UNFW=0.0 

31 CONTINUE 
c 

IF<NUNFV.EQ.0) GO TO 72 
liRITE<6,143) 
DO 4 1=1,NUNFV 
READ< 5, 112> XIUNFV,X2UNFV, UNFV 
WRITE<6,144>XIUNFV,X2UNFV,UNFV 
X=XlUNFV 
CALL RANGE<X,PW,PV,PH,UNFW,UNFV,UNFH,TM,D,SCF,X1,PW1,PVI,PB1,UNFW1 

*• UNFV1, UNFHI, TMI,Dl,SCFI,X2, PW'~,PV2,PH2, UNFW2, UNFV2, UNFH2, TI12,D2, 
*SCF2,RAD,RADI,RAD2,NX,N00) 

UNFV=-UNFV 
X=X2UNFV 
CALL RANGE<X,PW,PV,PH,UNFW,UNFV,UNFH,TM,D,SCF,Xt,PWl,PVl,PHt,UNFWl 

*,UNFVI,UNFHl,TMl,D1,SCFI,X2,PW2,PV2,PH2,UNFW2,UNFV2,UNFH2,Tif2,D2, 
*SCF2,RAD,RADl,RAD2,NX,N00) 

4. CONTINUE 
UNFV=0.0 

c 

c 

72 CONTINUE 
IF<NUT{FH.EQ.0) GO TO 73 

WRITE < 6, 145> 
DO 5 I=1,NUNFH 
READ< 5, 112> XIUNFH, X2UNFH, UNFH 
WRITE(6,144> XlUNFH,X2UNFH,UNFH 
X=XlUNFH 
CALL RANGE( X, PW, PV, PH, UNFW, UNFV, UNFH, TM, D, SCF, XI, PWI, PV1, PHI, UNFWI 

:1:, UNFV1, UNFHl, TM1 ,DI,SCFI ,X2,PW2,PV2,PH2,UNFW2, UNFV2, UNFH2, TM2,D2, 
*SCF2,RAD,RADI,RAD2,NX,N00) 

UNFH=-UNFH 
X=X2UNFH 
CALL RANGE< X, PW, PV, PH, UNFW, UNFV, UNFH, TM, D, SCF, XI , PWI , PVI, PH I, UNFWI 
*,UNFVI,UNFHl,TMl,Dt,SCFl,X2,PW2,PV2,PH2,UNFW2,UNFV2,UNFH2,T~m.D2, 
*SCF2,RAD,RADl,RAD2,NX,N00> 

5 CONTINUE 
UNFH=0.0 

c 
73 CONTINUE 

c 
C TORS I ON MOMENTS 

1480 
1490 
1500 
1510 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 
1710 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 
1800 
1810 
1820 
1830 
1840 
1850 
1860 
1870 
1880 
1890 
1900 
1910 
1920 
1930 
1940 
1950 
1960 
1970 
1980 
1990 
2000 
2010 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 
2110 
2120 
2130 
2140 
2150 
2160 
2170 
2180 
2190 
2200 
2210 



c 
READ<5,120) NTM 
IF<NTH.EQ.0) GO TO 74 
WRITE< 6, 146) 
Dfl 6 I = 1 , NTII 
READ< 5, 112> XlTM, X2TM, TM 
WRITE< 6, 144) Xl Til, X2TII, Til 
X=X1TI1 

37· 

CALL RANGE< X,PW, PV, PH, UNFW, UNFV, UNFH, TM, D,SCF ,X1,PW1,PV1 ,PHI, UNFWl 
*, UNFV1, UNFHl, Tl\11, D 1, SCF 1, X2, PW2, PV2, PH2, UNFW2, UNFV2, UNFH2, Tl\12, D2, 
*SCF2,RAD,RAD1,RAD2,NX,N00) 

X=X2TII 
TI1=-TI1 
CALL RANGE<X,PW, PV, PH, UNFW, UNFV, UNFH, TM, D,SCF, Xl, PW"l, PVl,PHl, UNFWI 

*, UNFV 1 , UNFH 1 , Till , D 1 , SCF 1 , X2, Plv2, PV2, PH2, UNFW2, UNFV2, UNFH2, Tf-12, D2, 
*SCF2,RAD,RAI>l,RAD2,NX,N00) 

6 CONTINUE 
TI1=0. 0 

c 
74 CONTINUE 

C DIAHETERS 
c 

c 

"l'ffiiTE< 6, 147) 
REAl)( 5, 120) ND 
DO 7 I= 1, ND 
READ<5,113) XD,D 
XDIA< I) =XD 
DIA< I) =D 
WRITE<6,139) XD,D 
X=XD 
CALL RANGE< X, PW,PV,PH, UNFW, UNFV, UNFH, TM',D,SCF ,Xl ,PWl, PVl, PHI ,UNFWl 

*, UNFV1, UNFH1, Till, D 1, SCF 1, X2, PW2, PV2, PH2 ,.UNFW2, UNFV2 ,1Jl'lFH2, TM2, D2, 
*SCF2,R~D,RAD1,RAD2,NX,N00) 

7 CONTINUE 
D=0.0 

C STRE~S CONCENTRATION FACTORS 
c 

c 

c 

READ<5,120) NCF 
IF<NCF.EQ.0) GO TO 75 
WRITE< 6, 148) 
DO 8 I= 1, NCF 
READ<5,101) XSCF,SCF 
WRITE<6, 139)XSCF,SCF 
X=XSCF 
CALL RANGE< X, PW,PV, PH, UNFW, UNFV, UNFH, TM",D,SCF ,X1, PW1,PV1, PHI, UNFWl 

*• UNFVl, UNFHl, Till, Dl, SCF1, X2, PW2,PV2, PH2, UNFW2, UNFV2, UNFH2, TI12, D2, 
*SCF2,RAD,RAD1,RAD2,NX,N00) 

8 CONTINUE 
SCF= 1. 0 

75 CONTINUE 

C RADII 

c 

c 

DO 89 I= 1, ND 
Rl)(l)=10000. 

89 CONTINUE 

READ< 5, 120) NRAD 
IF<NRAD.EQ.0) GO TO 76 
l'ffiiTE<6, 149) 
DO 9 I= 1 , NRAD 
READ<5,10l>XRAD,RAD 
WRITE<6,139> XRAD,RAD 
DO 90 J= 1, ND 
IFOffiAD.EQ.XDIA(J)) RD<J>=RAD 

90 CONTINUE 
X=XRAD 
CALL RANGE< X, PW, PV, PH, UNFlv, UNFV, UNFH, Til, D, SCF, X1, PWl, PV1, PHI, UNFWl * , UNFV 1 , UNFH 1 , Till , D 1 , SCF 1 , X2, PW2, PV2, PH2 ·, UNFW2, UNFV2, UNFH2, TI12, D2 , 

*SCF2,RAD,RAD1,RAD2,NX,N00) 
9 CONTINUE 

76 CONTINUE 

2220 
2230 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
2310 
2320 
2330 
2340 
2350 
2360 
2370 
2380 
2390 
2400 
2410 
2420 
2430 
2440 
2450 
2460 
2470 
2480 
2490 
2500 
2510 
2520 
2530 
2540 
2550 
2560 
2570 
2580 
2590 
2600 
2610 
2620 
2630 
2640 
2650 
2660 
2670 
2680 
2690 
2700 
2710 
2720 
2730 
2740 
2750 
2760 
2770 
2780 
2790 
2800 
2810 
2820 
2830 
2840 
2850 
2860 
2870 
2880 
2890 
2900 
2910 
2920 
2930 
2940 
2950 



c 

EPS=0.001 
IFOT. LT. EPS> GO TO 78 
NUNFW=1 

)8. 

C ADD WEIGHT OF SHAFT TO UNIFORN DISTRIBUTED WEIGHTS 
NSS=NX-1 
DO 77 I= 1 , NSS 
UNFW2< I)=UNFW2< I>+PI:;:D2< 1):1:*2/4.*.283 

77 CONTINUE 

c 

c 

78 CONTINUE 

UNFWH 1) =UNFW2( 1) 
UNFV1(1)=UNFV2<1> 
Tf>ll < NX> =Tf>I2< NX-1 > 
UNFV1<NX>=UNFV2<NX-1> 
UNFH 1 < NX> = UNFH2 ( NX- 1) 
Tf>I2< NX> = Tl"Il < NX> 
illiFV2 < NX) = UNFV 1 ( NX> 
UNFH2<NX>=UNFH1<NX> 

C INCLUDE IN THE RANGE OF X DOUBLE POINTS WHERE THE DIAMETER OR 
C TORSIONAL MOI'IENT CHANGE VALUE 

c 

c 

c 

c 

NXX= 1 

DO 11 I=2,NX 
IF<D2< I>.NE.D2(I-1>> GO TO 10 
IF<Tti2<I>.NE.Tf>I2(1-1)) GO TO 10 
NXX=NXX+1 
XU NXX> =X2< I) 
PlVl< NXX> =PW2< I) 
PVI< NXX> =PV2C I) 
PHI< NXX> =PH2< I> 
UNFW1( NXX> =UNFlv2( I) 
UNFV1CNXX>=UNFV2<I> 
UNFll1(NXX>=UNFH2<I> 
Tf>11 ( NXX> = ni2 < I) 
Dl< NXX> =D2< I> 
SCF 1 ( N:XX> = SCF2< I> 
RAD1 ( NXX> =RAD2( I> 
GO TO 11 

10 NXX=NXX+ 1 
Xl< NXX> =X2< I> 
PWl< N:XX> =0. 0 
PV1<NXX>=0 . 0 
PHU NXX> =0. 0 
UNFW1 ( NXX> = UNFW2( 1-1) 
UNFV 1< NXX> = UNFV2 ( I- 1) 

UNFHI<NXX>=UNFH2<I-1> 
TMl< NXX> =Tf>I2( I-1> 
DI< NXX> =D2< I-U 
SCF 1< NXX> = 1 • 0 
RAD1<NXX> =RAD2< I) 

NXX=NXX+1 
XI< NXX> =X2< I) 
Plvl< NXX> =PW2< I) 
PV 1< NXX> = PV2 < I) 
PHl< NXX> =PH2< I) 
UNFWH NXX> = UNFW2< I) 
UNFVH NXX> =UNFV2< I> 
UNFH1<NXX>=UNFH2<I> 
Tf>IU NXX> =Tf'l2( I) 
DI< NXX> =D2< I) 
SCF1<NXX>=SCF2<I> 
RAD1CNXX>=10000. 

K= I+ 1 
ICOUNT=NXX 
DO 12 J=K, NX 
I COUNT= I COUNT+ 1 
Xl<ICOUNT>=X2(J) 
PlH < I COUNT) = PW2 < J) 
PVl< ICOUNT>=PV2CJ) 

2960 
2970 
2980 
2990 
3000 
3010 
3020 
3030 
3040 
3050 
3060 
3070 
3080 
3090 
3100 
3110 
3120 
3130 
3140 
3150 
3160 
3170 
3180 
3190 
3200 
3210 
3220 
3230 
3240 
3250 
3260 
3270 
3280 
3290 
3300 
3310 
3320 
3330 
3340 
3350 
3360 
3370 
3380 
3390 
3400 
3410 
3420 
3430 
344·0 
3450 
3460 
3470 
3480 
3490 
3500 
3510 
3520 
3530 
3540 
3550 
3560 
3570 
3580 
3590 
3600 
3610 
3620 
3630 
3640 
3650 
3660 
3670 
3680 
3690 



39· 

PH1<ICOUNT>=PH2<J> 3700 
UNFWl< ICOUNT>=UNFW2(J) 3710 
UNFVl(ICOUNT>=UNFV2<J> 3720 
UNFIIl< ICOUNT>=UNFH2(J) 3730 
Tl'll( ICOUNT>=Tl'I2(J) 3740 
D1<ICOUNT>=D2<J> 3750 
SCFH ICOUHT>=SCF2<J> 3760 
RADI< ICOUNT>=RAD2<J> 3770 

12 CONTINUE 3780 
c 3790 

11 CONTINUE 3800 
c 3810 

NX=ICOUNT 3820 
c 3830 

WRITE<6,200) 3840 
c 3850 

DO 13 I= 1, NXX 3860 
RAD2<I>=RAD1<I> 3870 
IF<RADI<I>.EQ.10000.) RAD1(1)=0.0 3880 

13 CONTINUE 3890 
I= 1 3900 
WRITEC6,202>I,X1<I>,Dl<I>,RAD1(l),SCF1<I>,PW1(1),PV1CI>,PH1<I>, 3910 

*UNFW'H I) , UNFVH I) , UNFHI< I> , TMH I> 3920 
NLAST= NXX- 1 3930 
DO 15 I=2,NLAST 3940 
IF<Xl<I>.EQ.Ll) GO TO 14 3950 
WRITE< 6, 203> I, XI< I>, DH I), RADI< I), SCFH D .PWH I>, PVH I>, PHH I>, 3960 

*UNFi¥1 < I> , UNFV 1( I> • UNFHI< D , Tl'il ( I> 3970 
GO TO 15 3980 

14 lilliTE<6,202) I,XH I> ,DH I) ,RADH I> ,SCFl< I> ,PWH I> ,PVH I> ,PHH I>, 3990 
*UNFlllC I>, UNFVI< I> , UNFHl< D , Tl'11< I> 4000 

15 CONTINUE 4010 
I=NXX 4020 
WRITE<6,204) I,XH I) ,Dl< I> ,MDt< I> ,SCFl< I> ,PWH I> ,PVI< D ,PHl< I>, 4030 

*UNFlfl < I) , UNFVl < I> , UNFH1 < I) , Tl'll ( I> 4040 
c 4050 

DO 131 I=t,NXX 4060 
RADl<I>=RPill2<I> 4070 

131 CONTINUE 4080 
c 4090 

DO 16 I= 1 , NXX 4100 
XIH D=Xl< I> 4110 

16 CONTINUE 4120 
c 4130 
C REPLACE UNIFO~aY DISTRIBUTED FORCES BY CONCENTRATED FORCES 4140 
c 4150 

N=NXX 4160 
.HCONC= 1 4170 

c 4180 
KK=0 4190 
NSS=N-1 4200 
IF<NUNFW.EQ.0) GO TO 17 4210 
DO 19 I= 1, NSS 4220 
IF< UNFlVl < I) • EQ. 0. 0) GO TO 19 4230 
IF<<X1<I+l>-X1<I>>.EQ.0.0) GO TO 19 4240 
DO 191 J=l,HCONC 4250 
KK= KK+ 1 4260 
WORK I< KIO = 4270 

* X1<I>+<X1<I+l>-Xl<I>>/FLOAT<MCONC*2)+(Xl(I+1)-Xl<I>>/FLOAT(MCONC 4280 
*>*<FLOAT<J>-1> 4290 

WORK2 < KK> = 4300 * UNFWl< D*<Xl< 1+1>-XI< 1))/FLOAT<.MCONC> 4310 
191 CONTINUE 4320 
19 CONTINUE 4330 

DO 192 I=l,KK 4340 
IF<UNFW1<I>.EQ.0.0) GO TO 192 4350 
IF<<Xl<I+l)-X1<I>>.EQ.0.0) GO TO 192 4360 
X= WORK I< I> 4370 
lTORK 1( I> = 0 . 0 4380 
PW=WORK2< I> 4390 
WORK2< I> =0. 0 4400 
CALL RANGE< X, PW, PV, PH, UNFlv, UNFV, UNFH, TM, D,SCF ,Xl, PW1,PV1 ,PHl, UNFWl 4410 

:::, UNFVl, UNFHl, TMl, Dl ,SCFl, X2, PW2, PV2, PH2, UNFW2, UNFV2, UNFH2, T.M2,D2, 4420 
*SCF2,RAD,RAD1,RAD2,N ,N00) 4430 



40. 

192 CDNTINUE 4440 
PW=O.O 4450 

17 CONTINUE 4460 
c 4470 

KK=0 4480 
NSS=N-1 4490 
IF<NUNFV.EQ.0) GO TO 291 450 0 
DO 20 I=1,NSS 4510 
IF<UUFVH I> .EQ.0.0) GO TO 20 4520 
IF((XUI+D-Xl(l)).EQ.0.0) GO TO 20 4530 
DO 21 J= 1, HCONC 4540 
KK=KK+ 1 4550 
l fORK 1 ( IOO = 4 5 60 

* X1<I>+<X1(I+1)-X1<I))/FLOAT<MCONC*2>+<X1<I+1>-X1<J))/FLOAT<MCONC 4570 
*> * <FLOAT< J) -1) 4580 

WORK2( KK> = 4590 
* UNFVl< D*<Xt< 1+0-Xl< I> )/FLOATOICONC) 4600 

21 CONTINUE 4610 
20 CONT i NUE 4620 

DO 201 I=1,KK 4630 
IF<UNFV1(1).EQ.0.0) GO TO 201 4640 
IF<<X1<1+1)-X1<I>).EQ.0.0) GO TO 201 4650 
X=WORKH I> 4660 
WORKH I) = 0. 0 4670 
PV=WORK2<I> 4680 
lWRK2< D=0.0 4690 
CALL RANGE < X, PW, PV, PH, UNFW, UNFV, UNFH, TM, D, SCF, Xl, PWl, PV1, PHI, UNFW1 4700 

*, UNFV 1 , UNFH 1 , Till , D 1 , SCF 1 , X2, PW2, PV2, PH2, UNFW2, UNFV2, UNFH2, TU2, D2, 47 10 
*SCF2,RAD,RAD1,RAD2,N,N00) 4720 

201 CONTINUE 4730 
PV= 0 .0 4740 

291 CONTINUE 4750 
c 4760 

KK=O 4770 
NSS=N-1 4780 
IF<NUNFH.EQ.0) GO TO 222 4790 
DO 22 I=l,NSS 480 0 
IF<UNFH1<I>.EQ.0.0) GO TO 22 4810 
IF<<Xl<I+1)-X1<I>>.E0..0.0) GO TO 22 4820 
DO 23 J=1,20 4830 
KK=KK+1 4840 
WORK3( KK> = 4850 

* Xl< I)+< Xl< I+ D -Xl( I>) /FLOATOICONC*2>+< XH I+l) -Xt< D) /FLOAT< MCONC 4860 
*>*<FLOAT< J) -1) 4870 

WORK4< I([{)= 4880 
* UNFH1(I)*(X1<I+1)-Xl(I))/FLOAT<MCONC> 4890 

23 CONTINUE ~900 
22 CONTINUE 4910 

DO 221 I= 1, KK 4920 
IF<UNFH1(1).EQ.0.0) GO TO 221 4930 
IF<<Xl<I+D-Xl<O).EQ.0.0) GO TO 221 4940 
X=WORK3< I) 4950 
WORK3<I>=0.0 4960 
PH=WORK4< I> 4970 
WORK4(1)=0.0 4980 
CALL RANGE< X, PW,PV, PH, UNFW, UNFV, UNFH, TM,D, SCF ,Xl ,PW1, PV1 ,PH1, UNFW1 4990 

*• UNFVl, UNFH1, TIIl ,Dl ,SCF1, X2,PW2, PV2, PH2, UNFW2, UNFV2, UNFH2, Tl'12, D2, 5000 
* SCF2 , RAD,R4Dl,RAD2,N,N00) 5010 

221 CONTINUE 5 0 20 
PH= 0 .0 5 0 30 

222 CONTINUE 5040 
c 5 0 50 

DO 301 I=1,N00 5060 
}'.2( l) =XU I> 5070 
PW2< I> =PW'l< I> 5080 
PV2 (I>=PV 1<I> 5090 
PH2< I>=PHl< I> 5100 
TM2( I) =nit< l) 5110 
D2< I> =Dl< I) 5120 
SCF 2< I>=SCFl< I> 5130 
RAD2 < I> =RADH I> 51 4 0 

301 CONTINUE 5150 
c 5160 

DO 24 I=l,N 5170 



24 

c 
101 

c 
110 

c 
111 

c 
112 

c 
113 

c 
120 

c 
137 

138 

139 
c 

140 
c 

141 
c 

142 
c 

143 

c 
144 

c 
145 

c 
146 

c 
147 

c 
148 

c 
149 

c 
150 

c 
151 

c 
200 

c 
202 

IF<X2<I>.NE.Ll) GO TO 24 
Nl= I 
CONTINUE 
N2=N-Nl 

RETURN 
FOIDIAT< 2F 10. 3) 

FOIDIAT< 3 I 10) 

FOID1AT( F 10. 3, Fl0. 0> 

FOID1AT<2Fl0.3,F10.) 

FOID1AT< 2F 10. 3) 

FOID1AT< I 10) 

41 . 

FOID1AT(///,10X,25ffi¥EIGHTS ATIACHED TO SHAFT,//,15X,16HX l'lE 
*IGHT ) 

FOIDIAT< ///, 10X,42HUNIFOIDILY DISTRIBUTED WEIGHTS ,//, 
*15X,33HX START X END WEIGHT > 

FOIDIAT< /, 10X, F9 . 3, F 13. 3) 

FOF~1ATC///,10X,20BVERTICAL FORCES 

FOIDIAT< /, 10X, F9. 3, F 13. 0> 

FOID1AT(///,10X,20BBORIZONTAL FORCES 

,//, 15X, 16BX 

, //, 15X, 16HX 

FORCE> 

FORCE> 

FOIDIAT< ///, 10X,44BVERTICAL UNIFOIDILY DISTRIBUTED FORCES ,//, 
*15X,33HX START X END FORCE ) 

FOID1ATC//,6X,2Fl3.3,F13.0) 

FOID1ATC///,10X,44BBORIZONTAL UNIFOruiLY DISTRIBUTED FORCES ,//, 
*15X,33HX START X END FORCE ) 

FOruiAT< //, lOX, l7HTORS IONAL :HOMENTS, //, 10X, 35H X START 
* UOf'lENT > 

FOID1ATC//, lOX, 9HDIA1'1ETERS//, 10X, 21H X DIA > 

FOruiATC//,10X,28HSTRESS CONCENTRATION FACTORS,//,15X,l9HX 
* FACTOR ) 

FOru1AT(//,10X,5BRADII,//, 15X, 16HX 

FOruiAT< 1H1, ////, 
*20X, 25HSI1AFT DESIGN OPTII'IIZAT ION,/, 
*20X,25H*************************•////, 
*20X, llHINPUT DATA ,/, 
*20X,l0H**********•//) 

RAD 

FOIDIAT<10X,20HLENGTll OF FIRST SPAN,F10.3,3H IN,//, 
* 10X,20HLENGTH OF SC"ND SPAN,Fl0.3,3H IN,//) 

FOrutAT< 1H1,////,,10X,22HDI~1ENSIONS AND LOADING,//, 

X END 

*lOX, 127H==========================================~============~== 
*====================================================~==========~== 
*=== 
* 123HPOINT 

* *lOX, 
* 123HNO 
* HORIZ. 
*lOX, 

X DIA RADII 
UNIF.DISTR.FORCE 

WEIGIIT VERT. HORIZ. 

STRESS 
TORS.MOf'l. 

,/, 10X, 
CONC.FORCE 
RE!'IARKS , /, 

CONC.FCT. WEIGHT VERT. 
,/, 

* 123H IN IN IN LB LB * LB LB/ IN LB/ IN LB/ IN LB IN , /, 
*lOX, 127H======================================================~=== 
*================================================================== 
*=== ) 

FOR!'IATC10X,I4,3F9.3,F9.2,7F10 .0,3X,1 3HSUPPORT POINT,/) 

5180 
5190 
5200 
5210 
5220 
5230 
5240 
5250 
5260 
5270 
5280 
5290 
5300 
5310 
5320 
5330 
5340 
5350 
5360 
5370 
5380 
5390 
5400 
5410 
5420 
5430 
5440 
5450 
5460 
5470 
5480 
5490 
5500 
5510 
5520 
5530 
5540 
5550 
5560 
5570 
5580 
5590 
5600 
5610 
5620 
5630 
5640 
5650 
5660 
5670 
5680 
5690 
5700 
5710 
5720 
5730 
5740 
5750 
5760 
5770 
5780 
5790 
5800 
5810 
5820 
5830 
5840 
5850 
5860 
5870 
5880 
5890 
5900 
5910 



42. 

c 
203 FOIU·~T( 10X,I4,3F9.3,F9.2,7Fl0.0,3X,/) 

c 
204 FOID~T( 10X, 14,3F9.3,F9.2,7F10.0,3X, 12HEND OF SHAFT,/) 

c 
END 

5920 
5930 
5940 
5950 
5960 
5970 



4). 

SUBROUTINE STRESS<E,G,N00,ND,N1,N2,N,L1,L2,RA,RB,XDIA,DIA,XR,X2, 
c =====================~========================================== 

c 

c 

c 

c 

c 

10 
c 

1 
2 

c 
c 

25 
c 

c 
c 

26 
c 

*D2, PW2, PV2, PH2, Bl'Il'l, Bl'IV, Bl'ffi, BM, DFLW, DFLV, DFLH, DFL, SLW, SLV, SLH, SL, 
*STRvT, STRV, STRH, STR, RPMCR, SCB, SCT, SCF2, RAD2, STRI NT, Tl'-12, TETA, TAU, 
*TAUINT,STR1, SIGI"'A1,SI, SIP, Z, ZP, l'lORKE, WORKF, WORKG, WORKII, WORKI, IPRT> 

CO~ITlON/AA/ ROVDB<8>,HOVRB<7),CB<7,8),ROVDT<11),DOVDT<6>,CT<6,11), 
*FCTH 20), FCT2< 20) 

DHIENSION XDIMND> ,DIMND> ,XR(NOO) ,D2<N00) ,X2(N00) ,SI<N00), 
*SIP<N00) ,Z<N00) ,ZP<NOO> ,PV2<N00) ,PH2<N00) ,Bl'IV<N00) ,Bl'ffi<N00), 
:r.BI-H N00) , DFLV( N00), DFLH< N00), DFL( N00), SLV< N00), SLH< N00), SL< N00), 
*STRV< N00) , STRH< N00>, STR< N00>, SCB< N00>, SCTC N00>, SCF2< N00), RAD2< N00) 
*,STRINT<N00) ,TAUINT<NOO),T}~(N00>,TETA<NOO>,TAU<N00),STR1(N00}, 
* SIGriAHN00) ,Plv2(N00> ,Bl'TIVCN00) ,DFUI'CN00) ,SLW"<N00) ,STRW<N00), 
* VORKE( N00) , lVORKF< N00) , WORKG< N00> , WORKIH N00) , li'ORKI ( N00) 

REAL L, Ll, L2 

PI=3. 1415926 

DO 10 I= 1 , N 
WORKE( I) =D2< I) 
CONTINUE 

D2< 1) =DIA< 1) 
KK=ND-1 
DO 2 1=2,N 
DO l J= 1, KK 
IF<X2< D .LE.XDIA(J)} GO TO 1 
IF<X2<I>.GT.XDIA<J+1)) GO TO 1 
D2< I> =DIA< J) 
IF<WORKE<I>.EQ..l"TOR...T{E<I-1» GO TO 1 
IF<X2< I) .EQ..X2( 1-1)) D2< I>=DIA<J+1) 
CONTINUE 
CONTINUE 

CALCULATE MOfolENT OF INERTIA AND SECTION MODULUS 
DO 25 I= 1, N 
IF<D2(J).EQ.0.0) GO TO 25 
SI<I>=PI*D2<1>**4/64. 
SIP( I>=SI< 0*2. 
Z< I>=SI< I>*2./D2( I> 
ZP< I>=SIP< I>*2./D2< I) 
CONTINUE 

CALL BEND< E, L1, L2, N1 ,N2, N, X2, SI, Z, PW2, Bl'Tiv, DFLlv, SLW,STRW, RAW, RBW, 
*NOO, Bf>I, DFL, SL, STR, TAU,STR1, WOR...T{E, WOITKF, WORKG, WOR...Jffi, WORKI> 
CJ\~L BEND< E, L1, L2, N1, N2, N, X2, Sl, Z, PV2, BI'IV, DFLV, SLV, STRV, RAV, RBV, 

*NOO, BM, DFL,SL, STR, TAU,STR1, WORKE, WORI<F, WORKG, WORKII, WORKI> 
CALL BEND< E, L1, L2, Nl, N2, N, X2, SI, Z, PH2,BI'lll, DFLH,SLH, STRH, RAH, RBH, 

*N00, Bl'I,DFL, SL, STR, TAU,STRl, WORKE, WORKF, WORKG, WORKH, lvORKI> 

CALCULATE THE RESULTANT BENDING MOMENT,DEFLECTION,SLOPE AND STRESS 
RAV=RAV+nAW 
RA=SQ.RT<RAV**2+RAH**2> 
RBV= RBV+ RBlv 
RB= SQ.RTC RBV**2+ RBH**2) 
DO 26 I= l ,N 
BHV< I> = Bf-fV( I)+ BMW< I> 
Br-H I)= SQRT< BI'IV< I) ':':*2+ BJ.Illl( I) **2) 
DFLV< I> =DFLV( I> +DFUl< I> 
DFL<I>= SQRT<DFLV<I>**2+DFLH<I>**2> 
SL V< I>= SL V< I> +SU{{ I> 
SL<I>=SQRT<SLV<I>**2+SLH<I>**2> 
STRV< D =STRV< I> +STRlf( I) 
STR<I>=SQRT<STRV<I>**2+STRH<I>**2) 
CONTINUE 

DO 60 K= 1,If 
SCB( K> = SCF2< K> 
SCT< K> =SCF2< K> 
IF<D2<K>.EQ.0.0) GO TO 60 
IF<D2<K+1).EQ.0.0) GO TO 60 

STR 10 

STR 20 
STR 30 
STR 40 
STR 50 
STR 60 
STR 70 
STR 89 
STR 90 
STR 100 
STR 110 
STR 120 
STR 130 
STR 140 
STR 150 
STR 160 
STR 170 
STR 180 
STR 190 
STR 200 
STR 210 
STR 220 
STR 230 
STR 240 
STR 250 
STR 260 
STR 270 
STR 280 
STR 290 
STR 300 
STR 310 
STR 320 
STR 330 
STR 340 
STR 350 
STR 360 
STR 370 
STR 380 
STR 390 
STR 400 
STR 410 
STR 420 
STR 430 
STR 440 
STR 450 
STR 460 
STR 470 
STR 480 
STR 490 
STR 500 
STR 510 
STR 520 
STR 530 
STR 540 
STR 550 
STR 560 
STR 570 
STR 580 
STR 590 
STR 600 
STR 610 
STR 620 
STR 630 
STR 640 
STR 650 
STR 660 
STR 670 
STR 680 
STR 690 
STR 700 
STR 710 
STR 720 
STR 730 



c 
c 

53 

54 
c 

56 

55 
551 

c 

c 
c 

58 

57 
571 
60 

27 
c 
c 
c 

c 
c 

28 
c 
c 

30 
c 
c 

3 
c 
c 

IF< RAD2CIO • GE. 10000 . > GO TO 60 
DNIN=D2(K> 
IF< D2< K+ 1 >. LT. D2< K> > DI'IIN=D2< K+ 1) 
RDX= RAD2 < K> /DMI N 

HRX=ABS<D2<K+l>-D2<K))/2./RAD2<K> 

IF< D2< K+ 1>. GT. D2< IO >GO TO 53 
DDX=D2<Kl/D2<K+l) 
GO TO 54 
CONTINUE 
DDX= D2< K+ 1) /D2< K> 
CONTINUE 

DO 55 I=2,7 
IF<HRX.GE . HOVRB<I>>GO TO 55 
DO 56 J= 1,8 
FCTl<J>= CB<I- 1,J) 
FCT2<J>= CB<I,J> 
CONTINUE 
FCTR1=FTABLE<ROVDB,FCT1,RDX,8> 

44. 

FCTR2=FTABLE<ROVDB,FCT2,RDX,8> 
SCB<K>=ABS<<HRX- HOVRB<I-1))/(HOVRB<I> - HOVRB<I - 1))*<FCTR2- FCTR1> + 

*FCTRO 
GO TO 551 
CONTINUE 
CONTINUE 

DO 57 I=2,6 
IF<DDX.LE.DOVDT(J)) GO TO 57 
DO 58 J = 1, 11 
FCTl<J>= CT< I- 1,J) 
FCT2< J) =CT< I, J) 
CONTINUE 
FCTR1 =FTABLE<ROVDT,FCT1,RDX,ll ) 
FCTR2=FTABLE<ROVDT,FCT2,RDX,ll) 
SCT<K>=ABS<<DDX- DOVDT<I-1))/(D0VDT<I >-DOVDT<I- l>>*<FCTR2- FCTR1)+ 

*FCTRl ) 
GO TO 571 
cornrNUE 
CONTINUE 
CONTINUE 

CALCULATE THE INTENSIFIED STRESS 
no 27 I= 1, N 
STRINT< I> =STR< I> *SCB< I) 
CONTINUE 

FIND THE ROTATIONS AND SHEAR STRESS DUE TO TORSION 

CALL T1viST<G,N,X2,SIP,ZP,TM2 , TETA,TAU,N00) 

CALCULATE I NTENS IF I ED SHEAR STRESSES 
DO 28 I= 1, N 
TAUINT< I>=TAU<I>*SCT<I> 
CONTINUE 

FIND COrffiiNED STRESSES 
DO 30 I= 1, N 
SIGr~t<I>= . 35*S1R<I>+.65*SORT<STR<I>**2+4 . *TAU<I>**2) 
STRl < I>=. 35*STRINT< I>+. 65*SORT< STRINT< I) **2+4 . *TAUINT< I) **2> 
CONTINUE 

CALCULATE CRITICAL SPEED 
GRAV=385.92 
SUM1=0. 0 
SUI12=0. 0 
DO 3 I= l, N 
SUM1=Sm11+PH2( I>*DFLlf< J) 

SUM2=SUI'12+PW2< I>*DFLW< 1>**2 
CONTINUE 

ANGULAR FREQUENCY OF FUNDArlENTAL VIBRATIONS 
P=SORT< GRAV*Sur11/Su:t'I2> 

STR 740 
STR 750 
STR 760 
STR 770 
STR 780 
STR 790 
STR 800 
STR 810 
STR 820 
STR 830 
STR 840 
STR 850 
STR 860 
STR 870 
STR 880 
STR 890 
STR 900 
STR 910 
STR 920 
STR 930 
STR 940 
STR 950 
STR 960 
STR 970 
STR 980 
STR 990 
STR1000 
STR1010 
STR1020 
STR1030 
STR1040 
STR1050 
STR1060 
STR1070 
STR1080 
STR1090 
STR1100 
STR1110 
STR1120 
STR1130 
STR1140 
STR1150 
STR1160 
STR1170 
STR1180 
STR1190 
STR1200 
STR1210 
STR1220 
STR1230 
STR1240 
STR1250 
STR1260 
STR1270 
STR1280 
STR1290 
STR1300 
STR1310 
STR1320 
STR1330 
STR1340 
STR1350 
STR1360 
STR1370 
STR1380 
STR1390 
STR1400 
STR1410 
STR1420 
STR1430 
STR1440 
STR1450 
STR1460 
STR1470 



c 
c 

c 

c 
c 

40 
c 

c 
c 
c 

c 

481 
48 

c 

c 

491 
49 

c 

c 

501 
50 

c 
c 
c 
c 
c 

c 
502 

c 

c 
240 

CRITICAL SPEED 
RPNCR=30. * P/PI 

IF<IPRT.EQ.0) GO TO 502 

F I ND THE WE I GHT OF SHAFT 
m:IGHT=0.0 
DO 40 I=2, N 
lffiiGIIT=WEIGHT+Pl*D2<1-1)**2/4.*(X2(J)-X2(1-1>>*.283 
CONTINUE 

Xl\=0.0 
XB=L1 
PRINT OUT THE REACTIONS 
WF. ! TE< 6 ,240) XA, RAV, R.ui,RA,XB,RBV,RBH,RB 

WRITE<6,250) 

K=0 
NXX=N 
DO 48 I= 1, N 
DO 481 J= 1 ,NXX 
IF<X2<I>.NE.XR<J)) GO TO 481 
K=K+1 
WRITE< 6, 250 K, X2< I> , BMV< I> , BMH< I> , BMC I> , TM2< l) 
GO TO 48 
CONTINUE 
CONTINUE 

WRITE<6,260> 

K=0 
DO 49 I= 1, N 
DO 49 1 J= 1 , NXX 
IF<X2<I>.NE.XR(J)) GO TO 491 
K=K+l 
WRITE< 6, 261) K, X2< J) , D2< I> , 

* DFLV<I>,DFLHCI>,DFL(J),SLV<l),SLHCI),SL(I),TE 
*TA< J) 

GO TO 49 
CONTINUE 
CONTINUE 

WRITE<6,270) 

K=0 
DO 50 I= 1, N 
DO 5 0 1 J= 1 , NXX 
IF<X2<I>.NE.XR<J)) GO TO 501 
K=K+1 
WRITE< 6, 271> K, X2( I) , STRV< I> , STRH( I> , STR< D, TAU< D , S IGMA.l< I) , SCB< I> 

*, SCT( I> ,STRINT< I), TAU I NT< I>, STRH 0 
GO TO 50 
CONTINUE 

CONTINUE 

PRINT OUT WEIGHT OF SHAFT 
li'RITE<6,280> WEIGHT 

PRINT OUT FUNDAl'IENTAL FREQUENCY 

\<.'RITE< 6, 281 > P, RP1'1CR 

CONTINUE 

RETURN 

FOR!'LI\T( 1H1, 
* //////,10X,11HOUTPUT DATA,/,10X,11H***********•////,10X, 
*45H X VERTICAL HORIZONTAL REZULTANT ,//,10X, 
*F9.3,3F12.0,//,10X, 
*F9 .3,3F12.0,//) 

STR1480 
STR1490 
STR1500 
STR1510 
STR1520 
STR1530 
STR154.·0 
STR1550 
STR1560 
STR1570 
STR1580 
STR1590 
STR1600 
STR1610 
STR1620 
STR1630 
STR1640 
STR1650 
STR1660 
STRI670 
STR1680 
STR1690 
STR1700 
STR1710 
STR1720 
STR1730 
STR1740 
STR1750 
STR1760 
STR1770 
STR1780 
STR1790 
STR1800 
STR1810 
STR1820 
STR1830 
STR1840 
STR1850 
STR1860 
STR1870 
STR1880 
STR1890 
STR1900 
STR1910 
STR1920 
STR1930 
STR1940 
STR1950 
STR1960 
STR1970 
STR1980 
STR1990 
STR2000 
STR2010 
STR2020 
STR2030 
STR2040 
STR2050 
STR2060 
STR2070 
STR2080 
STR2090 
STR2100 
STR2110 
STR2120 
STR2130 
STR2140 
STR2150 
STR2160 
STR2170 
STR2180 
STR2190 
STR2200 
STR2210 



c 
250 

c 
251 

c 
260 

c 
261 

c 
270 

c 
271 

c 
280 
281 

c 

46. 

STR2220 
FORl'lAT< ////,10X,38H BENDING JIIOMENTS AND TORSIONAL MOMENTS ,//, 10X STR2230 

*• 72H= = = = = ======= == = == === = = = = = === = === = = ===== = == = === =-== = = = = === = === = STR2240 
*========== ,/,12X, STR2250 
*64HNO X BENDING MOMENT TORSION MOME STR2260 
*NT , /, 12X, STR2270 
*45H VERT HORIZ RES ,/,12X, STR2280 
*62H LBIN LBIN STR2290 
*, /, 10X, STR2300 * 72H============================================================== STR2310 
*========== ) STR2320 

FORl'IAT< /, 10X, I4,F10.3,2X,4F12.0) 

FORl'lAT< 1H1, * ////,10X,32HDEFLECTIONS,SLOPES AND ROTATIONS ,//,10X, 
* 98H= = = = = = === == = == = = = = = = = == = = = == == = = == = = == == = = === = =-==-= = = = = = ==·==== = 
*================================== ,/,llX, 5 
*2IINR X DIA DEFLECTION ,35H 
*SLOPE ROTATION ,/,22X, 

STR2330 
STR2340 
STR2350 
STR2360 
STR2370 
STR2380 
STR2390 
STR2400 
STR2410 

*45H VERT HORIZ RES ,26H VERT HO STR2420 
*RIZ RES ,/,12X, STR2430 
*52H IN IN IN IN IN ,44H RAD STR2440 * RAD RAD RAD ,/,10X, * 9BH============================================================== 
*================================== ) 

FORl'IAT(/, 10X,I4,2F10.3,7F10.6) 

FORl'IAT< 1Hl, ////, 10X,BHSTRESSES, //, 10X, * 116H= = = = == = ==== == === = = = = = = = == = = == = = = == == =-=-= ==·= = = = = =·====== === =-==-= = = 
*======================================================,/,lOX, 116 
*H NR X BENDING STRESSES TORSION COJiffiiN 
*ED INT FCT INTENSIFIED STRESS ,/, 10X, 118 
*H VERT HORIZ RES STRESS STRES 
*S BEND TORS BEND TORS COMB , /, 10X, 116 
*H IN PSI PSI PSI PSI PSI 
* PSI PSI PSI ,/,10X, 
*116H============================================================== 
*====================================================== ) 

FORl'IAT< /, 10X, I4, 11F10.3) 

FOIDIAT(////, 10X, l6HllEIGHT OF SHAFT= ,F10.0,4H LBS,//) 
FORl'lAT< 10X, 52HANGULAR FREQUENCY OF FUNDAMENTAL 1110DE OF VIBRATIONS 

*=, Fl0. 3, 7HRAD/SEC,/ /, 10X, 15HCRITICAL SPEED=, F 10.3, 3HRPJID 

END 

STR2450 
STR2460 
STR2470 
STR2480 
STR2490 
STR2500 
STR2510 
STR2520 
STR2530 
STR2540 
STR2550 
STR2560 
STR2570 
STR2580 
STR2590 
STR2600 
STR2610 
STR2620 
STR2630 
STR2640 
STR2650 
STR2660 
STR2670 
STR2680 
STR2690 



SUBROUTINE MAXIM<A.AMAX,M> 
c ========================== 
c 

c 

c 

D IJI1ENS ION AC 0 

AUAX=A< 1) 
DO 1 1=2, M 
IF< A< I) • GT. Al>lAX) MIAX= A< I) 

1 CONTINUE 

RETURN 
END 

. / , __ 

MAX 10 

MAX 20 
!'lAX 30 
!'lAX 40 
UAX 50 
MAX 60 
MAX 70 
l'IAX 80 
!'lAX 90 
MAX 100 
!'lAX 110 
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SUBROUTINE RANGE RAN 10 
c ================ * <X, PW, PV, PH, UNFW, UNFV, UNFH, TM9D, SCF ,X1 ,PW1,PV1, PlJ1, UNFWl RAN 20 

*, UNFV l , UNFHt , Till , D 1 , SCF 1 , X2, Pl¥2, PV2, PH2, UNFl¥2, UNFV2, UNFH2, Tif2, D2, RAN 30 
*SCF2,RAD,RAD1,RAD2,NX,N00) RAN 40 

C RAN 50 
DI~ffiNSION X1CN00),X2CNOO>,PV1CN00>,PV2CN00>,PH1CN00),PH2<N00), RAN 60 

*UNFV1CN00>,L~FV2CN00>,UNFH1CN00),u~FH2CN00>,TM1<N00),11~<N00), RAN 70 
*PlfH NOO> , PW2C N00), UNFWl( N00) , UNFW2C N00> , D 1C N00) , D2C N00), SCF 1< N00) , RAN 80 
*SCF2CN00>,RAD1CN00),RAD2CN00) RAN 90 

c a~N 100 
C TilE SUBROUTINE PLACES THE INI'UT DATA IN ARRAYS IN INCREASING ORDER RAN 110 
C OF X RAN 120 
c a~N 130 

DO 6 I=I,N00 RAN 140 
IFCX.LE.XlCI)) GO TO 1 RAN 150 
X2C I) =X1< I) RAN 160 
Plf2C I) =PW'lC I) RAN 170 
PV2C I> =PVH I> RAN 180 
PH2CI>=PH1(1) a~N 190 
UNFW2C I>= UNFWl < I) RAN 200 
UNFV2CI>=UNFV1CI) RAN 210 
UNFH2C I) =UNFHH I> RAN 220 
n12 c n =Till c I> a~N 230 
D2C I) =DH I> RAN 240 
SCF2CI>=SCF1C I) RAN 250 
RAD2<I>=RADI<I> RAN 260 
GO TO 6 RAN 270 

1 IFCX.LT.Xl<I>> GO TO 3 RAN 280 
X2< I> =X RAN 290 
Plf2 C I> = PW l( I> + Plv RAN 300 
PV2< I) =PVH I >+PV RAN 310 
PH2CI>=PH1CI>+PH RAN 320 
UNFW2 ( I) = UNFlH C I> + UNFW RAN 330 
UNFV2C I>=UNFVlCI>+UNFV RAN 340 
UNFH2C I>=UNFHlC O+UNFH RAN 350 
11-12< I> =Till( I> +Tl'l RAN 360 
IF<D.EQ.0.0) GO TO 10 RAN 370 
D2< I> =D RAN 380 
GO TO 11 RAU 390 

10 D2C I> =DlC I> RAN 400 
11 CONTINUE RAN 410 

SCF2CI>=SCF RAN 420 
RAD2CI>=RAD RAN 430 

C RAN 440 
K= I+ 1 RAN 450 
DO 2 J=K,N00 RAN 460 
PW2C J) =PWlC J) RAN 470 
PV2<J>=PV1(J) RAN 480 
PH2CJ)=PH1CJ> RAN 490 
UNFW2C J) =UNFlHC J) +UNFW RAN 500 
UNFV2CJ>=UNFV1(J)+UNFV RAN 510 
UNFH2CJ>=UNFH1CJ>+UNFH RAN 520 
Tr-12CJ>=Tl'llCJ>+TM RAN 530 
IFCD.EQ.0.0> GO TO 100 RAN 540 
D2C J) =D RAN 550 
GO TO 101 RAN 560 

100 D2CJ>=D1CJ) RAN 570 
101 CONTINUE RAN 580 

SCF2CJ>=SCF1CJ> RAN 590 
RAD2C J) =RADI< .J) RAN 600 

2 CONTINUE RAN 610 
GO TO 7 RAN 620 

C RAN 630 
3 X2C I> =X RAN 640 

Plf2C I> =PW RAN 650 
PV2C I) =PV RAN 660 
PH2< I) =Pil RAN 670 
Ul'IFW2 C I> = UNFWH I -I> + UNFW RAN 680 
UNFV2C I>=UNFVH 1-I>+UNFV RAN 690 
UNFH2CI>=UNFH1<I-l>+UNFH RAN 700 
Tl'f2C I>=TMIC 1-0+TM RAN 710 
IFCD.EQ.0.0) GO TO 30 RAN 720 
D2C I> =D RAN 730 
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GO TO 31 RAN 740 
30 D2( I>= D H I -1) RAN 750 
31 CONTINUE RAN 760 

SCF2 < I) = SCF RAN 770 
RAD2< I)= RAD RAN 780 
NX=NX+ 1 RAN 790 
K= I+ 1 RAN 800 

c RAN 810 
DO 4 J=K,N00 RAN 820 
}{2( J) = }{1( J-1) RAN 830 
Pl>l2< J) =PW1< J-1) RAN 840 
PV2< J) =PVl< J-1) RAN 850 
PH2< J) =PHH J-U RAN 860 
UNFW2< J) = UNFW1 < J-1) +UNFW RAN 870 
UNFV2(J)=UNFV1<J-1)+UNFV RAN 880 
UNFH2 < J) = L'l'lFH 1< J- 1) + UNFH RAN 890 
TI12< J) =Till< J-1 > +TM RAN 900 
IF< D • EO.. 0 • 0) GO TO 300 RAN 910 
D2(J)=D RAN 920 
GO TO 301 RAN 930 

300 D2< J) =Dl< J-1) RAN 940 
301 CONTINUE RAN 950 

SCF2(J)=SCF1(J-1) RAN 960 
RAI)2(J)=RAI)l(J-1) RAN 970 

4 CONTINUE RAN 980 
GO TO 7 RAN 990 

c RAN1000 
6 CONTINUE RAN1010 
7 CONTINUE RAN1020 

c RAN1030 
DO 8 I=l,N00 RAN1040 
}{l( I)= }{2( I) RAN1050 
PW"l< I>= PW2< I) RAN1060 
PVl< I> =PV2( I> RAN1070 
PHH I) =PH2< I) RAN1080 
UNFWl< I> =UNFW2( I> RAN1090 
UNFVt< I> =UNFV2< I> RAN11 0 0 
UNFHH I> =UNFH2< I> RAN1110 
TII l( I> = TI12 < I> RAN1120 
Dt< I> =D2< I> RAN1130 
SCF 1< I> = SCF2 < I> RAN1140 
RADH I> =RAD2( I> RANI I 50 

8 CONTINUE RAN1160 
c RAN1170 

RETURN RAN1180 
END RAN1190 
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SUBROUTINE TWIST<G,N,X,SIP,ZP,Tn,TETA,TAU,N00) 
c =-= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = ='= = = = = 
c 
C THE SUBROUTINE CALCULATES THE ANGLE OF TWIST ON A CIRCULAR SHAFT 
C AND SHEAR STRESS DUE TO TORS ION 
c 

c 

c 

DULNSION X<N00) ,SIP<N00) ,TIHN00) ,TETA<N00) ,TAU(N00> ,ZP<N00) 

TETA< 1) =0. 0 
DO 1 1=2,N 
TETA< I>=HH 1)/(G*SIP< I»*O{( D-X< 1-l))+TETA< I-1> 
CONTINUE 
DO 2 I= 1, N 
TAU< I>=TII< 1)/ZP< I) 

2 CONTINUE 

RETURN 
END 

TWI 10 

TWI 20 
TIH 30 
TWI 40 
TIH 50 
TWI 60 
TWI 70 
TWI 80 
TIH 90 
TIH 100 
TIH 110 
Tlfl 120 
TWI 130 
TIH 140 
TIH 150 
TIH 160 
TIH 170 
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SUBROUTINE BENDCE,L1,L2,N1,N2,N,X,SI,Z,P,BM,DFL,SL,STR,RA,RB, 
c =======~===================~===:=============================== 

c 
c 
c 
c 

c 

1 
c 

c 

c 

2 
c 

3 

4 
c 

c 

5 
6 

c 

7 
c 

:!:N00,BMQl\1,DEFL,SLOPE, WORKB, WORKC, WORKD, WORKE, W'ORKF, WORKG, WORKH, 
*WORKI) 

THE SUBROUTINE CALCULATES BENDING STRESSES IN ONE PLANE ALONG THE 
SHAFT 

REAL L1, L2, L 
DI~~NSION X<N00),SI<N00>,ZCN00),P(N00),BMCN00),DFLCN00},SLCN00), 

*STRC N00), BMO!'H N00), DEFL< N00) , SLOPE< N00), lfORKBC N00), WORKCC N00), 
*HORKDC N00) , WORKE< N00) , WOI\KF( N00) , W'ORKG< N00) , W'ORKlH NOO) , W'ORKI< N00) 

DO 1 I= 1, N 
BHC I> =0. 0 
DFL<I>=0.G 
SL< I> =0.0 
CONTINUE 

RA=0.0 
RB=0.0 

L=Ll+L2 
DO 6 I= 1 ,N 
IF<PCI).EQ.0.0) GO TO 6 
IFCXCI>.GT.Ll> GO TO 4 
A=X< I> 
PA=P< I> 
CALL FORCE<E,Ll,Nl,X,PA,A,SI,BMOM,DEFL,SLOPE,RRA,RRB,N00, 

*STR, W'ORKB, WORKC, WORKD, I'TORKE, WORKF, WORKG, WORKH, WORK I> 

R..II.=RA+RRA 
RB=RB+RRB 
DO 2 J= 1, Nl 
BI'H J) = BW J> + BMOM< J) 
DFL<J>=DFLCJ)+DEFLCJ) 
SL<J>=SL<J>+SLOPECJ) 
CONTINUE 

N11=N1+ 1 
DO 3 K=N11, N 
DFL< K> =<X< K> -Ll) *SLOPE< N1) +DFL< K> 
SL<K>=SLOPECN1)+SL<K> 
CONTINUE 
GO TO 6 
CONTINUE 

C=X< I> -Ll 
PC=P< I> 
CALL FORCEXCE,L,L1,N,N1,X,PC,C,Sl,BMOM,DEFL,SLOPE,RRA,RRB,N00, 

*STR, WORKB, WORKC, WORKD, W'ORKE, WORKF, WORKG, WORKH, WORKI> 

RA=RA+RRA 
RB=RB+RRB 
DO 5 J= 1, N 
BHC J> = BM< J) +BMOM< J) 
DFL<J>=DFL(J)+DEFL(J) 
SL(J)=SL(J)+SLOPECJ> 
CONTINUE 
CONTINUE 

DO 7 I= 1 ,N 
STR< I) = B:r.H I> /Z( I> 
CONTINUE 

RETURN 
END 

BEN 10 

BEN 20 
BEN 30 
BEN 40 
BEN 50 
BEN 60 
BEN 70 
BEN 80 
BEN 90 
BEN 100 
BEN 110 
BEN 120 
BEN 130 
BEN 140 
BEN 150 
BEN 160 
BEN 170 
BEN 180 
BEN 190 
BEN 200 
BEN 210 
BEN 220 
BEN 230 
BEN 240 
BEN 250 
BEN 260 
BEN 270 
BEN 280 
BEN 290 
BEN 300 
BEN 310 
BEN 320 
BEN 330 
BEN 340 
BEN 350 
BEN 360 
BEN 370 
BEN 380 
BEN 390 
BEN 400 
BEN 410 
BEN 420 
BEN 430 
BEN 440 
BEN 450 
BEN 460 
BEN 470 
BEN 480 
BEN 490 
BEN 500 
BEN 510 
BEN 520 
BEN 530 
BEN 540 
BEN 550 
BEN 560 
BEN 570 
BEN 580 
BEN 590 
BEN 600 
BEN 610 
BEN 620 
BEN 630 
BEN 640 
BEN 650 
BEN 660 
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SlffiROUTINE FORCE <E,L,N,X,P,A,SI,BMOM,DEFL,SLOPE,RA,RB,N00, 
c == = ="= = = === ======= === === ====== ===== = = = ===·=:= === ====::.==== = = = 

c 
c 
c 
c 
c 

c 

10 
c 

c 

c 
c 

1 
2 

c 
c 

c 

* WORKA, WOHKB, 1VORKC, WORKD, l'TORKE, WORKF, WORKG, WORKH, WORKI) 

TilE SUBROUTINE CALCULATES MONENTS AND DEFLECTIONS OF A BEAM OF 
VARIABLE l'IONENT OF INERTIA,SHIPLY SUPPORTED AT BOTII ENDS, WITII 
CONCENTIL<\TED FORCE AT ANY POINT BETWEEN TilE SUPPORTS 

REAL L 
DINENS ION X< N00), S I< N00>, Br10!'1< N00), DEFL< N00), SLOPE< N00), * WORKA< N00) , lVORKB( N00) , WORKC< N00) , WORKD< N00) , 

*WORKE< N00), li'ORKF< N00), WORKG< N00), WORKH< N00), lvORKI< N00) 

DO 10 I= 1, N 
Bl'10l'i( I) = 0 • 0 
DEFL< I> = 0. 0 
SLOPE< I) =0. 0 
CONTINUE 

B=L-A 
CALCULATE REACTIONS IN SUPPORT POINTS 
RA=P*B/L 
RB=P*A/L 

CALCULATE TilE DISTRIBUTION OF TilE BENDING MOI'1ENT ALONG TilE SHAFT 
DO 2 I= 1, N 
IF<X<I>.GT.A> GO TO 1 
BMOI'I< I ) =ILl\* X< I) 
GO TO 2 
Bl'IOI'1< I> = RA*X( I>-P* ( X< I)-A) 
CONTINUE 

NN=N+2 
CALL DEFLEC<E,L,N,N00,X,SI,BMOM,DEFL,SLOPE,WORKA.,WORKB,WORKC, 

*WORKD, WORKE, WORKF, lVORKG, lofORKH, WORK I , NN) 

RETURN 
END 

FOR 10 

FOR 20 
FOR 30 
FOR 40 
FOR 50 
FOR 60 
FOR 70 
FOR 80 
FOR 90 
FOR 100 
FOR 110 
FOR 120 
FOR 130 
FOR 140 
FOR 150 
FOR 160 
FOR 170 
FOR 180 
FOR 190 
FOR 200 
FOR 210 
FOR 220 
FOR 230 
FOR 240 
FOR 250 
FOR 260 
FOR 270 
FOR 280 
FOR 290 
FOR 300 
FOR 310 
FOR 320 
FOR 330 
FOR 340 
FOR 350 
FOR 360 
FOR 370 
FOR 380 
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SUBROUTINE FORCEX<E, L,Ll, N, Nl, X, PC, C,SI ,BMOM, DEFL,SLOPE,RA,RB,N00, FOR 10 
C =======================z=======================~===~============== 

c 
c 
c 
c 
c 

c 

10 
c 
c 

c 
c 

c 

c 

1 

2 

3 
c 

*DD,SS, WORKC, WOH.KD, WORKE, WORKF, WORKG, WORKH, WORKI> 

THE SUBROUTINE CALCULATES MQIIIENTS AND DEFLECTIONS OF A BEMI OF 
VARIABLE MQIIIENT OF INERTIA,SHIPLY SUPPORTED, WITH CONCEnTRATED 
FORCE AT ANY POINT OUTSIDE OF SUPPORTS 

REAL L,Ll 
DHIENSION X<N00) ,SI<N00) ,Bl'10JIHN00) ,DEFL<N00) ,SLOPE<N00) 

*,DD<N00),SS<N00>,WORKC<N00),WURKD<N00), 
*WORKE<N00>,WORKF<N00),WORKG<N00),WURKH<N00>,WORKI<N00) 

DO 10 I= 1, N 
Bl'IOJIH I) = 0 . 0 
DEFL< I) =0. 0 
SLOPE< I) =0. 0 
DD< I) =0. 0 
SS< I) =0. 0 
CONTINUE 

CALCULATE REACTIONS IN SUPPORT POINTS 
RA=-PC*C/L1 
RB=PC*<C+L1)/Ll 

CALCULATE THE DISTRIBUTION OF THE BENDING MOJIIENT ALONG THE SHAFT 
F=Ll+C 
DO 2 1=1,N 
IF<X<I>.GT.L1) GO TO I 
Bl'IOJIH I ) = RA-'i:X( I) 
GO TO 2 
CONTINUE 
IF<X<I>.GT.F> GO TO 2 
BMOJII< I> = RA*X< I> + RB* < X< I> - L 1) 
CONTINUE 
Nri=N+2 

CALL DEFLEC<E,L,N,N00,X,SI,BMOM,DD,SS,DEFL,SLOPE,WORKC,WORKD, 
*WORKE, WORKF, WORKG, WORKH, WORK I, NN) 

DO 3 I=l,N 
DEFL< I)= DD< I)-DD< N 1) /L l:i'X( I) 
SLOPE<I>=SS<I>-DD<N1)/L1 
CONTINUE 

RETURN 
END 

FOR 20 
FOR 30 
FOR 40 
FOR 50 
FOR 60 
FOR 70 
FOR 80 
FOR 90 
FOR 100 
FOR 110 
FOR 120 
FOR 130 
FOR 140 
FOR 150 
FOR 160 
FOR 170 
FOR 180 
FOR 190 
FOR 200 
FOR 210 
FOR 220 
FOR 230 
FOR 240 
FOR 250 
FOR 260 
FOR 270 
FOR 280 
FOR 290 
FOR 300 
FOR 310 
FOR 320 
FOR 330 
FOR 340 
FOR 350 
FOR 360 
FOR 370 
FOR 380 
FOR 390 
FOR 400 
FOR 410 
FOR 420 
FOR 430 
FOR 440 
FOR 450 
FOR 460 
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SUBROUTINE DEFLECCE,L,N,N00,X,SI,BMOM,DEFL,SLOPE,XX,SSI,BBMOM,TETA DEF 10 
c === = === = == = = = = == = === ==·== = == == = ===== = ==·== =·== === === = = =--= == == = = = ==-= = == 

*,CG,DDEFL,XDEFL,BMO~~.SSLOPE,NN> DEF 20 
C DEF 30 
C THE SUBROUTINE CALCULATES DEFLECTIONS AND SLOPES ALONG A BEMI WITH DEF 40 
C KNOWN DISTRIBUTION OF BENDING MQIIIENT AND I1QII1ENT OF INERTIA DEF 50 
C DEF 60 

REAL L DEF 70 
DHIENSION X<N00l ,SHN00> ,BJ.I10!-HN00) ,DEFL<N00J ,SLOPE<N00), DEF 80 

* XX<N00J,SSI<NOOJ,BBMOM<N00J,TETA<N00),CG<N00),DDEFL<N00 DEF 90 
*l , XDEFL< N00> , BJ.IIQII~( N00J , SSLOPE< N00> DEF 100 

C DEF 110 
DO 100 I=1,NN DEF 120 
TETA<IJ=0.0 DEF 130 
CG<I>=0.0 DEF 140 
DDEFL<I>=0.0 DEF 150 
XDEFL<I>=O.O DEF 160 
mmJ.I~( I> =0. 0 DEF 170 
SSLOPE<I>=0.0 DEF 180 

100 CONTINUE DEF 190 
C DEF 200 
C ADD nvo STATION ON THE SHAFT CLOSE TO ENDS DEF 210 

DO 1 I=3,N DEF 220 
XX< I> =X< I- U DEF 230 
SSI<I>=SI<I-1) DEF 240 
BBMOl'l< I> = BMOM< I- 1> DEF 25 0 

1 CONTINUE DEF 260 
C DEF 270 

XX(1)=X(1) DEF 280 
XX<2>=L/10000. DEF 290 
XX<N+1)=L-L/10000. DEF 300 
XX<N+2J=X<N> DEF 310 
SSI<1>=SI<1> DEF 320 
SSI<2>=Sl(1) DEF 330 
SSI<N+1>=SI<N-1) DEF 340 
SSI<N+2J=SI<N> DEF 350 

C DEF 360 
BBMOl'H 1> =BMOJ.II< 0 DEF 370 
BBNOM< 2) = < BMOl'l< 2) -BMOM( 1)) /(X< 2) -X< 1)) *(XX( 2) -XX< 1)) +BMOM( 1) DEF 380 
BBMOJ.IH N+ 1) = DEF 390 

* - ( BJ.IIOM< N)-BJ.IIOI1< N-1) ) /(X( NJ-X< N-1)) *<XX< N+2) -XX< N+ 1)) + DEF 400 
*BMOJ.II( N> DEF 410 

BBMOl'H N+2) =BMOJ.IH N> DEF 420 
C DEF 430 
C DETEIDHNE AREA-MOMENT AND ROTATIONS FOR THE N+t INTERVJ\~S DEF 440 

NNN= N+ 1 DEF 450 
C DEF 460 

DO 2 1=1,NNN DEF 470 
IF<<XX<I+1>-XX<IJJ.EQ.0.0) GO TO 3 DEF 480 
Bl'10MA< I>=< BBJ.IIOI'I< I>+ BBJ.IIOM< I+ 1 >) /2. *<XX( I+ 1)-XX< I) ) DEF 490 
GO TO 4 DEF 500 

3 CONTINUE DEF 510 
BMOJ.I~( I> =0. 0 DEF 520 

4 CONTINUE DEF 530 
TETA< l+1>=TETA<I>+BMOMA<IJ/(E*SSI<IJ) DEF 540 

2 CONTINUE DEF 550 
C DEF 560 
C DETEIDIINE THE DEFLECTIONS ALONG THE SHAFT DEF 570 

TDEFL=0.0 DEF 580 
DO 7 I= 1, NNN DEF 590 

C DEF 600 
C CENTER OF GRAVITY OF AREA J.IIOMENT DEF 610 

XA=XX< I) DEF 620 
XB=XX<I+1) DEF 630 
IF<<XB-XA>.EQ.0.0) GO TO 60 DEF 640 
IF< BBJ.IIOM( I) • GT. BBMOM< I+ 1)) GO TO 5 DEF 650 
Y1=<XB-XAJ/2. DEF 660 
Al=BBI'IOM( I>*< XB-XA> DEF 670 
Y2=<XB-XA>*2./3. DEF 680 
A2= ( BBf'IOJ.IH I+ 1)-BBMOM< I) ) *< XB-XA> /2. DEF 690 
GO TO 6 DEF 700 

5 Y1=<XB-XAJ/2. DEF 710 
A 1 = BBMOJ.IH I+ 1) * ( XB-XA> DEF 720 
Y2=<XB-XAJ/3. DEF 730 
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A2=-<BBMOM<I+l>-BBMOM<I>>*<XB-XA)/2, DEF 740 
6 CONTINUE DEF 750 

AAA=Al+A2 DEF 760 
IF<AAA.E0..0.0) GO TO 60 DEF 770 
CG<I>=<Al*Yl+A2*Y2)/(A1+A2) DEF 780 
GO TO 61 DEF 790 

60 CG( I) =0. 0 DEF 800 
61 CONTINUE DEF 810 

CGB=L-<XA+CG( I)) DEF 820 
TDEFL= Bl'1QriA< I) *CGB/ ( E:!:SS I ( I) ) +TDEFL DEF 830 

7 CONTINUE DEF 840 
c DEF 850 

DO 9 1=2, NN DEF 860 
DEFLJ=0.0 DEF 870 
I I= I -1 DEF 880 

c DEF 890 
DO 8 J=1,11 DEF 900 
CGI=XX< I)-< CG< J) +XX( J)) DEF 910 
DEFLJ=Bl'ImlA< J) *CGI/( E*SSH J)) +DEFLJ DEF 920 

8 CONTINUE DEF 930 
XDEFL< I> = TDEFL/L*XX< I> DEF 940 
DDEFL< I>=XDEFL(I)-DEFLJ DEF 950 

9 CONTINUE DEF 960 
c DEF 970 
c DEF 980 
c DETERJIINE THE END SLOPES DEF 990 

TETAA=DDEFL(2)/XX(2) DEF1000 
TETAB=DDEFL<N+1)/(L-XX<N+1)) DEF1010 

c DEF1020 
c DETEID11 NE SLOPES ALONG THE BEAM DEF1030 

DO 10 I= 1, NN DEF1040 
SSLOPE<I>=TETAA-TETA<I> DEF1050 

10 CONTINUE DEF1060 
c DEF1070 
c ELHIINATE THE TWO POINTS ADDED DEF1080 

DEFL<1>=DDEFL<1> DEF1090 
SLOPE<1>=SSLOPE(1) DEF 1100 
III=N-1 DEF1110 
DO 11 1=2, I II DEF1120 
DEFL<I>=DDEFLCI+1) DEF 1130 
SLOPE< I>=SSLOPE<I+1) DEF 1140 

11 CONTINUE DEF1150 
DEFL<N>=DDEFL<NN> DEF1160 
SLOPE<N>=SSLOPE<NN) DEF1170 

c DEF 1180 
RETURN DEF 1190 
END DEF1200 
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FUNCTION FTABLE( VAR, FUNC, XX, :rD 
c ============================== 
c 

c 

c 

c 

DIMENSION VAR<1>,FUNC<1> 

NEND=JII-1 
DO 10 1 = 1 , NEND 
INT= I 
IF(XX.GT.VAR<I>.AND.XX.LE.VAR<I+1>>GO TO 11 

10 CONTINUE 

11 FTABLE=FUNC<INT)+(JO{-VAR<INT>>*<FUNC<INT+1>-FUNC<INT))/(VAR<INT+l) 
*-VAR< INT> > 

RETURN 
END 

FTA 10 

FTA 20 
FTA 30 
FTA 40 
FTA 50 
FTA 60 
FTA 70 
FTA 80 
FTA 90 
FTA 100 
FTA 110 
FTA 120 
FTA 130 
FTA 140 
FTA 150 



57. 

SUBROUTINE SHAFTPOIDIA,DIA,RAD,A,ND,XX, YY, WORK3, WORK4> 
c =======================:============================== 
c 
c 

c 

c 

c 

c 
c 

DI~ffiNSION XDIA<ND>,DIA<ND>,RAD<ND>,XX<1>,YY<1>,WORK3(1),WORK4<1> 

CALL DATE< THEDATE> 
CALL LETTER<8,.24,90.,.5,1.0,6HL.POPA> 
CALL LETTER<10,.125,90.,.75,1.0,THEDATE> 
CALL PLOT< 1.5,0.0,-3) 

XN=18. 
YN= 1. 
CALL LETTER<30,.2,0.0,XN,YN,27HOPTI~nn1 DESIGN OF THE SHAFT > 
XN=19.5 
YN=.75 
IF<XDIA<ND>.GT.500.) GO TO 11 
IFOffiiA(ND} .GT.200. > GO TO 12 
IF<XDIA<ND>.GT.100 . ) GO TO 13 
IF<XDIA<ND>.GT. 50.> GO TO 14 
IF<XDIA<ND>.GT. 25.> GO TO 15 
IF<XDIA<ND>.GT.12.5> GO TO 16 
XSCALE= .5 
CALL LETTER<18,.1,0.0,XN,YN,18HSCALE DOUBLE SIZE 
GO TO 17 

11 XSCALE=16. 
CALL LETTER< 18,.1,0.0,XN,YN,18HSCALE 3/4IN=1FT ) 
GO TO 17 

12 XSCALE= 12. 
CALL LETTER<18,.1,0.0,XN,YN,18HSCALE 1IN=1FT 
CO TO 17 

13 XSCALE=B. 
CALL LETTER<18,.1,0.0,XN,YN,18HSCALE 1-1/2IN=1FT 
GO TO 17 

14 XSCALE=4. 
CALL LETIER(18,.1,0.0,XN,YN,18HSCALE 3IN=1FT 
GO TO 17 

15 XSCALE=2. 
CALL LETTER(18,.1,0.0,XN,YN,18HSCALE HALF FULL 
GO TO 17 

16 XSCALE= 1 . 
CALL LETTER<18,.1,0.0,XN,YN,18HSCALE FULL 

17 CONTINUE 

YSCALE=XSCALE 
V= -2. *Y..SCALE 
W=-7. *YSCALE 
IDIIN=-1. B*XSCALE 
IDlAX= 60. *XSCALE 
TIIIN= -6. 5*YSCALE 
TilAX= 3. *YSCALE 

CALL PLTIN<XSCALE, YSCALE, V, W,XMIN,XMAX, YI'IIN, YMAX> ·. 

C PLOT THE CENTER LINE 
X1=0. 0 

c 

X2=XDIA<ND) 
Y1=0.0 
Y2=0.0 
CALL UNITTO(Xl,Yl,XP1,YP1) 
XX< 1) =XP1- .5 
CALL UNITTO<X2,Y2,XP2,YP2) 
XX<2>=XP2+.5 
YY< 1) =YP 1 
YY<2>=YP2 
NDHI=2 
DASH!= 1. 0 
DASH2=. 1 
GAP=. 15 
UNIT=.3 
N= 1 
CALL DDASHM< XX, YY, NDIM, DASH1, DASH2, N, GAP, UNIT, IE, WORK3, WORK4> 

C PLOT THE SHAFT 

SHA 10 

SHA 20 
SHA 30 
SHA 40 
SHA 50 
SHA 60 
SHA 70 
SHA 80 
SHA 90 
SHA 100 
SHA 110 
SHA 120 
SHA 130 
SHA 140 
SHA 150 
SHA 160 
SHA 170 
SHA 180 
SBA 190 
SHA 200 
SHA 210 
SHA 220 
SHA 230 
SHA 240 
SBA 250 
SHA 260 
SBA 270 
SHA 280 
SHA 290 
SHA 300 
SHA 310 
SHA 320 
SHA 330 
SHA 340 
SBA 350 
SBA 360 
SHA 370 
SHA 380 
SHA 390 
SBA 400 
SBA 410 
SHA 420 
SHA 430 
SHA 440 
SBA 450 
SHA 460 
SBA 470 
SHA 480 
SHA 490 
SHA 500 
SHA 510 
SHA 520 
SHA 530 
SHA 540 
SHA 550 
SHA 560 
SBA 570 
SHA 580 
SHA 590 
SHA 600 
SHA 610 
SHA 620 
SHA 630 
SEA 640 
SHA 650 
SHA 660 
SHA 670 
SBA 680 
SHA 690 
SHA 700 
SHA 710 
SHA 720 
SBA 730 
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C DRAW VERTICAL LINES · MARKING SHAFT SHOULDERS 
c 

c 

X1=XDIA< 0 
Y1=DIA< 0/2. 
X2=X1 
Y2=-Yl 
CALL PLTLN<X1,Y1,X2,Y2) 
DO 1 1=2, ND 
IF<I.EQ.ND> GO TO 10 
IF<DIA<I>.EQ.DIA<I-1)) GO TO 1 

10 X1=XDIA< I) 
Y1=DIA< D/2. 
IF<DIA<I>.LT.DIA<I-1)) Yl=DIA<I-1)/2. 
X2=X1 
Y2=-Y1 
CALL PLTLN<X1,Y1,X2,Y2) 

1 CONTINUE 

C DRAW HORIZONTAL LINES AND QUARTER CIRCLES FOR SHOULDER RADIUS 

c 

DEV= .005 ' 
NND=ND-1 
DO 4 I= 1, NND 
X1=XJHA< I> 
Yl=DIA< I) /2. 
X2=XDIA< 1+1) 
Y2=Yl 
IF<RAD<I> .GE.l0000.> GO TO 2 
IF<DIA<O.GT.DIA<I-1)) GO TO 2 
XA=XDIA< I> 
YA=DIA< I)/2.+RAD<I) 
XB=XDIA< I>+RADCI) 
YB=DIA< l>/2. 
XC=XB 
YC=YA 
CALL PLTARC<XA,YA,XB,YB,XC,YC,DEV> 
CALL UNITTO<XC,YC,XCP,YCP> 
X3=XCP+. 15 
Y3=YCP+. 15 
X4=XC-RAD<I>/SQRT<2.) 
Y4=YC-RAD<I)/SQRT(2.) 
CALLUNITTO<X4,Y4,X4P,Y4P) 
CALL ARRmv< X3, Y3, X4P, Y4P, 3) 
RADM= RAD< I> 
XN=X3+.03 
CALL NIDffiER<XN, Y3, .100,RADJI1,0.0,6HCF5.3)) 
XN=X3+.55 
CALL LETTER<l0,.100,0.0,XN,Y3,3HRAD> 
Xl=XB 
Y1=YB 
YA=-YA 
YB=-YB 
YC=-YC 
CALL PLTARC<XB,YB,XA,YA,XC,YC,DEV> 

2 CONTINUE 
IF<RAD< I+1>.GE.10000.) GO TO 3 
IF<DIA<I>.GT.DIA<I+1)) GO TO 3 
XA=XDIA< I+ 0 -RAD< I+ l) 
YA=DIA( I) /2. 
XIJ=XDIA( 1+1) 
YB=DIA( I>/2.+RAD( 1+1> 
XC=XA 
YC=YB 
CALL PLTARC<XA,YA,XB,YB,XC,YC,DEV> 
CALL UNITTO<XC,YC,XCP,YCP) 
X3=XCP-. 15 
Y3=YCP+. 15 
X4=XC+RAD< l+l)/SQRT(2.) 
Y4=YC-RAD< 1+1)/SQRT(2.) 
CALL UNITTO<X4,Y4,X4P,Y~P> 
CALL ARROW<X3,Y3,X4P,Y4P,3> 
RADr-1= RAD< I+ 1 > 
XN=X3-.85 
CALL NIDffiER< XN, Y3, . 100, RADY.l, 0. 0, 6H< F5. 3)) 

SHA 740 
SHA 750 
SHA 760 
SHA 770 
SHA 780 
SHA 790 
SHA 800 
SHA 810 
SHA 820 
SHA 830 
SHA 840 
SHA 850 
SHA 860 
SHA 870 
SHA 880 
SHA 890 
SHA 900 
SHA 910 
SHA 920 
SHA 930 
SHA 940 
SHA 950 
SHA 960 
SHA 970 
SHA 980 
SHA 990 
SHA1000 
SHA1010 
SHA1020 
SHA1030 
SHA1040 
SHA1050 
SHA1060 
SHA1070 
SHA1080 
SHA1090 
SHA1100 
SHA1110 
SHA1120 
SHA1130 
SHA1140 
SHA1150 
SHA1160 
SHA1170 
SHA1180 
SHA1190 
SHA1200 
SHA1210 
SHA1220 
SHA1230 
SHA1240 
SHA1250 
SHA1260 
SHA1270 
SHA1280 
SHA1290 
SHA1300 
SHA1310 
SHA1320 
SHA1330 
SHA1340 
SHA1350 
SHA1360 
SHA1370 
SHA1380 
SHA1390 
SHA1400 
SHA1410 
SHA1420 
SHA1430 
SHA1440 
SHA1450 
SHA1460 
SHA1470 



c 

59. 

XN=X3-.32 
CALL LETTER< 10,.100,0.0,XN,Y3,3HRAD) 
X2=XA 
Y2=YA 
YA=-YA 
YB=-YB 
YC=-YC 
CALL PLTARC<XB,YB,XA,YA,XC,YC,DEV> 

3 CONTINUE 
CALL PLTLN<Xl,Yl,X2,Y2> 
Yl=-Yl 
Y2=-Y2 
CALL PLTLN<XI,Yl,X2,Y2> 

4 CONTINUE 

C DRAW DHlENSION LINES 
DO 5 I= l,ND 

c 

Xl=XDIA< 0 
Y1=-DIA< I> /2. 
X2=Xl 
Y2=-DIA< l)/2.-<FLOAT<I>*.38+.2>*YSCALE 
IF<XDIA<I>.EQ.0.0> GO TO 40 
IF<XDIA(I).EQ.A) GO TO 40 
CALL PLTLN<Xl,Yl,X2,Y2) 
GO TO 5 

40 CONTINUE 
CALL UNITTO<Xl,Y1,XP1,YP1) 
XX< U =XP1 
YY< 1)=YP1 
Y2=-DIA< 1) /2. 
CALL UN ITTO< X2, Y2, XP2, YP2) 
YP2=YP2-FLOAT<ND>*.38-.2 
XX<2>=XP2 
YY<2>=YP2 
CALL DDASHM<XX,YY,NDIM,DASHl,DASH2,N,GAP,UNITtiE,WORK3,WORK4) 
XN=XP1-.06 
YN=YP2+ 1. 
CALL LETTER<l0,.1,90.,XN,YN,10HCL.BEARING) 

5 · CONTINUE 

DO 6 I= 1, NND 
Xl=XDIA< 1) 
Yl=-DIA< U /2. -<FLOAT< I)*· 38+ .5) *YSCALE 
CALL UNITTO< XI, Y1, XP 1, YP1) 
X2=XDIA< I+O 
Y2=Y1 
CALL UNITTO<X2,Y2,XP2,YP2> 
CALL ARROW< XP 1 , YP 1 , XP2, YP 1 , 1) 
DIST=XDIA< I+ 1) -XDIA< l) 
XN=DIST/2.5 
YN=Yl+.06*YSCALE 
CALL UNITTO<XN, YN,XPN, YPN> 
CALL NU~ffiER<XPN,YPN,.100,DIST,0.0,6H<F7.3)) 
Xt=XDIA< D +( XDIA< I+ 1) -XDIA< I>) /1.8 
Y1=DIA< 1}/2. 
X2=Xl 
Y2=-Y1 
CALL UNITTOO{l, Y1, XPl, YPO 
CALL UNITTO<X2,Y2,XP2,YP2> 
CALL ARROH< XP 1 , YP 1 , XP2, YP2, 1) 
XN=X1-.06*XSCALE 
YN=-. 4*DIA< I> 
DIA~l=DIA< I> 
CALL UN I TTO < XN, YN, XPN, YPN> 
CALL NmffiER< XPN, YPN,. 100, DIAM, 90., 6H<F7 .3)) 

6 CONTINUE 
Rl:.:TURN 
END 

SHA1480 
SHA1490 
SHA1500 
SHA1510 
SHA1520 
SHA1530 
SHA1540 
SHA1550 
SHA1560 
SHA1570 
SHA1580 
SHA1590 
SHA1600 
SHA1610 
SHA1620 
SHA1630 
SHA1640 
SHA1650 
SHA1660 
SHA1670 
SHA1680 
SHA1690 
SHA1700 
SHA1710 
SHA1720 
SHA1730 
SHA1740 
SHA1750 
SHA1760 
SHA1770 
SHA1780 
SHA1790 
SHA1800 
SHA1810 
SHA1820 
SHA1830 
SHA1840 
SHA1850 
SHA1860 
SHA1870 
SHA1880 
SHA1890 
SHA1900 
SHA1910 
SHA1920 
SHA1930 
SHA1940 
SHA1950 
SHA1960 
SHA1970 
SHA1980 
SHA1990 
SHA2000 
SHA2010 
SHA2020 
SHA2030 
SHA2040 
SHA2050 
SHA2060 
SHA2070 
SHA2080 
SHA2090 
SHA2100 
SHA2110 
SHA2120 
SHA2130 
SHA2140 
SHA2150 
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SUBROtiT I NE NUMBER( X, Y, HEIGHT, ANUM, THETA, FMTI 
c ============================================ 

D lr'IENS ION BCD< 1) 
ENCODE< 10, Ff>IT, BCD> ANIDI 
CALL SY1ffiOL<X,Y,IIEIGHT,BCD,THETA,l0) 
RETURN 
END 

NUM 10 

NUl'I 20 
NUI'I 30 
NUl'I 40 
NUJII 50 
NUM 60 
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APPENDIX B 

USERS' MANUAL 
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DESIGN OPTIMIZATION 
OF A SHAFT ON TVJO BEARINGS 

USERS' MANUAL 

PROGRAM SHAFT 1 
McMaster University 

Mechanical Engineering Dept. 

Laurentiu Popa 
Prof. James N. Siddall 



63. 

1 . PURPOSE 

Given a shaft of known geometrical confi guration 
and loading , this pro gram will determine diameter sizes 
along the shaft for which the weight of the shaft will be 
minimum and the following constraints will be satisfied: 

- the stress at any point along the shaft 
will be below a user set allowable 
value; 

- the maximum deflection will be less than 
an allowable deflection specified by 
user; 

- the slope of the shaft in bearings will 
be below an admissible value; 

- the torsional deflection will be less 
than the allowable value; 

- the critical speed will be greater than 
a user specified value; 

- the shoulder size at specified points 
along the shaft will be ~reater than a 
specified value (for shoulders adjacent 
to gear hubs, couplings, bearings, etc.). 

Certain diameters will remain of fixed size 
specified by user (as it may be required by the bearing 
size, standard parts on shaft, etc.). 

2. GEO METRICAL CONF IGURATION 

The shaft is supported on two bearings and can 
have a cantilever extension (see the example shown on 
Fig. 1). 

The bearings permit slopes of the shaft at 
bearing point and one of them is free to translate along 
the axis of the shaft. 



64. 

The location of the bearin~s and the points 
where diameter chan~es size have to be specified by 
user. Shoulder radius should also be specified by 
user. 

The user can further restrict the configuration 
of the shaft by specifying a diameter increase or decrease 
of a minimum value at any point along the shaft. (e . .fS . 
He may wish to specify a minimum shoulder size adjacent 
to bearing , a gear, coupling, etc.) 

J. LO AD ING 

The program can take any concentrated or 
uniformly distributed forces perpendicular to axis or 
shaft projected in the vertical and horizontal planes 
and any torsional moments (torques). Gravitational 
forces attached to the shaft shall be specified 
separately, these forces being the only ones considered 
in calculating of the critical speed. 

4. ;.\'!ETHOD 

The input data consisting of information 
describing geometrical configuration, loading, allowable 
stresses, deflections, etc. are read and information 
pertaining to different points of the shaft is arran~ed 
in arrays in an order following the axis of the shaft. 

The optimization process begins with starting 
diameter sizes supplied by the user in input data. 
Deflections and stresses are calculated in all the 
points along the shaft that are specified in input 
data. The natural frequency is also calculated. 

An unconstrained artificial objective 
is calculated . It is defined as follows: 

p 

P (d, 1 d2 -· · d(l , r ) ::: W(d,,d2-- · d,) -1- r'L 
k=' 

function 



where 

dl' d2 

~v (d
1

, d
2 

d are the unknown diameters 
n 

dn) is the weight at the shaft 

f l:' ( d 1 , d 2 dn) ~ 0 ( k = 1 , 2 •.. p l are 
inequality constraints limiting stresses, 

slopes, critical speed and diameter 

increase or decrease 

r is a positive parameter that is 1.0 at 
the beginning of the optimization and decreases after 
each cycle. 

A series of steps are taken with varying 
diameter size following a direct search method and the 
objective function is minimized until no further 
improvement can be found. 

~vhen calculating deflections, stresses and 
natural frequencies, the following procedure is 
applied: 

Using the superposition principle, each 
force is taken alone and reactions in bearings and 
moments along the shaft are calculated. 

The area-moment method is applied to calculate 
deflections in all required points along the shaft. 

The effects of individual forces are totalized 
in all specified points for all gravitational forces, 
exterior vertical forces and horizontal forces. 

Using the deflections caused by gravitational 
forces attached to the shaft, the frequency of fundamental 
mode is calculated for transverse vibrations following 
Rayleigh's method. -

Stresses are calculated in the horizontal and 
vertical planes and then the geometrical resultant of 
moments, deflections and stresses are calculated all 
along the shaft. 
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The torsional deflection and the shear 
stress caused by torsion is calculated next and then 
the combined stress is calculated using the maximum 
strain theory: 

I ? '2. Vc = . ;;.S (} + . 6 5 1J C5 + 1 

where: 

v= 
T = 

0-c = 

normal stress (bending ) 

shear stress (torsion) 

combined stress 

The intensified stress that appears in some 
points due to shaft shoulders, keyways, grooves, etc. 
is calculated by multiplying the stresses calculated 
as shown above by a stress concentration factor. The 
stress concentration factor at shaft shoulders is 
selected by this program from Tables in (6), pages 
386 and 388, making use of linear interpolation. 
Other stress concentration factors are supplied by 
user. They could also be selected from (6). 

The optimum design of the shaft is plotted 
on a Bensen-Lehner Plotter at a sui table scale. 

5. I NPUT DATA 

It is useful to draw a sketch as in the 
example in Fig. 1 showing the geometrical configuration 
supports and loading . 

Table 1 shows the data cards used to run the 
program Shaft 1 for the optimization of the shaft 
shown in Fig. 1. Only the first 40 columns on the cards 
are shown, their being the only ones used. On the side 
of the cards is described what the figures represent. 

All data fields are 10 columns long. The 
data should be ri ght justified in their fields. Put 
the decimal point of real numbers in same field as in 
example. Put inte gers right justified without decimal 
point. 
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TABLE 1 - INPUT DATA FOR SAMPLE RU N (SHAFT SHO WN IN FIG. 1) 

DA TA CARDS 
~Beginning Shown Only~ 
1 til 20 :30 DESCRIPTION OF DATA 

226.375 61.000 Length of first span and length of 
second span 

2 2 2 Number of readings f or weights 
attached to shaft, vertical and 
horizontal forces 

125.125 26500. Co-ordinate, Force 
287 .375 24900. 

60.625 41160. 
147.125 12000. 

0 1 0 Number of readings for uniformly 
distributed weights attached to 
shaft, vertical and horizontal 
uniforml_y distributed forces 

170.625 198.625 1286. Co-ordinate of beginning, 
co-ordinate of end uniformly 
d i stri bu ted force 

2 Number of readings for torsional 
moments 

60.625 147.125 2619000. Co-ordinate of beginning, co-ordin 
147.12') 287.375_ 1899000. of the end torsional moment 

ate 

10 Number of readings for diameters 
o.ooo 16.000 Co-ordinate of point where given 

16.875 20.000 diameter starts, diameter size 
50.125 24,000 

125.125 26.000 
147.125 24.000 
170.625 20.000 
198.625 16.000 
226.375 16.000 
272.875 14.000 
287.17'5 14.000 

1 Number of readings for stress 
concentration factor 

181.625 1. 300 Co-ordinate, stress concentration 
factor 

7 Number of readings for shoulder 
radii 

16.875 1.000 Co-ordinate, Radius 
50.125 1.500 

125.125 0.500 
147.125 o.soo 
170.625 2.000 
198.625 1.000 
272.87'5 1.000 

8000. Allowable stress 



o.osooo Allowable bending deflec t ion 
0.00100 Allowable slope in bearings 
0.01000 Allowable torsional deflection 

60. Minimum critical speed 
3 Number of readings for diameters 

of fixed size 
o.ooo 16.000 Co-ordinate, Diameter 

198.625 16.000 
272.875 14.000 

1 Number of readin~f< for minimum 
diameter increase decrease 

16.875 1.000 Co-ordinate of shoulder, minimum 
diameter inc reas.eide crease 
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All X co-ordinates of points on shaft are 
measured from the first bearing (bearing A in our 
example).Within each group of data, e.~. weights 
attached to the shaft, vertical forces, etc. keep 
the cards in a sequence following the X co-ordinates 
of points of the shaft in an increasinP,; order. Below 
is shown the complete set of input data and their 
sequence: 

1. Length of first span and length of second span 
(in. ) . 

2. Number of weights attached to shaft, number of 
vertical forces and number of horizontal forces. 

J. X co-ordinate (in.) and weight attached to shaft 
(lbs.). Do not show own weight of shaft. This 
is going to be calculated internally by the 
program. 

4. X co-ordinate and exterior vertical force. 

5. X co-ordinate and horizontal force. 

6. Number of uniformly distributed weights attached 
to shaft, number of exterior vertical uniformly 
distributed forces and number of horizontal 
uniformly distributed forces. 

7. X co-ordinate for beginning of uniformly 
distributed weight, X co-ordinate for end of 
uniformly distributed weight and uniformly 
distributed weight (lbs./in.). 

8. Same as 7 but for exterior vertical uniformly 
distributed forces. 

9. Same as 7 but for horizontal uniformly 
distributed forces. 

10. Number of torsion moments. 

11. X co-ordinate for beginning of torsion moment~ 
X co-ordinate for end of torsion moment and 
torsion moment in lbs./in. 
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12. Number of d iameter readings. 

13 . X co-or dinate where diameter of given size 
s tarts and d iameter s ize (ins.). 

14. Number of readings for stress c oncentration 
f actor. 

15. X co-ordinate and stress concentration f actor. 
Do not give stress concentrati on factor for 
shoulder. This will be calculated internally. 

16. Number of readings for radii. 

17. X co-ordinate and shoulder rad ius. 

18. Allowable stress (lbs./sq. in.). 

19. Allowable bending deflection (in.). 

20. Allowable slope in bearings (rad.). 

21. All owable torsional deflection ( rad.). 

22. Minimum critical speed (rpm.). 

23. Number of diameters of fixed size. 

24. X co-ordinate and diameter size for sections 
where diameter must remain of given value. 

25. Number of readings for diameter increase or 
decrease. 

26. X co- ordinate and minimum diameter increase, or 
decrease. 

6. OUTPUT DATA 

The following data are printed out: 

- input data as supplied by the u ser; 

- data supplied to the direct search 
op t imization Subroutine SEEK); 
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- the objective function and the independent 
variables (unknown diameter sizes) after 
each optimization cycle; 

- the optimum solution consisting of the 
independent variables and inequality 
constraints; 

- reactions in bearings; 

- bending moments and torsional moments; 

- diameters; 

- bending deflections, slopes and torsional 
deflections; 

- bending stresses, torsion stresses, 
combined stresses, intensification 
factors and intensified stresses; 

- weight of shaft; 

- critical speed. 

7. COMMENTS 

If a feasible solution is not found during 
the first minimization cycle, an error message is 
printed out. In this case, another set of starting 
diameters should be tried. 

If the method has not converged, the current 
solution is printed out. A new run should be tried 
with these current diameters as start diameters. 

8. SAMPLE RUN 

The program has been run for a shaft of 
geometrical configuration and loading as shown on 
Sketch in Fig. 1. 
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Below is the computer print-out for this run 
and the plot of the optimum design ( ~ r j. 2) 

SHAFT DESIGN OPT~llATlON 
.:l.. ............. ~ -· ...................................... .;. .,. ... 

INPUT DA1' A 
_i~·····..u.- .... 

LENGTH OF FIRST SPAN 

LEN GT~ OF SC-:JND SPAN 

ZZ6.375 IN 

Gt.ooo IN 

WEIGHtS ATTACHEO 10 SHAFT 

X WEIGHT 
125· 125 26500. 

ea1.375 Z49oo. 

VfRT1CAL FORCES 

X FORCE 

60.625 ~3650. 

147.125 1!919'0. 

HORIZONTAL FORCES 

X FORCE 

o o. &2S 

147,12S 

It 1160. 

1 2!] '10. 

VERTtCAL UNIFORMLY OlSTRI6UTEO FORCES 
X START X END FORCE 

17a.ozs 1. 98. 625 1286. 

TORS!ONAL MO"'ENTS 

X ST ARf X END t-\O~ENT 

60.625 147.1l5 l619000. 
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147 . 125 cs r . 375 1899000 . 

Ol.A METERS 

Y. Ot:A 

o. 000 tG .Q OO 

i6. 875 '20 . 00 0 

51!1 . i25 Z5 . o 00 

1l5 . 125 26 . 000 

147 .1 25 Z,lf . OOO 

170 . 625 lo.ooo 
19S.G25 1.6. 00 0 

2c&.375 16. 0 00 

272. 57 5 llt.OO O 

2 s 7 . 375 1.4, ,JOO 

STRESS CONCENTRATION FACTORS 
X F.A-CTOR 

t~i . 625 1. 3 ]1) 

RADtr 
X ~ftD 

1 &. 875 1. f) rJ 0 

50. 1 25 1. 5!) 0 

1.25 . 125 • 5 f) 0 

1 47 .125 • 5 f1 0 

1. 7 (). 62.5 2. fl f) 0 

1 9().625 1. ']f) f) 

27 ~. 87 5 1. I) f) fl 



CIMENSIOtlS HC' VJA!:It.G 

===================================== =============================================== ========================================= 
~OINT X CH RADII ST:< ss CONC.FOPCE UN!F. ISH.FCRCE TO~<S.I-'0~. REI'A~KS 
NC CO~! .FCT. Wt:!GHT 1/ERT. 1-iO R!Z . WEIGHT 1/ P"'"• HO~! Z • 

! ==========~~======;~========~~==================;~========;~========;~=====;~~;~===== 9/It- LB/IN L9It... 
======================================:== 

1 Oo 0 DC 16. 00() 0.:) 0 ( 1. 0 I] o. 0. 'Jo c; 7. ·1. a. c. SUPPOI<T PC INT 
2 16.!175 16.00C 1o'l00 1.'JO o. 1. IJ. 57. ~ . . a • o. 
3 16o e 7 5 23.0CC IJouOC 1.00 ,., 'lo " 89 • a. a • c. . . ~. 

It 51!.125 20.0CO t.s~c 1o00 c. o. 0. ~g. :J. a. c. 
5 50.125 25. no o .J o a 1olj0 IJ. a. o. 13 g. o. a. (I • 

6 6('. 62C:: 25.aCC J .JO'J 1.'Ja a. a. IJo 1JC?. G. 0. c. 
7 60.625 25.aco J: J 0 c 1. a a a. 41650. 41160. 13C:. 11. o. 26190aa. 

e 125.125 ~S.OO!i .sao 1.oo a. o. 0. 13C:. a. a • 2619()0(1. 

9 125.125 ~6.000 'J.100 1.1]0 2650a. o. a. 150. o. 0. 2619000. 

10 147.12<; 26.000 .500 1. 0 0 a. 0. o. 15 0. a. o. 2619GOa. 

11 147.125 zr.. a en 'lo'JOO 1o!JO c. 2919~. 120CCo 12 e. a. Go 1899001!. 

12 170.62'5 zr..oco 2. ') 0 0 1. 0 0 o. 1). a • 121'. a. 0. 1899000. 

13 170.625 20 .000 0. \) 0 c 1.oo o. o. o. 89. 12 86. a • 1691?GOC. 

11t 181.62 5 20.000 :) • 'J () J 1. ~ 0 o. a. f). 8 g. 1286. o. 1S99!lOfl. 

15 1CJ!'.F.25 20.000 1.00G 1. ') 0 a • o. a. !! c:. 12%. 0. 189<3000. 

16 1CJ8o62S 16.000 'Jo'Joa 1.00 c. c. c. 57. o. ~. 1899\lOC. 

17 226.375 1f).\l00 ) • il 0 0 1. 0 0 o. J. 0. lj 7. a • 'l • 189<3000. SUP~ORT PCINT 

18 272.875 16.0CQ 1. J il G 1. 0 0 o. '1. o. 57. a. 0. 1899000. 

1CJ 272.t'75 14.\!Qii o.oo~ 1.oo ~. a • c. 4 4. il. o. 1899000. 

20 2~7.375 14.000 1.000 1. 0 0 2'+900. o. ~. c. J. a • 1~9<3000. END OF SHAFT 
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ALLO WABLE SiP.E SS a oa o.. t.l3/ sa!:.N 

4LLOWABLE 6END1N& BfFLECTlON • 05 000 IN 

AI..L OWA BLE SL ClP E lN l~t/H~I N &S • 0 01.00 !'AD 

ALLO~ABL E TO~S IONAL DEFLE C7 IO~ .o-toa o r{Ac 

MINIMUM CRITICAL SPEED &o. RPM 

OIA~ETf-RS OF FI::-:ED SI2E 

X DIA 

o.ooo 1.&.00 0 

1 98.6~5 16 . oo n. 

MINIMUM DI AME TE R I NCR£ ASE /DE CRE 4S-

~ DIA.INCR. 

16.&7? 1. Q 0 f) 



OPTtMIZATION USING OI~ECT SEARCH METHOD SEEK3 

NUMBER Of' INDEPENDENT VARIABLES •••• • • 

lNTeRMEOIA-TE. OUTPUT EV~RY IPRINHTH> CVCLC::. 
I.NPUT DATA lS PRIN1EI) ()UT FOP. IlJATtl=1 otllYa 

• • • 
• • • 
• • • 

NUMBER CF INeQUALITY (,GE.> CONSTRAitHS • • • • • 

NUMBE~ OF EQUALil~ CONSTRAINTS. • • •• • • • • • 

EST1MATEO LOWER BOUND ON RANGE OF X(I>. • • • • • 
.t.~OOOOOOE+02 .22500000E+02 • Z3 40000 OE+02 

N = 
IP~l NT = 

ICATA = 
NCO!I'3 = 
t!EI1!J3 = 

r:. '~I ·~ ( I > = 
• ?161~0fJI):::+fl?. 

ESftMATEO UPPER BOUNO ON RANGE OF X(!). • • • • • ;;:r1AXC!) = 
• 2200000 OE+ 02 .27500~00E+02 • 2 8 6fl n 0 'l OE + !J 2 alG400lJ00~+02 

5 f .4- PT ! N G V A-l U E S 0 ~ X < I > • • • • • • • • • • • • • :X S T ~ T < I > = 
• too a o o o QE + IJ 2 • 2 50 0 0 f) f) !Jf + ~ 2 • 2olJ!JOOl1 I)E+fJ2 

FRACTION OF RANGE USED AS STEP SIZE • • • • • • • 

SIEP S!.ZE FRACT !ON USED AS CONVERGENCE CRITERIO"l, 

MAXltJ.IJ~ NIJ~f\lER OF MOVES PERMITTt:D • 
PENA~T1 MULfl~LlER USED IN SEEKJ •• 

• • • • • • • 
• • • • • • • 

REI>UCTI:ON fACTOR FOR HU Af'TE~ E-ACH tUNIMIZATION. 

• 24 01)00 00 ::+ 02 

F = 
G = 

HA X"'\ -:: 

R -:: 

REDUCE = 

s 
1 

1 

7 

n 

• 1 s I) 0 c IJ I) rJ£ + r1 2 

, 22!)::100 011E+02 

e20001JOOOE+'12 

• Zl)iJOOfliJ0£-01 

a1rJ10010!JE+IJO 

:?ll 

.10QOOI:JOOE+I'J1 

.soooooflrJE-IJt 



HmEPEtWEtiT '1AR!AI3LES X (I> 

R = .tiJOOJOIJfJE+!J1 
u .:: • ? .., r; :1 ~~ '"I ~ S c • 0 S • 21121110fJE+02 .2~9tS751Ji.:+l1? • 2 19 2 'J fJ r:J Q E + fJ? • 2?17fJ'JIJfE+ 0? 

.t~85000fl'::+ 0? 

R -· ,51JOIJIJ!JOOE·!J1 
u ·- • ;:-s :'S'l ~, JCQE~ns • 20 1~0flf!O:.+ 0?. • 2411'FSOE+O? • 240 SQ 'lOOC::+!J? • 220 74'11Jf!E+ rp 

.177S'l!JOIJE.+0;1 

R = e25001JOCOE•02 
u :::: .2S7?11J2SE+115 .t183lJIJO'J::+o 2 • 2!t!J1'37511E+I'J2 •'-4154011f1E+02 .2?'l?o'JIJOE+'Jet 

.17910!JlJO::+IJ? 

R = .12500000'::•03 
\J - t ') C) 7 f) 7 I) C I~ ': + Q S .t~~e30IJOIJE+O? .2401~751JE+'J2 • 241-:!9500:::+!J? • 2?1J14flOO::+ 0? 

.178050!J1JE+02 

f{ = .625f)f) iJ OOE-tl5 
u = ~257012~9l2+05 .t·3815000E+02 .2401875'JE+02 • 2 1~1 ~g 50 0:::: +I) 2 • 22014000E+I'l? 

• t7805000E+02 

R :: .~1251JOCOE-06 
u = • ?.57019 25E+f!S • UB10000E+02 • 24018751)£+1)2 .24139500E+02 o22014000::+n? 

• 178!J51J01Jt:+IJ2 

~ = o15E?.50 COE-rl! 
u ::: • ?S 7'113 25£::~05 .t981011JI)E+02 .24013750::.:+02 • 241~9500!::+)2 ,2201400flE:+O? 

o1781J5f)Ofl:.+02 
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QPiiJIWM SOLlJTIO.N FOUND 

MlNI.M~ N. u -::=. ~ 1.5 10-1.8 2 SE-+~-05 

)(( 1 } = • 1.. 9 3 1. 0 I) Q J E + 0 2 

~ i '2 > = . 240 187S I"J E+02 
J) = . 2~ 1 995 01) E+02 

X< ~) = • 2 2 01. 4 n o o E + o 2 

'( ( 5 ) = .17805 00 tJE+0'2 

!NE~UAl!T~ C O}JS I R.ltiNT S 
PH I ( 1 ) = . 5So5 152c£ ~ o~ 
PH! < 2 ) -- . '26iQ6735E - 05 
PH r c 3 ) .:: , 1.0094692E - 03 
pH! ( 4> :: . Lf1729940E- 03 
p li 1 ( 5 ) = . 62241782E · 02 
PH1. ( b) = e 1051651 OE + Ot 
PHI C 7 ) = . 2810000I'JE +D 



OUfPIJT D.AfA 
- ... ....... ....... ..L •• - .... 

REACTIONS 

X 
Oe 000 

22 6. 315 

VE f<.T"LC.A-L 

51409. 

8'3216. 

80 . 

HOt<IlDNT AL 

3 t.J:ns. 
i68l2. . 

R£ ZU L "ffo}NIT 

66S9S. 

9 02 01. 

BENDING MOMEN TS AND TORSION~l MO~EnTS 
------------------- --------------------------- --------------- ---------------- ---------------------------------------------------------------NO 13tNDII\iG MO~~NT 

VtRT HORIZ 
LBIN 

RES 

------------------------------------------------------------------------------------------- --- ----------------------------------------------
1 0. ) '1 'l f). '). i1 IJ . J. 
2 1o ~~ 7c; 9~0f> 7S. 57)451.., 11 ~ 1 ·3 0 4. ~ . 

3 1 fl.875 960 ~78. ?79454. 112190 'io 1 . 

/. 5f1.,1Z!) ?78845'). 1.7?11'?~. 3276691 . '1. 

5 5 iJ ,1~S 2 7 .5845'). 17211 <:?3 . 3 2 76 69 1. o. 
::) 6 0 . 6::>5 ~ .P)0134, 20: 17 41. 334424~. Jo 
7 {) 0.625 3 3501 V te 201: 174 1 . ~944?.42. ~619:)01). 

-3 125.125 ~6'?6129. 1641725. 4044242. 26 1:l t100. 

3 1?5e 125 -.:6'?60 zgo 1641725. 4lJ!tl.t~42. ~61 g ·J a rJ. 
1'1 1 t. 7. 1 2 5 '70960(35. 1l~ g 16 4 2 0 -~4 ~6 6 7;:,. 2619'100 , 

11 147.12S ~0 960 25 . 14 '3 1 S42o 34 ~66 7S, 1o991JDfJ. 

1~ 17 fl .l;?t') 17~Q4~1. 10'+3)25. 21)2)72~ . 11j991JOIJ. 

1 ) 170.625 1730lt ~ 1. 104'3325. 202H23 , 1699000 . 

1 4 1:: 1. ~ zc; 11:1~5 8 1 1) , '3422:1 . 1374 201) , !.o39JOIJ . 

1 C) t g: .n25 8 12cs. 522HIJ. 52dS94. 1o 191JOI1, 

16 1? 1?.625 812 65 . 522'Hr:J o 5?.8594 . 1.3931JDI1 . 

1 7 ?~ f) • HCJ -t seot+t7. - !) 0 1?,lJlt17. lj9-3'JOfJ . 

1 ~ ? 7?_ • . : Fi -~~10 5l o fl. 3 6 105 1], 1893fJOO o 

tg 272.F.75 - ~61050. n o 3610 ?0 . 1893:11)0 . 

21) z:~ 7. ·n5 - I) . ') . J. to3910!J . 



l· _rl'.CTir ' S , ~LCr> ~ S ,\ >; [ !·. OTATIO.'.S 

=== ~~=~ - ~~= ===== =~==~==~======== ===== =~=====================================:=================== 
! I X ~I A 0 E r: L::: C -r I 0 t·l 

VEF.T HC (:J_ lZ 
H. rr. IN I 1\ 

P. ::s 
I N 

S L CPE: 
V Ei=. i 

"AO 

qQTQTIC~ 
HO~lZ ~~S 

CA ~ 0 AJ ~AJ 

-~-====~=== ===== ====-== ========= =====:======== ================================================== 

1 
I. 

., 

.. 
' ) 

s 
7 

' '1 

1 :J 

1_ 1. 

1.? 

1 ~ 

~ ·,. 

, "' 
.1 ; 

17 

1 ~ 

1 ~ 

:> n 

n. n r n 

, 6 . ~ 75 

tr.P?l"l 

~1;.125 

r.; fl. 1 ?S 

r:. f~.f=) ?? 

r"' 1:.~~5 

1? 'J.1? C:: 

t~ 'J .. t ') 

147 .125 

1h7.t?5 

1?!'1.~')5 

1?'1.'i?? 

1:1 . ~ :-:> 'J 

1 ':lS:.;?; 

1~t; . f=-25 

:: ?r, .~ J::j 

???.er; 

?7?.~75 

zc7.~75 

1 r, • fJ f) f) 'J • ') IJ 0 0 0 0 I) • I] f) 0 0 0 0 0 • 0 0 fJ 0 0 U 

t6.nou . 0 12617 .IJon e o .r:l14617 

1'3.~11) • I) 12617 

t '?.~if] • 111754 

? 1._ fl 1 ') • 0 H 75 4 

.007~ 13 0 

.01345'3 

.'J1'3459 

• '11 46 1 7 

• 113f') 7'? 9 

• 'J 3 (') 7? 'j 

.01) ')77 6 

.1)1)06 9? 

.OO'Jo9? 

• 01J01+1S 

.1Jf)f)415 

.'1 00454 

• 30n404 

• 000 '•04 

.1)00235 

.1)00?3 5 

? u wiJU .1~5 776 .C20719 .n4U42 s 'J0~ 349 ,QO!J1 9~ 

? I~ 0 0 1 'J e f) ~ 57 7 6 e I) 2 0 7 1 9 e I) ft l 3 4 2 • Q r) f) ~ li 9 e 0 0 r] 1 0 4 

24 .011 ,043280 .025031. ,1)43997 -.oor11:n+ -.Oil0051 

z.: .. 200 ,043280 , C2S031 , C43~ '3 7 -.'JTJ'1 1 24 -, rpJQO S 1 

?4 ., 2!) 0 eiJ38872 e023151 ,04 52-.4 -.'10)2/2 -,OQQ119 

??eiJ14 o'J38g7~ ,C2!151 e045~ 44 -,1]01)2?2 -,f)Q0119 

22 .014 .OJ0363 ,111S?79 ,03595 7 -,000416 -,00 0205 

17. : 'J5 .'n036~ .01~ :;n g .')3 5'357 -.00'143 6 -,IJOD205 

17e£:'J5 • 'P49Ld .01E61 9 , 'JZ -:197 .) -. 000541 -.00('1?76 

1 7 • e 'l 5 ~ 11 t s fJ 1 z • o 1 t z 1 4 • n 1 : 7 ~ ·3 - • o ::J n 6 11 : - • 1 o o ~ ~ 1.~ 

!ii,.')!J rJ , 'J150t?. .011?1.4 .r:l1 -5 7~~ -,QQfJ S0 3 -.OIJC) c:;4 

F)oiJlU -.oorJf)O O -,oo oooa .oo oooo -. oorJ3S4 -,00042 9 

u:~or:o -,fJ05350 -. o1C:9S6 .ozfJ6 f':>IJ .oo aoEE> -.aoc4? 9 

14.00') -.005350 -,019956 ,0286 ~0 .00')066 -.000429 

1'~ .o'Jo -.ooJ944 -.02£178 .oz Gtt74 .ooo112 -.oonr.?g 

.DfJi18 99 ll,QOf!OIJr] 

• 000801 n. 'lOllOfJO 

• 0001301 o. 110fl0 ~') 

,OOfJ477 O. 'JOOOOIJ 

1 fi f] f) I• 7 7 f) o ~ 0 0 f) 0 f1 

• C'JfJ 4D IJ n. oooooo 

.crl"l 4 0Q f1oOOrJOOQ 

.011)1~4 . 001)45'1 

. oao1~4 . JD 'J45fl 

• 0002 9 7 • 'JOOS '3 3 

• 000?97 • 0015'i~ 

. D00 4 S2 ,0 00767 

• O'Jill•~?. , fJOI17fJ7 

• C!JIJ607 • 'JOJ'J5 1 

.Oflf'l70 4 . 'lQ1?~5 

• Q 'J Q 7 0 If o f) I) 1 2 ~ 5 

.oo f15e J , 'J01 9 4e 

.C'10434 , f'J0-:!1C.. 1 

,(1']1)434 . 103141 

, C!JfJ444 .1)0~77 6 



STRESSES 

----------------------------------------------------------------------------------------------------------------------------------------~-----------------------------------------------------------------------------------------------NR X 

IN 
BENOI~G ST~ESSES 

VE~T HCRIZ RES 
P~I PSI PSI 

TORSIO~ 
STRESS 

PSI 

COI-4 EI NED 
ST'<ESS 
PSI 

I 1-(T FCT 
BE~J O TQP.S 

INTENSIFIED STPESS 
BENO TOFS COMB 
PSI FSI PSI 

===============================================================================================~==================== 

1 

2 

3 

4 

5 

6 

1 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

n.ooo o.oGo o.o~o o.oco o.oco o.oco 

16.875 23~9.010 1440.9~4 2789.9~7 o.oco 2789.947 

16.875 12se.1D6 759.217 14E9.950 o.dco 14e9.gso 

50.125 3653.516 2255.1~5 4293.472 o.ooo 4293.472 

· 50.125 2049~eoe 1265.2~7 2408.856 o.ooo 2408.856 

60.625 2462.697 1s!o.2q~ 2899.429 o.oao 2899.429 

60.625 2462.697 1510.29~ 2899.~29 962.619 3277.065 

125.125 2716~g66 12~6.839 2972.939 962.619 ~342.750 

125.125 2656.5~9 1179.9q8 2906.819 941.210 326B.405 

1~7.125 2225.327 1072.1~5 2470.128 941.210 2883.215 

147.125 2956~0~0 1424.1~9 3281.269 906.563 3595.220 

170.625 1652~1~1 1001.875 1932.215 906.563 2398.577 

170.625 3122~698 1893.593 3651.963 1713.441 4533.406 

181.625 195g~423 1519.9~1 2479.842 1713.~41 ~617.463 

196.625 146.648 942.5~6 953.886 1713.441 2646.017 

198.625 202.069 1298.878 1314.505 2361.213 3646.352 

226.375 -3930.174 

272.875 -897~858 

272.875 -t340~242 

2e7. 375 -.O!JO 

-.oo~ ~930.174 2361.213 5369.099 

o.ooo 897.858 2361.213 3438.614 

o.oqo 1340.242 3524.6e9 5133.1~7 

0 • DO 0 .ooo 3524.609 4581.992 

WEIGHT OF SH~FT= 257C2o LBS 

tNGULAQ FPEDUE~CY OF FUNOA~EHTAL MOO~ OF VIB~ATICNS= 

CRITICAL SPEED= 1111.857MPH 

116e433RAD/SEC 

1.DCQ 

1o93S 

1. 0 0 0 

1. 85 0 

t.oco 
1. 00 0 

1.000 

1. 30 3 

1.01;0 

2.000 

1.000 

1.676 

1.oao 

1.300 

1.803 

1.000 

1.000 

1.820 

1.0GO 

1eOGO 

1.0~0 o.ooo o.ooo o.ooo 

1o516 S397o222 0.000 53~7.222 

1.ooo 1469.950 G.ooo 1469.950 

1.429 7941.348 o.ooo 7941.3\8 

1.oco 24~8.856 o.ooo 24oe.e56 

1.oco 2899.429 o.ooo zeg9.429 

1.000 289~.429 962.619 3277.065 

1.043 3873.1S1 1004.~23 4191.627 

1.000 29G6.819 941.210 3268.405 

1.532 4940.256 1441.584 5447.112 

1.oco 3281.269 906.563 3585.220 

1.330 3238.169 1206.106 3757.98\ 

1.ooe 3651.963 1713.441 4533.406 

1.300 3223.795 2227.473 4702.702 

1.256 1720.226 2151.500 3614.251 

1.000 1314.505 2361.213 3646.352 

1.000 3930.174 2361.213 5369.0~9 

1.305 1634.101 3080.967 4115.639 

1.000 134U.242 352~.609 5133.157 

1.000 .ooo 3?2~.609 4581.992 

~~ 

f'0 
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