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I INTRODUCTION 

Historically, the problem of having a successfully 

working bearing dates back hundreds of years, Slider-type 

bearings, in which there is one surface sliding over the 

other seem to be the first known type of bearings. 

A look about at the numerous engineering compo­

nents, devices, and machines that typify our today's civili­

zation illustrates how it is important to have successful]y 

operating bearings. Many variations of bearing designs 

have been developed, each satisfying a particular function. 

Journal bearing types may be classified from the standpoint 

of cooling conditions, as (a) Self-contained bearings, 

where the heat developed by friction is dissipated from 

the bearing housing surface to the surrounding air by 

conduction, convection, and radiation; (b) Pressure-fed 

bearings, where the frictional heat is removed by the 

circulating oil which is introduced to ihe bearing, in th~ 

case, under a controlled pressure and temperature. 

The full solution of a hydrodynamic journal beari~ 

design may require much data and many theoretical compu­

tations in order to get a successfully operating bearing 

within the practical limitations of bearing design. In 

general, such a satisfactory solution is possible after 

1 
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a long series of tri~ls, even from the practicing engineer. 

Therefore, a computer program to carry out this design 

problem and to cut down the effort, time and money will 

be very useful. 

The primary objective of this book is to provide 

a computer package for an optimum design of hydrodynamic 

journal bearings. The package that has been developed in 

this thesis is highly user oriented and requires a minimum 

of knowledge of the theory of bearing design and no 

knowledge of computer programming, FORTRAN, or optimizatim 

theory. However, it is considered very important that the 

user have a good understanding of the principles of 

bearing operation and lubrication. 

No successful design can be guaranteed by any 

theoretical analysis if the design assumptions do not mat~ 

the real life situation. Practical limitations which are 

inherently unavoidable in real problems have been taken 

into account in the optimum design procedure, thereby 

minimizing the possibility of getting geometrically 

unreasonable or impractical designs. Chapter VI, gives 

a brief description of these limitations. 

To satisfy the primary objective of the thesis, 

chapter II to chapter V give a discussion of the 

Hydrodynamic Theory of Lubrication starting from the 

fundamentals of viscosity. 
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Chapter VII, deals with the optimum design procedure, 

design criteria and constraints. 

A user's manual and complete documentation is 

provided • 



I I Ii1UND AMENT ALS 

2-1 Viscosity 

Definition of "viscosity" or the coefficient of 

viscosity seems to be have been first given in 1866. It 

may be best defined by considering a film of oil between 

two parallel horizontal plates as shown by figure 2-la. 

The upper plate is set in motion by a force of F pounds, 

and the force is just sufficient to move the plate with 

a constant velocity v2 in a horizontal direction. 

Since the velocity is const8nt, the force F will 

depend on the con~itton of the lubricant oil and not on 

the mass of the plate. If the velocity of the lower plate 

is v1 , then the change of velocity between the plates is 

- Vi = dv. Due to the difference in velocity av2 

horizontal shearing stresses in the oil will develop, and 

an element of oil outlined by the rectangle a,b,c,d will 

be displaced to a new position a', b', c', d'. 

According to Newton's law of viscous flow -"at 

any point in a fluid the shearing stress is directly 

proportional to the rate of shear" • If the plates are on]y 

a differential distance (dy) apart, then the rate at which 

shear stress takes place is 

4 
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dv/dy 

If A is the shear area of the element of oil, the shear 

stress according to Newton will be 

s = F/A : f·dv/dy psi (2-1) 

or 
jJ = s/(dv/dy) lb.sec/in2 

(REYN) 

in which jJ is called the "coefficient of internal friction" 

or the "absolute viscosity coefficient" or more simply 

"absolute viscosity" • 

In the metric system, the absolute viscosity is 
2 

z = s/(dv/dy) dyne.sec/cm (POISE) 

z always denotes the absolute viscosity in centipoise 

(1/100 of a poise), and~ denotes the absolute viscosity 

in reyn • 

2-2 Kinematic Viscosity 

Kinematic viscosity is another form of expressing 

viscosity, and this is defined as; 
absolute viscosity

Kinematic viscosity,V = 
mass density of fluid 

= µIJ' in2/sec. 

or = z If' cm2/sec. (stoke) 

The equation of the kinematic viscosity for the Saybolt 

viscosimeter is 
180 

)) =0.22 t - - cent is toke (2-2) 
t 

where t is the time in seconds taken for a given volume 

of oil at a given temperature to flow out of a container 
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,.-, V2 = cons,tant . _ 
j p1afe -=---~~~~~~~~--~·-~~.- F c;:======::::i.li.ldv 

a1' I 0 \ b' Ib__ ' ' ,
'--I,....;=-----'-",~, *A " dy ~,,1'~\j c '<;S,l-~ T \,. _'1.i.

11 
___ 

11 
p1ote} 

V1=0 

< a> ( b) 

Fig 2-1 Horizontal she'Or in film 

z 

T 

Fig 2-2 Viscosity -Temperature Curve 
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through a capillary tube • 


Usually tis expressed in SUS (Saybolt Universal Seconds). 


If t is given in SUS at temperature T
0 

F, then the 

kinematic viscosity » at the same temperature can be 

directly determined from equation(2-2), and to get the 

absolute visdosity in centipoises (z = f·V), the mass 

density p, at the same temperature T, must be known. How 

to find it, is the subject of the following section. 

2-3 Speci~ic Gravity 

According to the specifications of the American 

Petroleum Institute (API), the specific gravity of oil is 

measured at 60 
0

F by a calibrated glass hydrometer, The 

following equation is used to determine the specific gravi­

ty at 60 
0 

F 

= (2-3) 
1~1.5~ + degrees AP I a t 60°F 

From the specific gravity at 60°F, (!60 ), the specific 

gravity at any other temperature T, ( f T), can be obtained 

as follows • 

;; = f6 0 - 0. 00035 ( T - 60) ( 2-4) 

2-4 Relation Between µ and z 

If z is given in centipoise, then 

reyns ( 2-5) 
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2-5 Viscosity--Te~perature Relation 

Viscosity of a liquid lubric ant is a function of 

its temperature. It decreases by increasing the lubricant 

temperature. The relation between viscosity and temperature 

is different in different grades of oils, and two oils 

having the same viscosity at a certain temperature, might 

have different viscosities at another temperature. 

Figure 2-2 shows the manner in which the viscosity changes 

with temperature, while Appendix 2· , shows a chart that 

indicate how the viscosity of a number of SAE-classified 

lubricating oils changes with temperature. 

2-6 SAE Classification of Oils 

This classification is based upon the viscosity 

without considering any other characteristics of 

lubricating oils. 

Lubricating oils are classified by numbers in terms of 

SUS. 'I1he larger the SAE number, the more viscous is the 

oil. 

There are t wo series of viscosity grades; one for motor 

oils, and other for gear oils • 

SAE classification for 
crankcase oils 

SAE classifica tion for 
gear oils 

5W 
lOW 
20W 
20 
30 
40 
50 

75 
80 
90 

140 
250 



III HYDRODYNAMIC LUBRICATION OF 

~
l 
, JOUH NAL BEARIIJGS 

3-1 Introduction 

Osborne Reynolds de veloped the first mathematical 

relationship between load, speed, fluid properties of the 

lubric ant , and clearance that constitutes the hydrodynamic 

theor y of lubrication. Sommerfeld aod W.J~ Harrison have 

subsequantly simplified the ~urk of Reynolds • 

Although the hydrody namic theory of lubrication 

is based essentiall y on a complicated mathematical analys~ 

the results are easily interpreted . A knowledge of the 

hydrodynamic theory of lubrication will help to underst and 

bearing performance • 

The following s e ction describes the deve lopmen t 

of oil pressure in a bearing • 

Consider t wo para1le1 horizontal plane surfaces 

with an oil film inbetween, Fig 3-1~ If the upper plate 

moves in the direction shown with a constant velocity V, 

and the lower plate is stationary. Then the velocity will 

vary uniformly from zero at the lower plate to i~s maximum 
9 
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value V at the upper surface. In this case, as mentioned 

in section 2-1, the rate of shear stress is constant 

throughout the oil film. 

If we assume that the plates surfaces are wide enough in 

the direction perpendicular to motion so that the flow 

in that direction can be neglected, then the rate of oil 

flowing across any section is constant and the velocity 

of flow of the oil film at any point is proportional to 

the distance of the point from the stationary surface. 

This explains how a bearing with parallel surfaces can not 

support any load by its fluid film, and if any load is 

applied, the lubricant will be squeezed out of the bearing 

and metal to metal contact will exist under such conditio~ 

Consider next the case in which the lower plate 

AB is stationary while the upper plate A'B' is moving 

in the perpendicular direction to the surface AB, as shown 

by Fig 3-2 . Surfaces AB and A'B' do not have in this case 

any relative motion in the horizontal direction. Consider~ 

ing the same assumption that the plates surf aces are wide 

enough in the direction perpendicular to the paper, so 

that the flow in this direction may be neglected • As the 

upper plate starts to move toward the lower plate as 

indicated by the arrow, the oil is squeezed out of the 

plates in both directions to the left and to the right of 

the midway section CC' and increases gradually to reach 
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the maximum value at sections AA', BB' at both sides. 

Inany cross section the velocity of oil flow is a maximum 

midway between the surfaces and zero at.the surfaces. 

Velocity distribution curves in the oil film at different 

sections are shown in Fig 3-2 • 

Thus under these conditions [3o],"the oil in each layer 

(with the exception of the two layers directly on the 

surfaces, where the oil is adhering to the surfaces) in­

creases its velocity as the distance from the section 

midway between AA' and BB' increases. Such a type of flow 

is possible if ~here is a pressur e gradient along the 

surfaces, with a maximum pressure at the middle section 

CC' falling gradually to zero at the end sections AA' 

and BB' • Figure 3-2 indicates also the character of pres~ 

sure distribution for the case described above. 

It has been found that the pressure developed 

in different sections of the film depends upon the viscosi­

ty of the lubricant and the difference in the rate of flow 

of lubricant through these cross-sections. However, in 

this particular case , this difference depends upon the 

velocity of the upper plate A'B', the areas of surfaces AB : 

and A'B', and the instantaneous clearance h. This type of 

flow of liquid lubricant due to the difference in pressure· 

in different cross sect:! ~ ,: .3 is known as "pressure induced 

flow" • 
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Another example of this kind of flow is given by 

figure 3-3. Where the lubricant flows from the left to 

the right due to the difference in pressure between 

sections AA' where the pressure is P1 , and section BB' 

where the pressure is P2. The velocity distribution 

across the fluid film is exactly the same in different 

sections and is given by 

1 dp
u = 

2 )J dx. 

where µ is the absolute viscosity, lb.sec/in2j 

dp is the pressure gradient, 

dx 

t = h/2(half the clearance), and 


2y is the thickness of an element of fluid having 

length dx and width b • 

According to these three examples, there are two 

main types of velocity distribution across the oil film. 

The first type of velocity distribution is a straight line 

and J.t occurs when the rate of shearing stress across the 

lubricant film is constant. In the second type, the velo­

city distribution is a curved line, so that the rate of 

shear in the different layers across the oil film is 

different. It is clear that the first type of velocity 

distribution takes place where there is a relative motion 

between t wo parallel surfaces in a direction parallel to 

each other, as illustrated by the first example. The 
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Fig .3-1 	 Flow between two parallel surfaces 
A

1

B
1 
is moving, AB is stationary 

film pressure 

di stributi on 

a 

A D 

Fig 3-2 Flow between two para'lk?I surfaces 
I I 	 ·· 

.l\B is moving downward , AB is stationary 

Fig 3- 3 Pressure._induced flow 
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second type occurs if pressure exists in the oil f ilrn due 

to a change of the volume between the surfaces, as ex­

plained in the second example figure 3-2, or due to other 

means that do not depend upon the motion of the surfaces 

as in the third example of figure 3-3, or due to either 

factor . Therefore, it is important to note that pressure 

in the oil film always exists whenever the velocity dis­

tribution across the film is represented by a curved line. 

Consid er now the case in which the two plates are 

not parallel while the upper plate is moving to the right 

with velocity V and the lower plate is stationary, F1g3-4a. 

Again the lubricant f low in the direction perpendicular to 

the paper is neglectedo Surface A'B'tends to carry a 

certain vo lume of lubricant per unit time, through section 

AA', to the space between the surfaces. Assuming a width 

of unity, this rate of flow may be represented ao shown 

in figure 3-4a by the triangle AC'A'e The volume of lubri­

cant in this section that tends to discharge from the 

space between the surf aces through section BB' during the 

same period of time is represented by BD'B'. Since there 

is a difference in the cross sectional area of section AA' 

and BB', a surplus volume represented by AEC' will be pre sen to 

Because there is no flow in the perpendicular direction, 

as assumed before, and because the lubricant is assumed 

incompressible, then the rate of lubricant flow to the 
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film space should be equal to the rate of flow out of the 

space; and the excess volume of lubricant carried into 

the space is squeezed out through sections AA'and BB' 

causing a constant "pressure-induced flow" through these 

sections • 

Figure 3-4b indicates the character of the velo­

city distribution across these sections due to "pressure 

induced flow" only • Figure 3-4c shows the actual velocity 

distribution in sect ions A A 1 and BB ' • This actua 1 v e 1 o city 

distribution is the result of the combined flow of lubri­

cant due to "pressure-induced flow" and viscous drag. 

Studies of the actuAl velocity distribution curves 

at the different sections of figure 3-4c indicate that the 

maximum pressure exists in a section, JJ', somewhere in­

between sections AA' and BB', but nearer to BB' than to 

AA' • Also it has been indicated that at section JJ' there 

is no pressure induced flow and the velocity distribution 

across this section is represented by the straight lineJK'. 

The character of the pressure distribution in the 

oil film in this case is represented by the curve A'NB'. 

Line LM shows the mean pressure in the film. Due to the 

pressure developed in the oil film, the upper plate A'B' 

can support a vertical 1 0a d W preventing in turn metal-to­

metal contact between th e surfac es. If the load Wis inc­

reased , the space clearance between the surfaces will be 
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(a) 

( b) 

x 
_,_..,_._.,.........._~..........................._,__~~~~~~-----· 


( C) 

Fig 3_4 Flow between two inclined 
plane :: ~ rfaces 
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decreased and consequently the ratio between the dist an ces 

AA' and BB ' will increas~ which means that the pressure 

developed in the oil film will also increase an d a new 

equilibrium between the 102d W and t he pressure deveJ.oped 

i n the oil film will be established • 

From the foregoing discussion , it can be seen that 

the load carrying capacity of a bearing of such an arran­

gement can be increased by any of the following • 

a ) Increasing l ubricant viscosity . 

b ) Increasing surface area of the bearing . 

c) Increas i ng the relative mot i on between t he surfaces . 

d ) Increasing, in certain limits, the angle between the 

s ur·f aces . 

e) Decreasing the space clearance . 

It c an be seen also that a positive pressure i n the o i l 

fi lm is de ve l oped when t he direction of motion of t he upp~ 

pl ate is toward the convergence of the two surf aces AB and 

A' B'. On the o ther hand a negative pressure ( l ess than t~ 

atmospheric ) may be expected if the motion of the upper 

pl ate is reversed without changing the inclination of the 

l ower plate . In this case the bearing will be unable t 0 

support any l oad by it s lubri~ant f i~m • 

A full journal bE'2r-ing is shown diagrammatically 

in figur e 3-5 , assuming that the clearance soace is 
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line of line of load 
centers--"\ 

\ t:: 

(a) 	 ( b) (c) (d) 

Fig 3_5 	 Formation of continuous oil film in 
a full journal bearing 
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completely filled with lubricant fluid all the times. If 

the shaft is at rest as in figure 3-5a while it is loaded · 

by a vertical load W, a metal-to-metal contact between the 

surfaces of the journal and the bearing will occur~ If the 

journal starts to turn in the direction shown in figure3-5b 

it will roll up on the bearing wall due to friction 

between the surfaces. The point of contact at that time 

is moved from n to m. The friction in this case corresponfu 

to boundary or extreme boundary conditions. The angle ex 

shown in figure 3-5b may correspond to the angle of slidirg 

friction between the surfaces if the pressure developed 

in the film is neglected, perhaps due to a very slow star­

ting speed. In this position we can define the oil film 

condition, as a converging film above the line ml and a 

diverging film below this line. Therefore, as the speed 

incre~ses, the moving journal surface tends to drag oil 

into the wedge shaped area ( converging film ) between the 

journal and the bearing. As mentioned in section 3-2, 

under such conditions a positive pressure is developed in 

the converging part of the oil film. This pressure forces 

the journal to move to the right in the position shown 

in figure 3-5c 

As the journal speed increases , an oil pressure 

is created, sufficient to separate the surfaces, and the 

journal is forced into the position shown in figure 3-5d. 

This is the equilibrium position where the surfaces 



20 

are separated by a film o f ~il whose minimum thickness is 

now at point s. The magnitude of the minimum film thick­

ness at point s and the position of the line of centers 

st depend on the load W, properties of the oil, size and 

s peed of the journal , the clearance, and the bearing 

length, ( as will be seen in the following sections and 

in chapter VI ) • 

The phenomenon of pressure development in a 

converfing oil film discuss e d in the preceding sections 

was first analysed mathematically by o. Reyholds in 1866. 

He obt a in~d a differentiGl equation defining the relation ~ 

ship between the pressure gradient , the lubricant viscosi~ 

and the form of the oil film. 

Certain basic assumptions, which simplify the conditions 

existing in the actual bearing, are the foundation of the 

entire analysis. The assumptions are : 

1- There is no oil flow in the perpendicular direction 

to motion, that is, no end leakage from the bearing to 

the outside. This means that the bearing is of infinite 

width in theZdirec tion, see figure 3- 6 . 
. 

2- The viscosity of the lubrica n t is constant throughout 

the oil film. A number of authorities have shown that 

this is a reason able assum pt ion sinc e little error will 

be introduc ed , and there is a great simplification in the 
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bearing analysis. 

3- The flow of the lubricant in the film is laminar. 

4- Inertia forces in the oil film resulting from accele­

ration of the fluid are so small that their influence 

on the pressure developed in the film may be neglected. 

5- The fluid is incompressible, therefore the mass rate of 

flow past adjacent sections is constant. 

6- Shear stress is proportional to the rate of shear • 

This means that the liquid is Newtonian • 

7- There is no change in the pressure across the clearance 

space, so that the pressure in the film is only a 

function of x. 

8- No slip occurs between the lubricant and the bearing 

surfaces. 

It is defined by many authors [22, 30, 33],and 

others, that a bearing in which there is no end flow (end 

leakage) and in which the · viscosity of the lubricant is 

constant throughout the film is called an''idealized 

bearing" • Hence the results of calculations based upon 

these theoretical assumptions have only a qualitative 

value and they must be corrected for quantitative studies. 

An important correction factor is one that takes care of 

the end leakage effect in the actual bearing. 

Consider the part of the converg ing oil film 

shown in figure 3-6, where the bearing surface is fixed 
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and the journal rotates with a constant speed. 

Let X, Y, and Z be the directional axis as indicated in 

the figure, then; 

x is the distance in the tangential direction. 

y is the distance normal to the bearing surface. 

z is the distance along the axis of the journal. 

p is the oil film pressure in psi. above the bearing. 

s the shearing stress in oil in psi. 

we assume that the journal rotates in the direction indi­

cated in figure 3-6. According to the basic assumption of 

the analysis, summing the four indicated forces in the 

X-direction gives, 

(p+dp) dy dz+ s dx dz = p dy dz+(s+ ds) dx dz 

or 
ds 

dy = 
dp 

dx 
(3-1) 

Consider now figure 3-7, where the clearance space around 

the journal is filled with oil and there is no end leakage 

out of the bearing. According to these two assumptions, tre 

oil flows only in the X-direction while the oil flow past 

any section in that direction in constant. The velocity 

of oil flow is zero at y = 0 and it is equal to the 

journal velocity at y: h, where his the clearance thick­

ness • 
Let; Q = the rate at which the oil circulates around 

the journal in the X-direction. 

L = the bearing length, inches. 
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v = oil flow velocity at a distance y above the 

bearing surface. 

From figure 3-7, then 

Q = fL / v dy dz 
0 0 

. ?,/
Q = L t v dy in-- sec (3-2) 

0 

From equation (1-1), we have 

s = µ .dv/dy 

Differentiating with respect to y, then 

ds/dy = f' .a2 v/ay2 ( 3-3) 

But, from equation (3-1), equation (3-3) becomes 

1 

a2 v/dy2 = -- dp/dx


r4 
Integrating we get 

1 y2 
v = -

µ 
(dp/dx) -

2 
+ y + c2 (3-4)c 1 

From the boundry conditions and can be determined;c1 c2 

v = 0 at y = 0 giving, 

and v =V (the peripheral speed of the journal) at 

y = h (the oil film thickness), giving 
h 

c1 = V/h - -(dp/dx) 
2}" 

Finally equation (3-4) becomes 

1 2 
v = V.y/h - -(dp/dx)(hy-y ) in/sec (3-5) 

2 }-' 
This is the velocity in equation (3-2). It consists of 
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Fig 3_6 Forces on an oil particle 

lubricant 

Y=h 

Fig 3 _ 7 Oil circulating around a journal 

Fig 3_8 Velocity of oil around a journal 
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tw6 parts. The first part is V'= ~ y shown as a straight 

line in figure 3~8 and it is caused by the velocity of 

the journal with respect to the bearing, as alread y dis= 

cussed in section 3-2. The s econd part, 

V1 ' : - .,,.,l.,. ( dp/dx) ( hy ... y2), is a parabola and it2µ 
depends upon the lubricant viscosity and the pressure 

gradient dp/dx e 

Figure 3-8, gives a graph represen ting equation (3-5). 

Not:tce that this graph is the same CJS that of figure J - lJ.c 

represented by (AHC 1 ) • 

Knowing the oil velocity as a function of y as 

given by . equation (3-5), then the rate at which oil circu­

lates may be found from equation (3 - 2) to be 

-=<;Q = L ['!__h - _Q:_ (dp/dx) J in-- sec ( 3 ...6)
2 12)J 

If h1 is the oil film thickness where dp/dx - O, and 

Q1 is the corresponding flow rate, then 

Q1 = VLh1/2 in....?,I sec ( 3-7 } 

Since the rate of flow across any section is constant, 

thus 
Q = Ql 

Combining equation (3-6 ) and equation (3-7), the pressure 

gradient becomes 

(3-8) 

Thl.s is the Heyno1d 1s differential eque:1.tion in two dimen­

sions for the pressure gradient in a converging oil film 
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with no end leakage. This equation may be used for determi~ 

ning the load-carrying capacity. 

3-5 	 Harrison Equation for Oil~film Pressure 

Around a Journal Bearing,(33]. 

Consider the full journal bearing in figure 3-9. 

The angle 9 is measured from the line of centers indicated 

where the oil film thickness is h at 9 :0. The angle 9 is 

measured positive in the direction of motion of the journaL 

If R is the radius of the journal, then dx = Rd9 a diffe­

rential distance around the journal. 

Let e represent the journal eccentricity, as defined 

previously in figure 3-5 • 

e = c.E 
where; C is the radial clenrance, and 

E is the eccentricity ratio. 

The oil film thickness h at any angle 9 as shown in figure 

3-9 becomes 

h = e cos 9 + v(R+ C) 2 e2s1n2e - R 

Sin_ce, e2s1n2e << (R+ c) 2 , it can be neglected, then 

the oil film thickness as a function of 0 is 

h = C(l + Ecos 9) (3-9) 

Similarly, if the oil film pressure is a maximum at angle 81 

then the corresponding oil film thickness is 

h1 = C(l 	+ E. cos 0J..} (3-10) 
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Fig 3_g Positioh of journal in a full bearing 
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Accor~ingly, equation (3-8 ) will take the following form 

dp/ae = (6,u VR E: ) /c2 [ (cos e - cos e1)/( i + ( cos e) 3 J 
•.•••••• ••.•• (3 -11 ) 

then , the oil film pressure at any angle 9 is 

p = (6jJVR ( )/c2 J((cos e - cos 

•••••••• e• ••• {3 -12 ) 

where p
0 

is the oil film pressure at the line of centers 

where 9 =zero. 

Assuming that p - p = 0 a t 9 = O, and a t e =2 Tr, then
0 

in tegrating equation (3 -12) will give 

···•••• c.•• ••• (3 -13 ) 

the oil film pressure becomes 

= 6MvnE. __§J.rLJLlU..J cq§_,.21p - p0 c2 ( 2 + ( ) 2 ( 1 + E co s e) 2 

.. . ........ . . (3 -14) 

This is Harrison~equation for a full journal bearing, 

b ased on the assumption of no oil flows from the ends of 

the bear ing. 

Figure 3-10 indicates the variation in oil f ilm 

pressure, in a polar di agram using equation (3 -13 ) and 

equation(3 -14 ), taking; ( 6 µ VR/c2) = 1, 

E = o.8, and 

p
0 

= the journal rad:Lus. 

From the plot it is e as y to see that 
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a) 	 The pressure distributi c~ on one side of the line of 

center s is the negative reflection of that on the other 

side • 

b) 	 The vertical components of both the negative and posi­

tive pressure act in the same direction, whereas the 

horizontal ones act in opposite directions. Accordingly 

the resultant force able to carry a vertical load on t~ 

journal will act perpendicular to the line of centers. 

Hence the journal theoretj_caJ. position wil1 be as shown 

in figure 3 - 11. In an actual bearing, this position of 

the journal with respect to its bearing can never exis~ 

In the actual problem the effect of end leakage is such that 

negative pressure will not exist and the positive pressure 

will not cover 180° arc, The angle between the line of 

action of the load and the line of centers is always less 

than 90° as shown in figure 3-5. 

3-6 Load-Carrying Capacity, Harrison-Sommerfeld- --·---~~--,----~---~------~---~--~·-~·-~·- ... 

If W is a vertical load acting on the journal, then 

from figure 3-11, W can be written as follows: 

2TT 
w 	 =LR (p - p ) sin e ae (3-15)

0
J

0 

From Harr i s on equation (3-14), we substitute for ( p - p )
0 

and 	 integrate 
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(2w = 12 7TL f'V(R/C) lbs 

(2 + f 2) ~1 - E2 


. . . • • • . • • • • • • • • • ( 3-16) 

This is the Harrison-Sommerfeld equation for the load ­

carrying capacity of an idealized journal bearing. 

Considering that : 

V = WR 


w = 2RLP 


where; 2 7rN 
c.J is the angular velocity of the journal rad/sec

60 
N is the rotational speed of journal, revs/min, and 

p is the unit load, psi of projected bearing area. 

equation (3-16) takes the following form 

2µ N R 5 ( 2 + f_ 2 ) v1 _ E 
(-)2 : sec/min 

P c rr 2 ( 
• • • • • • • • • • • • • • • (3-17) 

.UN (-R\ 2The group / is called the Sommerfeld number, 
p c 

designated by S, thus 

)JN R 2 
s = -(-) 

p c 

or • • • • • • • (3-18)
5(2 + E2) V1 - E2 

s = 
rr2 E 

The reciprocal of the Sommerfeld number is called the 

" capacity number ", designated by en • 

Thus, 
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or = (3-19)
5(2 + (2). Vi - E2 

Although the capacity number, given by equations (3-19), 

represents the load-carrying capacity of a bearing only 

in an ideal case, it is very important in any real bearing 

analysis • 

3-7 Minimum Oil-Film Thickness 

If the capacity number is known , then from 

equation (3-19), the eccentricity ratio E can be · determined. 

The minimum film thickness is at e =180°, see Fig 3-9.h0 

Therefore, we substitute 9 =180° in equation (3-9), and t~ 

minimum film thickness will be 

C( 1 - E ) inch (3-20) 

To determine the frictional torque in this case, the 

shearing stress in the oi~ at the journal surface must be 

known. Therefore, using equation (3-1), 

dp 
ds = - dy 

dx 

in which dp/dx is a constant. Integration gives 

dp 
s = y + s0 

dx 

• 1where So i'• the shear stress in the OL.. at the bearing sur­\;:) 
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face where y = 0 ­
dv 

But s = }A­ from equation (1-1) , thus 
dy 

dv dp 
}J ::: y + So 

dy dx 
dp 

or jJ- dv s dy + -Y dy= 0 dx 
after integration 

dp y2 
µv soy + -- + constant= 

dx 2 

but constant ::: 0, as y ::: 0 if v ::: 0 

Then dp y2 
)Jo v :: soy + --·-­

dx 2 

If y = h ( the oil film thickness), then the journal speed 

v becomes V, so that so ·will be 

µv dp h 
so = --·­

h dx 2 

Co nsequently , 

)JV dp h 
s + -(y - -)= 

h dx 2 

Let y = h, and dx R ae= 
r:rhe shear stress at the journal surf ace ·will be 

µv h dp 
s ::: + lb/in? (3 -21 ) 

h 2R d6 

Examining equation ( 3·-21), it can be seen that it is rn a de 

up of two parts ; the first ~art depends on the journal speed 

and the second part on th9 rate of chErnge of film pressure ­

with the angle around the journale 
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dM 

Multiplying the shear stress given by equation(3-21) 

by the area under shear, L dx = LR d8, then by the journal 

rad ius R, we get the differential torque dM as 

RL 
+ -- h dp 

2 

Substituting dp from equation (3-11), and h from 

equation (3 ...9) gives the total frJctional torque. 

r2-rr~_a_e__

M = + 

( 1 + Eeos e)0 

3µ VR2 f L 

c 

/ 2 rr cos e ;.,. cos e1 

- ( 1 + f cos e) 2 
d8 

or 
M lb.inch -

where; Mv is the velocity torque caused by viscous fric­

tion, and 

Mp is the film pressure torque. 

We let V =WR and integrate to get the velocity torque. 

lb cinch 

and the pressure torque 

6 Tr( 2 

---­ lb.inch 
+ ( 2 ) 'Ji' - (2 

Theref ore the total torque will be 

3 E. 0 
C­

( 1 + ) lb.inch 
(2+ E ~~ ) 

M 
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Rearranging the last equation gives 

MC rr2 3 ( 2 

:; • ( 1 + ) min./sec. 


R3LN}A 15 ( 2 + (2)
Vi- t 2 

. . .... ..... . . .... (3-22) 

MC 
'l'he quantity is the "torque number" • 



IV INFLUENCE· OF END LEAKAGE ON 

THE BEHAVIOR OF BEARINGS 

4-1 Introduction 

Several theoretical and unrealistic-assumptions were 

considered in deriving Reynold's differential equation in 

section 3-4, and consequently in deriving the capacity 

equation in section 3-6. The assumption that has the greatest 

effect on the results of the bearing analysis is that there 

is no end flow in the direction perpendicular to the direc- · 

tion of rotation of the journal • Actually the oil flows 

out of the bearing ends and the shorter the bearing , the 

more oil runs out. 

Experiments prove that the actual oil film pressure 

in a full journal bearing carrying a steady load in one 

direction is about that shown in figure 4-1. The supporting 

pressure exists only over about 120°of arc, and the load 

line is shifted off the bearing center in such a way that 

the line of centers makes with it an angle less than the 

90°, stated by the theoretical analysis in section 3-5 . 

In this chapter th 2 determination of the load capa­

city of an actual bearing, cons idering end flow, is discussed. 

36 
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oil film pressure 

Fig 4_1 Diagram of ful I bearing showing 
o ii film pressure 
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4-2 	 Reynold's Differential Equation in 

Three Dimensions, [3~_G 

The eight basic assumptions explained in section3-4 

and used in the derivation of Reynold's equation in two 

dimensions are the basis of the present derivation, however 

the end flow or the flow in the Z-direction will be consi­

dered as occurring. 

Without going into mathematical details, Reynold's 

equation in three-dimensions may be written 
~ 	 ~ 

_a_ ( h--. 	 0 
p J + a [ h--. ap J = 6 v dh (4-1) 

ax ;; 	 ax az µ a z ax 

4-3 	 Kingsbury's electrical analogy 

Kingsbury [21,22], and Needs [27], applied electri­

cal analogy methods to solve Reynold's differential equation 

in three dimensions, and to come out with some leakage 

factors for the actual bearing analysis. 

4-4 	 Dennison correlation 

The experimental work of Kingsbury, Needs, Howarth, 

McKee and McKee, and others has been correlated, with refe­

rence to the theory of lubrication, by Dennison [9]. He has 

determined values for the capacity number given by 

equation (3-19) as a function of the eccentricity ratio E , 
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and tabulated these values of en for various length to 

diameter ratios ( L/D ). 

pi.e 	 e 
= (-)2 = r ( E ) J.t- -2)•• 0 •••• ( 

)JN R 

The same thing has been done for the torque number, 

where the right sid e of equation (3-22) was replaced with 

experimenta l data, which includes the effect of end flow and 

dea~ with that part of the bearing arc which can support the 

load. The exper imental values of the torque number T' are 

given as a function of the eccentricity ratio ( ,i. e. 

MC 
}1 , . )T' = 	 = f ( t ) •••••e• ( rari&bj 

The grou p of curves shown in Dennison's des ign char t 

T1figure 4- 2 express the results in terms of en and as 

a function of E and L/D ratio. The da ta of figure 4-2 has 

been tabulated for reference in Appendix 3 

The actua l frictional torque can be det ermined - from Dennison~ 

design chart~ The char t is entered by the value of en to the 

appropriate L/D ratio. From the chart T' is taken. Then the 

actual torque loss by friction can be determined, using 

equation (4 -3) by transpos ition, i.e. 

µNR3L 
M = T' 1 b • 1. nch •• e •••• ( 4._)+ ) 

c 

where M is the actual total friction a l torque (i.e consi­

dering end le akage ). 
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V JOURNAL BEARING DESIGN 


5-1 Introduction 

Journal bearings may be classified according to the 

method of lubricant feed to them, roughly, to three main 

classes; Non-pressurized ( self-contained ) bearings, 

Pressurized-fed bearings, and Externally pressurized bearings. 

This thesis deals only with the first two classes; 

the non~pressurized, and the pressure-fed bearings. 

5-2 Self-C2.ontained Bearings 

This class of journal bearings is, in general, used 

at low speeds and moderate loads, and therefore in applicat:Ion 

where the duty is less severe or less critical. 

Self - contained be arings have a wide field of appli­

cation in industry. They are capable of getting rid of the 

frictional heat generated by direct conduction, convection, 

and radiation to the surrounding atmosphere from the housin~ 

A bearing of this class reaches thermal equilibrium from one 

to three hours after starting [11]. 

For heavy loads the equilibrium mBy be reached at a high 

level of temperature - 200 °F or more. Such high temperaturffi 

are not always acceptable !or industrial use, because of the 

deterioration of the lubricant . i tself and the formation of 

·'+l 
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harmful acids due to a chemical breakdown. High temperatures 

also initiate softening of the bearing materials. 

'I'herefore, many authorities [1 1], [3o], and others, 

recommend the limit of acceptable equilibrium film opera­

ting t emperature for usual industrial applications to range 

from 160 - 180 °F. and if there is any tendency to exceed 

these limits, an auxiliary cooling method should be used. 

In self-contained bearings, it can be assumed, as a 

good approximation, that the heat generated by friction is 

entirely dissipated from the bearing housing surface to the 

surrounding air • 

The rate of dissipation of heat = K A Atw Btu/hr. 

where; 
K =the heat transfer coefficient, Btu/hr.°F.ft2

, 

A= the hot outside area of the bearing housing, ft 2, 

and Atw=the temperature rise of the housing outside SUI'""' 

face above ambient air temperature, oF. 

The temperature gradient from the operating tempera­

ture of the lubricant to the outer surface of the bearing 

housing depends upon the method of oil supply to the bearing 

such as; oil supply by oil -rings, waste pack, wick, or by 

oil-bath ~ 

Bearings supplied by oil rings or oil=bath have a 

copious supply of lubricant and there is not much difference 

in temperature along the circumference of the bushing as wen 
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as a16ng the axial length of the bearing, due to axial dis­

tribution oil groove s that are usually used • 

Bearings supplj.ed by wick , waste-pack , or by drop ­

feed ar e somewhat starved and the bearing clearance . is sub­

stantially empty. Consequently, the heat generation is more 

concentrated than for the other bearings fed with a copious 

supply of oil. Since, there is not enough supply of lubricart 

in those bearings and there is risky to heat concentration 

that tends to distort the bearing she ll, the total heat must 

be transfered to the heat dissipating surface by conduction 

through the body of the bearing • 

The class of non-pressurized journal bearings inc~des 

the following types of bearings that have been considered in 

the thesis for optimum design • 

5-2.l. Qil-ring Bearings 

The oil ring bearing plays an important part in the 

design of rotating machinary; they are probably more widely 

used than any other. The oil ring lubricated ·bearing is a 

self-contaihed unit, requiring very little attention or 

maintenance. Like all bearings, of course, it does have cer~ 

tain limitations to satisfy its function. · Limitations in oil 

ring lubricated bearings are associated with high speed and 

high temperature • 

The oil ring, as shown in figure 5-1, rides on the 

http:clearance.is
http:supplj.ed
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top of the shaft through a slot cut in the upper half of the 

bearing,while it passed below the bearing dipping into an oil 

reservoir to a depth of about one inch during operation. The 

oil ring rotates by friction with the rotating journal, so 

that it carries the oil up from the reservoir to the top of 

the journal. Spreader grooves are usually used for the dis­

tribution of oil from the slot along the length of the 

bearing. 

On this type of self-contained bearing , loads should be ve~ 

tical, since the slot must occupy about 180° of bearing arc. 

In designing the oil ring, the main object is to 

maximize the quantity of oil delivered by the ring to the 

bearing. For a given ring cross section shape, the oil deli­

vary increases as the ring speed approaches the rotational 

speed of the journal. The ring speed can be increased by 

increasing the friction between the ring and the shaft, that 

is, increasing the driving force on the ring , and this can 

be increased by increasing the total weight of the oil ring. 

Therefore, the oil ring must be made of a heavy material. 

Brass is recommended because of its high density and chemical 

stability plus good boundary-lubrication characteristics. 

For small rings sizes, die-cast zinc find a considerable use. 

The oil ring is considerably larger in diameter· than 

the journal. The inside diameter is about 1.5 times the 
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w bearing 

Fig 5_1 Oil ring representation 

Fig 5_2 Some oil ring cross sections 
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journal diameter. The most f ,• ·).tab l e cros s - section found is, 

in general, a rectangular one, where the width of the ring 

f requently from one half to one fourth the radial he ight. 

Experimenters [ 4J , [11 J , [4oJ , agree that shallow· 

grooves on the inside surface of the ring increase the oil 

delivary, see figures 5-2 and 5- 3 • These grooves hold a 

large quan tity of oil on the inner surface of the ring and 

deliver it to the rotating journal . 

'I'he grooves are usually about 1/16 11 wide and f'rom 1/32" to 

1/16" deep [iw] . They should be spaced from 1/16" to 1/32" 

apart • 

Figures 5-3 , indicate the performance of oil'rings , 

from reference [4] . 

5-2 . 2 

This type of self-contained bearings is lubricated 

with oil-saturated waste • The waste is pressed against some 

part of the rotating journal and transfers oil to it by 

capillary action. Two best known bearings of this type are; 

~aste-packe d railroad journal bearings shown schematically 

in figure 5-4, and waste ~packed electric motor armature 

bearings shown schemat ically in figure 5-5 • 

The performance of a waste-pac ke d bearing ~8 ] , is 

subject largely to the sam2 hydrodynamical laws that govern 
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journal bearing 
height of packing 
lubrication with 
waste and oi I 

journal box 

Fig 5_4 Railroad bearing in a standard journal box 

oil h "> 2 
1

' 

w 

bearing 

waste 

Fig 5-5 Waste_packed armature bearing 
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the operation of the perfectly lubricated bearing, but in 

contrast with it, the load in waste-packed bearings is car­

ried · partly by hydrodynamic pressure and partly by direct 

contact. 

In waste-packed bearings a window is cut along the 

circomference in such a way to provide enough angle between 

the window and the line of action of the load under any 

conditions of service, so that an efficient load-carrying 

oil film can be stablished. 

The oil-saturated waste packing should cover the 

whole window.A wick long enough to reach the bottom of the 

oil well can be placed across the window and extended so as 

to fill the waste chamber behind the wick with waste. This 

design, see figure 5-6, helps to completely seal the windovr, 

but the pack must be tamped very tight to force the wick 

against the journal and to prevent any loos~ning of the 

waste • 

Grooves 

According to KARELITZ [18], If in general, the useful­

ness of grooves in waste-packed bearings for oil transmissim 

alon~ the bearing is doubtful, and that when properly designed 

and manufactured a waste-packed bearing will function just 

as satisfactorily without grooves.''. Because the designer is 

not always certain whether the bearing is properly designed 

or properly manufactured, grooves should be used and they 
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must be carefully chamfered or rounded to avoid disrupting 

the continuity of the oil film or scraping the oil from the 

journal. Moreover, it is very important t~ finish the surfa­

ces of the journal and shell as well as possible • This 

inqreases the life of the bearings. 

Material 

Wool waste is recommended as packing material. 

Lamp wick or cotton thread should be used when the mechanic~ 

properties are of secondary importance, as in auxiliary oil 

drippers, syphon feeds, ••• etc. 

5-2.3 Wick-Oiled Bearings 

In wick-oiled bearinga, a wick is used to deliver 

the oil to the journal through a window in the top of the 

bearing. Oil flow by end leakage is replaced by oil fed 

through the wick material by capillary action. Figure 5-6 

indicates a good way of providing good oil-storage capacity 

and oil retention features, ~o]. In this design the packing 

and wick act as a filter for the oil passing to the bearing. 

In wick-oiled bearing, retention of the oil is quite impor­

tant since only a small amount of oil can be stored. 

The felt wick has ~ cylindrical shape. The packing 

used in the design shown i n figure 5-6 is a soft felt or 

mass of fibers which is more de formable than the wick felt. 
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The packing has large pores and holds oil more loosely than 

the wick. It should fill the cavities around the wick to pr~ 

vide good oil storage and to decrease leakage and oxidation. 

In some cases no wick is used and a long-wool-sliver 

packing is pressed against the shaft by a wick spring as 

shown in figure 5-7 • 

Material 

Although, the wick and packing materials each has a 

different function in oil delivery, experience has shown 

that both are best made from high quality wool fibers. These 

should not contain any alkaline or acidic materials in order 

to decrease the rate of oil oxidation. A packing material 

should have a good oil storage and absorption capacity. 

Grooves 

Operation of wick~oiled bearings is improved by oil 

grooves. The most effective type is the spiral groove on the 

shaft, but it must be used for a single dj.rection of rotatim 

and it is costly. An X-shaped groove is used on the bearing 

surface. The groove leads diagonally away from the bearing 

window and stops short of the ends of the bearing. 

5-2.4 Oil-Bath Bearings 

In this type of bearings, the journal is partly sub­

merged in an oil reservoir as shown in figure 5-8. 

This method of oil supply is particularly suited to bearings 
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medium soft felt 

soft felt 

Fig 5-6 	 Roll shaped wick with 

soft felt packing 


wick spring 

long wool sliver 

bearing 

Fig 5_7 	 Long_wool sliver packing 

Fig 5_8 Oi : 0ath representation 
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that carry the load on the top half. 

. 
Design procedure of oil bath bearings 

the same as that of oil ring bearings. 

is considered 
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5-3 Pressure - Fed Bearings 

In pressure-fed bearings the lubricant is fed to the 

bearing under a positive pressure. The primary function of 

the pressure feed of the lubricant in this class of beari.ngs 

is to ensure its reliability by a positive feeding of the 

lubricant at all times. 

The lubricant is fed to the bearing not only at a given 

pressure, but also at a controlled temperature. Feeding the 

lubricant at a controlled pressure and temperature, then, 

provides more effective cooling to the bearing and uniformi~ 

in its performance, specially those bearings that work under 

heavy duty conditions. 

This type of bearing is commonly used in modern high 

speed turbines, compressors, and gears as well as in heavy 

large machinery and internal combustion engines. 

Heat generated in the bearing oil film is dissipated 

partly by the surf ace of the bearing housing and partly by 

the oil circulating through the bearing. However, the amount 

of heat dissipated by the surf ace of the bearing housing is 

relatively small in comparison with that generated in the 

bearing • Because of this, it is a good approximation to 

assume that all heat generated by friction is removed by 

lubricant cooling. Accordingly, 

The rate of heat dissipation = Q. Cp. At Btu/hr. 
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where; Q is the total oil flowing through the bearing,Gp~ 

Cp is the heat capacity of lubricant, Btu/gal.°F, 

and 6t is the oil temperature rise, °F 

Pressure-fed bearings include two main types; 

split cylindrical bearings, and full cylindrical bearings. 

5-3 .1 Split C~lindrical Bearings 

The split cylindrical bearing is one of the most com­

mon types of bearings. It is commorily used in the field of 

internal combustion engines. 

An optimum design solution for a split bearing of 

the type illustrated in figures 5-9 and 5-10 is available. 

This bearing, as shown, is split into two halves and has a 

cylindrical bore. The bearing has large axial oil-distrib­

ution grooves located at the split, each oil groove subtends 

an angle of, approximately, 30 degree. 

5-3 .2 

For simplicity and rigidity a fullcylindrical bea~ 

ring is, generally, used. The bearing is normally made in 

one cylindrical piece, although, it is sometimes made from 

two halves without chamfering the edges • This type of 

pressure-fed bearings fine s its application in light machi­

nery and where the direction of the load cannot be predicted. 



Figures 5-11 and 5-12 illustrate two types of this 

category of bearings. These are the crcumferential-groove, 

and the single oil-hole type. In the first type, the lubri­

cant is fed und er pressure into a circumferential groove 

midway along the bearing length. Therefore the lubricant is 

induced to run completely around the bearing. In order to 

prevent oil circulation within the groove, a small dam at 

one point in the groove is used. In the second type, the oil 

is fed through a hole At the top of the bearing. The rate of 

lubricant flow through this type is smaller than that 

through a comparable bearing with a circumferential groove. 

Therefore it is used where the cooling effect is not a crit~ 

cal factor. 

Section 5~4, gives the rate of oil flow through a 

pressure-fed journal bearings • 
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Fig 5_g Cross section at chamfer opening 
for split cylindrical bearing 
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C Upper half) 	 C LoVver half ) 

Fig 5_10 	 Lower and upper half of split bearing 
with axial oi I grooves 
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Fig 5_11 Full_cylindrical journal bearing with a 
circurnferential oil groove 

oil hole 

Fig 5_12 Full_cylindrical journal bearing with d 
single oil hole 
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As will be mentioned in chapter VII, the heat dis­

sipation, and cons e quently the thermal equilibrium of pre s­

surized journal bearings, depends primarily upon the quanti­

ty of oil flow through the bearing. So in order to predict 

the bearing performance, the oil flm·r must be knm-m • 

According to Wilcock and Murray Rosenblatt ~1], 

there are t wo kinds of oil flow. The first is called Zero-

speed flow ( Q ) and the s e cond is Hydrodynamic ..,.f low ( Qh) • 
0 

Zero- speed flow depends upon the oil inlet pressure in the 

oil feed grooves in the bear ing, whence it occurs whether 

the journal rotates or not. It consists of two kinds, that 

oil which flows through the bearing clearance space (Qf) , 

and that oil which flows through the chamfer openings(Q0 ) 

in split type of bearings, see figure 5-9. 

Hydrodynamic oil flow, on the other hand, is the oil flow 

out of the bearing ends ( end flow) that results from the 

generating hydrodynamic pressures within the bearing. 

Oil Fl_ow r~.tir_oUJ?_~§,.pJi t_ J~l_E'.!}al -~ear~E.Js 

with ---~x J a l Gr9_9_':7i:2_P~ l ]_ 

·A- The oil flow through the bearing clea ro nce is given 

by the following formul a 

c3 P1 
= l~. 6 x 106 Gpm. ( 5-1) 

z 

http:ear~E.Js
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where; c radial clearance , inch.= 

P1 = oj_l inlet pressure, psi. 


z :: oil viscosity, centipoise . 


B- Flow through the chamfer openings is give n by 


QC = i .~. Q~ Gpm. (5-2) 

where; i = number of chamfer openings. 

Q~ = the uncorrected chamfer flow,gpm. 

~ ~ correct ion factor for chamfer flow. 

The uncorrect ed chamfer flow is given by 

{a + 
= 47200 Gpm. 

lz 

where; a :: chamfer dimension, inch. 

-1 - axial length of chamfer, inch. 

c -- radial clearance, inch. 

pl -- oil inlet pressure, psi. 

z -- oil viscosity, centipoise. 

The correction factor for chamfer flow ~ is give n as a 

function of the uncorrected chamfer flow Q~ as follows 

-1 + V1 + 4A1 
=~ 

2 A 

Qowhere; A = • ( 40/1z)c 

The chart in figure 5-13 gives the correction factor as a 

Q0function of and lz • c 

C- H~rdrodynam:lc oil flow can be determined fr-on the 

following equation 
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N R L "! 
q Gpm. (5-3)= 

73.5 

where ; 	 N = shaft rotational speed rpm. 

R = journal radius , inch. 

L = bearing length, inch. 

C = radia l clearance, inch. 

q = oil~flow coe fficient, the chart in 

figure 5-14 giveo q as a function 

of the eccentricity ratio ( E ) and 

L/D ratio, [4-0] • · 

The total oil flow is 

Q = Gpm. 

A­ 'Ihe oil f'low Qf ~s given b;y 
~ 

R c·-'p
1 

Qf = 3.76 io6 
Lz 

the following 

(1 + 1.5 E2 
) 

re la ti.on 

Gpm. ( 5-4) 

where, L, in this equation is the total active 

length of the bearing (see figure 5-11). 

B- Hydrodynamic oil flow is given by 

= 
N R L C 

Gpm. (5-5) 

where , in this case, ~ is 

as a func t ion of S ( L/D) 2 

an oil coefficien t d e fin~ 

., The chart in figure 5.,,.15 
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Fig 5 _13 	 Chamfer flow correction factor ~ as 

a function of Q
0 and lz 
c 
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q 
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Fig 5-14 	 Oil flow cofficient q for 

different LID ratio 



65 

2.0 

1. 5 

q 

1.0 

0.5 

I\ 

· ~ 
~ 

~ 
N 
~ 

.......... 

~ r-----.r-­

0 0.2 0.4 Q.6 0.8 

S(U0)
2 

Fig 5_15 Coefficient of oil flow as a 
function of S(L/0) for all LID ratios 



66 

2
gi ves q as a function of S ( L/D) and L/D, whe1')e 

S is the dimensionless So~mer f eld number • 

Then the total flow is 

Q = Gprn. (5-6) 

5-4 . 3 	 Oil Fl01·! Through ? F~~-~u_f:y:].ind~1£al BE;a~·lng 

with ~~-~~~e -~}:!5?..}~,, _[3ol 

The oil flow rate through a bearing fed by a single 

oil hole ls express ed by the f o llowing equation 

2 7T R5
Qn = 5 . 97x l0 

c3p 
1 

tan 
- 1 

( ) ( 1 + i . 5 E2 ) Gpm. (5-7)
I z 	 L 

The hydrodynamic oi1 flow in this case is considered 

t o be equal to the end fl ow ~o ] , and whence the total flow · 

will b e 

Q = 	 Gpm . (5-8) 
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5-5 Design Procedure 

The design procedure consists mainly of two parts. 

The first part is the determination of the frictional energy 

loss and the same princi~es apply for both class of bearings 

mentioned in sections 5-2 and 5-3. The second part in the 

design procedure is the thermal equilibrium of the bearing. 

Here, the problem is differen·t; in self contained bearings 

the heat balance is based upon the assumption ~~ , that the 

heat generated by friction is dissipated entirely from the 

housing surface to the surrounding air. While in pressure -

fed bearings, the heat balance is based upon the assumption 

that all heat generated in the oil film is carried away by 

the oil flowing through the bearing. 

A- Friction Energy Loss 

In section 4-4, we discussed Dennison's design 

chart figure 4-2 . From that chart is taken the torque 

number T' for the appropriate L/D ratio. 

The actual friction torque is given by equation (4-4) as 

z R3L N 
M = T' lb.inch 

6.9xlO6 C 

Having M , then the horsepower loss is 

MN 
F.H.P = 

63000.0 

and the frictional energy loss will be 
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H Btu/hr ( 5-9) g = 

The next step is the heat ,balance 0 

B-1 Heat Balance in Self-Contained Bearing 

From the preceding chapters , we know that the opera­

ting chara cteristics of a bearing, such as the load-carrying 

capacity, minimum film thickness , and friction loss depend 

upon the viscosity of the lubricant. The viscosity of a lub­

ricant , however , is a function of the temperature of the film. 

Therefore, with the exception of bearings running at low 

speeds, the heat balance in the bearing is an important part 

of the analysis of any bearing operating with fluid film 

lubrication • The operating temperature of bearings is also 

of interest because the fatigue strength of a bearing rnaterJ.?il. 

is a function of its temperature. Also, an.increase in the 

bearing she ll temperature causes temperature expansion of 

the elements of the bearing, with a change of bearing clea.,,. 

ranee , and possible high stresses in the bearing metal due 

to differential expansion • 

Heat generated in a bearing with fluid-film lubrication is 

due to the viscous friction in the oil film and is given by 

equation (5 -9) in Btu/hr 

The amount of heat carried off by conduction through 

the shaft or through the pedes t a l [3o] , is usually small 

when compared with the amount of heat generated in the 



bearing. Therefore, asswnption· that the entire heat gene­

rated in a self-contained bearing is dissipated from the 

bearing surface to the surrounding air will yield satis­

factory results in bearing analysis, hence, 

The rate of heat dissipation is 

:: K A At Btu/hr (5 -10 )
·w 

where; 
is the rate of heat dissipation, Btu/hr 

20
is the heat transfer coefficient, Btu/hr.ft.F 

A is the hot outside area of the bearing 

housing, ft'-
'? 

At is the temperatur e rise of this outside 
w 

surface above ambient air temperature, °F 

The dissipation of heat fro~ the outer surface of 

the bearing housing depends upon the velocity of the amble~ 

air moving across the surface • 

Karelitz [20] , estimated these values, these are: 

K = 2.1 Btu/hr.rt2 .°F 

for quiet air, and 

Bt ·/i · "" t2 o"HlK = 5.9 tl lJ.r. 1. • ... 

for air with a veloci ty of 500 fpm. 

The surface area of the bea~ing . housings to be con­

sidered effective as a heat-dissipating area n1ay be estimated 

in average as, 15 (L~D), where Lis the total length of the 

bearing. in inches and Dis the journal diameter in incheso 



70 

A chart has been made b~r Fu11er [11], based on 

measurements of temperature gradients in typical bearings, 

figure 5~]~ Three types of b ear ings are included, they are; 

waste packed, oil ring, and oil batho A range is ind icated 

for each type between the limits of still ambient air and 

moving ambient air . surrounding the housins • For the wick-

fed bearings, it was assumed that the temperature gradients 

will behave as in the waste-pack bearings • 

From the heat balance, by equating equa tj.on ( 5~9) 

and equation (5 - 10) 

= H
d 

i.e 
Btu/hr = K A 6t 

w 
(5 - 11) 

The temperature rise 6 t , of the outside surface of the 
w 

bearing above ambient air t emperature , can be obtainedc 

Knowing A tw, the temperature rise of the oil film above 

housj.ng wall ( At ) is determined from t he chart of 
0 

figure 5-16, whence the oil operating temperature will be 

= 

where T is the ambient t emperature , °F. 
1 

B-2 Heat Balance in Bearings with Forced-Fed Lubrication 

In a bearing lubricated under pressure, heat genera­

ted in the oil film is partly dissipated by the surface of 

the beating housing and partly removed by the oil circulating 

http:housj.ng
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throu~h the bearing. ThG temperature of the oil returning 

from the bearing into the sump is therefore higher than the 

temperature of oil supplied to the bearingo The difference 

in temperature of the oil flowing in and flovdng out of the 

bearing is denoted by 6 t . The lubricant in the sump must 

be cooled before it is pumped again to the bearing. 

In a bearing with oil supplied under pressure, the 

temperature of the body of the bearing is usually relatively 

low, and the amount of heat dissipated by the surface of the 

bearing housing is relatively small compared with the amount 

of heat generated in the bearinge For this reason it may be 

assumed that the entire heat generated in the bearing is 

removed by the flow of the lubricant through the bearing. 

Hence, the rate of heat dissipation is 

Btu/hr = ( 5 .... 12 ) 

·where; 
Q = total amount of oil flowing through 

t he bearing , Gpm . 
0 

C = heat capa city of lubricant in Btu/gal. F 
p 

Ll. t = oi1 temperature rise, ° F • 

then , the oil operating temperature , in this case, will be 

T
0 = 

OF where Toil i s the oil inlet tempera tu1·e , e 

In order to get £\ t from the thermal equilibr:Lum of 

equation (5- 12) the quantity of oi1 flow through the bearing 

... 
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(Q), m st be known. Section 5-4 , gives this quantity for 

each t ~ pe of bearing in this class • 



VI PRACTICAL CONSIDERATIONS 


IN BEARING DESIGN 


6-1 Introduction 

In the derivation of the hydrodynamic theory, in 

previous chapters, many assumptions were made. Actually, 

these assumptions are not quite true and, accordingly, no 

succesful design based upon these theoretical assumptions 

can be guaranteed under all conditions, and the conclusions 

will be only true within certain limits and under certain 

conditions • 

In the next sections, some practical considerations 

concerning bearing design will be explained • Most of these 

considerations are based upon practical engineering experi­

ence while some of them are supported theoretically. 

References [ 9J , [10] , [30J , and [4oJ discuss in detail 

these considerations • 

Practical considerations, however, have helped us in 

the selection of the limiting conditions used in the design 

of bearing. 

6-2 Leng~~- t~ -Diameter Ratio L/D 

Actually, there is no general rule govern the best 

length to diameter ratio, and in selecting this ratio many 
71t 
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considerations are important. Both large and small length 

to diameter ratios have their own advantages and disadvan­

tages, however, a ratio close to one appears to be the 

optimum. The ratio could be increased when the shaft is rig~ 

and no deflection problem exists, good alignment conditions 

are available, and cooling the bearing is not a problem. 

Otherwise, it should be decreased. 

Limits of L/D ratio have been set according to the 

application such as, generators, machine tools, •• etc. 

Four kinds of applications have been selected and they are 

available for the designer. 

Table 6-1 , shows the common values of L/D ratios for there 

applications in accordance with current practice r 

TABLE 6-1 

L/D ratios, Current practice 

Machine L/D 

Turbo-Generators 

Steam turbins 

Generators & Motors 

Machine tools 

o.8 

o.8 

1.0 

1.5 

-
-
-
-

1.8 

2.0 

2.5 

l+.O 

Due to limitations in design data, the maximum limit in 

table 6-1 has been considered not more than two • 
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6-3 Clearance in Journal Bearings C 

One of the important factors in bearing performance 

is the radial cl~arance. Under certain operating conditions 

there is a range of clearances that provides the optimum 

performance of the bearing. Load carrying capacity and 

minimum film thickness, represented by equations (3-19) and 

(3-20) respectively, are affected directly by the value of 

C and consequently so are the eccentricity ratio E , fric­

tional loss, oil flow, and the operating temperature. 

Experience in bearing design provides the designer with 

average clearance values that help in a preliminary selec- _ 

tion • Table 6-2, from reference [34] , gives average 

values for the clearance as a function of bearing metal. 

While Fuller [11] recommends "medium fits" for journals 

running at speeds under 600 rpm, while above 600 rpm 

"free fits" may be used. Kingsbury has suggested a radial 

clearance for bearings equal to 0.001 + 0.001 R, where R 

is the journal radius. For high speed journals the radial 

clearance is usually set equal to 0.001 R to decrease the 

frictional losses and to increase the flow of oil through 

the bearing. 
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TABLE 6-2 


Radial clearance, Current practice 


Bearing alloys C/R 

Tin - base babbitt 

Cadmium silver 

Copper - lead 

Silver - lead - indium 

Aluminum 

0.0005 

0.0008 

0.0010 

0.0010 

0.0010 

From Shaw and Macks [34] 

6-4 Minimum Film Thickness 

The load carrying capacity of a bearing as shown 

from equation (3 -19) depends upon the eccentricity ratio 

which, in turn, depends upon the minimum film thickness 

as given by equation (3 -20 ) • According to the theoretical 

formula of equation (3-19), the load carrying capacity of a 

bearing increases with an increase of the eccentricity ratio 

E , that is, with a decrease of the minimum film thickness 

~~ Con sequently , the load carrying capacity will increase 

infinitely if the film thickness is reduced to zero. 

Thus the minimum film thickness is one of the factors gover­

ning the load capacity of A hydrodynnmically lubricated 

bearings • 

The following is a J.i.st of r •;c;@m(rnded minimum allowable fiJm 
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thickness, ( h0 ) 811 , given b~ ~arious authors and based upon 

their experlments and experience i .n the bearing design fielde 

Karelitz & Kenyon ~9] : It is of the order of 0.00005 11 

MeKee (23 J : It is of the order of 0 .. 00005 11 

Fuller [11 ] : The lower limit for commercial 

type· bearings i.s approx:i.mately 

equal to 0.0001" • 

Sla:vmaker [33 J Suggested a value always greatIT 

them 0. 0001 11 
• 

Black & Paul [ 5] It is of the order of 0.0002 11 

per inch of diameter of the 

journal • 

Kareli tz [20J In actual bearings it is of the 

order of 0.0001" for finely 

bored small bron ze bear ings • 

It is at lea.st 0. 00075 11 for 

ordinary opera ting conditions 

of babbitted bearings running 

at high speeds; and not less 

than one-half this value in 

all other cases • 

Va 1 lance & DoB.gh t i.e [39 J : It should be; 

0.00011: f'or f1ne=finished 

bron ze bear ings. 

0~00075 " for ordinary babbi tted 

bearings ., 
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0.003 	- 0.005" for bearings with 

large steel shafts. 

Wilcock & Booser [4o] : It should be not less than 

0.0001 - 0.00015" • 

In general, afull flow filtration of the lubricant is 

recommended specially for highly loaded bearings fed under 

pressure with a small minimum film thickness • 

6-5 	 Bearing Pressure 

Experience shows that the allowable bearing pressure 

should be selected for a given bearing on the basis of a 

complete analysis concerning the values of the minimum film 

thickness, temperature, viscosity, speed, clearance, and 

bearing metal characteristics. No direct relation has been 

found between the bearing unit load and its fatigue life, 

because the latter is influenced by factors other than the 

unit load • 

Etchells and Underwood ~o] give maximum values of unit load 

for various bearings metals for engine bearings. These 

values are shown in Table 6-3, where the pressures are based 

on a fatigue life of 500 hours at a bearing temperature of 

300 °F • 
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rrABLE 6-3 

Maximum values of load per projected bearing area 

Bearing Metal 

Lead base babbitt- • • . • • • • • • • 

Tin - base babbitt . . • . . • 

Cadmium base bearing metal.- • • • . • 

Cadmium - base with 0.003 to 0.004" 

overlay of babbitt .• • • • • . . • • 

Copper - lead (Pb, 45% ,. Cu,55%) . • • • 

Copper - lead (Pb,25% . Sn ~% . Cu,72%), ~1' ' 
Silver (lead - indium overlay) • . . • 

Bronzes • • • . • • • • • • • • • • . • 

Max imum unit 
load, psi 

600 - 800 

800 - 1000 

1200 - 1500 

2000 - lWOO 

2000 .... 3000 

3000 - 1+000 

5000 and up 

10000 

From Radzimovsky ~o] 

The relationship between Sommerfeld number, obtained 

theoretically and experimentally, and the coefficient of 

friction quantity (R/C)f is shmm in figure 6-1 • While 

figure 6-2 shows atypical experimental relationship between 

the coefficient of friction and the zN/P • 

It has been found in practice that the bearing operates with 

fluid-film lubrication if \.- ~ --: · Sommerfeld number and the 

symbol group zN/P are of such values in the region to the 

right of point B and the f~iction, therefore, will depend 
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upon the viscosity of the lubricant. Wnereas between B 

and C , figures 6-1 and 6-2, the film becones so thin that 

the surface high points begin to touch and boundary operating 

conditions will exist. 

Therefore, the portion of the curve between B and C repre ~ 

sents the transition from thick to thin film lubrication. 

Leftward from point C, any decrease in Sommerfeld number or 

the symbol group zN/P , will cause a very rapid increase in . 

the coefficient of friction f. The friction then depends 

not only on the viscosity, but also upon the journal and 

bearing materials used as well as upon the degree of surface 

roughness and rigidity of the rubbing surfaces • 

Shaw and Macks D4], recommend minimum values of 

Sommerfeld number and zN/P as given in Table 6-4 • 

TABLE 6-4 


Recommended minimum values of S and zN/P 


Bearing Metal zN/P s 

Tin - base babbitt 

Lead ... base babbitt 

Cadmium - base alloy 

Copper .,. lead 

Silver ..... lead ... indium 

20.00 

10.00 

3.75 

3 . ·75 

2.00 

0.050 

0.025 

0.009 

0.009 

0.005 

From Shaw & Macks (34] 
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6-7 Turbulence 

turbulenc e in the lubricant film is a phenomenon that 

occurs at high journal surface velocitiese 

The theoretical analysis of the bearing performance of this 

thesis is ba se d on th e assumption that the flow of lubricant 

in the clearance space is laminar or streamline , in which , 

the lubricant flows in parallel or concentric layer s having 

a rel~tive velocities to each other, but no mixing between 

them. When the velocity of the flow reaches a certain tipper 

limit, turbulent flow rnay occur in the oil film. This causffi 

increase in the power loss, incre ase in the opera tin g tempe­

rature, and decrease in the rate of flow. 

The critical flow velocity at which tur bulence is 

initiated, in a cylindrical tube, c an be determined by the 

dimensionless "Reynolds numbe r 11 
, that equals 

v • cl 

v 

where; V is the linear flow velocity, 

d is the tub e inside diameter, and 

y is the kinema tic viscosity • 

In tubes and pipes, turbulence generally beg ins when Reynolds 

number is about 2000. In journal bearings the following 

expres s ion for Reynolds number , suggested by Wilcock ~2 ] , 

is applJed 

TT D N' C 

)) = 41.1 ~ : 
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From equation (6-1), the critical speed at which turbulence 

in the bearing start to occur is given by 

l)
392.4 rpm. •••••• ( 6-2)Ncr = R.C ff 

where; 
critical shaft speed, rpm.Ncr = 


v = kinematic viscosity, in2/sec. 


c radial clear~ance, in.
= 

R = radius of journa~, in. 




VII OPTIMUM DESIGN OF HYDRODYNAMIC 

JOURNAL BEARINGS 

7-1 Introduction 

The overall purpose of this chapter is to present 

the optimum design problem, its objective function, gecmet­

rical parameters, and its constraints~ 

The bearing design procedure presented here, is ba s ed 

upon Dennison's design chart, explained in chapter IV, in 

determining the frictional torque. While the optimum design 

objective function and the independent geometrical parame­

ters are found by one of the optimization subroutines, adap­

ted from OPTISEP [31] • 

The optimum design of a hydrodynamic journal bearing 

will be considered on the basis of minimizing either the 

frictional torque, or the oil temperature rise, or both • 

7-2 Definition of the Problem 

As mentioned earlier, a computer aided design package 

is to be designed for determining an optimum solution for 

hydrodynamic journal bearings. 

The following classes of bearings have been considered. 

85 
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HYDRODYNAtv1IC 

JOURNAL BEARINGS 


NON PRESSURIZED 
BEARINGS BEARINGS 

PRES.SURE :..FED 

. FULL-CYLINDRICAL - ·-oil ring bearings 

·-- -Waste pack bearings 
CircumferentiaL groove 

bearings ·---Wick bearings 

SPLIT Single-hole bearings --Oil bath bearings 

Figure 7-1 shows the general configuration of a 

bearing, without provision of oil supply. The different 

geometrical variables are indicated • 

7-3 Optimum Design 

The optimum design of a mechanical element in engi­

neering work is the selection of the material and determi­

nation of the optimum values of the independent geometrical 

parameters in order to either minimize .an undesirable 

objective or maximize a functional requirement. 

The design procedure is conducted so as to satisfy other 

functional requirements and to keep other undesirable effects 

within tolerable limits • 

Optisep [31], is a package of subroutine s for perfoP­

ming such an optimum solution • 



87 

I 


L = 

R = 

c : 

e = 

£ = 

A = 

m : 

Fig 7_1 

Bearing length • inch 

Journal radius • inch 

Radial cleararce • irch 

Eccentricity , inch 

Eccentricity ratio 

Minimum film thickness , inch 

Attitude angle , degrees 

Eccentricity modulus =_!_ =...£.. 
1-E: h. 

Typical hydrodynamic journal bearing 
in steady state position 
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The optimum design for a hydrodynamic journal bearing 

is conducted on the basis of minimizing either of the follo­

wing significant quanti ties • 

A- Frictional torque loss. 

B­ Oil~temperature rise. 

C- Both criteria, A and B, if the input tor•que 

in lb.inch is known to the designer. This 

case will be explained in section 7-5.4 when 

setting up the optimization function. 

In general, the designer usually knows the bearing 

load (the reaction ~t the bear ing), the rotational speed of 

the shaft, and the ambient temperature~ He might decide 

upon the shaft size or oi l inlet pressure~ However, the 

designer is not restricted to specifying either the shaft 

size or oil inlet pressure, and is allowed to set up either 

or both as a design variableo 

For all kinds of bearings given in section 7-2, the 

designer is essentially required to give the following 

input data • 
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1- Load at bearing in pounds 

-If the load is not stationary, the theory of 
. 

bearings has proved experimentaly ~3], that 

such a bearing with a rotating load at the 

same shaft speed has the same load capacity 

as a bearing with a constant directional load. 

A reciprocating load can probably be approxi­

mated by an average load. 

2- Shaft rotational speed in revs/min. 

3- Design operating ambient temperature, °F • 

4- Maximum expected ambient temperature, °F • 

In addition to the abovementioned input data, a set of code 

names (see user's manual , Appendix 1) are used to define 

user's .options. 

7-5.2 ~esign Variables 

The maximum number of design variables that can be 

set, including geometrical and non geometrical variables, ~ 

as follows : 

1- L length of bearing, inch= 
2- c radial clearance, inch= 
3- z = oil operating viscosity, centipoise 

1+- R radius of journal., inch= 
5- p oil j_ r."" ~t pressure , psi= 
6- T = oil i n let temperature, oF. 
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7- 1 = axial length of chamfer, inch 

8- a = chamfer dimension, inch 

The last two variables belong to the split type of journal 

bearing. In addition to those independent design variables, 

there are also the following dependent variables. 

9- oil operating temperature, oF. 

10- minimum film thickness, inch 

11- eccentricity ratio 

12- attitude angle , degrees 

13- frictional torque, lb.inch 

14- amount of oil to be supplied , gpm. 

15- grade of lubricating oil, SAE number 

16- Bearing metal 

7-5.3 Optimization Function 

The primary design criterion may be one of the 

following .. 
A- Minimum frictional torque loss. 

In this case the frictional torque is given 

by equation (4-4), as a function of the follo­

wing variables 

Tf = f (L,R,C,z,W,N) 


hence, the primary design equation is 


u = = minimum
~ 

B- Minimum oil temperature rise. 
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Here, we have to differentiate between the 

two classes of bearings, that is, self ­

contained and forced feed bearings. 

The primary design equation, is 

u = = minimum 

where; 
At = temperature rise of oil above ambient 

for self contained. 

in equation (5-4) for forced 
feed bearings. 

C- Minimum friction torque loss and minimum oil 

temperature rise • 

In the -last case the target is different, and what 

is called a multifactor optimization technique is required. 

In such a case the utility contribution of both factors 

constitutes the objective functiori that is to be maximized 

rather than minimizing the specific value of the design 

characteristics, as in case A or B • 

Anumber of multifactor optimization techniques for 

developing - the utility contributions is explained by 

Siddall ~2], The inverted utility technique suggests mini­

mizing the undesirability rather than maximizing combined 

desirability of both parameters (frictional torque and oil 

temperature rise, in this case) • To carry out the inverted 

utility concept ~6], a functional relationship is sketched 

for each parameter as s hown in figure 7-2 where the vertical 
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axis represents the undesirability (optional) values and the 

horizontal axis represents the parameter values • If the 

undesirability functional values are for the frictionalu1 

torque and for the oil temperature rise, then the totalu2 

optimization objective function to be minimized is given by : 

u = 

7-5 .4 Problem Constraints 

In addition to all preceding pertinent design equa­

tions, there are several significant limit equations that 

should be written for expressing permissible ranges of values 

for certain significant parameters. They are discussed in 

chapter VI. 

The primary constraint, here, is that a thick film lubri­

cation should occur and that the bearing will work hydrody­

namically • 

The following is a group of constraints according 

to practice and current experience in bearing design. 

1- Constraint for minimum film thickness 

ho > ( ho ) all 

where (h0 )all is the allowable lower limit, taken 

as a function of bearing material, See section 6-4. 

2- Length -to- diameter ratio 

L/D > (L/D)mjn 

(L/D)max ~ L/D 



U1 

(a) 

1 
T t. . Tfra 10 =~------ 1 00 

J. • ' 
-----::.":;..;...,.,~ i n p u ~ 

larges t acceptabk~ ledst desirable0 
· . ·jalue of Ttatio . value of Tratio · 

. (10) (20) 

U2 

( b) 

value of At VdlUe of At 
(50) . (100) 

Fig 7_2 Undesirability curves for journal bearing 

1 ·=========--­!·-·-----·­·· ·~· -~FO · ld.rges ~ acceptab!e least desircible 



where the ma~drnurn and minimum I/D J:->at:i.o depend upon 

the app1icat1_one See table 6.,,..1 • 

3­ Constraint for SonITTerfeld number So 

where 

s 

the minimum 

s .min 

value o f Sommer feld number depends 

4­

u pon the bearing rnetaJ 

Constraint for zN/P. 

as given by table 6 ...}J. .. 

5­

zN/P ( zN/P) .min 

where the minimum value is a function 

metal as given in tabJ.e 6-4. 

Constraint for oil fi lm turbulence~ 

of bearing 

N 

where Ncr is the critical shaft speed at ~~ich 

turbulance in the oil film start to occur. See 

section 6-7 for shaft cri tical speed • 

6­ Oil operating temperature constraint. 

180 Op ~ To (s e lf conta1ned) 

250 OF ~ To (pressure f eed ) 
.

Whereas 180 ° :1.s the highest recommended operating 

oil temperat ur e for the first c lass of bearings 

[31] , 2 50° is a ssumed for the other c lass as a 

m2 xirnurn reasonable practical temper aturce 

[1 ~, 

7­ Oil inlet temperature for forced feed bearings. 

+ 

where T . 
. Ol. l 

T
1 

is the 

is the oil in let t emperature , 

amblent tempera ture, OF • 

°F and 
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8- There are limits on the grade of lubricating oil, 

that could be used. 

SAE 70 G SAE 10 


9- Constraint on journal radius. 


R ~ R R 
max min 

where R and R i should be speci f ied by the max m n 
designer if the radius ls to be considered as a 

design variable • 

lo- A group of other constraints to satisfy the non ­

negative requirements of the variables are : 

bearing length L o.o> 
radial clearance c o.o> 
viscosity z o.o> 
chamfer length 1 o.o~ 

chamfer dimension a o.o~ 

oil inlet pressure p ) o.o 

7-5.5 

The program gives the designer the following 

main items .. 
1- Value of cri ter,ion function 

2- Value of design variables 

3- Oil operating tempe~r:'ature , oF. 

4- Frictional torque, in .. lb. 
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5- Amount of oil that must be supplied, gpm. 


6- Oil grade, SAE number 


7- Bearing metal advice 


8- Surface finish advice 


9- Shaft hardness advice 


and for forced - feed bearings, 


10- Oil inlet temperature, °F. 


11- Oil inlet pressure, psi. 


A complete design program covering all design aspects 

discussed in the preceding chapters has been created with a 

view to making the user input requirements as simple as 

possible. The user is r~quired to supply only four main 

values mentioned before in section 7-5.1 ; load that the bea­

ring is to carry, rotational speed, constant operating ambient 

temperature, and the upper expected limit of the ambient 

temperature. Plus up to 11 options including radius of 

journal, input oil pressure, and input shaft torque. 

The design program consists of ten FORTRAN subrou­

tines in addition to 13 others for optimization purpose 

adapted from OPTISEP ~1] . The whole program needs approxi­

mately 7qooo storage locations in the central memory of a 

CDC 6400 computer • Figure 7-3 shows an outline of the main 

subroutines of the program. How the user sets up the calling 
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program is included in the user's manual, together with a 

complete listing, in Appendix 1 



MAIN 


DATA 

Fl ND 

BRNG1 
or I FEASBL ~------

ANSWER BRNG~ 

DAVID SIMPLEX SEEK1 SEEK3 
PA?TLAL 
-~ ....--

----t.QPTIMF2 SHOT SEARCHSUPPLY 

FRANDN OPTIMF1 


UREAL CONST 


Fig 7_ 3 Program flow chart \.0 
OJ 
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7-7 Sample Problems 

A- Pressure-fed journal bearings. 

Problem 1 

The following specifications are given for a journal 

bearing lubricated under pressure, and operating under 

steady load. [30) . 

Applied load 5460 lb. 

Journal speed 1600 rpm 

Journal radlus 2.0 inch 

Bearlng length 4.2 inch 

Radlal-clearance 0.003 inch 

O:i.l operating temperature 210 0 
.F. 

Minimum film thickness 0.00069 inch 

011 inlet temperature 110 OF. 

Oil inlet pressure 33.5 psi 

Solution 

The problem is solved by specifying only the load, 

journal speed. and then also the journal radius and oil 

inlet pressure using DAVID optimization method (gradient 

method) • 

The folloHing is also specified : 

1- The bearing is to be used for turbo-generators. 
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2- The optimization crite ~· i on is minimum frictional 

torque loss . 

~- The beari.ng is to he a split cylindrical type . 

4- The desj_gn ambient t emperature is 75 °F . 

5- The rnax:i.murn expected amb:tent temperature 1s assumed 

Accordin[ly, the calling program is set up as shown in 

figure 7- 4 where, in this case, the oil inlet pressure is 

taken as a variable. See Ap pendix 1 for the d6finition of 

the code names and how to set up the ca11:i.n g program. 

rrhe in pu t informations as glven by the calling program is 

printed out j_n the computer output for reference., This is 

shown j_n figure 7~~a . The optimum solution found by DAVID 

is shown in fie;ure 7-l+b together vrlth the time consumed. 

The same problem is solved again consid er ing that 

both the journal radius and the oil inlet pressure are 

unknowns . The optimum solution found hy DAVID is shown in 

figure · 7-5b. Figure 7-5a shows the input data print out. 

Oh serve that the optimum soJution found in the first 

ca se is restricted to the design ambient temperature (Tl). 

While in the second case the optimum solution found is 

fea sible up to 12~ OR amhient temperature •L • 

http:ca11:i.ng
http:beari.ng


•••••••••••••••••••• 

CCMMCN. /111/ RP t1,H !RADIUS~11,KOPTI M ,KBkG,MTHD,RADU,RJ1CL,NN B R KOIL<:: 
1UF,l<tiPLIC,PINLEf,KtY,KAIR,1INFlJT,Tf".AX ' .., 
~1=5'tt0. 
RF M:: 1G 00. 

T1=7 5. 

TM.llX=150. 

RAOIUS=2. 

RtlDU =R ADIUS 
RADL=RADI US 
NMBR=? 
KOFTIM=1 
KAFLIC=1 
Mlh0 -=7 
TI f\ PUT= 0. 
KER G=1 
Plt\LET=o.o 
KEY=1 
CALL BRNG2 
STOP 
ENO 

Fig 7 _4 

- OPTIMUM HYDRODYNAMIC BE~RING DESIGN ­

INPUT CAl A 

L CAO AT BEAR I f\G, LBS ••••• , ••••••• • • • • • • • • • • • • • • • • • • • • w 5,L1E:OOOOOE+03• = 
JCUR NAL SFEED, REVS/Mif\. • • • • e • • • • • • • • • • • • • • • •, • • • • • •• RPM = 1,600GOOOE+03 

::AMEIENT TEMFEKATLRE, DEG.Fe ..... ••••••, ••••• •• ••••••••11 7.50DGOCOE+01 

M A X I MU M E >< PEC 1 E 0 fl MBI ENT T EM P E R AT U R E • • • • .. • • • • • • • • • 1M A X = 1.5000GCGE+02 

JOURNAL RADIUS, INCH ••••. ••. ee .. ,, •• •• •. •• •• ••. •• RA CIUS = 2. OCOOOOOE+OO 

ESlIMATED UPPER LIMIT CF RADIUS RAOU 2.ooooocoE+co•••••••••••••••••••• ­
ESTIMATED LOWER LIMIT CF RADIUS RAOL = 2.ooooocoE+oo 

OPTJMIZflTION CRITERIOf\ u • KOPT!M 1•• ••• •• ••••••••••••••••• = 
TYPE OF AFPLICATIGN • , •••, ... •• •• •• •• •• •• •• •• ••, •• KtiFLIC - 1 

NUMBER CF DESIGN VARI BLES ..... , NM BR 7•••••••••••••••••••• = 
OFTIMIZATION t'E Tr co us ED •••••• u •••• 0 •••••••••••••• f'JT~ D = 7 

INPUT TCRCUE = 0.•••••••••••••••••••• ••••••••••••••••• Til\PUT 

T Y P E 0 F J C U R N A L E E A RI I\ G U S ED • • • , • • • , • , • • , • , • • • , • • • • • K 8 R G = 1 

FLAG NU~BER •'-•••••••otit•t••····· ••••••e••··········· KEY = 1 

OIL INLET FRE~SURE ••. •••. ••. •• •• •• •• •••• •• •• ••, •• Fif\LET - 0. 

Fig 7_4 a 

http:1UF,l<tiPLIC,PINLEf,KtY,KAIR,1INFlJT,Tf".AX


• • • • • • • • 
• • • 

• • • • • • • 

0 PT I M UM S 0 LU i I 0 N F 0 L I\ 0 

VA l U E 0 F CR I T ER IO N FU NCT I 0 N • • • • • • U = i;0.277S3162 

VALLE OF DES I G N VA~ IA B LES 

~----~-~~--~--~~~~-~-----

1- BE AR I~ G LENGTH • • • • • • • • • • x ( 1) = 594S100007 INCH 
2- ~A DIAL CLEARAl\CE· . x ( 2) = .00200000 INCt-
3- OIL OFERA1ING VISCOSITY. •· . x ( 3} = a.a14;72e:1 CEf\'T IFCISE 
4- OI l I f\ LET P R E S S UR E • 0 • • . . . • • x ( 4) = 10.ococcooa LE/SC.INCH 
s- AXIAL LENGTH CF CHAMFER. • • • • • x ( 5) = .10000000 INCH 
E- CHAKFER DIME~SICN. G X < E) = -.050COOOC IN Ch 
7- OIL INLET TEMFERATLRE. • • • • • • x ( 7) = 163.88103870 0 E G. FAHRENHEIT 

8 - MI N I M L M 0 I L F I L M T HI C K NE S S • • • • • • = .0(079357 INC~ 
S- C:CCENTPICITY RATIC ••• • • • •• • • = .60321620 

:1 c- AT T I T L 0 E: AN G l E • • • • • • • e • e • • = 49.9S210247 DEGREES 
11- 0 I L 0 F E RA TI NG T EM P ERA TURE • • • • • • • ::: 200.6E1439E7 DEG. FAHRENHEIT 
.; 2- FRICTIO~AL TCRQUE. ~ • • • • • • • • • = 40.277S3162 LB. INCH
i 3- AM 0 C N 1 0 F 0 IL THA T MUS T 

8 E C 0 NT IN UO US LY SU PPL I ED • • • • • • • = • 2 S 9 4 8 c0 '3 GALLON/MIN.
14- OIL GR~r>E, •••• • • • • • • •••• = CSAE 20)
15- BEARii'-G .·J CTAL IS NO. < 1) - SEE USERS MANUAL, MATERIAL LIST ­

-R ~ COMMENDATIONS-

1- MAXIMLM SURFACE FINISH ROUGHNESS SHOLLO BE LESS OR EQUAL TC (20-MICRON INCH> 
2- SHAFT BRI~ELL HARDNESS MUST BE GREATER OR EQUAL TC (300) 

INECUALITY CONSTRAINTS 

PHI ( 1) = 4 • 6 7 3 3 5 t 0 5 E + 01 
PHI ( 2 > = 4.3SE:7ECC5E+02 
PHI ( ~ ) = L.120375 86E+ 03 
PHI ( 4) ·- 2. 43E8 S2 EBE+ 06 
PHI ( 5) = 6.00000CCOE+02 
PHI { 6 > = 4. 9338SE G3E+ 01 
PHI ( 7 ) = S. 0000 0 e OOE+10 
PHI C 8 ) = 1.oooooccoE+o1 
PHI C q) = 1.73033~36E+03 
PHIC10) = 5. 0 0 0 0 0 C G 0 E+ 02 
PHI C11> = g • o a a a o o o o E+ 01 

Computer 

-IMPO~TANT-

---~-----THE OFTIMLM SCLUTICN FOUND IS CNLY FEASIBLE FCR THE DESIGN CPERAlI~G 
TEMPERATLRE - 75.00 DEG. FA~RENHEIT. 

CR RECPTI~IZE WIT~ A HIGHER DESIGN OFERATING TEMFERATURE • 

Fig 7_4b 

time:3.459 
~ 

(\) 
0 
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- OPTIMUM HYDRODYNAMIC BE~RING DESIGN ­

INPUT DAT A 

LOAD AT BEARING, LBS,,,,,, .. •••••••••••,•••••••.••••• , W 

J CUR N A L S F E E D , RE V S I i·1 I N , , • • • • • • • , , , • • , • • • • • , • • • • , , • , • R P t-' 

At-',BIENT TEMPEKATURE, CEG,F, •e• .. •••••••••••• .. ••••••••11 

MA XI MUM Ex PE C TE 0 AME IE NT TEMPER AT UF: E • , •••• , , , , , • , , • 1MAX 

JCUPNAL R.tiDIUS, Il\CH ••o•, •• '''" •o•• ••. ••••• ... ,, RACIUS 

ESTIMATED UPPER LIMIT OF RADIUS, ••••tt••••••••••••• RACU 

ESTIMATE 0 L 0 HER LIM IT CF RADIUS , • , , • , , • , ti ••••• , • • KA Cl 

0 PT IM I Z AT I 0 I\ CRITERION , , •• , , •• , , •• , , •• , ti •• , , •• , , K 0 FT IM• 

•••••••••••••• 6 •••••••TYP E OF AFFLICA TICN ..... "' KAFLIC 

NUM BER OF DESIGN VARI BLES • , • , ••,. •• •• •• ••,. eo, ,, • , f\MER 

OFTIMIZATIOI\ METl-00 USED , ••, ,, .. , , ,, , , , , ,, , , ••, ,, , , t'THO 

I t\PUl TCRGUE •• ••••• ,.,.,, ••,, e ,, •• , • , , , , , , , , ••,,. Tif\FlJT 

TYPE OF JC URN ~L B E A RI N G U S ED , , , , , 1<8 R G 

FLAG NUMBER , , •• •,,, • •• , •. ••••••••••••• •••••• , • • • • • • • KEY 

OIL INLET PRE5SURE Pit\LET 

Fig 

= S,L1EOOOOCE+03 

= 1.60000COE+03 

= 7,SOOOOCOE+01 

= 1.50000COE+G2 

0.= 
= 2 , 2? 0 0 0 0 G·E+ 0 0 

= 1.750GOCOE+OO 

= 1 

= 1 

= 8 

- . 7 

:: (J • 

= 1 

= 1 

= 0. 

7_5 a 



-------------------------

• • • • • • • • • • 
• • • • • • • 

• • • 

OPTIMUM SOLUTION FCCNO 


\I A l U E C F CR I T E RIO N FU NCT I 0 N • • • • • • U = 48.2S975104 

VALLJE OF DESIGN VARIABLES 

1- BEARil\G LENGTr • • • • • • • • • • x ( 1) = S,S94E2132 INCH 
2- RADIAL CLEARANCE · . x {2) = .00204000 INCH 
3- OIL OFERA1ING VISCCSITY.• • • 

• 
• 

• 
• 

• 
• .• ..• x ( 3) = 8.814S72f:1 CEl\TIFCISE 

4- JOUKNtl RADIUS x ( 4) = 2.1E3L110S1 INCH 

s- OIL I I\ L E T P R E S S UR E 0 x ( 5) = '10. ooocoooo LE/SC.INCH

f.- AXIAL LENGTH OF CHAMFER. • • • • x ( t) = .10000000 I !\!Ch 

7- CHA~FER DIME~SION. • • • • • 

(J 

• • • x ( 7) = .05000000 INCH 

8- or L INLET TEMPERATURE. • • • • • • x ( 8) = 163.8E103870 DEG. FAHRENHEIT 


S- MINIM UM OIL FILM THICKNESS • , •••• = .00091623 INCH 
1G- ECCENTRICITY ~ATIO s ••• , ••••• = .55086775 
11- ATTITLOE ANGLE •• o o o • • • • • • • 53.2C4E1076 DEGREES= 
1 2 - CI l 0 FE R A 1I N G T EM FERA TUR E IJ • • • = 2 0 0 • E E 1 4 3 ~ E 7 0 E G • F A H ~ E NH E I T 
13- FRICTIO~AL TC~QUE~ •• , •• , • • • • = 48,2S975104 LB. INCH 
14- AMOUNT CF OIL T~AT MUST 

EE C 0 NT T ~ !U 0 US l Y SUP PL I ED • • , • • • • = • 3 c0 S 2 2 9 3 GALL 0 NIM IN • 
15- OIL G RA :~ . - ~ 0 • II ••••••••••• ::: CSAE 20) . 
16- BE ~R ING , , f TAL IS NO. ( 1} - SEE USERS MANUAL, . MATERIAL LIST ­

- REC OMMENDATIONS­

1- MAXIMUM SURFACE FINISH ROUGHNESS SHOLLD BE LESS O~ EQUAL TC C20-MICRON INCH> 
2- SHAFT BRI~ELL HARDNESS MUST BE GREATER OR EQUAL TC (300) 

INECU~LITY CONSTRAINTS 

FHI C 1) = S.25271028E+01 

FHI ( 2) = 1,.6E2297S4E+C3 

PHI C 3 > = 1(j Lt48578t4E+03 

PHI ( 4) = 2.27 ~ 37Ge2E+06 

PHI ( 5 ) = 6.61364~E:2E+02 

PHI ( 6) .:: 4o 93385t 03E+ 01 

PHI < 7 > = 5,00000GOGE+10 

PHI C 8) = 1.00000000E+01 

PHI C 9} 1.7c487~77E+03
= Fig 7_5bPHI ( 10) = 5, OOOOOCOOE+02 
PHI C11) = 9. 0 0 0 0 0 G G 0 E + 01 

Computer time: 3 .543 f-' 

+=" 
-IMPORTANT­

THE OFTIMUM SOLUTION FOUND IS NOT FEASIBLE ON THE MAXIMUM EXPECTED 
AMEIE~T 1EMPERATURE.

MAXIMLM EXPECTED TEMPERATURE MUST BE REDUCED TO 124.00 DEG.FAHRENHEIT 
CR ~ECPTI~IZE WITH A HIGHER DESIGN OFERATING TEMPERATURE. 

0 
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Prob1em 2 

A full cylindrical bearing with a circumferential 

oil groove is designed ·with the following data_. [30] 

Applie d load 3000 lb. 

Journa1 speed 1~00 rpm 

~Journal radi.us 1.25 j_nch 

RcarJng effective len rrth 3.9 inch 

Radial cJearance 0.0015 j_nch 

OFOil operatin~ temperature 225 

OF011 inlet temperature 105 

Oil inlet pressure 40 .. psi 

Lubricating oil used SAE 20 

Solution 

The problem is solved for optimum with the same 

conditions stated in problem 1, however the maximum expected 

temperature is assumed go °F. and the bearing is full cylj_n­

drical with a circumferential oil groove . The calling 

program is set up in the same way, as shown in figure 7-4. 

Op timum solutions have been found first for known or given 

journal radius and oil inlet pressure and then for these as 

unknowns (d eslgn variables ). 

For known radius and oil inlet pressure, the calling 

program and the input data print out are shown in figures 7-6 
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and 7-6a respectively. The optimum solution found is shown 

in figure 7-6b. For journal radius and oil inlet pressure 

as design variables, the optimum solution is shown in 

figure 7-6c. Observe that in both cases the optimum solu­

tion found by SIMPLEX is restricted to the design ambient 

temperature • 



••••••••••••••••• 

•••••• 

tc~MCN /111/ RPM,w;RAOIUs;11,RoPtIM,KARG,~iHC,RAOU,RAOL,NM8R,KOILS 
1 U F, KAP l IC, PIN LET., KEY , KA I R , 1I NF CT , Tf" AX 

W=3000. 
RFM=18CO. 
11=75. 
ltl.AX=90e 
RADIUS=1.25 
RAOU-=RADIUS 
RACL=RADIUS 
PI~LET=40. 
NM 6 R =4 
KCFT IM= 1 
KAPLIC=1 
TH. PUT= o. 0 
KERG=2. 
KEY=2 
Ml HO =5 
CALL 8RNG2 
STCP 
ENO 

Fig 7_6 

- OPTIMUM HYDRODYNAMIC BEARING DESIGN ­

I NP.UT 0 AT A 

LCAO AT BEARING, LBS••••••••••••••• ·••••••••••••••••••. W = · 3.0000000E+03 

JOUPNAL SFEED, REVS/Mif\ •• •• ••• •• • •• , •••• ••., ••, •••••• RPM = 1,80000GOE+03 

AMBIENT TEMPERATURE, (EG.F. •••••••••••••••••••••••••••11 = 7.50CICCCOE+01 

MAX I MUM E X FE C 1 E 0 A M eIE NT TEMPER AT UR E •• • • • • • • • • • • • • • l M A X = S. OOOOOCGE+01 

JCURNAL RADIUS, INCH •• ••. u ••• •• •• ,,., •• •• •• ••. •• RA CIUS = 1.250DOCOE+OO 

ESTIMATED. UPPER LIMIT CF Rl\OIUS •••••••••••'-•••••••• RACU = 1.2~.; ooccoE+oo 

E S 1 IM A T £ 0 L 0 \-1 ER L 1 M IT CF R AO I US • • • • • • • • • • • • • • • • • • • • RA C L = 1.25000COE+OO 

OPTIMIZ~TICf\ CRITERION ••. ••, •• •• ••••••••••••••••• KO PT IM :: 1 

TYPE OF AF PL I CA TIC N ••• oe ...... .. KA FL IC = 1 

NUMBER CF DESIGN VARIABLES , ••. •• NMBR = 4• • • • e • ~ • • • • • • • .. • • • • 

0 F T I MI Z AT I 0 f\ t.. E T h 0 0 U S ED • • • • • • • • •••••••••••• 0 •••••• ~TrO = 5 

INPUT TCRCUE •• ••• • •• , ••• • ••,, • •• ••••• , •••••• ••. •. TINPlJT = 0. 

T Y PF 0 F JC U k N ~ L BE ARI NG U S ED ••• .,. •••••••••••• 0 1<8 R G :: 2 

Fi.AG NUMBER • •• •••• ••. ••. • ••. o •• • ••• , •••••• ,. ••.,., •• KEY = 2 

OIL INLET PRE5SU~E ••••••• 0 • ••• •• •••••••••••• •• •• c PI NL ET = 4.00000COE+01 

Fig 7_6a 

http:RADIUS=1.25


-------------------------
• • • • • • 
• • • • • • 

• • • • • • • • • • 

• • • • • • • • • • • • • • 

OPTIMUM SOLUTION FOL~O 

VALUE OF CRITERIO~ FUNCTION·••••••u = 10.0S229809 

VALUE OF DESIGN VARIABLES 

i - BE ARif\G L ENGTH • c • • • • • • • • x ( 1) = 3.13453S70 INCH 
2- KADIAL CLEARANCE • • x ( 2} = .001:3798 INCHll 

'-~-' OIL OFE RATING VISCOSITY. • • • • • x ( 3) = 8.49055191 CENTIPOISE 
4- OIL I~LET TEMFERATLRE. x ( ~) = 1E4.80457184 DEG. FAHRENHEIT 

5- M I N IML ~ OIL F I L M T H IC KNE S S .GC037501 INCH• • • • • • = c- ECC ENT RICITY RATIO = .75616E42 
?- ATTITLD E tlNGLE 3S.E29725C8 DEGREES• • • • • • • • • • • • = e- 0 I l 0 F E R A 1 I NG T EM P ERA T URE • 170.97426155 DEG. FAHRENHEIT• • • • • • ::: 

s- FR ICTIC NAL TCR QUE . 10.092298(9 LB. lNCH• • • • • • • • • • = 1 (J- AM 0 LN T CF 0 IL THAT MUST 
ut. CO~ TIN LO CSL Y SUPPL I ED .OE874738 GALLCN/MIN.Q .-

• • • • • • • = 11- OIL G~l\OE. = <SAE :1 0 ) 

12- 8 E A R I r : i"1ET A L IS NO. ( 3) - SEE USERS MANUAL, MATERIAL LIST ­

- ~ E C O~MENCA1ICNS-

1- MAXI MLM SURFACE FI NISH ROUGHNESS SHCLLD BE LESS OR ECU~L TO (20-MICRON INCH)
2- SHAFT BRINELL HARDNESS MUST BE GREATER OR EQUAL TC (300) . 


INEQUALITY CONSTRAINTS 


PHI ( 1) = 3. 59 2 0 S 0 71 E+ 01 
PHI ( 2) = 1. 2 3 2 4 t 4 5 2 E- 01 
PHI C 3) = 5.46965E85E+C2 
PHI { 4 > = 4. 3lf 933445E+ 06 
PHI C 5 > = 3.46201S27E+02 
F HI ( 6) = 7. g 0 2 5 7 ~ 8 5 E + 01 
PHI C 7) = 6. 0 0 0 0 0 C 0 0 E + 10 
PHI C 8) = o. 

-IMPO~ T ANT- Computer...... ._...... ----­
THE OFTIMLM SCLUTICN FOUND IS CNLY FE~SIBLE FCR THE DESIGN CPERATI~G 

TEt'PERATLRE - 75. 00 DEG. FAHRENHEIT • 
0 R RE 0 PT I MI Z E W IT ._ A H IG HER DES I G N 0 FER AT IN G l E M P ER ATU RE • 

Fig7_6b 

time:l0.123 sec • 
~ 
o 
lX> 



0 PT I M UM S 0 LU TI 0 N F 0 L N 0 

VA l U E 0 F CR IT ER IO f\ FUN CT I 0 N. • • • • • U - 23.15003037 

VAL lJE OF DESIGN VARIAI3LES 
--~-~~---~--~------~-~~-~ 

1- GE AR It\ G LENGTH x ( 1) S.02162861 INCH• • • • • • • • • • = 
2- RADIAL CLEARANCE • • • • • • • II x ( 2) = 000147761 INCH0 

3 .. OIL OFERA. TI NG VISCOSI TY. • • • • 8 x ( 3) = 8028905174 CENTIFCISE 
04- JOURNAL RADIUS x { '1) 1u57218c11 INCH• • • • • • • • • = 

5- OIL I f\ l £ T P RE S S UR E • • • • • • x ( 5) 12.40842287 LB/SC.INCH0 8 = 
6- OIL INLET TEMPERATURE. • • • • • • x ( 6) = 105.4G5S9352 DEG. FAHRENHEIT 

7 - M! N I M uM 0 IL F I L M T HIC K NE S S • • • . • • • = o 0 0 0 7 5 0 0 0 I N Ch 
8- EC CEN lRICITY RAlIO • • • • • • • • • • = .4S242143 
9- ATTITLDE ANGLE ••••••••• • • • = 56.7E6S1366 DEGREES 

i 0- 0 I L 0 F f R A TI I\ G T EM PERA T UR E • • • • • • • = 1 7 2 • 4 ~ 4 4 0 7 E 8 0 E G • F A H RE NH EIT 
11- FR I CT I 0 f'\ AL .TC RQUE. ~ o • • • • -. • • • = 2 3 e 150 C3 C3 7 L 8. It\ CH 
12- AMOL:N1 CF 0 IL THAT MUST . 

EE CG i\ ' . i' ! t..'O ~SLY SU PPL I ED • • • • • • • = •2 0 6 C 2 4 g 5 GA l L 0 NIM IN. 
13- GIL Gk AI .: ••• 01 •••••• • • • • • = CSAE 10)
1 4- 8t. ARIN G M t T AL I S N 0 • ( 1 } - S E E USE RS MA NU A L , MA T E R I A L L I ST ­

-RECOMMENCATIONS­
- 49 - - .. -- ... - -- - - .. - ... 

1- MAXIMUM SURFACE FINISH ROUGHNESS SHOLLD BE LESS OR EQUAL TC C20-MICRON INCH> 
2- SHAFT BRI~ELL HARDNESS MUST BE GREATER OR EQUAL TC <300) 


INECUALITY CONSTRAINTS 


PHI C 1} = 6 Q 8 5 2 g 8 2 7 2 E + 01 

F HI ( 2) = C2. 8879~542E-03 

PHI { 3) = 1e89746004E+G3 

PHI ( l+) = 4. 0228E~G5E+06 

PHI C 5 ) = 4. 81113874E+02 

PHI C 6) = 7. 7565SS23E+01 

PHI ( 7) = 6. OOOOOOQOE+'.10

PHI C 8) = o. Fig 7_6 cPHI ( 9) = 8.75915771E+G1 

Computer time:60.166 sec.-IM POP T fl. l\IT­
'lo,, I ,_, t,.: ' ­

-~~-~ ----· f--JTHE OFTIMLM SCLUTICN FOUND IS ONLY FEASIBLE FCR THE DESIGN CFERATING 
TEMPERATLRE - 75.00 DEG. FAHRENHEIT • \0 

OR RECPTIMIZE WITH A HIGHER DESIGN CFERATING TEMPERATURE • 

0 

http:OOOOOOQOE+'.10
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B- Se1f'-contained jourl1al heari.ngs .. 

A waste-packed bearing is to he designed for a turbo 

generator with the following specifications. 

App1led load 2soo 1b .. 

Journal speed 300 rpm 

Journal radius 2. inch 

Solution 

'I1he proh1em is solved for a combined criterion of' 

minimum friction loss and minimum temperature rise. The 

2 11j ourn a 1 rad i us is con s id ered f i rs t a s kn m·m ( a s gi ven := ) 

and then as unknown .. 

In solv-ing the problem by SIMPLEX the followint; is assumed 

1. The ambient is a moving air. 

2. The design ambient temperature is 75 °F. 

3. The maximum expected amb ient temperature is go °F. 

4. The input shaft torque is 2000 · lb.inch • 

According to these assumptions, the calling program 

is set up as ~hm·;n in fj_c;ure 7·u7. }~igure 7-7b shows the 

optimum solution found considering the journal radius as 

knm·m. Ftf~ln~e 7-7a gJves the intermediate output for 

iterations of the optimization nroc c ss in this case. The 

optimu~ ~ elution fo und consid ering the radius as unknown is 



CC~MCN 11i11 RPM,W~RAOIUS~T1,KOP1IM,KeRG,~lHC,RAOU,RAOL,NMER,KCILS 
1UF,KAPLIC,?INLET,KEY,~AIR,TINPUT,TMAX 

i--1=2800. 

R!:M=:300 . 

T1=7 ~;. 

T f'I AX =q 0 ,. 

R/\ 0 J U:3 =2. 

R fJ fJ U =R 1'J. 0 IU S 


. RllOL=~AOIUS 
Ni"E3R=3 
KCF T Tl-1=3 
K.DFLIC=1 
k/~IP=? 

KCIL~UP=3 

TH 1PUT=2000,
MTrD=5 
CALL 8PtJG1 

ST C P 

ENO 

Fig 7_7 

I-' 
I-' 
I-' 



INTF~MEDI~TE CUT~UT FOR SI MP LEX 

UART IS l~E VALUE OF ARTIFICIAL UNCONSTR~INED OBJECTIVE FUNCTION AT THE CENTROID 

STEP NO, u UART VARIABLES XCI> AT THE CfNlROID CF THE SIMPLEX 

2 8.i? 62u2021F-u1 9.D0000152f+30 ~.65777778E+CO 1.g8222222E-03 s.cDCliOCUOE+OO 
4 2. 20 20 S62 S· E+ 00 2 .246607 3~E+ 00 4. b 133 3 :13 3 E + Q0 1.82EEccE:7E-03 1.nocoooooE+o1 

6 2, 20t09625E+OO 2 • 2 4 f 6 07 3 8 F + 0 0 4. Gt:<?3333E+OO 1, 82EEE:6E:7E-03 1. OOOGOOOOE+ 01 

8 2 • 7 4-<:: S 18 5 2 F. + G O 2 • 7 gs 4 83 t,. g [ + 0 0 lt • l 0 0 8 2' 3 3 3 E + C 0 1,73708332E-03 1. 0015625DE+01 


1n 2 .1g ~t rsE 3F+ oo 2 • 2 3 g 4 16 7 7 E + 0 0 L+ • 8 O 2 4 S 3 7 O E + C 0 1.70c41204[-U3 S.98350t94E+OO 

12 1 77c ~, 72;;:; F+no 1.8 2952S 73c+OO 4. 750820472+00 1.l0240612E-03 S. 95C.3S610E+ 00 

14 1:10~?2e3ot+oo 1. 7 ~; 5 3 36 2 3 F + 0 0 4. 7787L2S3E+CO 1oEg716153E-03 S.9497023LiE+QO 

::t 6 j II 6 5 c_;5 8 ~ y g E+ (1 0 1 • 7 l? 2 73 t 0 E + D 0 L!, 79171618E+ 00 1.693S93E4E-03 S.S4558~47E+CO 

18 1 .. 55218734[+00 1 • 6 0 g 0 64 l ;. 2 t + 0 0 4. 7 g C.1 9 3 '1 sf. + c 0 1,E8?33S11E-C3 S.93484786E+OO 

2 0 j • Li 8 41 3 3 8 8 F+ 0 0 1,.5429819~F.+OO 4. 7 9 So 2 2 53 E + C 0 1.72527F8E-03 9,S333608~E+OD 

22 1 • 4 3 f:5 16 0 9 E + 0 0 1 • S 0 3 1 29 g 7 E +0 0 4. 78531010t+C:O 1.72378053E-03 9.S2847237E+OO 

24 1 ~ lt 3 j_0 8 0 E: 2 E + nQ 1. 4 9 5 g 27 n0 E + 0 0 4 • ·1 8 5 7 7 2 2 0 E + 0 0 1.7~9?SSS8E-D3 S.S2SE.1240 E+OO

2s j,::6764037F+no 1. 4 ~ 4 8 D8 1oE+0 0 L1 • 7 8 B1 o6 E sE+ a o 1.837E4424E-G3 S.<.::3282733E+OO 

28 J..3323E219F+CO i. 3 g 8 9 D9 5 7 E + Q Li 4.7958 0826[+(0 1.9365520'1E-03 S.9378754tE+OO 

30 1.312:14S10F+OD 111.37532336F+OO 4. 8114 L+ 4 2 3 E + 0 0 2. 068<?8814E- 03 S,94E43S4SE+OO 

:3? 1 • 2 9 AS 7 1 S L1 F+ 0 0 1.~1628'1105E+OO L1 • 8 2 33 c7 1. L+ E+ 0 0 (. e18933715E-O~ g • g 5 3 c3 77 8 E + 0 0 

::4 1 o 2 9 54 13 :3 7 E +CO 1,360987SGE+OO 4.82E03082E+GO 2.21552408E-03 S,<J5500C55E+CO 

3n 1 • 0 g 37 5 7 t L: F+ Cl 0 5,00000201E+30 4~ gg1Q772 7 F+CO 2 ,4 0895299E- 03 8.951572tC,E+OO 

3 f~ 1.53116563[+00 1,i80D71137E+24 4. c3 4 Eb 3 2 e2 E + G 0 2,.2533S744E-03 S.951572G9E+OO 

40 1 o 2? EL:. 8 2 3 <? E+ 0 0 4.2b5870 07F+22 L1. R7S9E:G16E+OO 2 "220 Ot:41 OE-03 S$9S1572G9F+OO 

4:? 2 ~ ; : 7 0 ? S l4 7 E + 0 n 2 • !i 3 7 0 Si 18 E+ lJ D 4 • 7 7 41+:1 fl E 0 E + C0 2.,22284188E-03 1,00557394E+01 

44 L fi 129tCSf+00 1.5d131911E+OO 4,69107727E+GO 2. 225E:1SE6E- 03 s.c:,g ·323S3SE+OO 

~F: 1o'-fj75 D839F+ OU 1 • 4 5 7 5 32 61 E+0 u 4. 7 0 27 2 a5 0 E + 0 0 2. 214778c1E- 03 s.s77903lOE+OO 

48 1.3853752gf+QO 1,:>05400 sac+oo 4. 707990Li2E+OO 2.20953920E-O~ S.S6821845E+OO 

5{1 1o~4?.08 L1 Q7[+ OD t~~t+21tJ41E+OO t+ • 7 1 O 4- t S 6 g E+ 0 0 2, 2'1E:8E:L+51E-03 s.s62ogeoaE+no

52 L31S6011CJ E" +OO 1 • :it So 28 6 l-t E+ 0 0 4. 71173480E+OO 2 .2054253B E- C3 s.c;;sa22so1E+oo 

54 :1. 29S201~5E+OO 1 • ?. g ~ 2 29 g 7 E + 0 U 4. 712:39 lt 7 g E+ C 0 2. 2 Oli t1't94E- U3 9,CJ5S7825tE+CO 

56 1 • 2 8 eg 6 G 2 8 F + 0 U 1,2889% OHE+OO 4. 7127b0 B3 E + 0 0 2.20411~177E-03 S.95li23542E+OO 

58 1 ti 2 8 25 4 1 o3 F.+ nu 1.282S7794E+OO 4. 71297 2 0 4 c: + 0 0 2.2038S808E-C3 S.953256Y2E+OO 

68 1e267465?.8F+OO 1.2G7S0317E+OO 4 • C; 7 g9 ~j 4 S 8 E+ C 0 2.20892230E-03 9.95125471E+OO 

62 1 , 2 6 :33 41 7 2 F+ 0 0 1.263~83 40E+OO 4.69120575E+OO 2.2068723DE-03 ~.S5G52533E+CJO 

t I; 1. 2 5 c5 -3 ,9:n E+ G 0 1~2 5 t 6 5152 F+ 0 0 ~. 7006L;-5l.;8E+CO 2.20504827E-03 S,94S38f1?8E+OO 

66 1 • 2 0 36 8 sg 1 E+ 0 1_1 5 , 0 0 0 0 02 12 E+ 3 0 5.15A1 ~516E+ CfJ 2.2CJ16J.S16 E-C:3 3,94858Sb1{+00 

68 j • 2 3 :i5 1 ~ L1 IJ [+ C 0 1 • ?. 1 oL., Z4 ~ 9 E+? 3 4. 8'-: 70 2405F.+ 00 2 .?n939294E-03 9.948589t.J1E+OO 

7D 1.2402121SF+OO 4 o 6 R 8 2 94 2 2 E + 2 2 4. 7 8 03 ~' 7 ~ 8 E + G 0 2.2 3605SE:OE -03 S. S48S8961E+OO 

7? 2 • 3 G 81 ~ 7 jg r:: + 0 0 2 , 3601. 57 4 0 E + fJ O 4.78591294E+CO 2.18328182E-03 1.005'-75t3E+01 


. 74 1.E2E85203f"+OO 1,n2685204E+OO 4.7S1L+b85DE+OO 2.141E151fE-03 S.S9C25E27E+OO 

76 1.48083859[+00 1 • 4 8 IJ 8 38 6 0 E + fJ 0 4.76S7~640E+CO 2 .1474L.Lf.J77E- C3 S • 9 l t, S 2 0 c2 E+ 0 0 

7A 1,39C,80004 E+OO 1.3 998 no osr:+n o 4.7~)S3D757C:+CO 2 II 150 071 7 3 E- 03 S.96S23538F+OO 

80 1. :35 241455[=+ 00 1~3 i-; 2 414 5 t E+ 0 0 4,7539S820E+CO 2.151319~7E-03 S.S5S115GCE+OO 
82 1.32~ 8 48t. .1f+OO 1 • 3 2 3 8 48 6 3 E + 0 0 4. 7S 1079<:'.3E+ GO 2.151S4392E-03 S.9552LiSS 3E+OO 
84 1.~0UOS3BE+OO 1 • 3 0 5 3 og 4 rJ E+ 0 0 4. 7 4 c.;4 ~; 9 0 E: E+ C 0 2,15227392E-C3 S • 9 5 2 7 9 ~ Lt 8 E + C 0 
86 1 .. 2 g 54 1.~ 0 7 E + 0 0 1,2954:t909F+OO L;, 74e51273E+CO 2.1S2lt5694E-03 S.95125234E+CO 
88 1,28e61009E+OO 1~28861010E+OO 4.- 74 794533E+ 00 2.1525E254E-03 S.9SD273H4E+OO 
so 1.26b1772E+OU i.26631774E+OO 4. 7 3 58~1: 6 E + 0 O 2.16S38714E-03 ~ • 94 8 2 71 6 4 E + 0 0 J-1 

J-1S2 1 • 2 61 g 7f:1 eE+ 0 0 1 • 2 6 1g76 21 [ + 0 0 4.73434758[+00 2.17128S20E-03 9.9477S888E+OO f\)
94 1.25S21422E+OO 1.25921425E+OO 4,73293583E+GO 2 .1732128 OE- 03 9.9474838SE+OO 

Fig 7_7a 

http:1079<:'.3E
http:1474L.Lf


• • • • 

OPTIMUM S 0 LU TI ON F 0 L NO 

VALUE 0 F CR IT ER IO f\ FUN CT I 0 N , • • • , • U = 1.252-47017 

VALL:E OF DESIGN VARIABLES 

1- 3EARI~G LFNGlh •••••• • • • • x ( 1) = 7 1ccca~22 INCH 

2- ~AOIAL CL EARANC E • o •• • )<(2) = : 06226273 IN Ch 

3- OIL OFERAlING VISCOSITY•• • • • • x ( 3) = 14. 01032'191 CEt\TIFCISE 

Li - >H N H'i L M 0 1 L F 1 l I" THI C K NE S S • • • • • • = .00075025 INCH

5- ~C C FNlR ICITY RATIO ••••• , • , •• = ~659Y0122 

E- ATTITLOF ANGLE •• 11 • , , • • ..... = 47.CS6~t574 DEGREES 

7- 0IL 0 FER A TI N1~ T Fl1 F U~A TUR [. , • • • • • = 140.28367E03 DEG. FAHRENHEIT 

8- FRICTlONAL TC'F~QUE , w •• , • , •••• = 15. 3 ~ 2 g g4 5 0 LB. INCH 

S- ,~MOLN T CF OIL Tt-A1 i1UST 


JE COl\TINUOUSLY SUPPLIED ••••••• = ,06555345 GALLON/MIN. 
1 o- OIL GRADE ••• ~ •••••••• , •• :: <SAE 10)
11- j E ti RI i\ G M ET AL IS N0. < 1) - SEE USE RS MANUAL, MATERIAL LIST ­

- RE COt-'MENOATIONS­

1 - i': A X I M L M S LR. F A C E F I f\ IS H F< 0 U G HN E S S S H C L L 0 B E L cS S 0 R E QL A L T 0 C2 0 - t'.I C R 0 N IN CH )

2- 3HAFT BRif\ELL HARONESS MUST BE GREf~TER OR EOUAL TC (300) 


IN E GU AL IT Y CC NS TR AHlT S 

PHI ( 1 ) = 3. 323181SOE+G1 

PHI ( 2 > = 2. 45885<; OGE+ CO 

PHI ( 3) = 6. jQ878<:68E+02

PHI ( t+) = 3. 26932e52E+06 

PHI { 5) = 5.7g727~73E+02 

PHI ( 6 > - 3. 97163240E+ 08 

F HI ( 7) = s 4t o o a o o a o o E+ 01 

FHI C 8 > = o. 

Fig 7_7 b 
-IMPORTANT­
----~--~-

THE OFTIML~ SCLLTICN FOUND IS ONLY FEASIBLE FCR THE DESIGN OPERATING 
TE~PERATLRF - 75.00 DEG. FAHRENHEIT. 

OR RECPTI~IZE WITH A HIGHER DESIGN CFERATING TEMPERATURE • 

Computer time:B.457 sec. 



• • • • • • • • • 
• • • • • 
• • • • • 
• • • • • 

1­
2­..,..,_ 
4­

S­
6­
7­
E­
S­

1 (l­

11­
12­

1­
2­

0 PTI MUM SOLUTION F 0 L ND 

VALUE 0 F CR IT ER IO f\ FUN CT I 0 N, • • • • • U = 

VALUE OF CESIGN Vl'~ViA B LES 

8 E AF<If\G LEN GT~ ' KADI AL CL EARAN C r • . • •
JI L OF ERA TI NG VISCOSITY. 
JOURNAL RAO IUS • • • . • 
'1 IN IM U~': 0 IL F l M T }-'JC K NESS • • • • • • 
~CCENTPICITY ATIO • • • • • • • • • • = 
l'lTTITLCE ANGL c ••••••••••• = 
0IL n FE F. A TI NG T Fl-1 PE PAT URE , • • • • • • = 
FRICTJO~AL TCROUE •• ~ • 
AMO LNT CF OIL THAT MUST 
2E CO~TINLOLSLY SUFPLIEO 
OIL GkAOE ....... u • 

8E AFif\G METAL IS NO. 

- ~ FCO~MEN CATIONS-

SH AFT 8RI l\E LL HAR fWES S MUST 

IN E CU A l IT Y CC N S TR A. HIT S 

PHI ( 1) = 
PHI ( 2 ) = 
PHI C 3 ) = 
PHI { 4) = 
PHI < 5) = 
PHI ( 6) = 
PHI C 7) = 
PHI C 8) = 

x ( 1} = x ( 2) = x ( ~"3 ) = x ( 4) = 

= 

• • • • • • • = 
••• , ••• = 
, •• , , •• = 

C 1) - SEE USERS 

- :'1.A XI ML M SLR.FA CE F H iJSH ROUGHNESS SHOLLO BE 
8 E GREATER OR E GU AL 1 C ( 3 0 0) 

4c 0488E1135E+ 01 
1. 769767 86E + OO 
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5. 05123e5DE+02 
4.1103g<;g3E+ 08 
6.00000GOOE+01 
o. 

-IM PO~T ANT­-- ........ _.., ___ 

T H E 0 F T I M L i1 S G L UT I CN F OU N 0 IS 0 ~l L Y F E AS I 8 LE 
TE MPE RATL~E - 75. GO DEG. FAHRENHEIT • 

OR RECPTI~IZE WITr A HIGHER DESIGN CFERATING 

1.10826499 


7.6c6S7679 
• oo3~7t1c2 

14,417770(?
2.1214E:412 

,OQ075C1B 
.7 840 98 00 

8,42121~E2
1 8.8S6COOct 

6.4Li715923 

.OS135013 
<SAE 10) 

lNCH 
I tJCH 
CENTIPOISE 
INCH 

IN Cr 

OEG~EES 
DEG, FAHRENHEIT 
LE. INCH 

GALLON/MIN, 

MANUAL, MATERIAL LIST ­

LESS OR EOUflL TO (20-MICRON INCH> 

Fig7_7c 

Computer time:9.031 sec. 

F C R T HE DE S I G N 0 FE R A T I N G 
~ 

TEMPERATURE • f-J 
...-:::­
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shown in figure 7-7c • 

Problem 4 

A hearing for a motor-generator set is to be designed 

with the following specifications. 

Applled load 1200 lbs. 

Journal radius 2.75 inch 

Journal speed 450 rpm 

The bearing is to be designed for a combined minimum frict:ion 

loss and minimum temperature rise. The shaft torque is 

given 500 lb.inch 

Solution 

The problem is solved by SIMPLEX , assuming quiet 

ambient with temperature 75 °F. and the maximum expected 

am~ienb . t t empera t ure i·s 100 OF • 

The optimum solution found is shown in figure 7-8a 

and, as shown, is feasible up to 88 
0 

F ambient temperatur~ 

Figure 7-9 shows the calling program. 

The same problem is solved for minimum temperature 

rise considering the journal radius first as known and then 

as unknown. Solutions fot: nd are given in figure 7-8b and 

7-9c respectively • 
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OPTIMUM SOLUTION FOLND 


VALUE 0 F CR Ii ER IO f\ FUN CT I 0 N. • • • • • U = 4.0~405235 

VALUE OF DESIGN VARIABLES 


1- BEARING LENGTH •••••• • • • • x ( 1) = 905€:053105 INCH 

2- RADIAL CLEARANCE ••••• • • • • x (2) = .00350S55 INCH 
~- OIL OFERA1ING VISCOSITY •• • • • • x ( 3) = S.13236E33 CEt\TIFOISE 

4- MINIMLM OIL FILM THICKNESS ., 0 = .001971;7 IN Ch 
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1 0- OIL GRACE ••••••••••• • • • • = <SAE 10)
11- GEA~It\G METAL IS NO. ( 1) - SEE USERS MANUAL, MATERIAL LIST ­

-RECOMMENDATIONS­

1- MA XIML M SURFACE FI~ISH ROUGHNESS SHCLLO BE LESS OR EQU~L TC (20-~ICRON INCH> 
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FHI ( 8) = o. Fig 7_8a 

Computer time:8.203 sec. 
-IM PORT ANT­
------~--

THE OFTIMLM SCLUTICN FCUNO IS NOT FEA~IBLE ON THE MAXI~U~ EXPECTEC 
AMEIENT TEMPERATLRE~ 

MAXIMLM EXPECTED TEMPERATURE MUST BE REDUCED TC ea.oo DEG.FAHRENHEIT !""""'OR RECPTIMIZE WITH A HIGHER DESIGN OFERATING TEMPERATURE. !""""' 
--.:} 
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co 
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CONCLUSIONS 

A.design package has been developed that makes the 

problem of finding an optimum design for a hydrodynamic 

journal bearing, within the classes of bearings mentioned 

in section 7-2, much easier and available within seconds of 

computer time without going into a long series of trials 

in bearing design calculations • 

This thesis illustrates how a complex design problem, 

such as hydrodynamic bearings, which relies heavily on the 

designer's judgement, can be successfully computerized so 

as to give an optimum design. User input is very short 

and simple and yet the user's judgement can still be fully 

exercised • 

The package does not require any knowledge of com­

puter programming, FORTRAN, or optimization theory. However 

a knowledge of the fundamentals of journal bearing operation 

and lubrication is essential. The user can directly specify 

his options from the calling program which has been deve­

loped in a very simple form. He may specify a value for the 

journal radius or leave it as a design variable, giving the 

upper and lower possible limits. He may also specify the oil 

inlet pressure, for forced-feed bearings, or considers it 

as one of the design variables • 
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The class and type of the bearing are left to the user 

judgement and background. Moreover, the bearing design 

criterion may be either minimum frictional torque, or mini­

mum oil temperature rise, or both in a combined criterion. 

A set of design failure comments will be printed 

out in the computer output, when an optimum solution can 

not be found. Those comments are based upon the results 

of several worked examples solved by the package. 

Most of the bearing manufacturers rely largely on , 

the limits of good practice resulting from past experience. 

The group of constraints that were incorporated in the 

design procedure seem to work satisfactorily and the opti­

mum solutions remain within the allowable practical limits. 

This can be seen clearly from the results of the sample 

problems given in chapter VII • 

Although the work discussed in this thesis does not 

cover all classes and types of bearings, it can be extended 

easily to cover all classes by some additions and minor 

modifications • 
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I USEH 1 S GUIDE 

1-1 Introduction 

This package is one of a series for automatic 

optimum design of engineering components or devices. Its 

purpose is the optimum design of hydrodynamic journal 

bearings with the following options : 

HYDRODYN/\J\11 IC 

JOURNAL BEARINGS 

~~="""~F--=·"'; "".......:....,..,,. 


NON PRESSURIZEDr:::::FED 
BEARINGSL===8EAAINGS 

1~--0il ring bearings 

·----Waste pack bearings 
C_ircumferentiaL groove 

bearings ·----Wick bearings 

__s_P_LI~ Single-hole bearings ---Oil bath bearings 

4 
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The package is highly user oriented and requires a 

minimum of knowledge of the theory of bearings, and no 

knowledge of computer programming, FORTRAN, or optimization. 

However, judgement cannot be completely removed from any 

design, nor can a successful de sign be guaranteed by any 

theoretical analysis if the design assumptions do not match 

the real life situation • 

The user exercises his judgement by options available in 

the input coding • 

The following is a group of schematic sketchs shows 

the different type of bearings available in this manual . 



of load A 
"y 

6 


line of action 
L-1;ne of centers 

clearance space 
bearing filled with lubricant 

journal 

- DESIGN VARIABLES ­

h

L = Bearing length , inch 
R = Journal radius , inch 
C = Radial clearance , inch 
e = Eccentricity , inch 
€ = Eccentricity ratio =~ 

0 = Minimum film thickness , inch 
= C(l-€) inch 

A 	 = Attitude angle , degrees 
Oil operating temperature , degree fahrenheit 
Oil operating viscosity , centipoise 
Frictional torque , lbs.inch 
Required amount of oil , gallon/min. 
Oil grade 
Bearing meta 1 
Oil inlet pressure , lb/square inch 
Oil inlet temperature , degree fahrenheit 
Axial length of chamfer , inch 
Chamfer dimension,inch 

Fig 1 _1 General schematic sketch showing the position 
of the journal in bearing & design variables 
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Fig1_2 Oil_ring bearing representation 

H/4 - H/2 

1


II 
I 1 

11 

Fig 1 _3 Some oiLring cross sections 
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medium soft 
felt 

soft felt 

Fig1 _4 Sketch showing a wk:k _oiled bearing for 
good oil _storage and retention 

Fig1 _5 Oil .bath bearing Fig1 _6 Waste packed bearing 
representation representation 
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\ 
oil inl~t 

bearing 

journal 

axial groove 

( a: chamfer 	 dimension) 

Fig 1 _7 	 Cr'oss section at chamfer· opening 
for split cylindrical bearing 
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( Upper half) 	 ( LO'NC.~ half ) 

Fig 1 _8 	 Lower and upper half of split bearing 
with axial oi I grooves 
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Fig 1 _g 	 Fu!Lcylindrical journal bearing with a 
circumferential oil groove 

oil hole 

~-L~ 

Fig 1 _1 O Ful I _cylindrical journal bearing with d 
sihgle oil hole 
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The user can select either of the following as 

the optimization criterion : 

A- Minimum frictional torque loss. 

B- Minimum oil - temperature rise. 

C- Both criteria A and B can be used in combined 

criterion if the shaft input torque in lb.inch 

is kno~n to the user. 

In case C, since more than a single factor is to 

be optimized, a multifactor optimization technique is used 

such that the utility contribution of both factors constit­

utes the objective function that is to be maximized, rather 

than minimizing the specific value of the individuals, as 

in case A or case B. 

The concept of inverted utility is used here, where 

instead of maximizing the utility contribution of both 

factors, we minimize the reciprocal of the utility contrib­

ution, that is, we minimize the undesirability • 

If the undesirability functional values are; Ul for 

the frictional torque ratio (Tratio), and U2 for the tempe­

rature rise (At) , see figure 1-11, then the total undesira­

bility is given by Ul + U2 

and the optimization objective function to be minimized is 

U _ = Ul + U2 



U1 

1 

0 
Trauo 

least desirable 
value of Tratio 

largest acceptable 
value of Tratio 

(a) 

U2 

~ 
4J 
> c 

( b) 

1 

b.as.::::::;:;;;--~~~_...~~~~--~~~~ 

0 I argest acceptable least desirdble 
value of At value of 4t 

Fig 1 _11 Undesirability curves for journal bearing 

6t .°F 
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1-4 Input Data 

The user must define quantities for all of the 

following input variables for both non-pressurized and 

pressure~fed bearings • 

W Load at journal, lbs. 

RPM 

Tl 

Continious operating speed, revs/min. 

Design operating temperature, °F. 

rrMAX 

( this is the average operating temperature. 
However if the optimum design does not work 
at the maximum expected ambient temperature, 
TMAX, it may be necessary to arbitrarily increase 
this design temperature) • 

Maximum expected ambient temperature, °F. 
RADIUS Journal radius, inch 

= o.o if it is one of the design variables. 

= its fixed value, if it is not one of the 

design variables • 

RADU Upper limit of the shaft radius, inch 

( specify the upper limit i.f RADIUS= o.o) 

RADL Lower limit of the shaft radius, inch 

( specify the lower limit if RADIUS= O.O), 

otherwise set RADL = RADU =RADIUS. 

KO PT IM = 1 , criterion is minimum frictional loss. 

= 2 , criterion is minimum oil-temperature rise. 

=3 , combined criterion for minimizing both 

frictional torque loss and oil-temperature 

rise 
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KAPLIC 	 ;: 1 , application for Turbo-generators 

= 2 application for Steam turbines 

= 3 , application for Generators & motors 

= 4 , application for M:achine tools 

( if user's application is none of these. U~e 
Table 2-1 to select the type of application 
that has the limits of L/D ratio close to 
your application ). 

MTHD 	 = 7 , optimization method is DAVID 

= 5 , optimization method is SIMPLEX 

= 1 , optimization method is SEEKl 

Try SIMPLEX first, i.e, set MTHD = 5 

TIN PUT 	 Shaft torque, lb.inch 

( specify the shaft torque if KOPTIM = 3, otherwlse 

set it up = O.O ). 

* Additional input variables for Non-Pressurized bearings: 

NMBR 	 Number of design variables, 

= 3 , if RADIUS =fa o.o (not variable) 

= 4 , if RADIUS = o.o ( variable ) 

KOILSUP 	 = 1 , for oil-r.ing bearings 

= 2 , for ;.·d.ck bearings 

= 3 , for waste-pack bearings 

= 4 , for oil-bath bearings 

KAIR 	 = 1 , for quiet air ambien t 

= 2 , for moving air ambient with velocity of 

about 500 ft/min. 

* Additional input variables for Pressure-Fed bearings: 
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* Additional input variables for Pressure-Fed bearings 

PINLET Oil inlet pressure, lbs/square inch 

= o.o if it is one of design variables 

= its fixed value, if it is not variable 

KBRG = 1 , for Split Bearings 

= 2 for Full Cylindrical Bearings with 

Circumferential - Groove 

= 3 , for Full Cylindrical Bearings with 

Single Hole 

NMBR Number 

KBRG = 

6 

of 

1 

7 

8 

design variables, to be set up as follows: 

KBRG = 2 or 3 

4 j_f RADIUS & PINLET 
i.e they are not 

are given 
variables 

5 if either RADIUS 
is given 

or PINLET 

6 if both RADIUS 
not given(both 

& PINLET are 
are variables) 

KEY = any number, if NMBH 4 or 6 or 8= 

= 1 OX' 2 , if NMBR = 5 or 7 

where; 
KEY= 1 if RADIUS is given not variable 
KEY= 2 j_f PINLET is given ~ not variable ~ 

The way that the input variables are entered into 

the user's program is illustrated in the following section. 
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1-5 How to S!:t Up the Calling Program 

The calling pro~ram must have exactly the form of 

the following examples. Decimal points must be added 

where indicated, (note that no decimal point is required 

when the code name starts with N, M, or K) • Control cards 

will be required in accordance with the computer being used. 

A- Calling Program for SELF ..,. CONTAINED Class of Bearings. 

7 72 
COMMON/111/RPM,W,RADIUS,Tl,KOPTIM,KBRG, MTHD,RADU,RADL, 

lNMBR,KOILSUP,KAPLIC,PINLET,KEY,KAIR,TINPUT,T.MAX 

w 1200. 

RPM 450. 

Tl 75. 

TMAX 90. 

RADIUS o. 

RADU 3 • 


. RADL 2.25 
NMBR 4 
TINPUT 500. 
KOPTIM 3 
KOILSUP 1 
KAPLIC 3 
KAIR 1 
MTHD 7 
CALL BRNGl 
STOP 
END 
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B- Calling Program for PRESSURE- FED Clas s ·or Bearings. 

7 72 
COMMON/111/ RPM, W, RADIUS-, r:I:'l , KOPTIM, KBRG, MTHD, RADU, RADL, 

lNMBR, KOILSUP, KAPLIC, PINLET, KEY, KAIR, rrINPUT, TMAX 

w 20000. 

RPM 1800. 

Tl 75. 

TMAX 100. 
RADIUS Oo 
RADU 3.5 
RADL 2.5 

PINLET o. 

NMBR 8 

TIN Purr 1000. 

KOP'l'IM 3 

KAPLIC 2 

KBRG 1 

KEY 1 

MTHD 5 
CALL BRNG2 

STOP 

END 
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The input data is printed for referance in the 

computer output. The optimum value of the criterion charac­

teristic is printed with the corresponding values of the 

design variables and characteristics as follows : 

1. 	 Value of criterion function •••• U 

2. Values 	of design independent variables •••• X(I)'s 

3. 	 Values of design characteristics: 

a- Minimum oil film thickness 

b- Eccentricity ratio 

c~ Attitude angle 

d- Oil operating temperature 

e- Frictional torque 

f- Amount of oil to · be supplied 

g- Oil grade 

h- Bearing metal 

4. 	 Recommendations 

5. 	 Values of the inequality constraint function) are also 

provided for the user familiar with optimization theory. 

Messages and results each two iterations, related to t~ 

optimization process, may be also printed out. 

6. 	 A set of design failure comments will be printed out 

if an optimum solution can not be found, or if the opti­

mum design does not work at the maximum ambient tempe­

rature • 



II 	 THEORETICAL BASIS 

2-1 Introduction 

The following information is not usually essential 

for use of the program. It is provided to assist in the 

event of difficulties with the package, and as a reference 

for further development. 

A complete list of references is also provided. 

2-·2 Formulation for Opti~ization 

2-2.1 Optimiz~tion Function 

As mentioned in section 1-3, alternate criteria are 

available. Either minimum frictional torque loss, minimum 

oil temperature rise, or both is a combined criterion. 

A. Frictional torque is obtained from Dennison's 

design chart [9], figure 2-1, as a function of the following 

variables 

'I1RQ = r (L,R,C,W,RPM,z) 

hence, the objective function for minimum frictional torque 

is, 
u 	 = TRQ = minimwn 

B. 	 The oil temperature rise will depend on friction 

heat generated and heat taken away by the oil. 

20 
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Frictional horsepower is 	given by the following 

2 7T. TRQ.RPM 
FHP 	 = 

12 x 33000 

and therefore the energy 	loss in friction will be 

BTU/hr = FHP x 2545 

The thermal equilibrium for self-contained bearings is 

different than that for pressurized journal bearings. 

Heat 	balance for self-contained journal bearings: 

According to Fuller µJJ , the heat balance in self-

contained bearings is based upon the assumption that the 

heat generated by friction is entirely dissipated by the 

housing surface t o the surrounding air, hence the rate of 

dissipation is 

BTU/hr = K.A. AT 	 (2-1)w 
where; 

K 	 is a dissipation heat factor, Btu/hr.ft2 .°F. 

= 201 for quiet air ambient. 

= 5.9 for moving air ambient. 

A is the hot outside area of the be aring housing 

z 15 ( 2 RL) . 

ATw is the t emperature ri.se of the outside surface 

above ambient air t emper ature. 

Knowing 6T from the heat balance equation (2 - 1), the 
w 

temperature incr ement of 	t he oil abo ve the housing surface 
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oT 0 F. 

temperature - AT - can be determined from Fuller's chart,
0 

figure 2-2, where it is given as a function of ATw and type 

of oil supply such as; oil-ring, wick, •••• etc. The oil 

temperature rise is, then 

and the oil operating temperature is 

Tl + AT= 

Heat balance for pre~sure-fed journal Eea~ings: 

In this case, the heat balance is based upon the 

assumption [11] , (30J ,[4o] , that the heat generated in the 

oil film is carried away by the oil flowing through the 

bearing clearance, therefore 

(2-2) 

where; 

BTU/hr 

Q 	 is the total oil f 1ow through the bearing, Gal/or 

is the heat capacity of lubricant, Btu/gal.°F.cP 


AT is the oil temperature rise, oF. 


If Toil is the inlet oil temperature, then the oil opera­

ting temperature will be 

T 
0 

= Toil + AT 

For the criterion of minimum oil temperature rise, the 

optimization function is 
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u = AT = minimum 

c. The combined criterion is explain~d in section 1-3. 

2-2.2 Constraints 

Practical limitations in bearing design that are 

inherently unavoidable in real problems form the major part 

of the following constraints which express the permissible 

ranges of values for different design parameters. 

References [10] , ~. l] , [3o] , [1~0] dis cuss in details those 

current practical limitations. 

1. Length.;. to -diameter ratio L/D 

(L/D) L/D (L/D) . . max m:i.n 

where the maximum and minimum limits depend on the appli­

cation as shown in Table 2-1 • 

2. Minjmum film thickness h 
0 

hoall 

where hoall is the allowable lower limit. Table 2-2 gives 

recommended minimum values for h
0 

in accordance with the 

bearing me tal used. 

The actual rni.nimum film th ~c~mess j_s one cf the factors 

governing the load capacity of a hydrodynamically lubricated 

bearing. Equation ( 2 .....1+) sho~ -r'.".\ how the load carrying capacl ty 
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TABLE 2-1 


Common values for L/D ratio 


Machin e 

Turbo - generators 

Steam turbines 

Generators and motors 

Machine tools 

L/D 


o.8 - 1.8 

o.8 - 2.0 

1.0 - 2.5 

1.5 - l~. 0 

TABLE 2-2 


Recommended minimum film thickness 


No. Bearing MetaJ. - ·- hoall 

1 

2 

3 

4 

5 

6 

7 

Lead -base babbitt 

Tin-base babbitt 

Cadmium-base metal 

Copper ...-­lead (Pb 45% . Cu 55%), 

Copper-lead (Pb 25% . Sn 3% . Cu 72%), , 

Silver (Lead-indium overlay) 

Bronzes 

0.00075 

0.00075 

0.000375 

0.000375 

0.000375 

00000375 . 

0.00010 
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depends upon the eccentricity ratio E whtch, in turn, 

depends upon the minimwn film thicl{ness as given by 

equation (2-3) . 

h 
0 = C(l - E. ) (2-3) 

en = 
5(2 + 

1r
2 
. E 

(2) v1 - (2 
(2-4) 

References [5, 11, 19, 20, 23, 33, 39, 4o] discuss the 

minimum allowable oil film thickness. 

3. Sommerfeld number S, and zN/P ·value 

s s .min 

zN/P 
 (zN/P) i m n 

Both of these numbers is to indicate the occurrence of stable 

thick film lubrication. Table 2-3 gives recommended minimum 

values for both S and zN/P • 

4. Criti~al shaft speed 

N RPM 
er 

where N is the critical shaft speed at which turbulance er 
in the oil film start to occuro Ncr should be beyond the 

maximum speed of the shaft, and is given by ~2] , 
1 

N = 392.4 _L_ (R/C) 2 rpmer R,C 

where; z 
is the kinematic viscosity = in. 2;sec 
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TABLE 2-3 

Minimum recommended values of S and zN/P 

Bearing Metal zN/P s 

Tin - base babbitt 

Lead - base babbitt 

Cadmium ... base alloy 

Copper - lead 

Silver. - lead - indium 

20.00 

10.00 

3.75 

3.75 

2.00 

0.050 

0.250 

0.009 

0.009 

0.005 

from Shaw and Macks (34] 
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f is the mass density of the oil, lb.sec2/in4. 

5. 	 Oil operating temperature 

for self-contained bearings
[11] • 

T for pressure-fed bearings.
0 

The maximum limit of 250 °F for pressure-fed bearings is 

considered to be the most reasonable practical value for T • 
0 

6. Oil inlet temperature 	for forced-fed bearings · 

7. Oil 	grade constraint 

SAE 70 ~ Grade ~ SAE 10 

SAE oil grades curves are shown in figure 2-4 • 

8. 	 Journal radius 

R > ~in 

where R and R . are 	specified by the user if the max min 
radius is to be considered as a design variable • · 

9. 	 Non ~ negative requirements of the variables : 

bearing length L o.o~ 

radial clearance c 	 o.o~ 

viscosity z 	 OoO~ 

chamfer length 1 > 	o.o 
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chamfer dimension a 

oil inlet pressure Pl 

The program consists of ten FORTRAN subr outines, in 

addition to 13 others for optimization purposes adapted 

from OPTISEP ~l) e 

The package requires approximately 70000 storage 

locations in the central memory of the CDC 6400 computer • 

An optimumsolution can usually be found on the 

CDC 6400 in about eight seconds using DAVID, and in about 

13 seconds uslng SIMPLEX or SEEKl • In general, solutions 

found by SIMPLEX are better than so1 u t j_ on s given by any other 

method, if SIMPLEX works • 

Subroutine BRNGl is used for self-contained bearings 

while subroutine BRNG2 is used for pressure-fed journal 

bearings. The function of these t wo subroutines is to sele~ 

the optlmization method required according to the va1ue :: of 

the code name MTHD, as defined in section 1-4, read in design 

data, check the feasibility of the bearing for the maximum 

expecte d ambient temperature, and finally to output the 

result s by calling upon subroutine ANSWER • 

Figure 2- 3 gives an outline of the main subroutines us ed . 
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Fig 2_ 3 Program flow chart 
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III SOME DESIGN CONSIDERATIONS 

3-1 Ring-oiled bearings 
---~---------~-

The ring must be made of a heavy material. Brass 

is recommended. For small rings sizes, die-cast zinc finds 

a considerable use • 

The diameter of the ring is about 1.5 times the 

journal diameter. The cross section is generally rectan­

gular, where the width of the ring frequently from one half 

to one fourth the radial height. 

Grooves on the inner surface are usually about 1/16" wide 

and from 1/32" to 1/16" depth. They should be spaced 

from 1/16" to 1/32" apart. 

Wool-waste is recommended as packing materia l. Lamp 

wick or cotton thread should be used when the mechanical 

properties are of secondry importance, as in auxiliary oil 

drippers, syphon feeds, ••• etc • 

The oil saturated waste packing should cover the 

whole window, see figure 1-6. A wick long enough to reach the 

bottom of the oil well can be placed across the window 

32 
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and extended so as to fill the waste. The pack must be 

tamped very tight to force the wick against the journal and 

to prevent any loosening of the waste. 

3-3 Wick bea,::ings 

Figure 1-4 indicates a good way of providing good 

oil storage capacity and oil retention feature. 

The felt wick shown has a cylindrical shape. The packing 

is a soft felt or mass of fibers more deformable than the 

wick felt. It should fill the cavities around the wick to 

provide good oil storage and to decrease leakage and oxi­

dation • 

Wick and packing materials are best made from high 

quality wool fibers. These should not contain any alkaline 

or acidic materials in order to decrease the rate of oil 

oxidation; 

A packing material should have a good oil storage and 

absorption capacity. 

An X-shaped grooves is used on the bearing surface. 

3~4 Bearing material 

Bearing materials are selected according to the 

maximum pressure in the oil film, rather than the unit load 

carried by the bearing. 
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Experimently, Needs [21] has determined the ratios 

between the maximum pressure in the oil film and the unit 

load (load/inch square of bearing projected area) as a 

function of the eccentricity ratio ( and the dimensions 

of the bearing. 

Figure 3-1 shows the chart developed by Needs for central 

partial bearings having an angular length of 120° arc, 

however, the chart may be used also for determining approxi­

mately the maximum pressure for all types of journal 

bearing [21] . 

Many references [11, 30, 33, 4o] and others 

explaining the bearing material requirements for a success­

fully working bearing • 

Tables 3-2, 3-3, and 3-4 give the recommended unit load 

values and other properties of various bearing metals. 

Table 3-1 gives the material list that has been considered, 

according to the information given by the abovementioned 

tables , the bases of selecting the bearing meat~l • 
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TABLE 3-1 


Bearing materials list 


No. Bearing Metal 
Maximum Unit 

Load, psi 

1 

2 

...... 

.) 

4 

5 

6 

7 

Lead-base babbitt 

'I1in-base babbitt 

Cadm1um-base 

Copper-lead (Pb 45% 

Copper-J.ead (Pb 25~~ 

Silver (overpJ.ated) 

Bronzes 

; Cu 55%) 
. Sn 3% . Cu, .t 

<7r' ' r rf)
I c/o 

up to - 800 

800 - 1200 

1200 1500-
1500 - 3000 

3000 l~OOO-
l.J.QOO ... up 

10000 
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eccentricity ratios, [2 7] 



37 

TABLE 3-3 


Maximum values of unit load 


Bearing Metal 

Lead-base babbltt 

Tin-base babbitt 

Cadmium-base 

Cadmium-base with 0.003-0.004" 
overlay of babbitt 

Copper-lead (Pb lp::q; . Cu 55%)./I J 

Copper-lead (Pb 25% . Sn 3% ,. Cu 72%)J 

Silver (lead-indtum overlay) 

Bronzes 

Maximum unit 
load, psi 

600 - 800 

800 1000ca 

1200 - 1500 

2000 - t~ooo 

2000 - 3000 

3000 - 4000 

5000 .,,. up 

10000 

From Etchells and Underwood ~o] 



TABLE 3-4 

Fatigue strength, maximum load, 


and deformability of bearing metals 


Bearing Alloy Order of Fatigue 
Strength 

Approximate 
Maximum Load 

(psi) 
Order of 
Deformability 

Bronzes 

Copper-lead with tin or silver 

Thin-babbitt overlays(0.003° or less) 

Aluminum alloys 

Copper-lead alloys 

Cadmium alloys 

Lead-and tin-base babbitt 

1 

2 

3 

4 

5 

6 

7 

10000 

3000 - 4000 

2000 - 4000 

2000 - 3000 

1500 - 2500 

1200 - 1500 

800 - 1500 

7 

6 

5 

4 

~ 
~ 

2 

1 

I 
I 

I 

From Fuller [11] 

UJ 
(X) 
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There are two main kinds of lubrication grooves; 

axial grooves for lubricant distribution along the axis of 

the bearing, and circumferential grooves for lubricant 

distribution around the journal • 

Drainage grooves may be placed at the ends of the bearing 

to collect the lubricant that is ordimarily forced out of 

the bearing ends. Figure 3-2 shows cross sections through 

some types of lubrication and drainage grooves. Grooves 

must be carefully chamfered or rounded to avoid disrupting 

the continuity of the oil film or scraping the oil from 

the journal • 

In horizontal forced-feed bearings, it is recommen­

ded that the lubricant supply hole be placed at the middle 

of the bearing. For vertical bearings it should be nearer 

the middl~ than the top to avoid top leakage. The supply 

hole in either case should be anywhere within the no-load 

sector of the bearing (approximately at the attitude angle 

-A- as shown in figure 1-1. Figure 3-3 gives the attitude 

angle as a function of the eccentricity ratio and L/D ratio. 

If the load is rotating the lubricant may be supplied from 

the rotating shaft through a radial groove. 



T 
.c. 

{a) Lubrication Grooves 

B 

( b) Drainage Grooves 

Fig 3_2 Lubrication & drainage grooves 
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A 
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Fig 3-3 	 Attitude angle ~ vs eccentricity ratio e: 

for different LID ratio 



IV SAMPLE PROBLEMS 

Problem 1 

A force-fed lubricated journal bearing is to be 

designed for a steam turbine with the following data, [38]. 

Applied load 10000 lbs. 

Journal speed 1800 rpm. 

Journal radius 3 in. 

Solution 

We assume the following : 

a. 	 The bearing is full-cylindrical with a circQmferential 

oil groove • 

b. 	 The journal radius is a design variable. 

c. 	 The oil inlet pressure is a design variable. 

d. 	 The design ambient temperature is 75 °F • 

e. The maximum ambient temperature expected is 95 °F • 

Under these conditions the problem is solved using two 

methods; SIMPLEX, and DAVID for a combined criterion of 

minimum friction loss and minimum temperature rise. The 

shaft torque is considered 1000 lb.inch • 

The calling program, using SIMPLEX, is set up as 

shown in figure 4-1. The input information as given by 

42 
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the calling program is printed out for reference. This is 

shown in figure 4-la. The optimum solution found .is shown 

in figure 4-lb • The s~lution found using DAVID is given 

in figure 4-2b. Figures 4-2 and 4-2a show the calling 

program, in this case, and the intermediate output each two 

iterations in the optimization process respectivily • 

Observe that SIMPLEX gives a solution better than 

that given by DAVID • 
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CC~MCN /111/ RPM ,w;RADIUs;11,KOPTI M ,KeRG,MT~O,RADU,RAOL,~~8 R ,KCILS 
1 UP, KAP LI C, P Jr,J l ET, KEY , KA IR , TIN FUT , T ~AX 

W=10 000. 
RFt-'=1800. 

T1=75. 

TMAX=9 5 . 
RA 0 I US= (l. 0 

R.nCU=3.5 

RAO L =2. 5 

KOPTIM=3 

KAFLIC=2 

PINL ET= o. 0 

T I t\ PUT =1U0 0 • 

NME R=6 
K8R G=2 

KEY= 2 

MTHD=5 

CALL 8RNG2 

SICP 
ENC 

·Fig-4_1 

- OPTI~U M HYDRODYNAMIC BE~RI N G DESIGN ­

INPUT CAT A 

LOAO AT BEARING, LBS •• ,"' = 1.000000CE+OL1 

JOURNAL SFEEO, REVS/MIN. I I I 9 t t • t •• 0 •••••••••••• .,,,,,RPM = 1,8000GOOE+03 

AMBI ENT TEMFE RATLRE, DEGGF • . ••••• •••••••••••••••••••••• 11 = 7,SOOUGOCE+Gt 

M A X I ,1 Ui"1 TMAX S.50000GOE+01EXPEC l E D A M r I Et\t T T EM P E R AT U R E • • ••••••••••••• = 
JCUP ~~AL RADIUS, If\C~ • •••. ,, • , , ,, , , • , , , , , ••• , ••.,, RAOIUS . = O, 

ESTL1ATED UFP ER Llt1IT CF R.t:DIUS •••••••••••••• t • t • t • RAOU 3,500DOOOE+OO= 
ESlI~ATEO LOW ER LI MIT OF RADIUS •••••••••••• t t t •••••. RA CL = 2.50000COE+OO 

OPTJ 1HZJJTION CP ITERJO N ••, •• • • • • • ••••••••••••••••• KO FT IM = 3 

TYPF OF AFPLICA1ION ...... .. • • • • • ••••••••••• c ••• t • KA FL IC 2 

NUMB~R OF DESIGt'\ Vf\RIAE1LES , • , • •• ••••••• t •••• NMBR = E•••••• t 

0 p TJ .,,, I z fl T l 0 N !" E 1 h c0 u ~ E0 • I • • t e e t t I t I e I I I PTrO• • • t I I I t I I t = 

INPUT TCRGUE ... . . . .... . . . ...... . ............... ' . Tif\PUT = 1. GOOOCOCE+03 

T Y P E 0 F J C URN AL 2 E API N G U S ED • , , • , KBRG = 2t I I t t I I t I t t I t t C t e e I 

FLAG NUl"BER •••••• I •••••••••••••• ••••••••••••••••••••KEY = 
OIL INLET PRESSURE •••••• ••••••••••• Pit\LET = 0 • 

Fig 4_1a 
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OPTIMUM SOLUTION FCLt\O 

VA L U E 0 F CR IT ERJO !\ FU NCT I 0 N • • • • • • U = .OE431820 

VAL LE 0 F CE SIG N VAR I A 8 LES 

i - 3E t , Rif\G L F.: ~ ! GTH . • • • • • • • • • x ( 1) = 5.18?4S489 INCH 

2- RADIAL CL U~ RAl\C E • • • • • • • x ( 2) = .OC3:3 8 E~3 INCh 

3- OI L OF ERA 1I NG VISC:OSITYa • 

• 
• • • • 

• x ( 3) 3.8S0~2817 CE!\TIPCISE 

li - JOU RN . .OL. R ,tl01CS . . • • x ( 4) 

;:: 

= 2.5GOCOC21 I NCH 

5 - OI L I l\ L [ T P R E S S UR E • • • • • • • x ( 5) = 10.8 0 8S2~E6 LB/SC.INCH
Q 

c- 0 1 L Ii\ L ET TC t-' F E RAT URE • X ( E) = 220. 4li570233 DEG. FAHRENHEITII 

7- "'! I NI M UM 0 IL FIL M TH IC K NESS • o • • " • = .000 3 7722 INCH 
8- ECCE NTRICITY RATIC •••••• • • • • = .eesE112s 
9- ATTITL DE ~ N GLE • ~ • • • • • • • • • • = 20. 0Y9<:6743 DEGREES 

1 D- CI l 0 F E k A TI f\ G T EJ1FERA TUC( E. • • • • • • = 237.c86GB?.87 DEG. F.OHRENHEIT 
A " .L J_ - F ~ ICT I O N AL TC ~ O UE4 • • • • • • • • • • = 42.27836810 LE. INCH 
12- AM 0 L N l CF 0 IL T HA 1 ~1U <:; T 

8 E C 0 i\ TH! L 0 LS LY SU FPL I ED , • • • • • • = • 3 S 7 g 51 S 3 GALLON/MIN.
13- OI L G~AOE •• It •• • ·~ ...... , •• = CSAE 10> 
14- BE ARING Mf: TAL IS NO, C 4> - SEE USERS MANUAL, MATERIAL LIST ­

- R E C G i"f'viEN CA T I C N S­

1- MA XI MLM SLRFAG E FI NISH ROUGhNE~S SHOLLD BE LESS OR EQL~L 1C C20-MICRON INCH)
2- SHAFT D P I~Ell HARD NESS MUST BE GREATE R OR EQUAL TC C300) . 

INECUALITY CONSTRAINTS 

P}-JI ( 1) = 1. 41457732[+01

PHI ( 2) = 2o22157732 E+01 

P HI ( 3) :: 1.4 ~ a 6 0SS2 E +C2 

F HI ( 4 ) = 4. 4 2 0 5 7 8 13 E+ 05 

PHI ( S) = Go 6134E:745 F+02 

PHI ( 6) = i. 23139111E+01 

PHI C 7 ) - 6. 00000( OOE+10 

PHI C 8) = r}. 

PHI ( 9) = 8.919107E3E+01· 

Fig4_1b 
-i=' 

Computer .time: 12.339 sec \Jl 

http:237.c86GB?.87


CCMMON /111/ RPM,W,RADIUS,11,KOPTIM,KeRG,MlHC,RAOU,RACL,NMBR,KOILS ­
iUF,K~PLIC,PINLET,KEY,KAIR,lINPUT,T~AX 

W="1001JO. 
PPM =:t8[0. 

T1=7511 

Tt~ ti x=9 5. 

PAOI US= O. 0 
RACU=3.5 
R ~ 0 L =?. • 5 
KCFTIM=3 
KAPLIC=2 
Pit\LFT=Q.O 

T I f\ P ljT =1 0 0 0 , 

N~'; ER=6 

KE~ G=2 

KEY= 2 
M 1I-"0 =7 
CflL L BR NG2 

Sl C P 

ff\!0 

Fig L1_2 
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INTERMEDIATE OUlPUl FOR DAVIDON FLETCHE~ ANO POWELL 

UAPT IS iHE ~RTIFICIAL UNCONSTRAINED OPlIMIZATIO~ FUNCTION 

S1EP NO, u U A.RT 	 INDEFENOENT 

2 e • 8 4 S 1 9 S 6 2 E - 0 j _ 9 .6S776216E-01 E:.12 00 09?5E+ CO 8.50026E12E-C3 
1. OOOOOOCCE+01 1.5DOOOOOOE+02 

L. e.75792SS6E-01 8 .8 05860 74E-01 E:.12004952E+CO S.2SSLiS1G1E-03 
1oOOOOOOOCE+01 1,SfJOOOOOOE+IJ2 

6 Y • g 9 376c37F-01 5.07700741E-01 C,.15S51. 483E+ CO 7.DS395179E-03 
<;. 9SS93'i?.7E+CO 1o5001JOOCOE+02 

8 ~.98782708E-01 5.070667 21f ,-01 E:, 1SS5393L1E+CO 7,0245S1SSE-03
S, gg·~g2, :S20E+GO 1.50000GGOE+02 

10 2.59082473F-01 2 • 6 3 4 4 95 3 5 F. - 0 1 f; • 1 8 5 7 ~, 2 5 1 E + G0 5.4G5353S8E-03 
S~9S<;;880:15E+OO 1.5CQOOOOOE+02 

12 	 2.S8S363~3f-01 2. 6 2 81t560E-01 E. 1 8 57 L 4 G 4 E + C 0 5.~9271880E-03 
~.SSC::8B01UF:+OO 1.50COOGGOt+02 

14 2. 22 39 988.3E-111 2. 2 9 8 4 2783E-01 t. 1873S1 ~ G [ + C 0 5.153193l2E-03 
S.9SS87482E+CO 1.SOOGOODOE+02 

j6 2, 2200 3852E-01 2 .269976 21 E-01 C, 187L+05S7E+CO S.0291G5S2E-G3 
S.9~S8747~E+OO 1.5000GOOOE+C2 

18 2.21740C85E-01 2 • 2 2 1 0 53 64 E - 0 1 t.187409c5E+ou 5 .. 139570L11E-03 
s. 9 g S8 7 4 7 L; E+ 0 0 1.soooooocE+o2 

20 2 t' 18 ·70 1CD6 E- D 1 2 .189 6 24 2 0 E ·• 0 ·1 (~.18749S~OE+CO 5.000S2827E-O:?: 
~.99S87433E+CG 1 e50000000t+02 

22 2.18~0S182E-01 2 .1 8 7 7 57 6 8 E - 0 1 t e 1 f3 7 5 l i 3 5 3 E + 0 0 ~e07SS99S7E-C3 
S. g 9 98 7 4 3 2 E + 0 0 1.500COOGOE+02 

2L. 2.17 063181[-01 2 • 1 8 0 0 26 51 E- 0 1 E:,18754117E+OO 5 c 08S·81339E-C3 
s.ggs87415E+CO 1.500000GOE+02 

26 2.15~67214E-01 2.15837109[-01 E:111875B70SE+OO 5.02530239E-03 
S.99S873S4E+CO 1.soooooooE+o2 

Fig '4 _2a 

VARIABLES XCI> 

1.50000462E+-01 

1.5000249CE+01 

1.51SE3794E+01 

1,51gE6168E+01 

1.531c5525E+01 

1.S3167Y22E+01 

1.53346SS8E+01 

1.53349580E+C1 

1.S3350232E+C1 

1.S3:3E:6156E+f11 

1.53Zc68U1E+01 

1.53373479E+01 

1. 53 3816 41E+ 01 

3.0G0007S8E+OO 

3,00C04658E+OO 

~.037898E3E+OO 

3,037921C4E+OO 

3.06225234E+OO 

3.0E22E2~SE+OC 

3,06370521E+OO 

3.0E:371811E+OO 

3.0c3721~5E+OG 

3.0c3BCOESE+OO 

3.Cc38G388E+OG 

3. 06 .383E:~7E+OO 

3 • 0 t j 8 7 7 -~ 3 E +0 0 

+::" 
-:i 



0 PTI MUM S 0 l U 1I 0 N F C L f\ 0 

JAL UE 0 F CRITERION FUN CT I 0 N. • • • • • U = .21546721 

VALLE OF CESIGN VA RI AOLES 

1- 2 E A R H; G L EN GT H . . • • • .. • • • • x ( 1) = 4.0E4L;4311 INCH 
c' - '~tl.DIAL CLEA PAN et: . • & • • • • . ' . x ( 2) = .00502530 I NCl-i 

-:c_ OIL 0 F E FA TI t·JG VISCOSITY, X L3) 7.3'152S7S1 CEl\IIFCISE
• • • • = 
'1- ~OUF<NflL RADIUS • • • • • • 

;i 

• • x ( ~) = 2. 5 06 c27 5 2 IN Ch 
c• 
./ OIL Ii\LET PRE~ SURE 

c 

• 
Cl 

• • • • • • • x ( 5) = 9.9S987394 LE/SC.INCH·-­
E: - OIL Il\LET TE.~i=· FRATURE . • • • • • • x ( f:) = 1E3.881G3870 DEG. FAHRENHEIT 

r- .n ~:Hi Liv' 0 IL FIL tv T HIC KNE SS • • • • • • = • OIJ 037ccG INCH 
8- ECCENTRICITY ~ATIO •••••• ~ • • • = .925[5887

9- ATTITLOE ANGLE G •• c • • • • • • • • = 13.0397Sc81 DEGREES 

C- 0IL 0 FER A H i\ G T GI FER.AT URE o • • • , • , = 1 8 1.2~824~56 CEC~. FAHREf\HEIT 

1- FRICTIO~AL TCROUE •• ~ , •• ~ •• , • = 5 2. 818 t 5S 7 7 LB. INCH 

2 - ;\ M 0 L: N 1 C F 0 I L T I- A T MU S T 


BE CO~lINLJUSLY SUFPLIED ••• , • , • = .43520713 GALLON/MIN.
i 3- OIL G~ADE. , • , •••••••••• , = CSflE 10) 
14- G E AFI~G META L IS NO, C 4) - SEE USERS MANUAL, MATERIAL LIST ­

-R ECOMMENCATIGNS­

1- MAXJMLM SURFACE FI~TSH ROUGHNESS SHCLLO BE LESS OR EQU~L ~C C20-MICRON INCH> 
2- SHAFT BRINELL HARDNESS MUST BE GREATE~ OR EQUAL TC C300) 

INECU~LITY CONSTRAINTS 

PHI ( t) = 2. ?8238c80F+n1 

PHI ( 2) = 1. 60184524[+ 01 

PHI ( 3 ) = 7. 112 7 0 ( 5 3 E + 01 

PHI ( 4) = '""'. 484101 75E+ 05 

PHI ( 5) = 4.99880770E+C2 
l=HIC 6) - E. 0 7 61 7 5 E4 E + 01 
PHI ( 7) = c.OGGOGCOOC+10 Fig 4 _2 b 
PHI ( 8) 0.= PHI C g) = 9.00001261E+01 Computer time: 12.496 sec 

____ .,. ____-IMPORTAN T­

THE OFTIMUM SCLUTICN FOUND IS ONLY FEASIBLE FOR THE CESIGN OPERATING 
TE~PEKATLRE - 75.GO DEG. FAHRENHEIT. 

OR RECPTI~IZE WITH A HIGHER DESIGN CFERATING TEMPERATURE • 

~ 
<..X> 

-, 
.l ' 



49 

Problem 2 

A waste-packed bearing is to be designed for a 

turbo-generator with the following specifications. 

Applied load 1120 lbs. 

Journal speed 350 rpm. 

Journal radius 4.5 in. 

Solution 

The problem is solved for a criterion of minimum 

temperature rise using DAVID. The journal radius is 

considered a design variable. 

Figure 4-3 and figure 4-3a show the calling program and the 

print out of the input informations respectivily. The op­

timum solution found is shown in figure 4-3b • 
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COMMON /111/ RPM,W,RADIUS,Ti,KOPTIMtKBRG,MTHD,RADU,RACL,NMBR,KOILS
iUP,KAPLIC,PINLET,KEY,KAIR,TINFUT,TMAX 

W=1120. 
RPM= 3S 0. 
Ti= 75,
TMAX=100, 

RADIUS= O. 0 

RAD U=5. 

RADL=4 • 


. NMBR=4 
KOPTIM=2 
KAPLIC=1 
KOI L SU P=3 

TINPUT=O.O 

KAIR=i 
MTHO=? 

CALL BRNG1 

STOP 
END 

Fig 4 _3 

- OPTIMUM HYDRODYNAMIC BEARING DESIGN ­

INPUT DAT A 

LOAD AT BEARING, LBS,••••.•••••••••••••••••••••.,,••• • W = 1.1200000[+03 

JOURNAL SPEED, RC:VS/MIN. , , •• ,, ••., ,, , , .. , , •• , , • •• e., ,RPM 3.5000000E+02= 
AMBIENT TEMFERATURE, DEG,F, ••• •• •••••• •• ••••••, ....... T1 = 7,500000GE+01 


M A X I i"'. U M E X PE CTE 0 At·l B I E NT T E MP ER AT UR E • • , , .. • , , , • , • " T M A X = 1,0000000E+02 

JOUPNAL RADIUS, INCH , ••• , , , • , • .. ,,,,.,,,, •,,.,, •• RADIUS = c. 
E ST I MA T E 0 U F P ER L ItH T 0 F R A 0 I US , ... • , • , , , .. , • , .... , RA 0 U = 5.0000000E+OO 

ESTI~ATED LOWER LIMIT OF RADIUS • , •• , •• •• •• , •••, •• •, RADL = 4, ODOOOOOE+OO 

OPTIMIZATION CRITERIOt\ ••., .... •• •• •• •• ••,,, •••. •• KOPTIM = 2 

TYPE OF APFLICJ\TION , • •••.,,, •• •• ••, •• , ••,., ••,, •• KAPLIC = 1 

NUMBER OF DESIGN VARI BLES NMBR = 4• ' • • • • • • • • • • • • • • • • o • • • e • e 

OPTIMIZATION METHOD USE:.0 •• , • , , •• I I I I I e I e e G I I e I I e e e t MTHO 7= 
I NPLJ l TORQUE TINPUT ~ 0 e••••••••eeot•••••••• ••••••••••••••••• 
KIND OF OIL SUPPLY ••• ••• •• •• •• •• ••., •• ••,., •••., KOILSUP = 3 

AME3IENT AIR CONDITION •••,. ••.,",,,, •• ... ,, •••, .. ,, KAIR = 1 

Fig 4 _3 a 



• • • • 

• • • 
• • • • 

• • 

• • 

__ 

OPTIMUM SOLUTION FOUND 


VALUE OF CRITERION FUNCTION •••••• u = 89.86828558 


\JALUE CF DESIGN VARIABLES 


1- BEARING LENGTH ~ ~ •••• • • • x ( 1) = 14,712E6187 INCH 

2- RADIAL CLEARANCE ~ ~ • •• • 

ti 

• • • x ( 2) = -.00600178 INCh 
3- CIL OPERATING VISCCSITY •• x ( 3 j = 8c 00414687 CENTIFCISE 
~ - JOURNll RADIUS •• ~ • •• • • • • x ( 4) = 4.62177058 INCH 

S- ivINIMuM OIL FILM THICKNESS = • 0 0 4 2 041 g INCh 

6 - ,:CCENTRICITY RATIO ••• o 

~ 

= 029950915 
.., • " • • • • 
{ - ATTITUDE ANGLE •• , •• o ::: n7.926SS67S DEGREES 

9-
5- CIL 

FRICTIO~AL 
OPERATING 

TORQUE 
TEMFERATURE. 

•••• • 
0 174.9986ECJE8 

71.26409397 LB. 
DEG. 

INCH 
FAHRENHEIT• • • • • = 

• • • • • • = 
1 o- AMOUNT Of" OIL THAT MUST 

EE CO~TINUOUSLY SUPPLIED •• • • • • • = 1.71611989 GALLON/MIN.
i1- OIL GRADE ••••••••••• • • • • = CSAE 10)
12- EEARING METAL IS NO. C 1) - SEE USERS MANUAL, MA1ERIAL LIST ­

-RECOMMENDATIONS­

1- MAXIMUM SURFACE FINISH ROUGHNESS SHCULD EE LESS OR EQUAL TO (20-~ICRON INCH> 
2- SHAFT BRIN ELL HARCNESS MUST BE GREATER OR EQUAL TO C300) 


INEQUALITY CONSTRAINTS 


PHI C 1) ·- 3,30168977E+02 
PHI ( 2) = 3$4541S12bE+04 
PHI ( 3) = 4.62249200E+03 
PHI { 4) = 2.76836892E+05 
PHI< 5) ·- 1o 2485 :rn 33E+03 FLg, 4_3,b 
PHI ( S ) = 5.0C133032E+07 
PHI C 7) = 6.00000000E+01 
PHI< 8) = o. Computer time:. 3. 89'7' sec 

-IMPORT ANT­
--~-._._._ 

THE OPTIMUM SOLUTICN FOUND IS NOT FEASIBLE ON THE MAXIMUM EXPECTED 
AMBIENT Tt: MPERATURE •. 


r~ A X IM ~ M EXP EC T. E 0 l EM P E RAT UR E MU ST 8 E RE 0UC E 0 T 0 8 0 • 0 0 0 E G .. F AHR ENH E I T 

CR REOPTIMIZE WITH A HIGHER DESIGN OPERATING TEMPERATURE. 

\J1 
~· 
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FTABLEl '(3 
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BRNG2 57 


CONST 61 


DATA 69 
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c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 

1 

2 

3 

SUBROUT If\E BRN Gl
* -~ ~~ ~~- -~~- ~(- ~f- -~~- -~- -~- -)~- -;.:- ·3i- -~~ -~- -~~-

TH I S SU 131-< 0 UT I NE I S L<:> E G f'·'i /'d f\; LY TU SELE CT THE GP T Ii'•d LAT I 0 r~ 
SU f3 I ·~ 0 U T I N E , T 8 0 lJT :) 0 T T H E F I f~ A L S 0 LU T I 0 I~ B Y CA LI_ I i"~ G u Pu i~ 
SUD f~ 0 UT I N f:. !\I'\ .:/,1ff I~ , Af-;D T 0 •: HC: C I<. THE F l ,0., S I U I L I T Y 0 F THE ci EMd W~ 
F0 I~ THE h /~ X I i /1 U iv'1 l X P EC TE lJ /\ i · l u I E ;\j T T E/i P c.1 ..u, T UI-< t. .............. • •••• 

D i i·,iEi\iS I Gi'J X (4l! PH I( 8 ), P~) l( l ), l~M,fl..X ( I+), f~i -': I f\l (Li- ), XSTl·zT(4), ';;ORr.:..l ( 
l L+ ) , i\i o1~ K 2 ' 4 l , /j()I~ K 3 ( L+ ) , /v lA\ K~ ' l+ ) , xA ( 1+ , 5 } , xJ ' 4 l , xH' 4 l , x s ( 1+ l , xL 
2 ( 4 ) ' x 0 ( 4 ) ' x l~ ( 4 ) ' x E ( 4 ) ' x c ( ~ ) ' s T [ p ( 4 } ' 1=- u i\j ( 5 ) ' ~) T [ p I) ( L+ ) ' H ( 4 ' Li- ) 
3 ' Gs ( 4 ) ' D ( I+ ) ' G N ( I+ ) ' C:i A { '+ ) ' y ( L+ ) ' GT ( 4 '4 ) ' c ( I+ ' 4 ) ' y T ( 4. '·'-+ ) ' pH;< ( I+ 
4 , s l , µ s x ' L+ , i l , P 1\ r~ r ' s ) , P ;., s r ' i i , c f 1 ' 11- l , u x ' 4 l 

co,\·':o i'~ / i i l / i·\F) :., , ·,,,. , r-< Ao I us , T i , k ~P r I :·..:, , (~GR G , 1': T HD , 1<1\ Du , 1v,, D L , N .:1 8 : ' , t'- u I Ls 
lU P , f(;\P L IC, P I ;- ..JL ET , KEY , f ~ ~' i F~ , TI l'~PJT , T<'"iAX 

C C /v ,;..:i u i\ I ~ r( H H I H C , T u , 0 J .J , ; 1 : T f~ L , T i~ ~ , E P S , v I L F L 0 ~·J , P l , T v I Ll , C H f"H: L ' Cf-H1J=- vJ , 
1ATIT UD ,x1, x2 ,x3,RAD 

C 0 i'· i i 11 101·~ I UP T I I K 0 , f'~ N D E X 

( Qlv'j 1\ I 0 J\ / 8 L 0 C r'. / ;( LASS 

CO i111>1 01\~ I BLOC kl/ KCl--J ECK 

KLASS=l 

KCHECK=O 
N=Nf>', f3 f~ 

REA D I N UE~IGN DATA••••••••••••••••·~··••••••••••••••••••••• 

DEF I NE I NfJUT VARIAJLES FOR GP TI MIZA TI UN SUbROUTINE••••••••••• 

NN =N+l 
IP FH NT=2 
IDATA=l 
NE()LJS =0 
NSHOT=4 

N T ESf =l vu 

IND EX= l 

A.LPH1-\:.:1. 

bE TA=U.5 
G!'i.. MA = 2. 

Ri''i/.\ X ( l } = 2 • -:(- ( I~ AD u+R1\ D L ) 

R~AX(2) =u . ~~ l*( R ADU+RAD LJ 

RfliAX ( 3 l =3 0 . 

f~ 1'v1 AX ( 4) =RADU 

I~ fviJ N ( 1 ) = 0 • 0 

RM I /\1 (2)= 0 .u 

f~ M I N ( 3 ) =U • ,.) 

Ri•; I N ( 4 } =U • v 

XSTRf(l)=RADU+RADL

XSTR1(2l=0.uvG5*(RADU+RADL) 

X S T f~ T ( 3 l =1v • 

XSTRT(4)=(RADU+RADL)/2. 

F= O. Ul 

G=U.01 

M.A X ~1. = 3 U u 
C A L L F E A S B L ( f-..J , i~ i'"-'1 A X , i-< ; -1 I ;' ~ , 1'-~ C C 1\~ S , i~ EQ Li :J ' X S r R T ' F ' G ' ,-.; f\ X >1 ' I P R I N T ' I D /\ T /\ ' U 

11 ' x ' pH I ' p s I ' 5 T E p p ' ,~ 0 F~ K 1 ' w0 i~ K 2 ' 1"1 ()I~ K 3 ' ~·J 0 I~ K 4 ) 
DO 1 I=l,N 
)< S T l·H { I ) ::: X ( I ) 
C01\JT I NU E 
IF ( ~ TH D . EQ .7) GO TO 6 
IF ( MTHD.EQ.l.CR.MThD.ELl.3) GC TO 2 

F=LJ.l 

G= u .Ul 
MA. Xi»i==4000 

GO TO 3 

F=U.01 
G= U . 0 1 

M /\ X ,1\.1 = l+ 0 0 0 

R=l• 
IF ( MT HD . EJ .5) GO TO 4 
IF (MTHD.E0.3J GO TO 5 

0 

c ,l\ L L s E E K 1 ( \; ' RI<1-\ x ' Ri' 1 I f.l ' f-K 0 t ls ' I\~ 0 u s ' F ' G ~ x s T R T ' r~ s H 0 T ' ~n E s T ' ;'Ji i\ x i11 ' I p 1--Z 
lI Nf ,I DATA , x , u , PH I,PSI , woRK l, WORK2 , WURKJ , ~0kK4l 

GO TO 7 

http:MTHD.E0.3J


55 
r~ E DU C E = G • u v G 5 
CALL. s I ;\:1PL EX ( N ' f\ fi1 ;\X ' f~ 1\ ..1 I i\~' NCCJ i\l.S ' i\J E C~JS 'XS nn ' f\JN ' 1-\L P H/\' L) E T1\ 'G/\;•1 /'-.. ' i-< C: [) 

l lJ C E , I-~ , F , G ' ; 11 A Xi< , I PR I N T , I D /.:;. TA , U ' X. ' PH I ' P:.) I ' Xf\ ' XJ ' FU N ' X H ' >: S ' XL ' >'.. 0 ' Xi\ ' X 
2E,xc, S TEP) 

GO TO 7 
5 I~ EDU C t:. =U • v v Li 4 

C A L L S E E r-:. 3 ( [\~ , i~ il1 /\ X , [~ 1, ; I i\l , N C. 0 j-..J S , ;\ E 0 U S , XS T I ~ T , F , G ' I~ , I ~ E Du C L , 1vi A X M ' I f'i DcX ' 
l I P I~ 1 N T , I D f\ T /\ , u , X , P H I , P S I , ; 'l V I 0 L , \ 1: 0 I ~ K l , 1,-J 0 I\ K 2 , V! 0 f<K 3 , v; J I< K', 1+ ) 

GO TO 7 
6 R=l. 

REDUCE=U.05 
F=l.E-G6 
G=l.E~u6 
MAX f·1 = ? 0 U 
C A L L D /\ V I D ( i''l , f~ i • 1/>,X , I~ 1'" 1I t\ ' ;\ J C. 0 N S , N [~ Cl U S ' X ST i~~ T , G , F ' 1\1i f, Xi-'1 ' I P J-\ I l\J T ' I D A T A ' k , 

11-< E D U C E , U ' X ' P H I , P S I ' H ' G S ' D ' G N ' G t"' , Y ' D T ' C , Y :r , P H X ' P ~~ X ' P A I~ T , P /1. S T ' C H , U X ) 
7 	 IF (KO. NE.Li). GO TO 8 

C A L L A i\l S V.l E r-< ( U , X , P H I , P S I , f • , NC 0 f\~ S , f'J E Ci U S ) 
c 

11 
1c CHECK Et/d~I N G FEASIBILITY F CJ 1~ ;V1AXUiUl /-H·fi3 ll:1H Tt: f•i PcR/\Tuf<C: •••• 

c 
GO TO 20 

8 Vv R I T E ( 6 , 2 ::> ) 
c 
c C H E C r( THE V I 0 LA T E D C 0 N S T .~ A I i" T S A ND P i~ I i'l T 0 U T D E S I G N 
c Fl\IL LJl-<E CO i'/:i·i EN TS f-d \ D. / \LJ VIC E ••••••••••••••••••••••••••••••••• 
c 

I =0 

DO 17 J=l, NCCNS 

IF (PH I ( J) • LT. u. u) GO T 0 9 

GO TO 17 


9 	 I=I+l 
IF ( J. GT. 8) GO T 0 19 
GO TO 	 (l G,11,12,13,17,15,14,16), J 

1 I , .... u 	 vv' l-<ITE (6,26) I 
GO TO 17 

11 	 v-Ji~ I TE ( 6 , 2 7 ) 
GO TO 17 

12 ::J l~ITE {6,34) I 
GO ro 17 

1 3 ~v r~ I T E ( 6 , 2 8 ) 
GO TO 17 

14 ~·J R I T E ( 6 , 2 9 ) 
GO TO 17 

15 'vJf~ I T E ( 6 , 3 u ) 
GO TO 17 

16 ':J R ITE (6,31) 
17 CONTI NUE 

IF (I .E Q.G) (,Q TO 18 
GO TO 19 

1 8 ~,: f~ I T E ( 6 , 3 2 ) 
GO T 0 2 I+ 

19 I=I+l 
~\! r~ I T E 	 ( 6 , 3 3 ) 
GO TO 	 24 

2 0 	 IF <TC1 .LT. 7 u .) GO TO 38 
KCHECK:::l 
TF=TO 
IS TEP= IF IX ( ( H l:/\X- T 1) I 2. ) + 1 
TM.AX=T MAX+2. 
D 0 2 2 f\J f•'1 = 1 , I S T E P 
T M/-\X= T rvi ,\X-2 • 
TO=TF+ ( T;V: t-\ X-T l) 

CA.LL UF\'. EAL. (X,U)

CALL CO NS T (X, NCONS,PHI) 
D 0 2 1 	 1\'1 = l , NC G f\J S 
IF <P HI( M} .. LT. ·:_; . U ) GO TO 22 

21 CONT I ;' ~ UE 
GO TO 	 23 

22 	 CONT I l~ U E 
v-: RIT[ (6, 3 ~) Tl 
GO TO 21+ 

23 	 IF ( 01 M. [ Q . L } G 0 T 0 2 4 
\·'rn I T E ( 6 , 3 6 ) T f"1i /\ X 
CjO TO 	 24 

http:REDUCE=U.05


38 ~R I TE l6,37) 
24 RETURN 
c 
c 
c 
2 5 F 0 r~ i\; AT (/ I 5 x ' -;;~ 1"~ 0 Gp T U-1l)1 /1 sc Lu T I 0 [-.j H/-1. s f3 E Ei'~ F 0 u r'.m F Of< y 0 u i~ D[ s I G!\J v 

1 A f~ I .L\ Fs L ES , N0 TE THE F 0 L L 0 .,... I f\ G• -;:- , I )
2 6 r--oi·U·~ rd 1 2 x ,i 2 , -* -- -rHE tJ El\ 1~ 1Nc; i"'il G1-n 1·~ OI-\ K u1-.. o E 1~ r H I 1-.; F I L ,:1 Lu b 1\ r cA r l c 

1 N ' I F T HE sHAF T I~ f\ D I us I s f\j l; r u : \~ [ ui-.: THE vA F< I /~ l3 L [ ~) ' ~- ' I 6 x ' -l<- r l-< y I\ G 
2AIN \·JITH THE i-'lAX I 1v;l)i/, POSSIBLE iU\D I US , vi~ DE C l~ EASL TH E ;\PPLlt_D LvA 
3D- IF POSSIBLE.*l 

2 7 F o1~ ,·/i r_._ T 1 2 x , 1 2 , -::-- THE 1:ir NI "' ur·-'1 F I L ;-,..i T1~ r cK1\i Ess I s LEss THf\ N r T I s 1-< c_ G 
lUii-<ED FOi~ Tl-lIS !"'PP LI C/\TIU1.., ,TJ-<Y CHM.;0 1/\JG SU,'-'1E V/\ i~ l/\b L ::s . ~~-) 
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SUBROUTINE BRNG2 57 c ***-?<- * **·X-*-~-h~-**~- -~ * 
c 
c 
c THIS SUBROUTINE IS USED MAINLY TO SELECT THE OPTIMIZATION 
c SUBROUTINE , TO OUTPUT THE FINAL SOLUTION BY CALLING UPON 
c SUBROUTINE ANSWER' AND TO CHECK THE FEASIBILITY OF THE BEARING 
c FOR THE MAXIMUM EXPECTED AMBIENT TEMPERATUREooo••············· 
c 

DIMENSION X(B), PHI(11J, PSJC1J, RMAX(9), RMIN(B), XSTRT(B)' WORKl 
l<BJ, WORK2(8), WORK3(8), WORK4(8), XA(9,9), XJ(8), XH(B), X~(8), X 
2L(8J' XO<uh XR<8h Xf(8)' XC<8h STEP(8)' FUN(9}, H(8,8J, GSCg),
3D\8)' GN(8)' GA(8}' Y(g), DT<g,3), C(8,8)' YT(8,8)' PHX(8,11J, PSX 
4(8,l), PART<11J, PASTC1), CH(g), UX(S.), STEPr-<aJ 

COMMON 11111 RPM,W•RADIUS,T1,KOPTIM,KBRG,MTHD,RADU,RADL,NMBR,KOILS
lUP,KAPLJC,PINLET,KEY,KAIR,TINPUT,TMAX

COMMON /KKHH/ HQ,TQ,JJJ,MTRL,TRQ,EPS,QILFLOW'Pl,TOILl'CHMFL'CHMFW,
1ATITUD,x1,xz,x 3,RAD 
·COMMON /OPTI/ KQ,NNDEX
COMMON /BLOCK/ KLASS 
COMMON / BLOCKl/ KCHECK 
KLASS=2 
KCHECK=O 
N=NMBR 
KB=f(BRG
KE=KEY 

c 
c READ IN DESIGN DATA ·············••oooo•o••···············~·· 
c 

CALL DATA CN,NCONS,KB,KE> 
c
C DEFINE INPUT VARIABLES FOR OPTIMIZATION SUBROUTINE••c•••••••• 
c 

NN=-:N+ 1 
IPRINT=2 
I DA T/i.= 1 

NEOUS=O 

NSHOT==4­
NTEST=100 
IND EX=l 
ALPHJ\=l· 
BETA=0.5 
GAM A==2. 
RMAX<l>=2•*CRADU+RADL> 
RMAX<2>=0o00l*(RADU+RADL)
RMAXC3)=30e
RMIN(l}==O.O
RMIN(2)=0o0
RMIN{3)=0"0
XSTRT{J)=RADU+RADL
XSTRT<2>=0o0005*<RADU+RADL)
XSTRTC3> =15. 
IF (KBRG.EQ .2.0RoKBRGoEQ.3) GO TO 5 
IF (N.EQ.7J GO TO 1 
IF <N .E0.8) GO TO 2 
RMAX(4)=0e05*RMAX{l)
RMAXC5)=0.J
RMAXC6)=5•*Tl+2o
RM I N ( 'l )=0 o 0 
RMINC5)=0.0
RM IN ( 6 } =T 1+1 • 
XSTRT(4)=0.025*XSTRTC1)
XSTRTC5)=0.05
XSTRT(6)=2.*Tl+l.
GO TO 10 

1 GO To (3,4)' KEY 
2 RMAX(4)=RADU

RMAX(5)=60ci0
RMAX(6)=0.05*RMAX(l)
RMAX(7)=0ol
RMAXC 8 )=5.-K-Tl+2e1 
RM IN ( 4 ) =Rt'\DL 

http:XSTRTC5)=0.05


3 

4 

5 

6 
7 

8 

9 

10 

11 

RMINC5)=0.0
RM INC 6) =0. 0
RMINC7)=0~0 58 
RMIN(8)=Tl+lo
XSTRT(4)=CRADU+RADL)/2.
XSTRT<5l=l0. 
XSTRT(6)=0.025*XSTRT(l)
XSTRT(7)=0.U5 · 
XSTRT(8)=2.*Tl+lo
GO TO 10 
RMAX (Li-) =60. 0 
RMAXC5J=Oo05*RMAXC1J 
RMAX(6)=0el
RMAXC7)=5.*Tl+2. 
RMIN(l~)=O.O
RM IN ( :d =0. 0 
RMIN(6)=0.0
RMINC7)=Tl+l.
XSTRTC4)=10.
XSTRT(5)=0.025*XSTRT<l>
XSTRT(6)=0.05
XSTRTC7l=2•*Tl+l. 
GO TO 10 
RMAXC4)=RADU
RMAX(5)=0.05*RMAX(l)
RMAX(6)=0.l

RMAXC7J=5•*Tl+2. 

RMIN(4)=RADL
RMINC5)=0.0
RMINC6)=0 . 0 
RMINC7J=Tl+lo
XSTRT(4J=(RADU+RADLl/2e
XSTRT(5)=0.025*XSTRT(l)
XSTRT(6)=0.05
XSTRT(7)=2o*Tl+lo
GO TO 10 
IF CNeEQ.5) GO TO 6 
IF <N.EQ.6) GO To 7 

RM A X C t;. ) = 5 • *T 1 + 2 • 

RMIN(4)=Tl+l.
XSTRT<4l=2.*Tl+l. 
GO TO 10 
GO TO (8,9), KEY 
RMAX C 4. ) =RADU 
RMf..,X C 5) =60. 
RMAX(6,)=5•*Tl+2.
RMIN(4)=RADL
RMINC5>=0.0 
RMIN(6)=Tl+lo
XSTRTC4)=CRADU+RADLJ/2.
XSTRTC5>=10. 
XSTRT(6)=2.*Tl+l.
GO TO 10 
RM AX ( Li- ) =6 0 (\

RMAXC5}=5e*Tl+2o

RM INCL~ }=0. 0 
RMINC5)=ll+l.
XSTRTC4.):::lO.
XSTRT<5>=2•*Tl +l. 
GO TO 10 
RMAXC4>=RADU 

RrviA X C :) ) =5. *T1+2. 

RMINC4l=Rf"DL 

RMINC5)=Tl+l.
XSTRTC4J=(RADU+RADL)/2e
XSTRT(5J=2•*Tl +lo 
F=0.01 
G=0.01 
MAXM=300 
CALL FEASBL (N,RMAX,RMIN,NCONS,NEQLJS,XSTRT'F'G'MAXM,IPRINT,IDATA'U

l,X,PHJ,pSJ,STEPP,WORKl,WOR K2,WORK3,WORK4) 
DO 11 I=l•N
XSTRT(I)=X(J)

CONTINUE 


http:XSTRT(6)=0.05
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IF <MTHD.EQ.7) GO TO 16 

IF (MTHDoEQolc;ORoMT!-JD.EQ.3) GO TO 12 

F=0.1 	 59 

G:::0.01 
MAXM=4000 
GO TO 	 13 


12 	 F:::0.01 
G=0.01 
MAXM=4000 

13 R=lo 
IF CMTHD.EQ.5) GO TO 14

IF CMTHD.EQo3) GO TO 15 	 .

CALL SEEKl (N,RMAX,RMIN,NCONS,NEQUS'F'G'XSTRT,NSHOT,NTEST,MAXM,IPR

lINT,IDATA,x,u,pHI,PSI9WORKl,WORK2,WORK3,WORK4)

GO TO 17 


14 	 REDUCE=Oo0005
CALL SIMPLEX (N,RMAX,RMIN,NCONS,NEQUS,XSTRT,NN,ALPHA,BETA,GAMA,RED

1UcE'R'F'G'MAXM,IPRINT,IDATA,u,x,pH1,ps1,xA,XJ,FUN,XH,XS,XL,XO,XR'X
2E,XC,STEP)

GO TO 	 17 

15 	 REDUCE=Oo OOOL+

CALL SEEK3 (N,RMAX,RMIN,NCONS,NEQUS,XSTRT'F'G'R'REDUCE,MAXM,INDEX,
lIPRINT,IDATA,u,x,pHJ,PSI,NVIOL,WORKl,WORK2,WORK3,WORK4)


GO TO 17 

16 	 R=l•

REDUCE=0.05 
F=l.E-06 
G=l.E-06 
MAXM=500
CALL DAVID (N,RMAX,RMIN,NCONS,NEQLJS,XSTRT'G'F,MAXM,IPRINT,IDATA,R' 
lREDUCE,u,x,PHI,PSI,H,GS~D,GN,GA'Y'DT,c,YT,PHX,psx,pART,PAST,CH,UX} 

17 	 IF CKO.NE.0) GO TO 18 

CALL ANSWER cu,x,PHI,PSI,N,NCONS,NEQUS) 

c 
c CHECK BEARING FEASIBILITY FOR MAXIMUM AMBIENT TEMPERATURE •••• 
c 

GO TO 	 29 

18 	 WRITE (6,34) 
c 
c CHECK THE VIOLATED CONSTRAINTS AND PRINT OUT DESIGN 
c FAILURE COMMENTS AND ADVICE ··········•ooo•o•••••••••o••····· 
c 

I=O 
DO 26 	 J=l~NCONS 
IF CPHI(J).LT.0.0) GO TO 19 

GO TO 26 


19 I=I+l

IF CJ.GT.8) GO TO 28 

Go To 	 c20,z1,z2,z3,z6,26,24,25), J 

20 	 WRITE (6,35) I 

GO TO 	 26 


21 	 WRITE (6,36)
GO TO 	 26 


22 	 WRITE (6,L+2)
GO TO 26 


23 'vi R I T E C 6 ' 3 7 > I 

GO TO 26 


24 	 WRITE (6,38)
GO TO 	 26 


25 	 vJRITE (6,39>
26 	 CONTINUE 

IF <I~EQ.0) GO TO 27 

GO TO 	 28 


27 	 WRITE {6,40)

GO TO 33 


28 	 I=I+l 
WRITE 	 (6,41)
GO TO 	 33 


29 	 IF <TO .LT. 70.) GO TO 46 

KCHECK=l 
TF:::TO 
JSTEP=IFIXCCTMAX-Tl)/2.}+l
TMAX==TMAX+2. 
DO 31 	 NM=l,ISTEP 

http:REDUCE=0.05
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TMAX=TMAX-2o 
TO:::TF+<TMAX-Tl)
CALL UREAL (X,U) 60 
CALL CONST CX,NCONS,PHI)
DO 30 M=l,NCONS
IF <PHI(M)oLT.0.0) GO TO 31 

30 CONTINUE 
GO TO 32 

31 CONTINUE 
WR I T E ( 6 , I+ 3 ) T 1 
GO TO 33 

32 IF <NM.EQ.l) GO TO 33 
WRITE (6~44) TMAX 
GO TO 33 

46 WRITE(6,45) 
33 RETURN 
c 
c 
c 

FORMAT (//5X, *NO OPTIMUM SOLUTION HAS BEEN FOUND FOR YOUR DESIGN V34 
lARIABLES, NOTE THE FOLLOWING.*,/)

FORMAT <2X,J2,*- THE BEARING MIGHT WORK UNDER THIN FILM LUBRICATIO35 
1N 'IF THE SHAFT RADIUS IS NOT ONE OF THE VARIABLES '*'/6X'* TRY AG
2AIN WITH THE MAXIMUM POSSIBLE RADIUS ' OR DECREASE THE APPLIED LOA 
30- IF POSSIBLE.*> 

36 FORMAT <zx ,12,*- THE MINIMUM FILM THICKNESS IS LESS THAN IT IS REQ
lUIRED FOR THIS APPLICATION,TRY CHANGING SOME VARIABLESo*) 

37 FORMAT <2x,12, *- THE NEGATIVE SIGN OF PHI(4) MEANS THAT THE RPM OF 
1 THE SHAFT rs LESS THAN THE CRITICAL SPEED AT WHICH THE*,/7X,*TURB
2ULANCE IN THE OIL FILM MIGHT START TO OCCUR. TRY TO DECREASE THE S 
3HAFT RADIUS IF IT IS NOT ONE OF THE*,/7X,*VARIABLES OR DECREASE TH 
4E RPM AT LEAST BY THE ABSOLUTE VALUE OF PHI (4)o*l 

38 FORMAT c2x,I2,*- NO OIL GRADE HAS BEEN FOUND SUITABLE FOR THIS SOL 
1UTION • IF IT IS POSSIBLE ' SLIGHTLY INCREASING THE*,/7X,*SHAFT
2REV5/MIN. OR RADIUS, IF IT IS NOT VARIABLE' OR BOTH MIGHT GIVE SOM 
3E IMPROVEMENT.*) 

39 FORMAT <2x,12,*- NO OIL GRADE HAS BEEN FOUND SUITABLE FOR THIS SOL 
JUTION • IF IT IS POSSIBLE' SLIGHTL .Y DECREASING THE*,/7X,*SHAFT R 
2EVS/MIN. OR REDIUS, IF IT IS NOT VARIABLE' OR BOTH MIGHT GIVE SOME 
3 IMPROVEMENT.->'.)

FORMAT (//7X, *THE ABOVE SOLUTION IS NOT THE OPTIMUM ONEj HOWEVER' 
1IT IS FEASIBLE AND*,/7X,*THE USER MAY STILL USE IT FOR HIS DESIGN 
2·*> 

41 FORMAT (2X,I2,*- TRY ' IN GENERAL' To USE ANOTHER TYPE OF BEARING. 
l*l 

42 FORMAT <2X,I2,*- THE NEGATIVE SIGN OF PHIC3J MEANS THAT THE BEARIN 
lG MIGHT NOT WORK HYDRODYNAMICALLY .*,/6X,*TRY CHANGING ,IF POSSIBL 
2E' SOME VARIABLESo *l 

43 FORMAT (//23X,*-IMPORTANT-*,/24X,*---------*,/5X,*THE OPTIMUM SOLU 
ITION FOUND IS ONLY FEASIBLE FOR THE DESIGN OPERATING*,/6X,*TEMPERA
2TURE -*,F6G2,3X,*DEG~ FAHRENHEIT •*'/5X,*OR REOPTIMIZE WITH A HIGH
3ER DESIGN OPERATING 1EMP ERATURE •*) 

44 FORMAT (//23X, *-IMPORTANT-*' /24X,*---------*, /5X,*THE OPTIMUM SOLU 
. IT ION FOUND IS NOT FEASIBLE ON THE MAXIMUM EXPECTED*,/6X,*AMBIENT T 

2EMPERATURE•*'/5X,*MAXJMUM EXPECTED TEMPERATURE MUST BE REDUCED TO 
3*,F6.2,3X,*D EG.FAHREN~iEIT*,/5X,*OR REOPTIMIZE WITH A HIGHER DESIGN 
4 OPERATING TEMPERATUREo*)

45 FORMAT (2X,*NOTE -*'1X,*OIL OP ERATING TEMPERATURE IS BELOW 70 DEG. 
lFe WHICH LIES*'/9X,*OUTSJDE VALID INTERNAL DATA RELATING OIL vi se 
20SITY TO TEMPERATURE*> 

END 



I SURROU TI NE CONS T (X, NCONS ,P HI) 
c ***********************~****** c 

D I t1, F-~ ~J S I 0 N X ( 1 ) ' P H I ( 1 ) 
COM~ON / KH / CNST(ll)
DO 1 J :~ l , NCONS 
PHI(J)=Cf\!ST(J) 

1 CONTINUE 
f~E TURN 
END 

61 
( 

c 
c 
c 
c 
c 
c 
c 
c 
c 



62 
SU~3ROUTINE UREAL (X, U) c 

Lc ********************** 
c L 
c THE MAIN REARING DESIGN PROCEDUR~' ACCORDING TO THE CLASS OF l.. 

c BEARING REQUIRED, IS INCORPORATED I N SUBROUTINE UREAL ••••••• c 

c 
c 

** DFFINITIONS ** c 
L 

r.;c ****i**~********* 
c L 
r ******************~********************************************* c 

I ' c -x- FF u N I T L0 AD IS C~ . I i'-J ~ 0 F Pl-< 0 J t=:. CT Eu A I~ EA -~ \_, 

c ~- PP C1\ P/\ Ci TY NU MG E!~ , iYi I N. IS EC. -,,- c 
c * SNO SOM~ERFELD NUMd[R . * c 
c * LRATIO MODIFIED LENGTH TO DIA METER RAT IO * c 
c * ECM ECCENTR ICITY ~ODULUS • * c

* E~ ECCENTRICITY ~ODULUS ARRAY. * L 
c 
c * CN CAPACITY NJMBER ARRAY. * c 
c * CNST(!J INEQUALITY CONSTRAINT NO. I * c 
c * EPS ECCENTRICITY RATIO • * L 
c * FACTOR OI L VOLUME FACTOR. * c 
c * ECCR ECCENTRICITY RATIO ARRAY • * c 
c * FKE OIL VOLU~E FACTOR ARRAY • * L 
c ~- HG i'/, I ~.1 I ~,W 01: F I L M TH I CK f\l E S S ' I NC H • * c 
c * TT TOROJE NUM 8ER,~IN ./SEC. * c 
c * TRQ FRICTIONAL TJROUE' LB.INCH • * D 
c -~ E3TU ENEr~ GY LOSS, BTU /HR. ) '), D 
c -* 0 F 0 I L - F L O\'J THi~ 0 U G H T HE B E f\ Id NG 0 I L - F I L: ·'i , GPM • ·* [) 

c * PINLET OIL INLET PRESSURE' PSI. * D 
c * QCO UNCORRECfED CHA MF ER FLOW, GPM. ~ D 
c * XI KINEf IC-ENERGY CORRECTION FACTOR FOR CHA~FER FLOw. * D 
c * QC CHA~FER FLO W, GPM. * D 
c * QH HYDRODYNAMIC PRESSURES FLOW, GPM. * D 
c -~ C H i0. FL !~ X I 1\ L L E N G T H 0 F CH Af•1 F E P , I NC H • ~-<- [) 

c ~- CHM F VJ Cf-1 Ai'IF E R D I M E N S I 0 N ' I N C H • ~- D 
[)c x T 0 TA L Q TJ T ;,, L 0 I L F L. G ~·J TH !-<. 0 UGI I T I I E 8 E 1~ I~ I NG ' G P i"1 1 • ~-

c -~ D E L T A T 0 I L T E I< P R A T U F-<. E R I S E , D E G • F • -~- D 
c * TOILl OIL INLET TE MPlRATUPE , DEG. F. * [) 

c * Ql GIL-FLOW COEFFICIENT , FUNCTION OF EPS. * D 
c -* E P S L 0 N ;\ I~ R A Y F 0 R f CC UH f~ I C I T Y R/.\ T I 0 • ~- D 
c * QU ARRAY FOR THE HYDRODYNAMIC OIL-FLO~ COEFFICIENT. * D 
c * CNO A CAPACITY NUM~ER . * D 
c * Q2 OIL-FLOW COEFFICIENT, FUNCTION OF CNO. * [) 

I)c -:~ TI NPUT I i\lPUT TORQUE. * 

c 

c * DISSF HEAT DISSIPATION COEFFICIENT' B TU/(HR~*SQ.FT.*DEG.F.) * D 
c * /\REA O\J TSIDE Af-~E/.\ OF THE GEARING HOUSING,SO .FT. • * D 
c * DE. L W TEi'v1PE f~ AT UR E R I S E 0 F H 0 U S I NG SU Fff fl. CE Af3 0 VE M·W I EN T * D 
c * AIR TE MPFR ATURE, DEG~F. • * D 
c -~(' D E L 0 T [ ~/ p Er~ A T uR E r~ I sE 0 F H 0 u s I NG s u Fff /\ cE AB 0 vE ,i\ M 8 I E N T -x- D 
c * f, I r~ TEr-i P E R A T Uf~ E , DE G • F • • ~- D 
c -x- T 0 0 P E R A T I NG 0 I L T E ti,Pt. RA T U RE ' D E G • F • • * D 
c * Z OIL OPERATING VISCOSITY ARRAY (VARIABLE). * u 
c :* T E fV: P C I L 0 P E F'. /'1 T I f"J G T E;·111 P E R /\ l U r:~ E. f\ Ri~ f\ Y ( FU N C T I 0 N ) • ~- D 
c ·* T T E Mp 0 I L 0 p r: f-\ A T I NG TEM p E F: A T uI~ E Ai~ r-< Ay ( v .A rn A 8 L E) • * 0 
( ~ ZZ OIL OPERATING VISCOSITY ARRAY (FUNCTION). * D 
c -x- RO SPECIFIC C1R .i\VITY. * D 
( -~ DE L. T A f1 '1 /\SS DENS I T Y f\ T TE ~'-'1 PE I~ J~ TUR E T0 ' SLUG IC U • I NCH • • * D 
c * vrsc KINE~ATIC VISCOSITY, SO .I NCH/SEC . • * D 
c * CRPM CRITICAL SPEED ' REVS/MIN. • * D 
c ~- OILFLOVv' ENTr.U\NCE OIL VOLU ME , CU.INCH/SEC. • ·* D 
c - * RATIO RATIO BET~EEN THE DEVELOPED BEARING LENGTH IN ·rHE * D 
c * D I i? E. C T I 0 N 0 F M 0 T I 0 N T J T H E /-\ X I 1-\l_ vJ I D T 1-J • .),:. D 
c * p 0 p 1 I rn r: Rp 0 LI\ T ED v /\ Lu E 0 F THE r~ /I,T I 0 - p MA x I F - F 0 R c u F~ vE N 0 • 1 -x- D 
c * P 0 P 2 1 N H: R P 0 !_ A T ED VA.LUE 0 F THE R /.1. T I 0- PM AX I F - F 0 R CURVE N 0 • 2 * [) 

-~(- ELOL f-<1HIO 1\RFV\Y. -x- D 
c x- p 0 p /\ rm I\ y F 0 r~ p 1-'i A xI F F • * D 

1c -:f- p RA T I 0 I {\~ r E p p 0 L .L\ T E D v" L uE cF - ~ :'- 1 1~, xI F - cor~ REs p 0 f\i D s T 0 r< A T I 0 -~ D 
c * AT THE VALUE OF EPS . . -~ lJ 
c * C ARRAY FOR ECCE~TRICITY RATIO. * l) 

c * EPSI ARRAY FOR ATTITUDE ANGLE • * D 
c -x- A T I T U D I N T E '.~ P 0 L 1\ T ED V/.\ L U E 0 F ;.\ T T I T U D E . t\ NG L E • -~- D 
r [)
'-- * PMAX MAX. PRFSSURE IN OIL FILM , LB.ISO.INCH • * 
( * KCl-i E C K F Ll\ C~ I\, ,\ i':\ E ' =l , ',:J H E N U f~ Ei'\l I S CM . L E D F 0 R F Ef\ .S I 8 I L I T Y ~- [) 

c * c f-! [ n : " "0 THE Rvn s E I T I s EQ u !\ L T 0 z. E R 0 • * D 
c -;;. u c r~ I T F r~ I () N F uf\J (_ T I 0 N • * D 
r ~~ ?: 7~- ~~- * -~~=- ~,~ -3~ ~- -~ - ~- -~- -1~- -~~- - ~\~ ~~ -} (. :A. ~{ -~ ~ ;~ - ~- -~- -~~ ~~· ~- -~~ ~(- ·X ~~ -h- -~~- - ~~- ~- X -~ ~ ~ ~ -~ ~ -~- * ~ ~ -;: - ,..( -~- -A- -~f- ~~- ~ ~ i-:- D · ~,- -;:~ 7 -;~ - ,~ -; -~ -~ - - -~- - - -;( - 1"!·· ~- -~- -~~ ~ - - -X- -~ 

c L) 
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Dc 
DI MFf\!S IO i\) X(l), CN(? 0 ,131, EM(?0'13), TORC (/ lh 20), EM 0H20,20), Z(l D 

1 4 , 2 3 ) , TF ivi P ( J 4 , 2 3 ) , T { 14 ) , ECCR ( 2 0 , 7 ) ' F K F { ? 0 ' 7 ) ' E L 0 L ( 11 ' 9 ) ' P 0 P ( D 
?Jl,9), EPS LCf\: (2 0 , 9 ), QU (2 0 , 9 ), C{20,6), EPSJ(20,6), TTE MP(7,16), Z D 

l)3Z(7'16) 
c 0 MfV, 0 N I~. AA I c N ' EH ' Ejv'; l/1 ' r QI\ 0 ' z ' TU ':p ' Ecc R' F rz E ' EL 0 L ' p 0 p ' Ep s L0 ['~ ' cu 'c ' E D 

JPS! ,TTEil'. P,ZZ D 
COM r·'iO N I K K HHI H0 , T 0 ' J J J ' !·'IT R L ' HW ' E PS ' 0 I L Fl__Q'.·J , P 1 , T 0 I L 1 ' CH fv1 FL ' CH MFVi ~ D 

] 1.1, TIT U[) , X] ,x ; , x3 ,RAD D 
C m•1~;,0 N I K H I Ci\l S T ( 1 1 ) D 
co~~ON 11111 RPM , W ,RADI US ,Tl, KOPT I M , KBR G, ~ THD, RADU , RAD L,NMbR ,KOILS D 

lUP, KAPLIC,PINLfT, KE Y, KA IR,TINP UT,T MAX D 
CO~MON / bLOCKl / KCHECK l) 

COMMON / BLOCK/ KLASS i) 

c 	 D 
Dc 

IF ( K CH ECK.EQ.l) GO TO 76 	 D 
CO TO 	 {]3'1), KLASS [) 

l 	 IF (K BR G.E Q.2.0R.K GR G.E Q.3) GO TO 7 D 
D 

c SE TTING THE DES IGN VARIABLES ••••••••••••••••••••••••••••••• 
c 

D 
()c 

IF (N MRR .EQ.7) GO TO 2 	 C1 
[)IF ( i'Wr-3R . EQ .8) GO TO 3 

R;\D=Ri\DIUS D 
PJ:.--=PINLET D 
CH~ FL =Af35 (X(4)) D 
CH ' ,1r:· 111 =/\ BS ( X ( 5 ) ) D 
T0 I L 1 =(T 1 + 2 5 • ) + ( 2 • ?~ T l - 2 5 • ) 3~ ( S I f'~ ( X ( 6 ) ) ) ** 2 D 
GO TO 15 D 

jjGO TO 	 {4,5), KE Y 
RAD=RADL+(RADU-RADL)*(SlN(X(4) ))**2 D 
Pl=P.8S (X{5)) D 
CHMFL=AGS(X{6)) \..; 

r 

CHtli F 'w::: A f3 S ( X ( 7 } ) L 
TOILJ=(Tl+25.)+{2.~~Tl-25. )?i- ( S I N (X( 8 )) ) ?~-*2 c 
GO TO 15 L 

4 	 FU\D=RAD I US L 
Pl=.L\8S(X(4)) [ 

GO TO 	 6 
s 	 Pl=PI NLET L 

RAD=RADL +( RAD U- RAD L}*(SI NCX(4)))**2 	 [ 

6 	 0 -H! F- L. = /\ f3 S ( X ( 5 ) )
n; :·.w \\1::: l~ l-3 s {x ( 6 > > 
TC I L 1 = ( T1+2 5 • l + ( 2 • -;~ T1 -·--2 5 • ) -~- ( S I N( X{ 7 ) ) ) ;~ -* 2 
C)O TO 15 

7 	 IF (N MBR .E Q.5) GO ro 8 
IF ( NMGR . EQ .6) GO TO 9 

I\ /\ D= F'. /\ D I US 

PJ.= PI NLET 

T O ILl=(Tl+2 5 .)+(2. * T ~-25 .l*(SIN(X(4) ))**2 

GO TO 15 


8 	 C'JO TO (l v dl), KEY 
9 	 R/\.D= R/\ DL+ ( r-~ ADU - R/-\ DL ) -~ ( S I N( X(4 ) ) ) ?H~- 2 

Pl= .A8.3 ( X (5)) 
T ~) I L 1 = ( T 1 + 2 ~ • ) + ( 2 • -*T l -· 2 5 • ) ~~ i S I N{ X ( 6 ) ) ) ** 2 
GO TO 15 
RAD= f~ADIU S 

PJ:::f..,E~S(X(4))

GO TO 	 12 

11 	 P l=P I NLET 
RAD =RADL+ {RADU - RADL )* ( 5 I N{X(4))}**2

TOILJ:::{Tl+ ?5 . l+{ ?_ . * Tl- ?5 . )-* ( S I N CX(5)) )~~-~-2 


GO TO 15 

1 3 	 IF CNVBR . FQ .4) GO TO 14 

R/\D =RAD IUS 
GO TO 	 15 

1 l+ i~ AD=fV\ DL + ( !~ J\ DU- R1\ DL ) :~- { S J ~~ ( X { t+ l ) ) ?r i:- 2 
15 CON TI NU E 

GO TO 	 (16 ,17,1 8 ,1 9 ), KAP LIC 
16 	 X 1 = 1 • 6 -;.(- 1~ l\ D+ 2 ,. -~:- F</\ '.=11~ { S i f\: ( Y. ( 1 ) ) ) ;'H~- 2 

CJ TO 20 

X l :: J ._ 6 ?<- R1-\f) + ;:' ., l+ '~- f< !, D ~ ( S I N ( X ( 1 ) ) } ~Hf- 2
17 
GO TO 	 20 



18 	 X1=2.*RAD+2.*RAD*(SIN(X{l)))**2
GO TO 20 

19 	 Xl~3.*RAD+RAD*(SIN(X(l)))**2
20 	 X2=ABS(X(2)) 

X1=5A.~· {SI N (X( 1 )) P-~-2 

F F =~·J I ( X 1 ~~ 2 • ?~ r~ A D ) 

PP=6.9E+06* FF*(X2/RADl**2/(X3*RPM)

SNO=l . I ( PP*6l1.) r: 


c l 
LRA TIO=Xl/(2. *RAD l*lO OO. [ 

I I= 0 ... f" 

[c 
c 	 * SELECT THE DES I GN CURVE FOR THE FRICTIONAL TORQUE LOSS * c 

Lc 
DO 21 I=1 G0 ,2s o ,20 c 
II=II+l G 
I F ( L I~ /\ T I 0 • G ~ • I • !:... ND • L R /\ T I C • L E • { I + 2 0 ) ) G 0 T 0 2 2 c 

?l CONfINUE c 
GO TO 2l~ c 

[,22 	 CONTINUE 
IF ((LRATIO-Il.LE.(I ·~?O-L RA TIQ)) GO TO 23 c 
LL =I J+l c 
ECM=F T ABLE l(( N,[M ,PP,l~'LL) 	 c 
c;o TJ 	 42 D 

23 	 ECM=FTABLE l( (N ,[M,pr,13,II) 0 
f)LL.::: I I 
[;c;o TO 	 42 

DO 25 1~3 00 , 350 ,50 D 
II=IT+1 D 
I F- (Ll"</l.TIO . GE . I . A.i'-lD . LF~ ..~. TI O .L E . ( 1+ 50 )) GO TO 26 D 

25 CONTINUE D 
c;o To 28 u 

26 CON TINUE D 
IF { (LR/\TIO-I) . LE . ( f+5D-L RAT 1 0 )) GO TO 27 D 
LL=I I+l D 
EC M-= F-T !i. l~ LE 1 ( C N ' EM ' PP ' 1 3 'LL ) D 
GO TO 4 2 D 

? 1 F: cM =F T ,l\ ~ L F.: 1 ( cN ' r..-: ~- 1 ' p D ' l ::3 ' l I ) D 
LL:-.: I I D 
GO TO 42 D 

28 	 DO 29 I =4 UG , 5U0 ,1CO D 
l)lI =I I+l 

IF (L RATIO . GE .I. AND .L RAT I O.L E.(1+1 00 )) GO TO 30 	 D 
I)29 	 C 0 t\; T I f\! U E 

CJO TO 32 
I'\ 
1..1 

CONTINUE . 	 D 
IF { (l_ PATIO-T ) .L E. { 1 + 1 00 -LR/\T I O )) GO TO 31 	 D 
LL=II+l . 	 u 

L)E C."1 =F T ,6. 8 L E l ( U~ , E ~1 ' P P ' 1 3 ' L L ) 
GO TO 42 D 

'3 1 EC~= FT ABLEl (( N,E~ , pp , 13 ,J!) D 
DLL= I I 

GO TO t.+2 D 
00 ~1 I=6 ~ G , 30~ ! 200 D 
I I :::I I+l . D 
IF (LRATIQ.G[.I.AND.LRATIO.LE.(1+200)) GO TO 34 D 
((),\i1 I NUE D 
GO TO 36 D 
CC i'! T I i'l U E f ' 1.J 
iF ( ( L iV.\T I 0 -1 l .L E . ( I+?OCJ-UU, TIOJ) GO TO 35 D 
LL=I I+l D 
F:":CM= FTi\.BLEl (C i\: , [M,PP ' 13 'LL) [,_;"• 

c;o To t~ z u 
~t.: 	 ECM=FfABLEl ( C~~E~ , pp , 13 ,111 [)-· _, 

LL= I I 	 Dr,GO TO 	 l12 j_.1 
r ....DO ~7 I=l UU0 ,1 5uo , 500 L.i 

II=: II+l 1u · 

I r:· (L F~ /'1 T l D • (, f-: • I • A. ~,~ D • L R A T I 0 • L F: " ( I + 5 uU ) ) C 0 I 0 3 8 D 
I)3 7 	 CONTINUE 
f)GO TO 	 t+U 

38 	 COi''1l I NUF D 
..4~IF I ( LRATJO-J).LL.(1+~00-LRATICl ) GJ TJ 39 

LL=I I+l 	 D 



ECM=FTARLEl(CN,EM,PP,13,LL)
GO TO 42 

~. o ECM=FTA BLFl(CN, fM ,pp,13,zI)
LL= I I 
GO TO 42 

40 I I=I I+l 
I F ( ( L R1\ T I 0 - 2 0 0 0 ) • L E • ( 4 0 J 0 - L R A T I 0 ) ) G0 
LL=II+l 
EC M =FTA B LEl(( N , E~ ,pp,13,LLJ 
GC TO 1+2 

41 ECM=FTABLEI(CN,fM,pp,13,IIJ
LL=IJ 

42 EPS=1.u-1.u/ECM
F/\ClOR=FTAl:)LEl (ECCR,FKE, EP S,7,LL)
ATITUD=FTAQLEl(C,EPSI,EPS,6,LL) 

c 
c 	 * T8RQUE DETERMINATION AND 

RTU= J . 0 40JG0497*TRO*RPM 
c 

GO TO (50,43), KLASS 
c 
c ES TI ~A TING OIL-FLOW THROUGH 
c 
4 '3 GO TO (44,47,43), KARG 
c 
c 
c * PRESSURIZED 
c 
c -~~ FLm·J THf<OUGH THE 
c 
44 QF=4.6E+06*X2**3*Pl/X3

COND= ( CH rv1 F1\i+X2) -H- 4 
OC0=47?0 0 .*C OND*Pl /(CH MFL*X3)
IF (QCO.LE. 0 .U) GO 	 TO 45 
A=OC0*40./{CH~FL*X3) 

c 
oc=x I -~o co 
GC TO 146 

t+ 5 
!~6 

OC=O.CJ 
Ol=FTARLEl(EPSLON,QLJ,fPS,9,LL) 

c 
c -~< F L 0 v\I DUE T0 HY D f-.( 0 D YNA i/; I C 
c 

Q H=RP :"1 -:,'- R/\D-;(- X1 ~:- X2 -~- Q l / 7 3 • 5 
c 
c * TOTAL OIL-FLOW * 
c 

TOTALQ=QF+4.*0C+OH 
GO TO .'.+9 

[) 
D 
D 
I) 
[) 

D 
T 0 4 1 D 

D 
D 
f) 

D 
[) 
[) 

D 
[) 

HEAT BA LANCE * 
D 
D 

c TH E H[AT tj,6, Lf\i'KE IN TH IS Ct\LCULAT IONS IS 6ASEL) UPO N fHE J\SSUMf-l­ D 
c T I ON THAf ALL HEAT GE NER.1\TED IN THE OIL--FIL M IS CM~~RIED AWAY t:lY D 
c THE OIL FLOVvlNCj THROUGH THE BEARING <TOT1\LQ). ••••••••••••••••• D 

Dc 
f-l 0 =X2 ?<- ( 1 • ··-EP S ) [) 
TT=FTARLEl(E MM,TORQ,EC~,zO,LL) D 
TR C1 =TT ?t X'?-:~ I ~ I~ D-~- -i:- '3-l:-X1 -~RP \'ii ( 6. 9 E+ 0 6 ~~ X2 ) D 

D 
D 
D 
D 
L)ThE S EARING ACCORDING TO ITS TYPE· 

JOURNAL OEARINGS 

E~ EAl-~I."lG OIL-FILM 

X I =(- 1 • +S0 R1 ( 1 • + t+ • ~~- .I\ -;~ CHi"'l F L ) ) I ( 2 • -Y<- A ) 


c 
c * FL0 \1J TH R0 UGH CH 1\ MF El-< S 
 ( QC ) -~­

PRES SURES 

u 
D 
D 
D

* 	 D 

(QF) 	 * D 
L) 

D 
D 
D 
D 
D 
D 
D 
l) 
[) 
l) 
l) 
D 
D 
c 
c 

( 0 H ) ~­	 c 
c ,.. 
i-

l 
[ 
[ 

[ 

t+ 7 QF=3.76E+G6*RAD*(X2J**3*Pl*(I.+1.5*EPS**2J/{Xl*X3l
CNO=SNO*(Xl/(2.*RAD))**2
Q2=?.-10.924999*CN0+30.604166*CN0**2-39.999999*CN0**3+19.270833*CN

i o~- ~-4 

[ 
l 
[ 
l 

0H=RPM*RAD*Xl*X2*02/73.5
T0 T,4 Ll) =CF +Q H 

! 
I 

GO TO 1+9 I 
OF=5.97E+0 S*(X?l**3*Pl/X3*(1.+1.5*EPS**2l*ATAN(2.*3.1415927*RAD/Xl 

1) 
TOT /\L0=2. ­::-QF 
DELTAT=BTU/(3.47*TOTAL0*60.)
TO=DELTAT+T O! Ll 

I 

GO TO 61 
r 
'-­
( 
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C 
c 
50 

51 


52 

53 


c
C 

C 

c 
54 


55 


56 


57 


58 


r.,q 
(,0 

c 
c 
c 
61 


62 


63 


65 


66 

67 


AR 


69 


70 


71 


72 

c 
7 3 


c 
( 

c 
( 
c 

-~ NON Pf~ESSUI~ I ZED 

GO TO ( 51,52), KAIR 

DISSf=2.l 

GO TO 53 

DISSF=5.9 
ARE A=l5.*(Xl*2.*RADJ/144.
DELW=B TU/(DI SSF*ARE A) 

DELO IS THE TE il:P. r~ISE 
DELW, FOR EACH KOILSUP 

JOUl~NAL 

OF FILM 

AND KAIR 


GO TO (54,56,5 6 ,~8), KOILSUP 
IF (KAIR.E().l) GO TO 55 . 

DEL0=20.+78.*(DELW~11.J/69.
GO TO 60 

DELO=Z0.+6.*(DELW-20.J/7.
GO TO 60 

IF (KAIR.EO.J) GO TO 57 

DEL0=45.+4.*(DELW-10.) 

GO TO 60 

DE L0=25.+l.3*( DELW -1 0 .J 
GO TO 60 

IF (KAIR.E O.J_) GO TO 59 

DEL0=2Ll.+2.*IDELW-30.)/3.

GO TO 60 

D[LO=IO .+ U.l*( DELW -10.)
DE LTAT= DELW+DE LO ­
TO= DE LTAT+Tl 

* SELECTING OIL 

l 
[ 
L 
[ 
L 
[ 
[ 
[ 
L 
L 
[ 
[ 
L 
c 
[ 
L 
r­
L 
[ 
C 

· c 
L 
c 
c 
c 
c 
L 
() 

u 
D 
D 
u 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 

C; 

J=l 
M=l 
f•W. =M+ 1 

DO 63 L=M,MM
T(L)=FTARLE2(Z,TFMP,X3,23,L)
CONTINUE 
IF ( T 0 . LT. T ( 1 J ) GO T0 71 

IF (TO.G E . -1 (J) .. Mm . TO.LE. T(J+l)) 
M=MH+ l 
J=J+l 
IF (L.LT.14) GO TO 62 

IF (J. (j T"l3l (jO TO 72 

GO TO 64 ­
CONT I ~.JUE 
I F ((TO-T(J)J.LT.(T{J+lJ-TO)) GO 


c;o TO 65 


TO 66 

TO=T(J+l)
J=J+l 
GO TO 67 

TO=T(J) 

IF u.c;f.3) GO 

GO TO {68 ,6 9 ),
JJJ=l 
GO TO 73 

.JJJ=5 
GO TO 73 

JJJ= ( J-2) -~- 1 u 

CiO TO 73 

JJJ=U 

GO TO 73 

,_JJJ=l30 


To 70 

J 

RO=-C . s7:::. -G.O uU15-~( T0--60.) 

DELTA= 9 . 3 7 E - ~ ; 5 .:i:-r~ 0 

VISC=6o 9~ -G6*X3/DELTA 

CRP ~ =3 S ?. 4*V ISC * SORT { RAD / X~) /( RAD*X 2) 

0 I L F L 0 11: =C • v2 7 2 -;~ F A C T 0 R -;r R /\ D -~~ I< P;.,;, ~~- X 1 -* X 2 


GEARINGS * 

ABOVE WALL' IT IS A FUNCTION OF 
••••••••e•••••••••••••••••••• 

GRADE * 


1) 

c 
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c DEVELOP~D REARING LENGTH IN THE DIRECTION OF MO TION TO THE D 
c A X I /\ L vJ I D T H F 0 f~ I:. /1• C H L R ;\ T 1 0 • • • • ., • • • • • • • • • • • • • • • • • • • • • • • • • • • • • u 
c D 
c D 

RATI0=2.094395*RAD /Xl l) 

EC=O .O D 
DO 74 KK=ldv D 
IF ( EPS .GT. EC • . !\ND . FPS .t_E. ( EC+0 .1)) GO TO 75 () 

EC=EC+0 .1 D 
74 	 CONTINUE D 
7r::., 	 POPl=FTA8LE3(ELOL,PQP,RATIQ,9,KKJ D 

POP?=FTA8LE3(ELOL ,PQP,RATI0 ,9,( KK+l )J D 
PRATIO=l U. *IEPS-EC ) * (POP2-POPl)+POPl f; 

L.I 

Pr\~ 1\X=PRA TI o-~·FF u 
c D 

I F C P :"1 AX. LE • 8 0 CJ • ) MTR L=1 D 
I F ( P : 1 /'_., X • (; T • R 0 U " • A N D • P \': .!\ X • L E e 1 2 J 0 • ) rv1 T R L = 2 D 
IF (P ~AX .GT.I2 JG •• AND.P~AX .L E .1 SC0 .) ~ TRL=3 D 
I F ( P iv' t, X • G T • 1 5 U 0 • • AJ..JD • PM A X • L E • 3 0 0 0 • ) ,'H I~ L = 4 D 
I F ( Pl-·1 /\. X • G T • 3 G 0 0 • • lJ·!D • P i·/1 r~. X • L E • L+ 0 0 0 • ) rv1 Tr~ L =5 D 
I F I P !.,1 AX • GT • t+ C 0 CJ •• /\ f\l [J • P i.,.'1AX • L r • 1 CJ 0 0 0 • ) MT R L = 6 D 
I F I P M ,\ X • G E • 1 C u 0 0 • ) f'/i T R L == 7 l.J 
GO TO 77 

c 

l) 

[) 

[)c 

c THE FOL L O ~·J I NG I S A C H E C K 0 F T H E L~ EAF~ I N G F E A, S I B I LI T Y F 0 f~ [) 

c '.-11\XIMUM EXPECTED M1f3 I EN T TEMPER1\TURE••••••••••••••••••• D 
uc 

76 	 X3=FTA BLE41TTF MP,ZZ,TQ,16,J) D 
FF=lt,1 

/ I 2 . -*Xl~~-F~AD ) L) 

PP=6 . 9E +G6*F F*(X2/RAD)**2/(X3*RPM) I) 
S r'-10 = 1 • I ( PP~(- 6 lJ . ) . D 
EC~=FTABLEl(CN'E~ , pp ,13,LL) 

, 
L-
.. 

EPS= l. -1. /EC1v1 
H 0 =X 2 -~ ( 1 • - E P S ) 
R0=0 . 87CS-0 .0 C035 ~-<-( T0 -60.) 
DELTA=9.37E-U5*RO 
VISC=6.9E- 06*X3 / DELTA 
CRP ~ =392.4*VISC*SORT(RAD/X2)/(RAD*X2) 

c 

c 
c 

* INEQUALITY CO NS TRAINTS * 

c 
77 	 GO TO (78,7J,8G,go,g0,g1,s2), MTRL 
78 	 CNST(l)=X3*RPM/FF-10.

CNS T ( 2 ) =1 (i . I:+ 0 6 -~- ( H 0-0 . 0 0 0 ·75 ) 
CNSTl3)=lu.E+U3*(SN0- 0 .025l 
GO TO 83 

79 	 CNST C1) =X3-~-f~PM /FF-20. 
G! S T ( 2 ) = J 0 • E+C f'J ~~ ( H0- 0 • 0 0 0 7 5 ) 
CNST ( 3) =J 0 . E+03~· ( Sf\!0-0 . 050 )
GO TO 83 
CNST(l)=X3*RPM/FF-4. 
c f\J s T ( 2 ) =1 ( I . F +0 6-:<- ( H 0- 0 • 0 0 0 3 7 5 ) 
CNST(3)=1 0 . E+03* ( S~0-0 .0 09 ) 
GO TO 	 83 

81 	 CNS T(l)=X3*RP M/FF-2.
CNST(2)=10.E+06*(H0-0.00 0 375)
CNSTl3)=1 G.F+01 *(SN0-0.005)
GO TO 83 . 

82 CNST(l)=X3*RPM/FF-2 . 
CNST(2)=1 U.E+06*(H0-U.0001) 
CNSTl 3 )=1 U. E+U3* 1SN0-0.005)

C N S T I 4 ) =Cf~ Pf'.1-· r~ PM 

CNST(S)=J 0 . [ +0 4*( 0 .004*RAD-X2> 

GO TO 	 ( 9 1,8!.f ), KLASS 

84 	 C1\JS T( 6) =:?50 .-To 
CNS T ( 7)::: 1 C. E+G8~(- FLO/-\ T ( 70-JJJ)
CNS TI 8 ) = F L 0 i\ T ( J J J -- l U ) 

IF ( KBRC; . Eo . 2 . cr~: . <Hr-<c.1 .E 0 .3) GO TO 89 

IF (N MPR . EG o6 ) GO TO 85 
IF ( NM BR. EO - Al GO TO 86 
GO TO (P,7,Rp), ~E Y L. 
CNST(G)=]0¥[+ C?* (Xl/?.-CH MFL ) [ 

http:cr~:.<Hr-<c.1.E0
http:CNST(2)=10.E+06*(H0-0.00
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CNST(l 0 )=1Ll.E+ J3* (0.l-CHMFW)
GO TO 92 

86 CNST(9)=1U.E+U?-)(-(XJ/3.-CH MFL) i 
CNST(J0)=10.F+ O ~*(O.J-CH~FW> l 
CNST(llJ=lUU.-Pl l 
GO TO 92 [

R7 CNST(9)=J0.F+C?*(Xl/3.-CHYFL) L 
C N S T ( 1 0 ) = 1 u • F + U 3 ~~- ( 0 • 1 - C H ~,, F \!.! ) [
CN-ST( 11 J=lvv.-Pl L 
GO TO 92 L 

88 CNST(9)=]~J .E+ 02* (XJ/3.-CHM FL) [
CNSTC10J=l0.F+G3*(0.l-CHMFW) [
GO TO 92 l 

89 IF (WH~R .EQ.l+) c;o TO 92 [
IF (N MR R.FQ.6) GO TO 90 C 
GO TO ( 90 ,92), KEY C 

GO CNST(9)=1 00 .-Pl C 
GO TO 92 C 

91 CNST(6)=J0.E+06*(1RO.-TOJ C 
CNST(7)=FLOAT(70-JJJ) D 
CNST(8J=l 0 . E+J8*F LOAT(JJJ-10) D 

C D 
IF (!<CHECK. Eo .1) RETURN 0 

C D 
C * OPTIMIZATION CRITERION * D 
C D 
c 0 
92 GO TO (93,9t-H95), KOPTIM D 
93 U=TRO D 

GO TO 96 D 
94 U=DELTAT D 

GO TO 96 D 
95 TRATIO=TRQ/rINPUT*lOU. 0 

Ul=-0.15333*TRATI0+0~06867*TRATI0**2-0.006867*TRATI0**3+.000253*TR D 
1ATI0**4 . D 

IF (TR ,l\TIO.GT.20.) Ul=JU.E+30 D 
U?=-U.0?S?1~*DELTAT+0.0023733*DELTAT**2-.000047467*DELTAT**3+3.63E D 

l-07*DFLTAT**4 D 
IF (C EL TAT.GT.100.) U2=10.E+30 D 
U=Ul+U2 D 

96 RETURN D 
END D 

http:l\TIO.GT.20
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69 
I~SUBROUTINE DATA ( N, NCONS, KB ,KE) fl 

-X- -h- * ?~- -K -~~- -3~ ·h- ~(- ?~- ~~ -;*- -~ -* -* -h- -~- k ->.:- -;~ -* 1~- -~~- -~- -)~ ?~- ~;~ ?~ -* * A 
/\
/J., 

THIS SUBROU TI NE rs USED TO READ I N THE DESIGN DATA AND TO A 
'.) E F I N E T H E N U r.1B F: R 0 F . I N E 0 U /\ L I T Y C 0 N S TF /\ I N T S A C C 0 RD I N G A 
TO THE TYPE OF 8EAR I NG SE LECTED •••••••··~·•••••••••••••••• A 

,4 

D I ti: FNS I ON C N ( 2 0 ' 1 3 ) , . E fv, ( 2 0 ' 1 3 ) ' EMi·J1 ( 2 0 , 2 0 ) ' T 0 RC) ( 2 0 '2 0 ) ' !... { l t+ ' 2 3 ) ' A 
;':..1 TE r1.P ( 1 t~ ' 2 3 ) ' EC CR ( 2 0 ' 7 ) ' F KE ( 2 0 ' 7 ) ' EL 0 L ( 1 l ' 9 ) ' P 0 P ( 1 1 ' 9 ) ' E PS L 0 N 

?(?li,o), QU (2 th9), C(?0,6), EPST(;?Q,6), TTD,.1 1')(7'36 ), ZZ(7'16) /\ 
C 0 i"'"'-10 N I A A A I C N , EM , E r·i i1i , T 0 FW ,L ~ rEii;P , F CC R ' F l<. E , E L 0 L , P 0 P , E P S L 0 f\l ' C~ U ' C ' f A

irsr ,rrn~p ,zz .A 
CO~MON / BLOCK/ KLASS A. 
READ (5'14) ( (C N ( I ,J) ,J=l '13) '1=1,20) A 
READ (S'1 5 l (( E~J: (I,J),J=1'1 3 ld=l,20) ~' 
READ ( 5 ' 16 ) ( E!·~M ( 1 ,J) ,J = 1 '2 0) A 
READ (5,17) ((T ORO (I,J),J=l,2 0 ),l=l,20) A 
READ (5'1 8 ) (Z(l,J),-..J=1'23) A 
RE A[) ( 5 ' 1 9 ) ( ( T E MP ( I 'J ) 'J =1 '2 3 ) ' I =1 ' l '+ ) A 
REAO ( 5 , 2 G l (ECC R ( } ,J),J=l'7) A 
RE{)..D ( 5 ,21) ((F KE (J,J),J =J ,7),l=J.,20) A 

/i..R E A D ( 5 ' 2 2 ) ( E !_ 0 L ( 1 ' J ) ' J =1 ' 9 ) 
RE/'·.D (5,23) ((P QP (I,J),J=J., 9 )'1=ldl) A 

f\READ ( 5 , ~6 ) (((1'Jld=l,6l ~-.. 

READ (5,z7) (( EPS I(I,Jl,J=l,6}'1=1,20) ~\ 
READ ( 5 , 24 ) (f:PSLCN(],J),J=l,9) A 
READ (5,2 5 ) (( ()LJ (J,J),J=l, 9 ),l=l,20) A 
RE/:i.D ( 5 ,2 8 ) (TT U 1P(l,Jl,J=l,16) /\ 
RE1\D ( 5 , z9 ) ((Z Z (I,.J),J= l , 16 ),I=l,7) A 
DO 1 I=1,zu A. 

)~DO 1 J=2,2J 

E M 1\~ ( J ' I ) =Ulf., ·: { J - 1 , I ) i~ 


DO 2 I=l,23 /\ 

DO 2 J =2 ,14 
 A 
z ( J ,r ) ::: z ( J-1 ,r ) A 
DO 3 I=l,7 I\ 
DO 3 J=2,2 0 A 
E CO~ < J, I l =ECCR ( J-1, I) A 

ADO 4 I= 1' 9 

DO 4 J=~dl 
 A 
ELOL(J,l)=ELCL(J-1,Il A 

i\DO 5 I= l, 9 
DO 5 J=2,2u A 
F P S L 0 ~~ ( J ' I ) = ~~ P S L 0 ~J ( J - 1 ' I ) A 
DO 6 I = l,6 A 
DO 6 J~2,2u A 
C (J d ) =C (J - l '1 ) A 

,l\DO 7 I=ld6 
;:..DO 7 J=2,7

TTEMP(J,l)=TTE MPIJ-1,Il J.\ 
IF (KLASS.EQ.11 GO TO 12 A 
IF ( KB. EQ . 2 . 0R . KB . EQ . 3 ) 

i F ( "-!. E 0 . 6 ) CjO T 0 
IF ( f'J . EQ . 8 ) GO TO 
GO TO ( 8 , 9 } ' KE 
NCONS =ll 
()0 TO 13 
NCONS= l O 
GO TO 13 
rF ( N . F 0. Lt-) GO 
IF ( f'J . EQ . 6 ) GO 
GO TO ( 11'12 ), 
f\JCOr\JS=9 
GO TO 13 
NCONS=8 
RE TU RN 

FOR H,1\T (J.3F5 .. G)
F 0 R ~ !. 1\ T ( L3 F r:; • () ) 
F () W .:11\ T ( 2 1~ Ft+ • 0 ) 
FOf~ >1AT (} 1,1F 6 ~ 0) 

r0 
TO 
KE 

9 
8 

12 
11 

GO TO 10 A 
A 
A 
,fi., 
A 
A 
1.... 
A 
/\ 
A 
A 
A r, 
!~ 
/! 
i\ 
A 
A 
A 
A 
A 
A 

F 0 R f'/ 1 .1\ T ( 1 F 6 • ·~ ; / l UF6 • U I 1. ? F 6 • D ) A 

F O R ~ AT (1F6. ~ /1 UF S.U / 1 2 F6. 0 ) A 


http:KLASS.EQ.11
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~O FOR~AT (7 F4 .2)
21 FOR MAT (7 F7 .5)
22 FOR~AT (9F4.2J
23 FOR MAT ( 9F5 .JJ 
24 FOR~AT (9F4.2) 
?5 FOR MAT ( 9F5 .4)
?6 FORl/AT ( 6F4 .2)
?7 FORMAT (6F6.3) 
? 8 FOR MAT (16F5.l)
29 FORMAT {7F7 . 3 / 9 F7.3)

END 



c 

c 
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SUP R() UTI NF I\ NS ~·J FR ( U' X, PH I , PS I , N, NC 0 NS , f'ff 0 US ) 

r 	 ******************************************** 
CO MMON 	 /OPTI/ KC,NNDEX
C0 Mf"'iO N 	 / 1 1 1 I !~ P f/i , VJ , f~ /\ D I US , T l , t<. UP T I h ' Kb RG , i'·H HD ' FV\ DU , RAJ L ' N1'18 !< ' 

lUP, KAPL JC,PINLET,KEY, KAIR,TI NPJ T,T MA X
CO MM ON /K~HH/ HO,TO,JJJ,MfRL,TRQ,EPS,OILFLO~,pl,TOILl,CHMFL,CHMFW, c 

lATITUo,x1,x2,x3,RAD b 
COM~ON /BLOCK/ KLASS s 
OIMFNSION XCJ ), PHI(l), PSI(l) B 

c THIS SUBROUTI:"-.IF: JS USf:::D 1\.1E RE!_Y TO OUTPUT THF FI N1\ L SO LUTIOf\l IN A E 
c S T Ai'1D AR D F0 Rt/ • I F AN 0 P T I r,1UM I S N0 T RE AC HED ( K0 ::: 1 ) THEN T HE RESU L TS B 

AT TH E 	 LAs T I TE r~ 1-\ T I 0 N HAy BE p r-< I NT t D 0 uT • 
CALL UREAL (X,U)
IF (KO.EQ. 0 ) GO TO 1 
~~ f-< I TE ( 6 , 14 ) 

':J R I T t ( 6 ' J 5 ) U 

GO TO 2 


l 	 WRITE (6'16) 
vrn ITE (6'17) u 

2 	 WR ITE (6,2U) x1,xz,x3 
IF (f(L .~SS .EO.l) GO TO 12 
IF ( K8RG .E o .2. 0R . KH RG. EQ .3)
IF ( i\l. EQ. 7)
IF (N.FQ.8)
WRITE (6,21)
GO TO 	 13 

3 G0 T0 ( lt , 5 ) , 
4 ~11 R I TE ( 6 , 2 2 } 

GO TO 13 
5 	 WRITE (6,23) 

GO TO 13 
6 	 VJ r-< I TE ( 6 ' 2 tt ) 

GO TO 13 
7 	 IF ( N .E0.5) 

IF (N.EQ.6) 
·,v R I TE ( 6 , 2 5 )
GO TO 13 

8 GO TO (9,10), KEY 

9 	 WR ITE (6,26)

GO TO 13 
J 0 WRITE (6,27)

GO TO 13 
11 	 WRITE (6,28)

GO TO 	 13 
12 	 I F ( ~~ • E0 • 4 ) 
13 	 I=N+l 

vJ R I T F.:': 

I::: I+ 1 
1v-: RI TF 
I= I+ 1 

l:J r~ I TE 
I=I+l 
vJRITE 
I= I+ 1 
vJRITE 
I== I+ 1 
~·JR I TE 
I=I+l 

h

v.:FITF 
I::: I+ 1 
~,J R I T[ 
~If R I TE 
CALL 

1 RITE 
WRITE 

( 6 , 3 0 } 

( 6' 3 l ) 

( 6 , ~~ 2 l 

(6'33} 

{6'34) 

( 6 ' 3 5 } 

(6,~36) 

( 6 ' 3 7 )
( 6 , 3 8 ) 

GO T0 3 

GO TO 6 


CONST 	 (X, NCONS ,PHI) 
{6'1 8 ) 

f~ AD 

GO 
 TO 7 


CHMFL,CHMFW,TOILl 

KEY 
11P 1 , CH i' : F L , CHM F ~\I ' T0 I L 1 

RAD,CHMFL,CHMFW,TOILl 

R1\ D , P 1 , CH:.1 F L ' CHMF \V , T0 I L 1 

GO TO 8 
GO TO 11 


T0 I L 1 


Pl,TOILl 

RAD,TOILl 

RAD,Pl,TOILl 

\:J R I T E ( 6 ' 2 9 > 

I , H 0 

I 'FPS 

I , AT I TUD 


IdO 


J,TRQ 


I '0 IL FL O':J 


r,JJJ 


I ' MTRL 


(6,1 9 ) (J,PHI(J),J=l,NCONS) 
RETURN 	 ' 

c 
c 
14 	 F0 R~.,1 1\ T ( l H-- ' l 6 X ' 2 5 HR ESu L T .5 AT LA S T I TER.I\ T I 0 N ) 
1.5 F 0 f-< ~'1 A T ( I 5 X , ~~- VAL UE 0 F Cf~ I TE I~ I C ;·~ t- Ui..,lCT I 0 N • • • • • • J 
](1 F 0 !~ ~,1 /\ T ( ] H 1 ' ? l x ' ? ? H c~ p r I :' -1ui'/, s0 l_ uT I 0 ~l F 0 u i\l D ' I ? 1x ' -~- - ­

1 - ------lt, I) 
1 7 -f:-or~t-1/\T {/~) x,-)~V/\LUF:' OF cr~rrER IO N FU1\J(TlONn ••••• u 
18 r=- oFW -~ T ( / ·~ X ' ? ? L1 T Nc '~ U f\ L I TY CC f"~ S TR/~. J f\: TS , I 5 X , ~~ - ·- ·- -- - -- -- ·- ­

1 ';) h 

8 
8 
b 
L:: 

K0 I L S 	 b 
b 

b 
1::3 
t; 
8 
B 
B 
b 
b 
B 
d 
b 
B 
8 
8 
B 
[-3 
b 

8 
B 
B 
8 
6 
8 
B 
B 
b 
B 
B 
ri 
L.) 

B 
b 
B 
H 
b 
B 
B 
B 
8 
b 
B 
B 
[3 
I:) 

B 
lJ 
f3 
t3 
b 
b 
B 
G 
B 
d 
B 
B 
B 
b 

= * ' F 1 5 • 8 i I ) B 
B 

- -- -- - ·- --- - - -- - - - -- B 
f.,,,

=~·,Fl5·8//) D 

- - - - - -	 -- - - - -- ·- - -;;. 
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FORMAT (2 JX,4HPHI ( ,rz,3H) :,El6.8) t3 
F 0 Rf/ A T ( I I I 5 >-: , ·)t V ,1\. LU f 0 F D F:: S I GN V f\ R I A r~ L F S -~ , I 5 X , 7~ - - ·- - - - - - - - ·- -- - - - - - - - B 

]------*,//2X,3Hl- '* BEAR I NG LE NG TH • • ~ o ••••• • X(l) =*,Fl5 [) 

?. • 8 ' 5 X ' -~ I NC11-::- ' / ? X , 3 H2 - ' ~;- R /'1,D I /\ L C!.. F 1"\ RANCf:: • • o • • • • • • X ( 2 ) =-i·:- G 
3 ' F 1 5 • 8 ' 5 X ' ~*' I NC ~ 1~t , I 2 X ' 1 H '-3 - , -Y-- 0 I L 0 PE r~ A T t i'~ G V I SC0 S I T Y • • • • • • X ( 3 B 
4) =*,Fl5.8,5X,*CENTIPOISE*l b 

21 F 0 R:-11\ T ( 2 X ' 3 H4 - , ?<- AX I A L L cNGTH 0 F CH AMF E !~ • • • • • • X ( 4 ) =->:- ' F 1 5 • 8 b 
1'5X ' -x- I NCH'~ '/ 2X '3 H5- ' 5~·CH .i\l J, FEF.( DI 1V, [1~S I ON .. • • • • • • • • X ( 5) =7<- 'F B 
? 1 5 • 8 ' 5 x ' -i~ I NcH-l(- ' I ? x ' 3 H 6 - ' ~- 0 I L I N u~ T T Er·.;j p [ 1-\ 1\ T uR E • • • • • • • x { 6 ) B 
3=-i(·,Fl5.8,5X,-:~DEG. F/\HR ENHEIT*) b 

/2 FOR~ ·1AT (2X,3Hu- ,-l(·OIL T~lU~ T Pr<.ESSURE •••••••• X(t-+) =?(·,F15.8 B 
J ,5X,*LB/ SO .INCH*,/2X,1H5- ' *AX IAL LENGTH OF CHA MFER. • • • • • X(5 8 
2 ) =~- ' F 1 5 • 2 , 5 X' ~t I NCH -~- ' I 2 X , 3 H 6 - ' ~r CH /\ j'/; F E ::Z n I MF N S I 0 N • • • • • • • • • f-' 
'3 X ( 6 ) =-i(- , F 1 ~ • p, ' r:;. X ' -i(- I NCH-lt , I 2 X ' 3 H7 - ' -~- 0 I L I NL F T TEMP ERA TU RE • • • • • c 
4 •• X(7) =*,Fls.p,5X,*DEG. FAHRENHEIT*) b 

23 F 0 R:·'I A T { 2 X ' 3 HI+ - , -~ J 0 i..m f'U\ L R .l\ D I U S • • • • • • • • • • X ( 4 ) =·* ' F 1 5 • 8 b 
1 , 5 X, -lt I NCH-~~ ' I 2X' 3H5- , ~~AX I t1. L LE NGf H 0 F Cr-1 M'. F Er~ ·. • • • • • X( 5 ) = -* ' F 8 
2 1 5 • 8 ' 5 X ' ·* I NCH -x- , I 2 X , 3 H6 - , -lt CI l f\ MF F.: R D I f11 E 1-JS I CM• • • • • • • • • X { 6 ) 6 
3 =;~ ' F ] 5 • 8 ' ~ X ' * I NCH ·* ' I 7. X , 3 H7 - ' -l~ 0 I L I NLET T E fv'1 P E f~ ATU RE • • • • • • • X B 
4(7) =*,F15.8,~X,*DEG. FAHRENHEIT*) B 

24 FOR~AT (2X,3H4- '*JOU RNA L RADIUS ••• • •••••• X(4) =*,Fl5.8 8 
J ' 5 X ' -i<- I NCH-l'.- ' I 2 X ' 3H 5 - ' -i~ 0 I L I NL E T PRES .S iJ RE • • • • • • • • X ( 5 } = ~t , F 5 
2 1 5 • 8 , 5 X ' 1(- L B I SQ • I ~K l+'t ' I 2 X , 3 H 6 - , -lt A X I /\ L L E NGT H 0 F C H/\ i,1 F E R • • • • • • 8 
3 X ( 6 ) = -l(- ' F 1 5 • P, ' 5 X ' 1:- I ~K H-l1- ' I 2 X ' 3 f-17 - ' -~-CH f...1•'i FT l=< D I MEN S I 0 N • • • • • • ., 6 
4 •• X{7) =*,F15.9,5X,*INCH*,/2X,3H8- ,*OIL INLET TE MPERA TURE ••• b 
5 •••• X(F)) = -::-,F1::..s~sx,-i(·DEG. F1\Hf~ENHEIT-l{·) B 

FOR MAT (?X, 3H4- '*OIL INLET TE ~ PERATURE· •••••• X(4) =*,Fl5·8 5 
[j1 ~ t=,X ,-x- DEG . F1\HRENHE IT -~ ) 

?6 FOR~AT {7X,3H4- '*OIL INLET PRESSURE •••••• • • X(4) =*,Fl5·8 B 
1,SX, ·*LR/So . INCH~~,12x,1H5- ' 5"'"0IL INLET TE M PER/\TUr~r: ••••••• X( 5 B 
2) =*,fl5 .. 8,:) x,-l~DEG. F!\HRENHEIT*J E 

27 FOR~AT (2X,3H4- '*JO URNAL RADIUS ••• • o ••••• X(4) =*,Fl5•8 B 
] ,5X,*INCH*,/?X,3H~- '*OIL INLET rE MµERATURE ••••• • • X(5J =*'F B 
?J5.s,5X,*DEG. FAHRENHEIT*) B 

?8 F 0 r~ I/;'\ T ( ? x ' 3 HI+ - ' .;._1. J 0 uR ,,! f\ L RA. D I us • • " • • • • • • a x ( Lr ) =·il- ' F 1 '5 • 8 8 
1,5X,*INCH*,/?X, 3H5- '*OIL I NLET PRESSURE· v ••••••• X(5) =*'F B 
215 . g , 5X,*LB/SQ .I NCH*, /2X,3H6- ' *CIL INLET TF MPE RATURE· • • • •• • f3 

83 X ( 6 ) = ~ ' F 1 S • 8 ' 5 X , *DEG • F t'\ H l-< EN HE I T* )
29 FORVAT l2X,3 H4- '*JOU RNAL RADIUS ••• • •••• • • X(4) =*,Fl5.8 8 

J ,5X,-ldNCH-lq l-! 
F 0 RM AT { / l X ' I 2 ' -~ - ~1 I N I :V1 UM 0 I L F I LM THI CK i\i ES S • • • • • • == ·* ' F 1 5 • 8 B 

1 ' 5 X ' -i~- I ~KH ~~ )
FOR~AT (]X,I 2 ,*- ECCENTRICITY RATIO •••• a =*,Fl5e8)
FORMAT (1X,J2,*- ATTITUDE ANGLE •• • •• • • • • • • • =* ,Fl5•8' 13 

15 X '-)<-DEGREt:S* ) b 
33 FORMAT {lX,12,*- OIL OPERATING TEMPERATURE· •••• =*,Fls.s, b0 • 

15X,-;;-DEG. Ft\HRENHEIT~-) l3 
34 FOR ~A T (]X,12,*- FRICTIONAL TORQUE ••• ••••••• =*'F1s.s, b0 

15X,*LB. INCH·:~) B 
35 FO r~MAT (lX,J2,-:~- AMOUNT OF OIL T~ iAT MUST *,/5X,-X-8E CONTINU ()U SLY B 

!SUPPLIED • • • • • • • =*,Fl5·8,5X,*GALLON/MIN.*) 8 
FORMAT (IX,12,*- OIL GRADE. • ~ • • •• • • • • • • • • = {SAE*' E 

llL4-,lHJ) b 
F0Rr'~ AT ( 1X, I ? ' -x- - BE.4 RI NG ~~ ETA L I S N0 • ( -n- , I 2 ' 1H) , -it - SE[ USE R e. 

1 S f'-'11\NUAL· , Ml~ TERI AL LIST -·*) 8 
38 FOR ~AT (//5X,*-RECOMMENDATIONS-*,/6X,*---------------*,//2X,3Hl- ' B 

l*MAXIMUM SURFACE FINIS!~ ROUGHNESS SHOULD BE LESS OR EQUAL TO (20- M B 
2 I ( r~ 0 f\! I NcH ) ~1- ' I ? x ' '3 H2 - ' -~- s1-l A F T BR I NEL L H/\RD NEss r1:usT E3 E GR E.A T ER - 0 R 8 
3EOUAL TO (3 00 )*) B 

END 8 
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FU NCTI ON FT ABLE l (V AR ,FU Nc, xx, M,L) E 
r ********************************** E 
c- E 

DI MENS I ON V1-'\R (20,l), FlJ/'J (.(2 0 ,l) c 
NEN D=M-1 t 
DO 1 I=l, NEND t. 
INT=I E 
IF (XX. C)E .V A f~ (L'1) . /\ND .XX .. L E .V Ar~ (Ld+l)) GO TO 2 E 

1 CONTINUE t: 
? F T .A. RLE 1 =FU NC ( L ' I N T ) + ( F UN(. ( L ' I N T + 1 ) -· F UN C ( L , I N T } } ,'f ( X X - V f'.., r~ ( L ' I N T ) ) I CV E 

1 A R ( L ' I f' J T+ 1 ) - VA R ( L ' I N T > ) E 
RETURN c 
END l:. 

FU NCTIO N FTA BLE2 !VAR,FU NC,xx, M,L) F 
c * ** * * * * ***** *** * ********~******** * F 
c F 

DI ~ E NS I O N VA R(l4,l), FUN(.(14,1) F 
NEN D= /11 -1 F 
DO 1 I=l, NEMD F 
I NT=I F .­I F (XX. GE .V AR (L,I}. AND .XX.L E.VAR(L,I+l}} GO TO 2 

1 CONTI NUE F ' 

? FT AP LE?= FUN C(L,INTJ+(F UNC(L,INT + l)-FU NC(L,I NTJJ*(XX-V AR{ L,I NT J )/!V F 
lA R{L,I NT+ l )- VAR(L,I NT)) F 

RETURN F 
END F 

F l.JN CT J 0 N FT L\ BL E 3 ( \/A. R ' FUN C. , XX ' :"1 ' L ) G 
c ******************** ************** G 

Gc 
r · DI MENS IO N VAP {lldh FU NC(lld) 0 

NEND = ~~ -1 G 
DO 1 I=l, NEND G 

(_]INT=I 
I F ( X X • GE • VA R { L ' I ) • A 1\l [) • X X • L E • V 1\ R { L , I + 1 ) ) c, 0 T 0 2 G 

1 CONTI NUE . G 
? F T A 8 L E 3 =F lJ NC ( L ' I N T ) + ( F U N (. ( L ' I N T + 1 i - F U ~,J C ( L_ , I N T l ) ~ :- ( X X - VA F< { L ' I i\J T ) ) I ( V G 

l AR(L,I NT+l)-V AR{L,I NT)) () 
(jRET URN 

END G 

FUN CTIO N FTAB LE4 ( V A R~FUN (JXX, M ,L) H 
c *************************** ******* H 

H 
DI MENS I ON VA R(7, 1 ), FUN C{7,1} H 
NE ND= M-1 . H 

c 

DO 1 I =l,NEND H 

I NT= I h 

I F ( XX • GE . V 1\ R ( L , I ) • .!1. f\l D. XX • LE ., V A. r< ( L ' I + l ) ) GO T 0 2 ~ 


l CON TINUE I-' 

F T A R L Et+:--= F UN C ( L ' I N T ) + { F UN C.. ( L ' I i'-J f + 1 ) - F lJ ,r--~ C ( I_ , I N T ) ) .;~ ( X X - V/iJ~ ( L , I N T ) ) I { V r? 

l AR ( L,I NT +l) -VAR {L,I Nf)) · h 
RC: TURN h 
END h 

http:XX.C)E.VA


c 

117 

116 
c 

100 
c
C 
c 

c 

2 

C 

C 
C 

4 

C 
13 
14 

C 
l 6 

S 

7 
1 9 
l 7 
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SURR00TINE SEE~l (N, R~AX,Ri~ J N , NCONS , NEQUS ,F, G,XSTRf,NSHOT,NTEST , MAX 
JM,IPRINT,IDATA,x,u,PHI,PSI,~OR< 1, 00RK2 , woR~3,woR<4 )

DIMENStO i'l F\l·..11\X( 1) , 1~r·1IN ( 1) ,x.sTl-<T{ 1) , X( 1) ,PHI ( 1) ,psr ( 1) ,l;JOl:.ZKl ( 1) , 1,~01~ 
1 K 2 ( 1 ) ' v: 0 R K 3 { 1 ) ' \•J 0 f\ K l+ ( 1 ) 
COM~ON/OPTI/KQ,NNDFX 


c 0 Mi'< 0 N I 1 1 l I I~ p !•i ' \1J ' f~ /\ D I u .s ' T 1 ' K 0 p T I M ' K B f~ G ' i'H HD ' r~ A Du ' r~ f'-d) L ' NM 8 f=<

l,KOILSUP,KAPLJC,PINLET,KEY,KAIR,TINPUT,TMAX

COM MON/BLOCK/KLASS 
IFlID ATA .N E.llGO TO 116 

vJ r~ I T E ( 6 ' 7 1 3 ) 
\•J R I T E ( 6 , 3 0 0 ) vJ 
v: R I TE ( 6 ' 3 0 l ) RPM 

~,J R I T E ( 6 ' 3 0 2 ) T 1 

WR IT E (6,717) TMAX 
WR IT E (6,303) RADIUS 
WR ITE(6,3U4) RADU 
WR ITE(6,3 05 ) RADL 

WRITE(6~3U6) KOPTIM 

WRITE(6,3 07 ) KAPLIC 
WRITE (6,712) NMBR 
\·J R I T F ( 6 ' 3 1 CJ ) MTH D 
WR IT E (6,716) TINPUT 
IF (KLASS.E O.l) GO TO 117 
WR ITE(6,308) KBRG 

\:JR IT E (6d v9 ~ KEY 

WRITE (6,Jlll PINLET 

GO TO 116 
WRI TE(6,714) KOILSUP 
WR IT E{6,715l KAIR 

~.; R I TE ( 6 ' 1 9 ) 

ZERO WORK I NG ARRAYS 
DO }uG I=l,N

X( I )=0.G 

',~ORKl (I) =0.0 

~·J 0 R K 2 ( I ) -= 0 . 0 

vJORK'.3 ( r) =0. 0 

IJJORK4 (I) =U.O 

SEARCH IS USED BY BO TH SEEKl AND SEEK3 

KO=U 
NN DEX=l 
INDFX=l 
I ~\JD Ex= 0 I ND I cA T E s T() s E A r~ (_ H T H A T I T I s 6 E I r\l G us E D B y F E /'>. sBL 

KOUN T=O 

R=l. 

CALL SEARCH(x,u,N,XSTRT,R NAX,R MIN,PHI,PSI,NCONS,NEQUS, MA XM, NV IOL'F 
1,G,IPRINT,INDEX,R,~ORK1,~0RK2,~0RK3,WORK4l

CAL L . SH 0 T ( U ' X ' N ' K K , PH I , P S I ' NC 0 N S ' NE Q US , I< i•1 AX , I~ M I N , F ' NT ES T , NS H0 l , w0 R 
1 l( 1 ' \~ 0 R K 2 , vi 0 R K3 ) 

CHECK TO SEE WHETHER SU8R.SHOT HAS FOUND AN I MPROVED POINT 
IF( KK ¥EO .ll GO TO 4 
IF( KO .E Q. U)R ETURN 
K 0 CANN 0 T G E I~ ES ET I N SU i3P • SH 0 T ' THE R E F 0 f~ E I F K 0 =1 /.\ T T H I S S TA.GE 
TH EN SU BR . SE!_i.R CH FAILED ;\ND SHOT FQLJ,\JD NO I i'': P l~ OV E :·11EN T 

vJ r~ I T E ( 6 ' 5 ) 

GOT016 
I F ( IPR INT.GT. 0 l \'JR IT E { 6 '2 5 } U ' { X ( I ) ' I= l 'N l 
KOUN T= KOUN T+l 
IF('(QUNT.LE.i'JSHOTlGOTOI3 
~'JR I TE{6,l 7)NSHOT

KO=l 

GCT016 
REDEFINE STARTING POINT FOR SEARCH 
DO 14 I=l,N
XS TRT(I)=X(l)

<'30TO 2

PRINT OU T LAST IT ER ATION ~SU LTS<KO=ll 
C A L L J~ nS ~J E R ( U ' X ' PH I ' P S I ' :·~ ~ ,\j C 0 f\I S ' N E 0 US )
F 0 R f· 1~ A T ( 1 H - ' 7 1 f 1 D I R F C T S E /1. ;~ C H H .\ S HUN (J UP /'JW SH 0 T G U f\i S E MK H C.l\ N N 0 T 

l F I N D /;, l3 E T I" E R P 0 I f\! T / 4 1 H T R Y /\ .) I F F E R [ N T S T ;-., 1-:;, T I N G P 0 I N T A T L E V E L :·: 1 I ) 
F0 f~ r,1 A ) ( 1H - ' 1 5 X ' 1H U , 2 5 X , 2 '3 H I ": :~· ~--- p E N D E N T V !\ I::( I ,6.. r~ L E S X I I )
F 0 R r\< A r ( 1 H 1 ' 1 u x ' 3 ?. H D I r~ Ec r sE ;~ R(_ H cp r Ii'"i I z A. T I 0 N lJ s I ~~ G sEt: K 11 I ) 
F 0 RM A T ( 1 H - , Li- p, f-l SH 0 T Ci UN SE/\ I~ CH F() UND f, N I ;v, PFW VE :v1 E"·~ T BlJ T NS H 0 T :: , I 6 ' 

11 8H HAS BEEN EX CEEDED ) 
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_ 25 FOR ~ AT(JH-,7H.SHOT. , 5[16. 8 /(24X,4E l 6.8))

3 0U FOR MA T(61H 0 LOAD AT BEARI NG , LLi S••••••••••••••••••••••••••••••••• • 


1 W ='El5.7)
3 0 1 FOR MAT(61H0J OURNAL SPE ED, REVS/ ~ IN. •••••••••••••••••••••••••••••R 

1 P r~ = ' E 1 5 • 7 ) 
30 7 FOR MAT(61H UAMBIENT TE MPERATURE, DEG.F. $•••••••••••••··~··•••••••• 

lTl =,EJ5.7) 
3 0 3 F 0 R ~'. AT ( 61 HU J 0 U I~ N!~ L RA D I US ' I NCH ••• • ••• • '*' •••• • •••••• o .... • • r< /\ lJ I 

ius =,E15.n 
_3 U 4 F 0 RM AT ( 6 1 HJ EST I f'v'i 11. TED UPP EF~ L I iii I T 0 F RAD I US ................. • • • • !~ f, 

lDU ='El5.7)
3 u5 F 0 R i-1 /\ T ( 6 l r~ () [ s T I MA T r:: D L 0 V·J E I-<. L I j-11 I T 0 F RAD I us .. • • • • • • • • • • • • • • • • • • • f-< j\ 

lDL ='El5.7)
3G6 FOR MAT(61H 00PTIMIZATIO N CRITERION ••••••••••••••••••••••••••• KOPT 

lI M ='I6l 
3C7 FOR MAT(61HOTYPE OF APPLICATION •••••••••••••••••••••••••••••• KAPL 

llC ='16)
3U8 FOR MAT(61HUTYPE OF JOURN AL SEARING USED•••••••••••••••~•••••••• K~ 

U~G ='i6)
3J9 FOR ~ AT(61H0FLAG NU MBER ••••••••••••••••••••••••••••••~•••••••••• K 

lEY ='16)
3 1 0 F0 R/'Ii A T ( 6 1 H U 0 P T I f'v'; I Z A T I 0 N ~1 E T H 0 D USE D • • • • • • • • • • • • • • • • • • •· • • • • • • • • ,\-\ T 

lHD ='16 -) 
311 FOR M/\T(fi]_HuOIL INLET PRESSURE ••••••••••••••••••••••••••••••• Pif\JL 

lET ='El5.7)
7 1 2 F 0 R 1·.1 ,~ T ( 6 1 H 0 NUM B E R O F D E S I G N V A R I B L E S • • " • • • • • • • "' • • • • • • • • · • • • • • • N iv'i 

lBR ='16)
7 1 3 F 0 RH A T ( 1 H 1 ' 1 5 X ' 3 9 H - 0 P T I Mu M H Y D f~ 0 D Y N f-, ;vi I C 8 E .!\ I~ I N G D c S I CJ N - ' I 1 7 X ' * 

l---------------------------------*,//29X,10HI NPUT DAT A,/29X,*----­
2-----~'(- 'I I) 

7 J t+ F O R ~v1 /\ T ( 6 l H Li K I ~J D 0 F O I L S U P P L Y • • • ~ • • • • • • • • • • • • • • • • • • • • • • • • • • K 0 I L S 
lUP =d6)

715 FOR ~ AT(61H U A MBIE ~ T AIR CO NDITION •••••a•••••••••••••••••••••••• KA 
lIR ='16)

7 1 6 F 0 R i-~ A T ( 6 1 H v I .~-~ P U T T CR QU E • • • • • • ., • • • , • • • • • • ., • • • o • • • • • • • ~ • • • • • • • T I N P 
1UT ='El5.7)

717 FOR MAT(61Hj~A XI MUM EXPECTED AMBIENT TEM PER ATURE ••••••••••••••• TM 
lAX ='El5.7) 

RETURN 

END 
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SUBROUTINE SIMPLEX(N,RVAX,RMIN,NCONS,NEULJS,XSTRT,~N,ALPHA'BETA,

] GA~A , RED UC E , R ,f,G, ~ AX M ,IPRI NT ,I DA TA, 0 ,X,PHI,P S I,XA,XJ,FU N ,XH,X S , 
? XL,XO,xR,XE,xc,sTEP)

D I fv':F ~~ S I 0 N X ( l l , X S T I~ T ( ] i ' I~ i< A X ( l l , I~ MI i'l ( J l ' P H I { 1 l ' P S I ( l ) ' X /\ ( f\: ' N N ) ' 
1 XJ ( l ) ' F lJ N ( 1 } ' X H ( 1 ) ' X S ( J l ' X L ( 1 ) ' X 0 ( l } ' X F< ( 1 } , XE ( 1 ) ' X C ( 1 } ' S T F P ( 1 ) 

Cm.-;1"/ ; 0 NI 1 11 I I~ P ~', , ~·J , RAD I US , T 1 , K 0 P T I iv: , :<. GF~ G , :•'; TH D ' I-< AD u ' I~ AD L ' NM l3 R 
l' KO ILS UP , KAPLIC,PI NLET, KEY ,KAIR,TIN PU f ,T MA X 

CO MMON / OP TI/ KQ , NN DEX 
C O~MON / B LOC K /KLASS

C CLEARI NG ALL THE ARRAYS ~EFORE USE 
DO 1 J=l,NN
DO l I=J.,N
XPdI,J)=O. O 
XH(I)=O.O
XJ(I)=O.O
FU N ( I ) =U. 0 
XS(l)=O.O

XL(I)=C.O 

XOCI)=C.O

XR( I >=0.U 

XE {I)=O.O

1 XC(l)=O.O
vrn1TE(6,3Ul)

301 	 FOR~Af (I5X,* OPTI M IZATION BY SI MPLEX ME THOD*,/)

KOUNT=O 

DO 2 I=l,N 

S T E P ( I ) =F?H .A.PS (R r·1J\ X ( I ) - Rr-.11 HJ( I l ) ) 


? XA(l,l)=XSTRT(J}
LL=u 
KKK=O 
IF(ID ATA.NE.l)GO TO 299 
\'JR ITE(6,713) 
'v~ R I T [ ( 6 , 7 U 0 ) VJ 

t,J R I T E ( 6 ' 7 0 1 ) RPM 

\\1RITE(6'702) Tl 

WR ITE(6,717) TMAX 
WRITE(6,703) RADIUS 
~R ITE(6,7 0 4) RADU 

WR ITE(6,7L5) RADL 

WR ITE(6,7 U6l KOPTIM 
!t/R ITE(6,7 C7) KAPLIC 
WR IT E (6,712) NMBR 
\•J R I T E ( 6 , 7 1 C ) M T HD 
WR ITE(6,716) TINPUT 

IF (Klf\.SS.EO.l) c;o TO 117 

'v'J RITE(6,7 ~8 ) KRRG 


111 R I T E ( 6 ~ 7 ;J 9 ) K E Y 
WR ITE(6,7111 PINLET 
GO TO 299 

117 ~R ITE(6,7J4) KOILSUP 
WR IT E (6,715J KAIR 

C G E ~JE f~ A T I l'l G i'J + 1 P C I N T S T 0 F 0 r~ i'-'i P.. S I fl1 P L E X 
299 DO 5 J = 2,NN 

DO 5 I=l'N 
IF(I. EQ .(J-llJGO TO 4 
XA( I ,J)=XA( I ,1) 

GO TO 5 


4 XA (I, J) = X ;~ ( I, 1) +STEP ( I) 

5 CONTI NUE 


80 CONTINUE 
LL==LL+l 
K.OUN T= KOUN T+l 

c NOW WE CO~PUTE ARTIFICIAL OBJECTIVE FU NCTIO N AT VAR IOGS POINTS 
DO l U J=l,:\JN 

DO 1 5 I=l,N 


15 XJ(J)=Xf\(J,J) 

C.f\ L L 0 p T I i ·';F 2 ( x j ' uAf-H ' p H I ' ' l ' !'K 0 N s ' /\! f?. 0 u s ' r·w j 0 L ' r~ )


10 FU N ( J) =Ut\R T 
c NOW WE ARRANGE FU NC TI ON V ~ LUES I N ASCENDING ORDER TO SELECT HIG HES T 
c I_ 0 \:j ES T , AND N EX T T 0 TH F H I G HE S T Vt~ LUE S 

DO 2U K:-=l ,N 

KK=K +l 

DO 2C J =KK , /\1N
I F ( FUN ( KJ4L F .F UN ( J )) GO TO 20 
TU~P= FU ;'~ ( K ) 
FUN ( K)::FUN (Jj 
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FUN ( J) =TE1\~P 


DO 1-+ 5 I= 1 'N 

TE MP=X A(J,K) 
XA( I ' K ) = XA( I ,J) 


t.1-S XA(J,J)=lEMP 

20 COt''HI NUE 


c SF:LF:CTING VFCTORS XH,XL,xo,xs E TC. 
C X H I S T H E V E C T 0 R G I V u,; G >1 A X I M ·J iv': V J\ L U E 0 F 0 B J EC T I V E F UN C T I 0 N 
c x L I s THE v f c T 0 R GI v I NG L 0 ltl Es T v AL u E 0 F THE () RJ E c T I v E nm c T I 0 N 
C XO I S THE /\VERAGE OF 1\LL PO I NTS OTHEI~ THAN HIGh[ST PO I NT XH 
C XS IS THE VECTOR WITH SECOND HI GHEST VALUE OF OB J EC TIV E FUNCT I O~ 

DO 3CJ I=l'N 
XH( I) =XA( I ,N+l)

XS(I)=XA(I,N)

XL ( I ) = X".b... ( I , 1 ) 


30 	 XO(l)= O.O 

DO 35 I=l'N 

DO 	 35 J=l,N

35 	 XO( I )= XO ( I )+(l.IFLO/\T( N ) ) -~·XA ( I ,J) 

UH=FUN(N+l)

US=FU N(N) 
UL=FUN(l)
CALL OPT I MF? (X o , uo,PHJ ,P S I, NCO NS , NEOUS , NV I OL ,R)

IF(I PR I NT .L E. O)GO TO 901 

IF(LL. GT .l) GO TO 804 

ltJR IT E (6, 8u l) 


801 FOR HAT(lHl) 

~J R I T E ( 6 ' 8 li 2 ) 


8 0 ?. F 0 R rv:A T ( 1 H 0 ' -~- I N TE R 1..1E D I /\ T E 0 uTp uT F 0 r~ s I M p L E x - ~'.- ' I ) 

~~ R I T E ( 6 ' 7 9 9 ) 


7 9 q F 0 f~ f./;A T ( 1 H 0 ' -~ U A R T I S T H E V A L LJ E 0 F Ar~ T I F I C I A L UN C 0 N S T I~ A I N E D 0 GJ E C T I V 
lE FUNCTION /\ T TH E CENTROID*,/) 

~·J R I T E ( 6 ' 8 v 3 ) 
803 FOR iv1A T ( lHQ , ~-S T E P NO . U U.t\R T VA 

JRIA BLES X(IJ AT THE CENTROID OF THE SIMP LEX* ,/) 

804 I F (J PRIN T. NE .KOU N T)GO TO 901 


KOUi'!T=O 

C!~ LL URF::A,L{X Q ,U)
WR JT E(6 , 80 C)LL, u ,uo ,(X Q(J),I=l, N) 

AJO FO R~AT II 5 , 3X ,6 E l 6 . 8 , 95 (/, 40X ,4 El6 .8)) 
C CRITERION FO~ OPTIMUM 

90] 	 USUM=li.O 

DO 3Uu I=l,NN 

UDIF=(FUN <IJ-UO)

UD I FSO=UD I F-)'.-UD IF 


300 USUM=USU~+UD I FSQ

CRIT=SQRT(USUM/FLOAT(N)) 
IF(CRJT .LT. G )GO TO 1-+c;o 
I F ( L L • G E • Mp, X~.\ ) Ci0 T 0 3 5 0 

C WE TRY REFLEC TIO N NOW 
DO Li. U I=l,N 

4U 	 XR(!)=XO(J)+ftLPHA*(XO(l)-XH(l)}
CALL OPT T ~ F2(XR, UR ,PHI,PSI,NCONS , NEO U S,NV I OL ,R) 

c T F us I s Gf~ r: AT ER T H ,,'\ N u R A ND uR Gr~ E l\T n; THI\ N u L ' ':JE RE R E p Lf.\ c E x H 
c 8 y xR AN D r~ EsT f\ R T F R 0 M ,'\) E\!J L y F 0 R r11 E D s If'/1 p L E x 

IF!U S . GE . UR . AND . UR .G E.ULl GO TO 50 
C IF ABOVE CON DITION NO T ~E T WE T AKE NE XT STEP T O SEE IF UR IS LT UL 

GO TO 60 
50 	 DO 7 C I::-:1,N 
7 0 	 XA. ( I , NN ) = XR ( I ) 


GO TO 80 

C I F UR • L T • UL 'w E T RY EX P ,'\ N S I 0 N H0 P I f\J G THAT F LHH H 5 R I ~·i PR 0 V E ME i"H T S 
C POSS I F'LE 

6 0 IF( UR . L T.UL) GO TO 9G 
GO TO lCJO 

90 DO ll U I :=l,1"~ 
ll D XE ( I ) =XO ( I ) +GA fV:A-* ( X I~( I )-X C ( I)\ 

Cl\ L !_ 0 P T I t·,1 F 2 ( .X f ' UF ' P H I , P S I , N C::; 1\J S ' !\J E C U S ' ~~ \/ I 0 L ' R ) 
C I F F X P /\ f'-! S I 0 i\~ I S S ~JC C ~ SS FU L : ' r~ . I~ EPL ,1\ 3 E X H 2 Y X E CT H [ R "1! I SE B Y X f~ 

IF ( Uf .LT~ UL ) GO TO 120 
GO TO SU 


12 0 D1
) 13 0 I=l'N 


1 '3 C X.r:., ( I ' f\l !'I ) = X E ( I ) 

GO 	 TC 80 



c 
100 

c 
155 
160 

c 
150 
1 AO 

c 
c 
c 

225 

220 

200 

210 

c 
350 

soo 
6UG 

Li-00 

777 

888 

999 

7 C1 

7 U2 

7 u 3 

7 '~·7 
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IF UR r s GT . UH WE DONT RE PLACE XH SY XR orHERWISE WE DO 
IFCUR.GT.UH)GO TO 150 
IF(UH.GT.UR.AND.UR.GT.US)GO TO 155 
GO TO 225 

CHANGE XH oY XR 
DO 16 l, I=l' N 
XH( I )=XR( I) 
CALL 0 PT I j.·1 F 2 ( X H , UH , PH I , PS I , NC 0 ;'~ S , ~- J E 0 US , i\J V I 0 L , R ) 

WE NOW MAK E CONTRACTION MOVE 
DO 180 T=J ,N
XC( J .) =XO( I ) +HFTA~:- (X H ( I )-X O ( I)) 
C.AL L 0 P T I 10 r:- 7 ( X C ' UC , PH I , PS I ' NC 0 1\J S , NF 0 US , NV I 0 L , R ) 

\v E CH ECK I F C 0 NT Rf\CT I 0 N HAS L3 EE N SU CC ESSF UL 
IF (UH. GT. UC )GO TO 200 

IF AGO VF MO VE JS NOT SJC(ESSFUL WE 

AND REST!\RT /'i.GAIN Fl-<OM TH IS CH.A NGEL)


DO 22 U J=l,NN 
DO 22 0 I=l'N
XA(I,J)= 0 .5 * fX A(J,J)+XL(IJ)
GO TO 80 

DO 210 I=l'N 

XH(l)=XC(I)

X/d I , N+l )=XH( I)

c;o TO 8 0 

WE CHANGE THE 
KO= l 
DO SUO f:::l,N 
X(I) =X L(I) 
\•JR I T E ( 6 ' 6 LI 0 ) MA X M 
F OR i".il A T ( 1 H 0 , ~~- S I M P L E X 
CAL L AN S vJ E I~ ( '-J ' X , PH I 
RFTURN 
CALL UREA L(XL,U NEW ) 
I F ( ~K 0 N S • E 0 • c; • A N D , N E Q U S • E 0 • 0 ) G 0 T 0 t+ 0 2 
KKK=KKK+l 
IF( KKK . EO .l)GO TO 401 
IF(A65 ( UO LD-UNEW).LT.G)G0 TO 4 0 2 
D 0 Li- 0 3 I = 1 ' N 
XA( I '1 )=XL( I) 
CONTINUE 
R= f< ~- R E DU C E 
IJ OLD=U NE\..\1 
GO TO 299 
CALL CO NS T (X, NCONS ,PHI) 
D 0 7 7 7 J ::.: 1 " i'JC 0 N S 
IF ( PHI (J).LT. u . C ) CO TO 88 8 
CON TI NUE 
GO TO 999 
KO= 1 
CALL ANSWER (LJ,X,PHI, PS I, N,NC ONS ,NE OUS )
F<ET URN 
KO=G 
LJ= UN E\tl 
DO 501 I=l'N 
X{I)=XL(f)
FOR MAT(61HULOAD AT 

l W =' E l5.7) 
F ·J !=< ~.1 A T ( 6 1 H 0 J 0 U R i'! A L 

1PM ='El5.7)
FOR MAT ( 61H U A~B I ENT

lTl =,EJ 5 .7) 
F 0 RM A T ( 6 1 HU J 0 U R N /:i.. L 

lUS ::: ,El 5 .7) 

11 ~ :, 16 ) 
FORi':1A T(61 HGTY P E 

lIC ='1 6 ) 
F 0 R 1'-". / \ T ! t) 1 HU T Y P t 

} I\ G = ' I 6 1 
F 0 :? \1· /\ T ( ( ) JI I Ur-· L_ /\ C 

REPLACE ALL 

S i iv',PLEX · 


OPTIMU~ POINT I N AN AR RAY X 

PO I NTS OF SI MPLEX 

H1\ S HU NG U P AF T E R -* , I Li ' ~- I T E RA T I Oi'~ S* , I ) 
, P S I ' N ' f\l C 0 N S ' ,·~ E 0 U S ) 

BEARING, L BS ••••••••••• e.••••••o••••••O•••••• • 


S P F: ED ' r~ EV S I M I N • • • • • • • • •• • • • • • o • • " " • • • • • • • • • • R 


TE ~ P~R A TURE' DEG .F~ ••••••••••••••••••••••••••• 

!~ ;\ D I U 5 ' I N C H ~ " • • • • • • • • • • • o • • • • • • • • • • • • i~ A lJ I19 • • 

-


F 0 R /-.': A T ( 6 1 H \..1ES T I i··'1,~. TED Li PP E '· ··- I M I T 0 F 
JDU ='El5.7)

F 0 R fl AT ( t_, 1 H 0 EST I M !\TED L 0 vJ E 1 ) L I ;v1I T 0 F 
1Dl_ ='F15.7} 

F 0 R ~/ /\ T ( 6 1H u0 r T I M I Z /\ T I 0 N (. R I T ~-- ;-~ i n 1\J • ,, 

OF APP LICf, 1 l()N •••••••••• ·~ ···•••••••••••· ···•• KAPL 

0 F J U U 1-U·U~ L B E M~ I N G U S E D • • • • • • .. • • • • °' c • .. • .. • • • • • " • t( b 

NU :' ~ cJ [ f< ••• 0 .. . .a ..... ~ • " ... • " ..... • ....... ,, ....... • •• o • :<. 

f.:( /, D I US •• • •••• " ......... • • • • I~ A 


:-~AD I US ......... ., ••• 19 RA
•••• ,.. • • 

•• " • ~ ., ••• ,, • • • • • • • • • • • • • • • K 0 P T 
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lFY ='16)
7 l ;_: F 0 Ri 1

/\ T { 6 l H'--10 P T I !'': I l /\ T I 0 N ;..1, E. TH 0 [) USE D ••••••••••• ., • • • • • • • • • • • • • • • ;-.1 T'. 

1.HD :::,I6) 
711 Fo R:.~A T(61H UO IL INLET PRESSURE ......... .,~•••••:.. ...... ., ••••••••••• PI NL 

lf::T ='El5.7)
7 1? FGR~AT!AJH ON~M BER OF DES I GN VARIA BLES ••••••••••••••••••••••••• NM 

J.GI~ ='I6)
7 l 3 F D~< ',·". i\ T ( l Hl ' l S X ' 3 o H- 0 P T i ~,,1 JM ~ 1Y01~ 0 DYN1-\ r< I C • t5 E;\ R I NG DES I GN - ' I 17 X , -x­

1 - ··· - ·- - - -- -- - -- - - ·- -- - - - - - -- - - - - - - - - - - - - - _, ~ , I I 2 9 X , 1 0 H I NP UT DAT A , / 2 9 X , *--- -- ­
?------~r, 11) 

·111+ F 0 I~ f.. '. !:... T ( 6 J. H J~: I l\l D 0 F 0 I L SUPPLY ••••• • ••• • ••••••••••••••••••• • K0 I LS 
lUP = '16) 

7 J 5 F 0 I~ '/, !.:.. T { Cl Hu I\ r<~3 I E r-.; T A I R C0 ND I T I 0 N • • • • .. • • • • • • • • • • • • • • • • • • • • ., • • • • KA 
lIR ='16)

7 J 6 FcRr\' r... T ( 6 l r j u I 1\! p uT T0 RQuE • • • • • • • • • • • ~ • • • • • • • • • • • • • • • • • • • • • • • • ., T I Np
lUT ='E l 5 .7)

717 FCR MAT <61 ~10MAXI~UM EXPECTED AMBIENT TE MPERATURE ••••••••••••••• TM 
lAX ='E.15.7)

RETURN 
END 
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SUBROUTINE DA VJD{ N , RVA X, R M I N , N C ONS , NEQLJS ,X S T R T,G,F, ~AX ~ 'I PR I N T,1DA 

1 T /\ ' R ' R E DU C F.: ' U ' X , ? H I , ;J S I ' H ' C S ' D , Ci N , G ;\ , Y , D T , C , Y T , P ~ l X , P S X , P /~ f~ T ' P 1\ S T , 
2 0-hUX) 
c0 Hi-·] G i"; I 1 1 J./ r.;;. r f'-i ' 1

:: ' l \AD I us ' T 1 ' K 0 p T I ;:I ' KE3 r~ G ' f·'iT H[) ' r~ f\ Du ' ::,; AD L ' NM b I~ 
1, KO I LSUP , KAP LIC, P I NLE f, KEY , KA I R,TI NPU T,T MA X 
COMMO~ / B L OCK /KLASS 

C DAV I D 0 ,\J FL l TC HE:\ AND PC VJ E: LL fv'1ET f10 D 0 F 0 P T I iii I l /\ T I 0 N 
D I fv1 E ~! s I 0 f\J x ( 1 ) ' r-< ;\ 1/I. x ( 1 ) ' i\ t11 I N ( 1 ) ' x s T r~ T { l ) ' H ( N ' N ) ' G s ( 1 ) ' D ( l ) ' G N ( 1 ) ' 

1 G/\ ( l ) ' Y ( J l ' fJ T ( ~~ , N } ' YT ( .~J ' N l 'C ( .~ , :\1 l , PH I ( 1 ) , PS I ( 1 ) ' PH X ( N , 1 ) ' PS X ( ,\l ' 1 ) 
2,PARTIJ.),pASl(] ),(H(lJ,UX(l) 
COM~JN /C P TI/ KQ , NNDE X 

C CL EA RING ALL THE ARRA YS bEFORE USE 
DO 31 I=l,N
c;s ( r J :-::: o. u 

D I I )=li,. 0 

GN(I)=O.O

GA(I)=O.O 

Y( I 	)=G.O
PART(I)=O.O 
P /\S T(IJ= O.O 
CH(I)= O.O 

UX(IJ=O.O

DO 31 J=l,N

DT ( I ,J)=O.O
YT(!,J)= O.u 
CII,JJ=O.G 

31 	 HII,JJ=O.U 

DO 50 I=l,N 

CH( I J= F ->:-(,'\ L)S(RMAX ( I )--R 1Vi !N( I))) 


50 	 X(!)=XSTRT(J) 

LK=l 

L == 0 

1.,·J~r TE ( 6 ,3 u 1 > 


3 G 1 	 F 0 R j·/ /, T ( 1 H 0 ' -~ C P T I M I Z A T I 0 N b Y DAV i D 0 N F L E T C H E R AN D PO'.'J E L L M E T H 0 D * ' I > 
KOU~H =O 
IF(I DA TP..• N[ .l)GO TO 299 
v1R ITE(6'713} 

~~ R I T E ( 6 , 7 CJ u ) vJ 

vJ RITE(6'7(Jl) RPM 

VJ R I T F. ( 6 ' 7 0 2 ) T 1 

1,~ R I T E ( 6 , 7 l 7 ) TMA X 

vJ f~ I T E { ~' 7 u3 ) R1-\ D I US 

WR ITE(6,7 04 ) RADU 
WR ITE(6,7 L5 ) RADL 

WR ITE(6,7 u 6) KOPTIM 

WR ITE{6,7 U7) KAPLIC 

WR ITE{6,712) NMBR 

~v r~ I T F { 6 ' 7 l 0 ) ('!: THD 

WR ITE(6,716l TINPUT 

IF ( KLA SS .EQ.l) GO TO 117 

WR ITE(6,7 08 ) KBR G 
vm IT E (6'7 09 ) KEY 

WRITE(6,711) PINLET 

GO TO 299 


117 	 WR IT f ( 6 ,714) KOILSUP 

WR IT E (6,715J KA IR 


/ C)() 	 CAL L 0 P T I ~·IF 2 ( X , F UN 1 , P H I ' P S I , NC 0 N S , 0J E 0 US ' NV I 0 L ' l~ l 
c SUBROUTINE PARTIAL RE TURNS THE GRADI ENTS REQU I RED FOR CO~ PUTATION 

TJ 	START \'J IT H MA .rRIX H IS CHOSEN AS A Uf'.JIT rviArR IXc CALL PARTIAL(X,N,NCONS,NEQUStPHI,PSI,GS, R' (H,ux,psx,pHX, 
lP,l\ RT, PAST)

JJ-::0 

52 DO 1 I== 1' N 


DO 1 J=l,N 

1 H(I,JJ=0.0 

DO 	 2 I=l'N 
K K ==I 

2 H (J,K KJ=l.O 

JJ=JJ+l 


1 0 0 DO 3 I=l,N 

'3 0 ( I 	)= 0 .0 

DO 4 I=J.,N 

DO 5 J::: 1 , N 


5 D~ I } = ~ H ( 1_ ' J l. -;(-0 s ( j ) ) +Q ( i A

Ir {D( I J ., C() ., U ) U ( 1 )=1. E-5 v 

t+ D\I J=-D ( ! ) 
c I F D ( r ) Dm: s N() T [ f\l s u R E THA T F J f'K T I 0 N \1! I L_ L [) EcR E .!\ sE T H E N I\ Es c T 
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C 

C 

C 

C 

( 
c 

H MATRIX AS A UNIT MATRIX 
IF(JJ.GT.lJGO TO 300 

DO 53 I=l'N 

IF ( (GS ( I ) ID ( I J ) • GT. 0. ) GO T 0 '.) 2 


53 CONTINUE 

JJ=O 
L=L+l 
FUNC=FUNl 
SUBROUTINE FIND RFTURNS ALMDA' WH ICH GIVES OPTIMUM STEP LENGTH 
C A L L F I ND ( X ' 1'\ Uv': D1-\ , D , N , PH I , P S I ' t< CC) f\J S ' N E QU S ' F UN C ' R ) 
DO 6 I=l,N


6 X( I )=X( I )+AL MDA·~-D ( I l 

CALL OPT I iv! F 2 ( X , FUN 2 , PH I 'PS I , NC ON S 'NE CU S ~ N\/ I 0 L 'I~ )


IF FUNCTJON STARTS INCREASING PROGRAM IS RESTARTED ~ ITH NEW R 
K0 UN T =i<. 0 U ~~ T+ 1 
IF(IPRINT.L E.C)GO TO 326 
IF(L.GT.l)GO TO 804 
~vR ITE(6,8 Gl ) 

8 0 1 	 FCR :Vi A T ( l H 1 ) 
VJ R I T E ( 6 ' 8 U2 ) 

802 	 FORMAT(IHO'* INT ERMED IATE OUTPUT FOR DAVIDON FLETCHER AND PO~ELL*' 
1 /) 


\·JR I l E ( 6 ' 7 9 9 >

79q 	 FOR ~AT(lHO'* UART IS Tt~E ARTIF ICIAL UNCONSTRAINED OPTI~IZATION FUN 

1CT I ON~~ , I )
WRITE (6,8 03 ) 	 · 

pG~ FORMAT(lHO,*STEP N0.*,,6X,*U*,l?X,*UART*,30X,*INDEPENDENT VARIABLE 
- lS X(I)~*",/) 

804 IF(IPRINT.NE~KOUNTJGO TO 326 
KOUiH=O 

C/\LL UREM_ (X,U)

WRTTE (6,327JL, LJ , FUN2, (X(I),I=l, N) 

327 FOR~AT(IS~~X,6El6.8,/(4UX~4El6.8)) 
CRITERION FOR OPTIMUM 

326 	 IFlA B5(FUNl-FUN2 J.LE.G>GO TO 89 
IF(L.GE.MAXMlGO TO 300 
IF(FU N2.L E.FUNlJGO TO 250 

DO 249 I=l'N 


24G 	 X(IJ=X(IJ-ALMDA*D(I) 
FU~J2= FUN 1 
(j0 TO 89 

2 5 G C 0 N T I f\\ UF.
CALL PARTIAL(X,N,NCONS,NEQUS,PHI,PSI,GN' R' CH,UX,pSX,pHX, 

1 P /dH ' P .I\ S T > 
***************************************** ***************************~ 
T H I s s E c T I 0 N ( 0 i< p u T Es j'/ j /\ T r~ I x H T 0 6 E us ED I N T H E N E x T I T Er~ A T I 0 N 
DO 7 I=l,N

7 Y( I )=GN( I )-CjS( I) 

DO 8 I=l'N 


8 Gt~, (I)=O~O

DO 9 I=l'N 

DO 	 9 K:::1,N

9 GA( I )=Gld I )+(H( I ,K)*GS(Kl) 
Pf.(OD 1=0.0 

DO lU I=l'N . 


10 Pr~ODl=Pr~ODl+G.1-\( I · )-~GS( I) 

DO 11 I= 1 'N 


11 	 GA(IJ=O.O 

DO 12 I=l,N

DO 12 K=l'N 


12 	 GA{ I J=G/\( I )+(H( I ,KJ.)A-Y(K)l 
PfWD2 = O. 0 

DO 13 I=l,N 


l~ 	 PROD2=PROD2+1GA{l)*Y(l)l 

DO 14 I=l'N 

DO 14 J=l,N


14 	DT(I,JJ=Dlll*D(J)
DO 	 15 I== 1 , N 
DO 	 15 J ::l ,N 

15 	 YT<I,J)=Y(I)~-Y (J) 


DO 16 I=J.,N 

DO 16 J=l,N


16 	 CII,J)=O.U 
DO 1 7 I::: 1 'N 

D~) 17 J:=l,N 




• • • • • • • 

• • 
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DO 	 17 K=l,N 
1 7 	 C (I ,J) = ( H ( I ' K P-YT ( K , J) ) +(_( I ,J) 

DO 	 19 I=l,N
DO 	 19 J=l,N
SU M=U.0 
DO 20 K=l,N


20 SU M =SU~+ (C(J,Kl*H(K,J))

19 C(J,J)=SUM


IF(A 8 5(P ROD1J.LT.1.E -3 0JPROD1 = 1.E-30 
IF(A RS (P ROD2).LT.l.E-30JPROD2=1.E-30
QUOl=AL MDA/ PRODl 

OU02= 1. /Pl~OD2

DO 21 I= l, N 

DO 	 21 J=l,N
D T ( I , J l =D T ( I , J ) -;,'- QU 0 1 


21 C(J,JJ=C(I,JJ*OU02

DO 	 22 I=l,N
DO 	 22 J=l,N 

?? H(f,J)=H(J,J)+DT(l,J)-C(I,J)
( ** ~** * * ************ * **** * * * * ** * * **** * **** * ** * ***** * ** * ** * **********~ 

DO 	 23 I=l,N 
?.3 	 GS( I )=GN( I) 


FUNl=FUNZ 

GO T8 100 


30 0 	 KO=l 
h' RITE(6,325JL

3 2 S 	 F 0 R >i 1\ T ( 1 H 0 ' ~~ DAV I D 0 N H A S HUN G U P f, F T E R ·H- ' I 4 , -* I T E R /\ T I 0 NS~- , I )

CALL AN SWER( u ,x,PHJ,PSI,N, NCO NS, NEQUS) 

R ETUf~N 


8 9 R= F~ -* f-< EDUC E 

CALL 	 UREAL(X,UNEWJ
lF(·LK.EO.llGO TO 88 

IF(~ B S{JOLD- UNEW l.LE.GlGO TO 200 


8 5 UOLD= UN FJ..; 

LK=LK+l 

GO 	 TO 299 

?00 	 CALL CO NST (X,NC ONS,PH!)

DO 777 J=l, NCONS 

IF (PHI(J).LT.0.0) GO TO 888 


777 CONTINUE 

GO TO 999 


888 KO=l 

C~- L L A NSVJ E R ( U ' X , P H I ' P S I , N , ~-l C 0 f\l S ' N E 0 U S ) 

l~ ETUR1'J 


999 	 KO=O 
U =UNEVJ 

3u2 FOR MAT(61H Ll I NTER ME DIATE OuT?UT EVERY IPRINT(THJ CYCLE ••• • IPR! 
1 NT 	 ='16)

7 JG FOR ~A T( 6 JH 0 LOAD AT GEARIN G, LBS ••••••• ~•••••••••··~···•••••••••• • 

1 W ='El5.7)


7 CJ 1 F 0 R M A f ( 6 l H \J J 0 U R N 1\ L S P E E D , I~ E\/ .S I t11 I N • • • • • • • • • Ci • .. • • • • • • o • • • • R 

lfJ M 	 ='El5.7)

7 02 FOR ~AT(61 HJ A ~GIE N T TE ~ PER A fURE, DEG.F" •••••••••••••••••••••v••••• 
1 T 1 	 = ' E 1 5 • 7 ) 

7 0 3 F- 0 R M /\ T ( 6 1 H u J 0 U R N A L R A D I U S ' I N C H .. • • • • • • • • • • • • • • • • • • " • • • ., • • • • • I~ /\ 0 I 

1us ='El5.7)


7 v t~ 	 F 0 r~ HA r ( 6 11-1 c c: s T I M ;\ T ED u p p E I~ L I M I T 0 F R/~ D I us • • • • • • • • • • • • • • • • • • • • f-{ t, 
lDU 	 ='E15.7)

7 0 s F0 r~ rI; A T ( 6 1 Hu Es T I f'li A T E D L0 v-J E R L I M I T 0 F r~ A D I us • • • • • • • . • Cl 	 R A • Cl • 	 • • • • • • • 

lDL 	 =, EJS.7)
7 0 6 FOR ~ AT( AJ H UOP TI M IZATI ON CRITE RIO N •••••••••••••8•••••e••••••• KOPT 

lI M 	 =_d6J 
7 0 7 F 0 f~ :'"'1.f\ l ( 6 1 H LT Y PE 0 F APPL I C /:-\ T l 0 N •••• • ••• • • • • •• • ••• " •• • • ••• • • • • ~~ A PL 


lIC ='16)

7 C 8 F 0 R rv·;A T ( 6 1 H 1-H Y P E 0 F ..J 0 lJ R1'- ~ / \ L B E A I~ I ~.J (j U S E D • • • • • • • • • • • • • • • • • • • • • • • • K b 


1 f~ G == ' I 6) 

7 J a F0f~.\1 AT{61 H·.JF L A G NUr1~L3ER •• .. 11•••--•••••••••••••••I'••••••••••••••••• K 


J FY ='16> 

7 l 0 F () i~ ;..~ / ·, T ( 6 l H ·,) 0 P T I r,,, I Z t... T I 0 N M[ TH 0 D USED ••• • • e :i ~· • ••••• ,.. ••••••• • • • MT 


lHD = '16) 

7 l 1 F 0 :~ ;\:: Ii. T ( 6 1 f-i u G I L I i\J I_ E T P f~ [: S S U I~ E • • • • " " .. ~ • • ~ .. • • • • • • • • • • • • • • .. • • • • P I N L 


JE T =' E l 5 .7) 

7 l 2 	 F-- 0f~ 11: A T ( 6 1 Hu '. l L+E~ ER 0 F DES I C N \I /\ r~ I 8 L [ S ., ~ "" .• * •• ,., •••••••••• ., • • • • • N i'' ':II' 

1 F31-< 	 == ,16) 
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7 1 3 r- 0 R ~.'.A T ( HH ' 1 'J X ' 3 9 H - 0 P T t ,\'1 UM HY D R 0 D YNM 11 I C l) E/1.R I N G D E S I G N - ' I 1 7 X , -~-
J - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - *, / / 29 X, l O~ I NPU T DATA,/29X,*----­
2 ---- - ;~ , I I) 

7 1 I+ F 0 R >1 A T ( (-) ] H uK I N D 0 F 0 I L s u p p L y • • '> • • ~ q • • • e • e • • • • .. • • • • K 0 I L s• • • • • • It • 

lUP ='16) 
7 1 S F 0 R M A T ( 6 ] H G A :Vi 8 I E N T P1 I R C 0 l\J D I T I 0 N • • • ~ • • • • • • • • • • • • • • • • • • • • • • • • • • K A 

1 I R =' I 6 ) 
716 FOR ~A T(61H01 NP UT TORQUE ••••••••••1t•••••; ••• •• • , ••• ~••••••••• TINP 

lUT = 'El5.7)
717 FOR~A1(61HLMAXIMUM EXPECTED AM~IENT TEMPE RATURE ··~•••••••••••o TM 

lAX ==,El5.7) 
i~ETURN 
END 
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SU R f~ 0 UT I N F S E F K 1 ( N , ~ fl t-\ X ' FW1 I ~ l ' ,\J C 0 N S ' N E 0 U S , X S T R T ' F ' G ' R , R EDU C E ' ~·1 i\ X M ' I 
1 ND EX ' I Pf<. I NT ' J DA T /' ... , U , X , PH I ' PS I ' NV I 0 L ' ~,J 0 R K 1 ' ~\! 0 R K 2 ' vv 0 f< K 3 ' \1i 0 I~ K 4 ) 

D I M E f\l s I 0 N Ri:j /\ x ( 1 } ' R i''II N ( l ) ' x~ Tr-n ( 1 ) ' x ( 1 ) ' p 1-11 ( 1 ) ' p ~ I ( 1 ) ' vJO r-< K l ( 1 ) ' vj 0 f-< 
1K2 ( l) '\\IOF~l<3 ( 1 l , \tlOf~tU+ ( 1) 
COMNCN/111/ R P ~ ,W,RADIUS,Tl,KOPTI M , KBRG , ~ THD,RADLJ,RADL,NM bR 

1 , '< 0 I L SU P , K A ? L I C , P I i~ L E T , K E Y , K /\ I R , T I N PU T , T ,'I\ AX 
COM~ON/OPTI/KO,NNDEX 
COM MCN/BLOCK/KLASS
IF(JNDEX.FQ. 0 ) GO TO 116 
IF(ID.1.TA.NE.llGO TO 116 
\"i F~ I T E ( 6 ' 7 1 3 } 

\!JF< I TE ( 6 '3 0 0 ) W 

VJF< ITE(6,3Ul) RPM 

\•J R I T E ( 6 , 3 G 2 l T 1 

WRITE(6,717) TMAX 

WRITF(6,3U3) RADIUS 
WRITE(6,3U4) RADU 
WRITE(6,305) RADL 
WRITE(6,3G6) KOPTIM 
WRITE(6,3U7) KAPLIC 

WRITE(6,712) NMBR 

\'J r~ I T E ( 6 , 1 10 ) ~ T HD 
WRITF(6,7]6l TINPUT 

IF (;<LASS.EQ.l) GO TO 117 

WRITE(6,3U8) KBRG 
VJRITE(6,309) KEY 
WRITE(6,311) PINLET 
GO TO 	 116 

117 WRITE(6,714l KOILSUP 
WRITE(6,715J KAIR 

]]6 IF(INDFX.NE. GlWRITE(6,9)
C ZERO WORKING ARRAYS 

DO lCU I=l,N
X(I)=u.u 

~·J 0 R K 1 ( I ) = G • 0 

~·J 0 R K 2 ( I ) = () • 0 

\·JO RK. 3 ( I ) =G • 0 

1 0 0 	 '1-J 0 R K 4 ( I ) =U • 0 

KO=O 


C 	 IF INDEX=G SEEK3 HAS BEEN CALLED BY FEAS8L 
ULAST=lU.OE+40 
KOLJr'H =O 

C 	 DEFIN~ NNDEX=2 SO THAT SEARCH WILL FUNCTION CORR~CTLY 
Nr'1DEX=2 

1 CALL SEARCH(X,u,N,XSTRT,R~ AX,R~ IN,PHI,PSI,NCONS, NEQUS , MAXM ,NVIOL,F 
1 , G , I P R I N T , I f\l D E X ' R , W 0 I·~ K l ' \"1 0 I~ K 2 ' ~·J 0 R t<. 3 ' ',tJ 0 f-< K 4 ) 
. I~( TNDFX.EQ.iJ)f-<ETUf~N 

IF ( ~O.NE. l )()0T05 
V.! R I T E ( 6 ' 1 4 } 
GOT06 


5 KOU~JT =KOiJN T + 1 

IF(lPRINT.E Q.0lGOT02 
IF(KOUNT.EQ.IPRINTlWRITE(6,10) 

I F ( ( K 0 uN T I I p F< I N T ) -* I p f~ I rn • N E • K 0 uN T ) G 0 T 0 2 


11J R I T F.: ( 6 ' 4 ) r-<

'"JR I TE ( 6 'J 1) U' ( X (I)' I= 1 'N)

2 	 IF(A~S(U-ULASTl~ G T.J.~-07*A B SCULAST))GOT07 
C 	 0 P T I r,1 UM H/'.\ S L3 E E 1\J R EA C HE D 

RETURN 
6 	 CALL .ANS~·JER(LJ,X,PHI ,pSJ ,N,NCONS,NEOUS) 


PE TURN 

7 	 IF(R.GT.1. UE- 2 0 )GOT08


WRITE(6'12)R

KO=l 

GOT06 

8 	 ULAST=J 
R=R~(·REDUCE 
DO 3 I=l,N 

-~ 	 XS HH ( I ) = X ( I ) 
GOTO I 

4 FOR ~ AT{lHC,3HR ='Fl6.8)
9 F OR r..; A T ( J HJ , t+ r.) H GP T I i'·'; I Z /\ T I 0 f'»! US I 1~ G f) I R E C T S E ;~ i~ CH f..~ E T 110D S [ E K 3 ' I I ) 

10 FOR~AT(1H u ,32x,z1 H I NDEPENDEN T VARIABLES X( f )//) 

l 1 F 0 R \1 (\ T ( "t x ' 3 H u ::: ' E 16 • 8 ' 1 x ' It E ] 6 et 8 I ( 2 1 x '.) L;. [ 1 6 • 8 ) ) 

l 2 F c: I? .'-1 /~ T ( l H u ! ~ 3 H f\! () C0 ~N Er~ G [ :K E 1,'! I T H R :::: ' E. 1 6 • 8 ) 

14 F 0 r.;; ;·.; 1\ T ( 6 6 H 1-S !__ E :< :3 Li i'U-\ u !_ [ Tu F I f\lu ,.,, f-.' t-_ 1\ s I b [_ L sT1\ IH I (\ G p () I ;n ( ,'\LL pH I ( 

http:IF(INDFX.NE
http:IF(JNDEX.FQ
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JI ) . GE . 0 . 0 ) /) 
FOR~AT ( 61HULOAD AT BEAR I NG , LBSoc••···············•••@•••······· • 

1 vJ ='El5.7)
3vl FOR~AT(6JH 0 JOURNAL SPEED , REVS/M I N. •••••••••••••••••••••••••••••R 

lP M ='El5.7)
302 FOR~AT(61H0AM3IENT TE~PERAT0RE, DEG . F . •••••••••••••••••••••••••••

lTl =,[15 .7) 
3 G '3 F 0 R MA T < 6 1 1-l 0 J 0 U R ~U; L R1\ l.) I US , I 1\l CH • • • • • • • • • • • • • • • • • • • • • • • • • • • • ., R/d) I 

JUS =- ' El5 .7)
F 0 RM 1'4. T ( f I 1 : 1~I r:· sT I r,1; A T E D up p E F: L I >i I T 0 F r~ f\ D I u s • • • • • • • • • • • • • • • • • • • • RA. 

lDU =,EJ5 .7) . 
FCR MAT(6JHuESTI MATED LO~ER LI MIT OF RADIUS •••••••••••••••••••• RA 

lDL ::,E15.7) 
F 0 I< M A T ( 6 1 H u 0 P T I MI l /\ T I 0 N c_ I~ I T E F< I 0 N • o • • • • • • • • • • • • • • • • • • • • • • • • • KOP T 

lI M ='16) 
F Q f~ :,;1 A T ( 6 1 H 0 T Y P E 0 F 1".. P P L 1 C. /\ T I 0 N • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • K ;".:;. P L 

l IC .::'16) 
F 0 R ~ '1 AT { 6 1 Hu T Y PE 0 F J 0 URN AL l:) Ef.\ R I ~~ G USED •••••• • ••••••••••••• • • • • KB 
H~G =='16)

F 0 R; Ii!:... T ( 6 1 !-·l UFLAG NUMBER ••••••• ,, •••••••••••••••• e • • • • • • • • • • • • • • • • K 
lEY ='16) 

FOR MA T(6JH00PTIMIZATION METHO D USED ••••••••••••••••••••••••••• MT 
lHD ='16) 

311 F 0 ~ >~ /\ T ( 6 1 H J 0 I L I N L E T P !~ E S S U f~ E • • • • • • • o • • • • • • • • • • • • • • • • • • • • • • • P I N L 
JET ='E15.7) 

7 l?. F 0 f~ ;'!: A T { 6 1 H C N U M !:3 E R 0 F D E S I G N V f\ R I l3 L E S • • • • • • • • • • • • • • • • • • • • • • • • • N i'li 
lBR = '16) 

713 FOR~Al(1Hl ,1 5X , 39~l - OPfI~uM HYDRODYNA MIC bEARING DESIGN - ,/17X,* 
1---------------------------------*,//29X,10HINPUT DATA,/29X,*----­
2 - - - - - -~ , I I ) 

711+ FOR MAT(61H vK I ND OF OI L SUPPLY ·········••e•··········a······ KOILS 
lUP ='16) · 

71.5 F () q ,\.1/\ T ( 6 l H (..; A ~v; B I E i'-.l T .r:.. I R C 0 N D I T I 0 N • • • • • • • • • .. • • • • • • • • • • • • • • • • • • • • Kf..., 
lIR ='16} 

716 FOR~</\l(61HUil\JPUT TORO UE ••••<>•••••••••••••••••••••••••••••••• TIN P 
lUT =,fl5.7) 

717 F" 0 R i'<': !\ r ( 6 l H uMI\ x I t/1uM E xp EcT E D A>m I E N T T Er': p Er~ A T u R E • • • • • , • • • • • • • • • H.11 
JAX = ,[15.7)

END 



86 
SU 8 R 0 UT TNF FF ASSL ( ~~ , i~ ,v1A. X , I\ M I N , f,l C 0 i\l S , NE 0 US , XS T!~ T , F , G , MAX M , I Pf.( I NT , I D 

1 A TA. ' u ' x ' p r-1 r ' p s I ' s T E p p ' l;j 0 ~~ K 1 ' ~··J 0 r~ K. 2 ' V.J c r< K 3 ' VJ 0 f-<K 4 ) 
DI ~-i F NS I ON f~ i;; /\ X ( 1 ) , :-<011 I N ( 1 ) 'XS TI~ T ( 1 ) , X ( 1 l ' PH I ( 1 ) 'PS I ( 1 ) 'S f EPP ( 1 ) 
D I I": E N S I 0 N v,1G I~ K 1 ( l l , ~J () R K 2 ( 1 ) , VJ 0 :~ K 3 ( 1 ) , \J 0 I~ Kw ( l ) 

C 
C 
C 

91 

COi'li M 0 fV 0 P T I I K 0 , !\J NDE X 
THIS SULlR OUTINE USES SEE K3 TO DR IVE ALL PHI(I)
R E D UC ES Tt-: E P S I ( I ) S b Y M I N U.H l I N G S I G i··1 A ( PS I ( I ) ) 
C 0 N D I T I 0 l'J TH 1-\ T /.1, L L P H I ( I l REI .ti /\ IN F t. A S I B L E ( • GE • 0 • ) 
DO 91 I=l,N
X(l)==U.U
STEPP (I l = 0 .0 
KO=U 
R= 1. 
R E DU C E = • 0 I+ 
INDEX=O 
KUT==O 
DO 9 I=l,N 

9 

10 

X( I l=XSTRT( I l 
IF(NCONS.EO.G)GOT013
CALL URE/\L(X,U)
CALL CONST(X,NCONS,PH!)
DO 10 I =l ,NCONS
!F(PHI (1).LT.U.U)GOTOll
CONT!f'-JUE 
GOT013 

FEASIBLE AND THEN 
Su b J E:. C T T 0 THE 

C IF ANY PHI ( i l .LT .o. CALL SE ::K3 TO DRIVE THDt. FEASIBLE 
I ] cA. L L s c EK ~ ( i\j ' R ,'lj f\ x ' R M I N ' ,..~ (__ () ~~ s ' N E Q tJ s ; x s T R T ' F ' G ' F-< ' f-< F D lJ cE ' r,~ .~ xrl; ' I N D E x ' I 

lPRINT,IDATA,u,x,pHr,PSI,NVIOL, WORK l, WORK 2,~0RK3,~0RK4)
IF(NVIOL.EQ.v)GOTD13

C IF SEEK3 COGLD NOT GET 
C OBTAIN A F~ASIBLE POINT 

KO=l 
GO 	 TO 32 

13 IF(NFOUS.EQ.G) RFTURN 
C '·"1 i N I tI: I Z E S I C.i :"',A { P .S I ( I ) J 
C NOTE ••• ThE FRACTION OF 
C EXCEED 5 PERCENT. IF THE 0SER IS INTERESTED IN A VERY FEASIBLE 
C POINT(IE.ALL PSI(l)S VERY SMALLlHE CAN GIVE (FJ A VERY SMALL VALUE 

PFRCNT=O.v5 
IF(A BS (F).LT.u. C5JPERCNT==F 
DO 11-+ I=l,f'\ 

1 4 S T E P P ( I ) ::: PE ;.~ C i'H -;*' ( f-< MA X ( I ) - f~ iV1 I N ( I ) ) 
C INITIALIZE THE SUi11'1 OF Tf-iE PSI(J)S

CALL SUMPSI(X,PSI,NEQLJS,SUMO)
15 	 NFAIL=O 

DO 	 25 I=l,N
X ( I ) = X ( I ) +Sf(: PP ( T ) 
CALL IJRE/i.L (X,U)
CALL CONST(X,NCONS,PHI> 
DO 17 J= l , f'KON S 

C I c; N 0 [-< E /\ M 0 V ~ ·v-J H I CH M/-1, K E S 
IF(PHI (J).LT.C.GJGOT019

17 CONTINUE 

ALL PHI( IJ.GE.O. ThEN SUBR.FEASBL CANNOT 

K E E P I N G /\ L L P H I ( I ) • G E • 0 • 
T ~~F RANGE USED AS STrP SIZE SHOULD NOT 

A f\l Y P H I ( I ) • L T • 0 • 0 

CALL SUMPSI{X,PSI,NEOUS,SUMl)

IF(SU M1.GE. SUMO )GOT019 

SUMO= SU1"1 l 
GOTD25 

1 o 	 X ( I J =X { I J - ? • U-::- S T E P P ( I ) 

C A L L Ul~ EA L ( X ' U ) 

CALL CO NS T~X,NCONS,PHI) 
D 0 2 1 L == 1 , !K iJ N S 

IF(PHI ( L } .L.T .,G.0)GOT023 


21 CONTINUE

CALL SU~PS IIX,PSI,NEQ LJS ,SUM2}
IF(SU M2.GE.SUMOlGOT023 
SUMQ;;:5LJM2 
GOT025 

~3 	 X(I)=-X(J)+STr~PP(I)
NFAIL=NFAIL+1 	 .. 

25 	 CONT if'\UE 
1F(NF AIL . EQ . NIGOT027 
GOT015 

r RE[) UC F ST ~PP ( l ) PY .'\ F L1 CT ~Jr~ 0 F L~ • 0 UP T 0 t.~ T TM ES • TH I S MEt-\ NS STEPP 
( P FDu c r: s T'.) t__r:- s s T H 1\ N • o o o ? J~- ( r-\ 1·-'1 /\ x ( I J - I< r·.-1. I N ( I 1 J , o:-=< I F F • L r G u• o5 
C THE r..,: ~,,; I N I !·'. U i ·~ S T E PP ( I ) ::: { F I 2 5 6 ) -~- ( F< \..: i\ X ( I I -- f~ i/ I f~ ( I ) ) • THE 1:.:: E F 0 F~ E THE 
c us E !~ ;·:,/:..y [) R I \j F r H F p s I { I ) \/ i'·. L u ~.- s ,t-.. s s >~ A L L (, s HE •'\ I sHE s u y E N T F.fH i\J c~ 

http:PFRCNT=O.v5
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c A VERY SMALL VALUE OF F AT LEVEL=l 
27 KUT=KUT+l 

29 

IF(KUT.GT.4)GOT03l
DO 29 I=l,N
STEPP{ I )=STEPP( I )/L;,.O 
CiCTOl 5 

31 C/l,LL UREAL(X,U) 
r~ETURN 

32 
t, 1 

\:, 
1 R I T E ( 6 ' 4 1 ) 

F 0 R i'I: f\ T ( 1 H G ' 3 7 H F E AS 1:3 L 
Rt.TURN 

C 0 U L D .N 0 T F I 1\l D F E A S I B L E f~ E G I 0 N , I ) 

Ef-lD 
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SUR f< 0 U T I N E F P ;\ N D N ( A , N , M ) 

D I M E i'l S I 0 f\l A ( 1 ) 

B=262ll+7.0 

X=M 

X=X/U.8719467 

;? J 	 I F ( X • N E • U • ~_./ } Y=A ~1; 0 D ( A B S ( X 1 ' 3 • 1 8 9 6 7 ) 
DO lU K=l,N
DO 11 J=l ,z

11 	 Y=A ~ OD(B*Y,l.U)
A(K)=Y

10 	 IF(Y.Eo.o.0.0R.Y.EQ.1. 0 )Y=0.182818285
RETURN 
END 



89 
SUBROUTINE OPTI!~Fl(X,UART,PHI,PSI,NCONS,NEQUS,NVIOL) 
DIMENSION X ( l ) 'PH I ( 1 ) , PS I { 1 ) 

c VERY MINOR VIOLAl IONS OF INE QU ALITY C ON~ T R AINTS SHOULD NOT MAKE 
c THE ENT a< E S 0 L 0 T I 0 N I iff EA S I 8 L. E • THE I< E F 0 I~ E TEST F 0 f~ PH I ( I ) • GE • Z ER 0 
c WHERE ZERO=-l.UE-10 

ZERO=-l.OE-10 
NVIOL=O 
SUMl=O.O 
SUM2=U.O 
CALL lJREAL ( X ,u) 

c 
c SEEKl PENALTY FUNCTIONS ­
c ,.... 
'- A ROUTINE TO CALCULATE A VALUE FOR AN ARTIFICIAL 00J~CTIVE 
c FUNCTION OF THE FORM 
c UART=UREAL+Sur-..·1 (f:..t3S(PHI (I)) )~-10.E20+SU:-.1(A?S(PSI (I)) )*10.E20 
c vJHERE 
c p s I ( I ) /\ N D p H I ( I ) I N T H E /\ t3 0 vE E xp r~ Es s I 0 N A r.;: E T H E vALL) t= s 0 F THE 
c C 0 RESP 0 f\! D I NG EQUAL I T Y A f\J D I NE Q l_, AL I TY C 0 i\J ST !~ /\ I ;\l TS THAT HA Vt b EE N 
c VIOLATED 

Ir-(NCONS.EQ.U)GOT02
CALL CONST(X,NCONS,PHI) 

DO 1 I=l,~CONS

If (PHI (I) .GE.ZERO)C:10TOl

S U ~-1 1 =SUM 1 + f\ 8 S ( PH I ( I ) ) .},:- 1 U • 0 E + 2 0 

NVIOL=NVIOL + 1 


l CONTINUE 
2 IF<NEQUS.EQaulGOT0115

CALL EQuAL(X,PSI,NEQUS)
DO 3 i=l,NEQUS


3 SUM2=SU ~2 + ABS(PSI(l)l*l0.CE+20 

11~ UART=U+SUMl+SUM2 


F~ETUFrn 

END 
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SUR R 0 U T I i'J F S ! i 0 T ( U , X , ~ , K K , PH I , ~ S I , NC 0 i\l S , N f CU S , i~ iV1 f.>.. X , R >1

1 I r~ , F , N T E S T , 01 SH 
1 0 T , R I~ , X X , r~ F ) 

D I :11 E ~l S I 0 N P H I { 1 ) , P S T ( l l ' R:vi /\ X ( 1 ) , f<M I f\i ( 1 ) ' X ( l ) , i~ I( ( 1 } , X X ( 1 ) , f~ F ( 1 ) 
C OM~ON / OP TI/ KQ , NNDE X 

C U::: 0 P T I ;v1 UM 0 E TE I~ M I N E D i3 Y D 1 I~ EC T S E Ar~C H • I T I S C H ;\NG E D T 0 I 1"1 P I~ 0 V Eu 
C V /\ L J E i F SU C H 1\ V /'>, L U E I S G b T A. I N E D 
C XX= TRIAL VALUES CF X(l) FROM SHOTGUN SEA RCH 
C RF = Ff..Z AC T I 0 f'l 0 f R;\ Nc; c USE I) I f\! SH 0 T GUN S I:.,.~ RC H 
C KK = I ND IC ATOR TO SHOW IF U RE TURNED IS AN I MPROV EMEN T 
C 	 I ~·J I T I 1\ L I Z E R !\ N D 0 M NU ,v·, B E R G E N E [~ 1\ T 0 R 

CA LL FRANDNtRR , N,l) 
u~11 IN:: U 
KK=O 

C THIS SHOT GU N SEAR CH I S I NTENDED TO GET THE SOLUTION OFF A FENCE 
C rV\ TH t R TH M'.J T 0 I NCH I T T0 \'.:ARDS THE 0 PT I Y.1 ~JM • TH E I~ E F OF< E L M~ GE ST [ P ~ , 
C E 0 U f\ L 1 U • T I ME .S T h E I N I T I A L S T E P S I Z E I I\ S E td.( C H AI~ E Hn E D • 

DO 1 I=l'N 
1 	 R F ( I ) = 1 0 • -;,~ F -~- /\ B S ( i:<, M1\ X ( I ) - I~ r·/1 I N ( I ) ) 


DO I+ J::l , NTES T 

CALL FRANDN(RR,N,O) 

DO 2 I=l,N


2 XX( I 	l=( X ( I l-RF( I l l+Rf~( I l~-2.Q-h-Rf( I)
C.A.L L UP Ti iliFl (XX,UTE ST ,P H I ,psr , /KONS , NEQUS ,NVIOL)

IF( NVIOL. NE . ClGOT04 

JF(UTE ST . GE . UM I N)GOT04 
U,"'1 I f\l =UTEST 
U=UTEST 
DO 3 I= 1 'N 

3 	 X(I)=XX(l)
4 	 CO NTI NU E 


KK=l 

f~ETUR N 

END 



91 
SUBROUTINE SEARCH(X,U,N,XSTRT,RMAX,RMIN,PHI,PSI,NCONS,NEQUS,MAXM,N

IVIOL,f,G,JPRINT,INDFX,R,XO,xs,oxxx,TXXX) 
D I \1 F N S I C f\l X ( 1 l , X S T R T ( l ) ' :~ :\'i ~. X ( 1 ) ' R M I N ( 1 ) ' P H I ( 1 ) ' P S I { l ) ' X 0 ( l ) ' X f~ ( 1 ) ' 

lDXXX(l) dXXX(l) 
COM~GN /OPTI/KO,NNDEX 

c 
C 	 DIRECT SEARCH PORTION OF SEEKl AND SEEK3 
c 
C TH I S I S TH E DI R E C T S E A RC H ALG 0 !~ i T HM 0 F H0CK E AN D J E t: VES 
C SEARCH IS USED GE SEEKl AND SEEK3 
C NNDEX=l MEANS SEARCH HAS bEEN CALLED BY SEEKl 
C N ND EX =-= 2 jv'1EM·l S S EA i::Z CH H1\ S U EE N CALLED f3 Y S E EK 3 

NVIOLl=l 
KKK=U 
Ml 	 = 0 

20 	 Kl=l 
K2=N 

30 	 DO 4G I=Kl,K2 

DXXX(l)=O.

TXXX(I)=O.
XO(I)=O. 


1-4- u X B ( I ) =0 • 

DO 60 I=Kl,K2 


6 0 	 X ( I ) = XS TR T ( I ) 
C 	 SET FIRST BASE POINT 

DO 7U I=Kl,K2 

70 XO (I) =X (I) 


C 	 GENERATE DELX(I) AND TEST(!)
DO 80 I=Kl,K2
DXXX( I) = F-*(!~MAX( I )-RMIN( I))

8G 	 TXXX(I)=DXXX(l)*G
NCALL=l 

100 	 CONTINUE 
GO TO (1Gl,1 L21NNDEX 


101 CALL OPTI~Fl(X,UART,PHI,PSJ,NCONS,NEQUS,NVIOL) 

GO TO 110 


1 G 2 CALL 0 P T I ~,1 F2 ( X , UAR T , PH I ' P S I ' NC 0 N S , NE QUS ' NV I 0 L ' R l 

110 IF(NCALL.NE.11GOTO 120 


U;\FHO 	 = U;\ RT 
J.2J 	 CONTINUE 

IF(NVIOL.EQ.0)NVIOL1=0

IF(NNDEX.E0.1) GO TO 130 


C 	 I~DEX= O I NDICATES TO SEARCH THAT IT IS BEING USED BY FEASBL 
IF(INDEX.EQ.l) GO TO 130 

C 	 IF SEARCH IS BEING USED MERE LY TO OBTAIN A FEASIBLE STARTING POINT 
C 	 THEN RETURN AS SOON AS SOLUTION GOES FEASIBLE 

IF(NVIOL1.E Q. 0 )G0 TO 385 
l3 U GO TO (17 0 , 2uu~ 21 0 , 355) NCALL 

l 70 CONT UWE 


C ~ 'L~ K E SE ARCH 
180 ~ff/\_ IL=O 

DO 	 24J I=Kl,KZ
X( I )=X( I )+DXXX( I) 
NCALL=2 
GO 	 TO 100 

200 	 CONTINUE 

!F(UART~LT. UAR TOl GOTO 230 

X(I )=X(!) - 2.0*DXXX{I) 

NCALL=3 
GO 	 TO 100 

210 	 CONTINUE .
IF(U.l\FH.Lf.U/\RTO) C~OTO 230 
NFAIL 	 = NFAIL + 1 
X( I )=X( I )+DXXX( I) 

GOTO 240 


230 U/.1.RTO :::: UART 

2t1-0 CONT I NUE 

250 IF(NFAIL.FQ. N)GOTO 260 


GOTO 	 315 
260 DO 2 80 I =K l,K2 


IF(DXXX(Il.r:.T.TXXX(J)) GO T tJ 290 

zao CONTINUE 


GO 	 TO 385 
290 	 DC 310 I=Kl,K2 
?JO 	 DXXX ( I J=DXXX ( I)!?.


GOTO 18 u 


http:IF(NFAIL.FQ
http:IF(NVIOL1.EQ
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c- ESTAGLISH NEW BASE POINT 
315 	 DO 320 I=Kl1K2 
320 	 XB(I):::: X(!} 


Ml :::: Ml + 1 

IF (NNDEX.EQ.lJ GO TO 330 

GO TO 340 

330 	 KKK=KKK+l 
IF(KKK.NE.IPRINT) GO TO 340 
CALL UREA L(X, ULOW )
WRITE (6,2) Ml ,ULOW ' (X(I ), I=l,N)
KKK=O 

3t+O CONTINUE 
IF( M l.GT.MAX~J GO TO 385 

_ C M!\KE A PAT T E f~ N ~10VE 
DO 350 I=Kl,K2

?50 	 X(IJ = X(I) + (X(IJ - XO(IJ)
NCALL=4 
GO TO 100 

355 	 CONTINUE 
IF(UART.LT.UARTO) GOTO 370 

DO 360 I=Kl,K2

XO(I) = Xf3(I}

36U 	 X(I) = XB(!)
GOTO 180 

370 	 DO 380 I=Kl,K2 
380 	 XO{!)= XB(l)

U.l.\RTO = UART 
GOTO 180 

385 	 CALL UREAL(X,UJ
GO TO(I03,1G4)NNDEX

1 0 3 	 CALL OPTI~Fl (X,UART,PHI,P SI ' NCO NS , NEQUS ,NVIOL)

GO TO 1C5 


104 	CALL O PTI ~F2(X,UART,PHI,P SJ ,NCONS,NE QUS ,NVI OL ,RJ 
105 	 IF< NVIOL . EQ . UJGOT0387 

IF( M l.GT.~AX~JWRITE(6,4JMAXM 
KO=l 

387 	 RFTURN 
? FOR~AT{ H ~ ,y4, 3X ,5E16.8/(24X,4El6·8Jl
4 FOR~AT( Hv,6 GHNO FEASIBLE SOLUT I ON AFTER ALLO ~ ABLE NUMBER OF MO VES 
l' M/\XM ,J6/) 

END 

http:NNDEX.EQ.lJ


93 . 
surROUTINE PARTIAL(X,N,NCONS,NEQUS,PHr,Psr,G 'R, CH,UX,PSX,PHX,

1 Pl\RT,P;\ST) 
C 0 M \'10 N L L S T ( 5 C; ) , NS ( 1 U 0 ) ' F N { 1 0 0 ) , S I ( '+ , -, 0 ) ' S 0 ( 4 ' 3 0 ) ' S i'l ( 1 7 ' 3 0 ) H Y D 
COM~ ON IS,NF,JJ,LOOP ,~I N , NOU T, ~SN , ~ODE , NP LNT,ISP HYD 
COMMON KPRN T(l O ), NCA LC, NO CO~P, N SR HYD 
CQt.AM 0 N [EN ( 6 (J 0 ) , NP 0 I N T ( 2 5 ·~ 2 l ' 1'K0 LJIH HY D 
COM MON XYZ(SU), NC' NHEX 

c01.-1 j\.' c f\l 1'1! 2 1 ' r~ 2 1 ' M 2 p ' r~ 2 p ' NsN 0 ' N s l ' Ns2 ' f'>i s 3 ' f' j c 0 ~'w 1 ' i'Kui. '1 p 2 ' Nc u ~ ·/; p 3 
D I t·;. [ NS I ON X ( 1 l 'G ( 1 ) , PH I ( 1 ) 'PS I ( 1 ) ' U X < l ) , PH X ( ~~ ' l ) 'P 3 X ( f\! ' 1 ) 'CH ( 1 ) ' 

1 PAf~T ( 1) ,PAST( 1) 
DIV=SCf~T(R) 
ZER0=-1.0E --10 
CALL SUPPLY(X,~H,?HJ,PSI,PSX,PHx,ux,N,NCONS,NEQUS,PART,PAST)

WR ITE(6,49) ( 1J,X(J) ),J=l,Nl 
WRITE(&,51) ({J,CH(J) J,J=l~N) 
l:J R I T E ( 6 ' 5 2 ) \ ( J , P H I ( .J ) l ' J = 1 ' NC G N S ) 
WRJTE(6,53l (( J,J,PHX(I,J),J=l,NCONSJ,I=l,N)

49 FOR MAT(2X'* X(*,12,*l =*,El5.7l 
5 1 F 0 R M f\ T { 2 X ' -~ C H ( -~- ' I 2 , .!~- ) =-:~ ' E 1 5 • 7 ) 
S ~ F 0 R ~.~ A T ( 2 X ' ~k P H I { ·* , I 2 , ~~ ) :: -~ ' E 1 5 • 7 ) 
53 FOR MAT(2X,*PHX(*,I2'*'*'12,*) ::*,[15.7)

DO Ju I=l,N 
1. U G(I)=UXC!) 

IFC N CO~ S .EQ.0)G0 TO 1 
CALL UREt~L (X,U)

CA.LL CO NS TCX,N COf\lS,PHI) 

DO 20 I=l,N

DO 20 J=l ,t'KONS 

IF(PHI (J) .GT 11ZERO>GO TO 21 

G( I l=G( I)+( l u .E+20)~A-A G S(PHXC I ,J)) 

GO TO 20 


21 IF<PHX( I ,J) .LT .-ZEl~O)GO TO 20 

G( I )=G( I l+R//'d3S(PHX( I ,J)) 


2 0 CONTI NU E 

1 CONTINUE 


IF(iffQUS.EQ. ~ )GO TO 2 

DO t+ O I=i,N 

GO 5 0 J= 1 ,NF:OUS

SU G(IJ=G<IJ+ABS<PSI(J) **2)/DIV
4.(J CONT I NUE 


2 RETURN 

END 

http:IF(iffQUS.EQ


· 

SUP I~ 0 U T JN f=- S UP PL Y ( X , C H , PH I , P .S I , P .S X , PH X , U X , N ' i\! C 0 NS , NE 0 US ' 
1 PA RT,PAST) 

C01\1 '..,10 N Ll_ ST { 5 U ) , NS ( 1 CU l ' E i'l ( 1 CJ 0 l , .S I ( !~ ' ~) 0 l ' SO ( 4 ' ?, 0 l ' SN ( 1 7 ' 3 0 ) HY D 
C 0 fv1 rv·1 0 f\ I S , N E , J J , L 0 C P , N I >~ , i~ 0 UT , ,,;:~) N , !·1CJD E , / ·~PLN T ' I SP HYD 
C 0 i'v'1~ 110 N K P I~ N T ( 1 J ) , NCl\ L C , i·J0 C 0 HP , i"~ S F~ t-i Y L. 
COi'-';;\w/\l EEN (6 :Ju ) , NPOif'JT(25,2),NCOUNT HYD 
COMMON XYZ ( 50 ), NC, NHE X 

C 0 i:1: ·10N fV12 1 , f\J 2 1 , f./1 2 P , i\J 2 P ., f\! SN G , i~ S 1 , N S 2 , N S 3 , iK 0 f·<P 1 , N C 0 fv; P 2 , NC 0 ~/i P 3 
' ' ' ' ' 'D I ~.t: F N S I 0 N X ( l. ) s U X ( 1 ) ' P .S X ( N 

1 PA f~T (l),pf,_ST (l),CH(ll 
CAL L UREAL (X,UOl
DO 1 0 I==l,N 
X ( I ) =X { I ) +CH ( I ) 

CALL URF.1\ L(X,U)

X( I l=X( I )-CH( I) 


10 UX(!)=(U-UOl/CH(IJ

IF( NCON S . fQ . Cl GO TO 20 
c.n,LL UREA L (X,U) 

CALL . CO NS T(X,NCCNS,PARTJ 

DO 3U I=l,N 

X ( I ) = X ( I l +CH ( I ) 

CA.LL URE'AL (X,U) 

C~LL CCNST (X, NCO NS,PHil
X( I l=X( I )-C H( I l 

D 0 3 U J = 1 ' i'-JC :JN S 


1 l P H X ( N 1 ) P H I ( 1 l P S I ( 1 l 

3() PHX( I 9J)=(P H I (J)-Df,R T(J) l /CH( I) 
20 JF( NEQUS .EO. Ul GO TO 40 

CALL EQUAL ( X,PA S T,NE QUS) 

DO 6 U I=l,N 

X < I ) =X ( I ) +CH < I ) 
CALL EOUAL(X ,PSJ, NEQUS ) 

X(l)=X(I)-CH(l) 

DO 6l.J J=l,NEQUS


60 PSX(J,J)=(PSI(Jl-PAST(J))/CH(I) 
t+ O r~ ETURN 

END 



' 
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s u p p 0 u T I N f: 0 p T I r, F ?. ( x ' u f\f-n ' ? H l ' p s I ' Nc0 j\j s ' N F Qu.s ' t~ v I 0 L ' F~ ) 
( 0 ~,,, ~.. ~ 0 f\'. L L S T ( ~1 C ) , \~ S ( 1 0 0 ) ' E "'. ( 1 0 0 ) ' ~) T ( L+ ' 3 0 ) ' .S 0 ( L+ ' 3 0 ) ' S ;'~ ( 1 7 ' 3 0 ) HY fl 
CC<,·I .\\ () f.j I S , NE 'J J , L OC P , f'J I 1\ , i l 0 lJ T , 1· , S i'l , i··'iO DE , I'~ PL NT , I SP HY D 
COM~O~ KPRNT(10),NCALC,NOCO~P,NSR HY0 
C()1/ 1M 0 N E E N ( 6 0 U ) , NP 0 I ~n (~ 5 , 2 ) , iK 0 UN T H YD 
CO MMON XYZ(5G), NC, NHEX 

C 0 '"1i< 0 N (112 1 , N 2 1 , r:1 2 P , N 2 P , ;'~ SN Q , i\l S l , N S 2 , N S 3 , fK 0 /'.'; P 1 , f\: CG :/, P 2 , NC 0 i·l : P 3 
COM~ON /OPTt/ KO , NNDE X 
D I fv' F N S I 0 N X ( 1 ) , P H I ( 1 ) , P S I ( 1 ) 

c V tr~ Y i·iINOI~ VIOL/UIOl\JS OF INF.OU.ALITY ((.Jj,JSTi:;,:AINTS SHOULD NOT i.i,AKE 
c TH[ Ei'HIRE -SOLUTION INFE/\.Sl f3L_E, TH[REFOl'-<E TF.:ST FOR PHI(I}.GE.ZERO 
c VJ HE R E Z ER 0 = -- 1 • U E -- 1 0 

ZER0=-1.0E ·-lU 
f\JVIOL=O 
s u :vi 1 = (J • 0 

SUM2= 0 .0 

CALL URF.l\L(X,U) 


c 	 SEEK3 PENALTY FUNCTIONS ­
c 
c T H E /\ R T I F I C I A L. 0 f:3 J EC T I V E FU NC T I 0 N I S 0 F T H E F 0 [~ M 
c U ,~ f~ T =U F~ Ef\ l_ + w~- SU:·:; ( 1 • I PH I ( I ) l + SU :'1 ( ( PS I ( ..J ) 1H~ 2 ) IS0 I~ T ( !~ ) ) 
c 

J.10 	 DIV=SORT(R)

I F C \! C0 r-- ~ S • LE • u ) .G 0 T 0 1 1 3 

CALL CO NST (X,NCONS,PHI) 

DO 112 I=l,NCONS 

I F IPHI 	(1).GE.ZEROlGOTOJll
f\IVIOL=NVIOL+l 

C 	 ADD A SEV[RE PENALTY TO ANY PHI(!) wHICH IS VIOLATED 
S U :'vi l =SU rq + /\ B S ( PH I ( I ) ) ?(- 1 0 • 0 E + 2 0 
GOTCJl 12 

C AVOID DIVIDING BY APPROXI MATELY ZERO, THE RE IS NO POINT PENALIZING 
C A VERY SMALL PHI<Il ANYWAY 

111 !F(ASS(PHI(l l ).LT.-ZEROlGGTOll2
SUMl=SUMl+R/f1t3S( PHI (I)) 

112 CONTINUE 
113 	 IFCNEOUS.LE. UlGOT0115 

CALL EOJAL(X,PSI,NEQUS) 
DO l lL+ J == 1 'N EQUS 

1 l 4 S U :'l,2 =SU f/12 + { .1\ f3 .5 < PS I ( J } ) -:(- * 2 ) ID IV 1 8 I 
1 1 5 UAR T=U+SU 1vH +SUM 2 

RE TUf-< N 

END 


http:IFCNEOUS.LE
http:INFE/\.Sl
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( 

50 

2 

l U 

9 

11 

12 

c 
c 
c 

13 

3 

L1 

5 

6 

7 

8 
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c 

CS J 
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suF:'. IW uT I ~ff~ F r :\m ( x ' 1-\ L;·! ! D/\ ' [) ' N ' pH i ' () s l ' N(cf\; s ' f\~ F0 us ' Fu f\J 1 ' I~ )

1( c~ ·<'Y) ~ .1 L L sT ' s c..: J , >: s ( 1 c r_~ 1 , F ~: ( 1 o·J J ~ s T ( 1, , 3 o l , so ( 14 , 3 o ) , st' i ( 1 1 , 3 o ) H Y D 
C () t1: !/ C) f•l I S ' N E , J J , L 0 0 r-· ' !\ ~ 1·· j ; "-l 0 U T , , _,1 St\l , fv'1C [) t: , i,~ PL_ N T , I SP 
c o~ -1i'v',ON Y.Pf~;n ( 10) ' i\Ct\LC ' ~·W (Q j'.~P ' j,\.SR
COM MO N E[N(6 JU ), NPOINT ( 2~ '2), NCOUN T 
COM~ON XYZ(5G), NC' NHEX 

C 0 f\1:II, 0 N H 2 1 ' f~ 2 1 , 1··1 ,7- P , i'~ 2 P , /'~ S ~.J Q , f\l S l , NS 2 , i''~ S 3 , i'~ COf'-"1 P 1 , i\J C0:,·1P 2 , 
CO M:V10N I OP T I I KO ' rm DE x 
DIMENS IO N X ( l ) , D ( 1 ) , PH I ( 1 ) , PS I ( 1 ) 
L :::U 
Al=l.E-7 
K=l 
.S:::2. (J 

-~ * -~i· -;(- -~- -)(- -~- ~- -~t -~~ -~-

T H I S S E C T I 0 N 
AL=Al ·:.:-( ( ( S-:H~-
DO 1 I=l,N 

GO TO 49 
IF( K. EQ .2)G0 
GO TO 12 
A~=u .o 
R= 1. E-·6 
C=/\L 
(30 TO 13 

-~-* - -~°'" ·~- · ~~ ~~ - ·~ ~~ ~- ~-~- -X- ~(- -~- ~~ .;~ ->(- h- -X- .;~- -)(- -~~ -;~ :.~ -~~ -;~ -~- -~ ·~~ -~~ -;~- ·k -~ )~- -;~- ~(- -~ i~ - ·k -;~ -~- ·X- -;,\:. · ·;~ -~:- ~- -~- -~~ ~~- ~-~-

F I f\j US G 0 UN 0 S 0 N T l 1 [ VA L U E 0 F A L MD I\ 
K )-1.) /(S-1.)) 

X(J}=X{l)+AL*D(l) 
C1\ L L 0 P T I i' .i F 2 ( X , F U N 
DO 2 I=l,N
X( I l =X ( I )-AL~-D( I)
IF(F UN2 .GT.F0NllGO 
K=K+l 
FUNl=FUN2 
IF(K4GT.75)G0 TO 
GO TO 50 
IF(K. NE .l)GO TO 9 
.A.Ul1Dl\= :J . s~~ 1. E-7 

40 


TO 11 


A= A 1 ,';- ( ( S -)f- ~:- ( K - 2 ) ) -1 • ) I ( S ·-· 1 ~ ) 

R=.l'\P-( (S ->HdK -1) l-1. )/LS-1.) 

C=AL 

CONTI NU E 

**** **** ******~* **~***** ~*********

THIS SE CTIQ ,\j FINDS 
B E S T \/ /\ LU E 0 F Au .: D /\ 
DO 3 I=l'N 
X( I l= X ( I )+A~~D( I) 
C ;\ L L 0 P T I i'v':F 2 ( X , F. A 
DO I+ I= 1 'N 
)((I )=X( I l --A~-D ( I)
DO 5 I=l,N
X ( I ) = X ( i ) + 13-~-c ( I } 
CALL OP TI MF2(X,FB
DO 6 l=l,N
X ( I ) :::: X ( I ) - !3 .;t D ( I } 
DO 7 I= 1, N 
X ( I l =X ( I ) + C:c- D ( I ) 
cAL L 0 p T I HF 2 ( J. ' F c 
DO 8 I= l, N 
X( I ).=X{ I )-C~- D ( I) 
1\ D 1 ::.: ( ( ( U -l;. f3 ) - ( C ;:- C ) ) *F I\ ) + ( ( ( (-;t- C ) - ( /:., -x- /\ ) ) -::- F : ~ l + { { ( t, ~* :\ ) - ( U .;~- D } ) ~- F C ) 
AD2=?•*(( ( 8- C)*FAl+{(C-Al*F S l+CI A -E) ~ 
AD=/\Cl /AD2
I F ( t, E S ( /• ·- C ) • L T • 1 • E ·- t+ ) G 0 T 0 2 0 
L=L+l 
I F { L • Cj T • 2 ,_: j c; 0 T 0 2 1 
/\D IS THE fvd f\J I,\·ilJi·i 
DO 51 I:=l, N 
X ( I ) :-:: X ( I ) + t, D ;~ D ( I J 
C 1-'\ LL C P T 1 Hr: 2 ( X ' F D 
DO 52 I ==l .,N
X ( i ) ::: X { I l ·- /\ D-;-, D ( I ) 
IF( B.GT.AD)GQ TO 
IF(F BoGT .F DJGO TO 
C=/\D 
FC=FD 
GO TO 19 
/\·::8
Ff\";,; r-- 8 

~ , P H I , P S I , N C 0 ;\J S , 1'~ f::: 0 U S ' f\l V I 0 L , F~ ) 

TO 10 


THE EX/\ CT VAL.UC. 
I S f3 R /\ C K E T E D \t, I T H I N 1-'\ AND C 


, PH I ' P S I , 1\JC 0 N S , i~ E0 US ' i'{v I 0 L ' f~ ) 


, PH I,P S J, NCON S, NEOLJS , NV IOL,RJ 

' pH I ' p s I ' N cOf'~ s ' Nc:m.:s ' rrv I 0 L ' R i 

OF THE APP FW XI; <': /'dE 

* **** ~** ********************** ** ** 
or:- /\U·1DA LW OU/\Ul:~A TJC POLYiWi'1 It\L s 

1~.• 

FC)) 

PO LY!\U['-i! ,E\l_ 1::ir,ssu~G TH i~C:U(JH 1\ ci 

., PH i ' ? , r'-l C 0 /\J S , :\J [ 0 US ' ~(V l O L ' I~ ) 

15 
16 

HY D 
HY D 
HYD 

~; COi'1I P 3· 

~;- * * * ** .:_;­



; 
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B=AD 
FB=FD 
GO TO 19 

15 IF(FB.GT.FD)GO
A=AD 

TO 17 

FA=FD 
GO TO 19 

17 C=B 
FC=FB 
B=AD 
Ff3=FD 
GO TO 19 

c ***********~************ * **** * ******* ** *
21 AU-':DA=B 

20 
GO TO 49 
ALMDA=(A+C)/2.0 
GO TO L+9 

4 0 
200 
1~9 

\iJ R I T E ( 6 , 2 U CJ ) 
FOR ~ AT(lHO,*eOUNDS COULD 
RE TURN 

NOT BE ESTABLISHED*} 

END 

***********~~**************** 



Program I nterna l Data 

n • n o n • 1 c: o • ? o G • 3 C) r • Li- o o • s o .11 • 6 i' o • 7 0 n * 8 o 0 • 9 o l • n n 1 • o3 1 • o5 98o. oo n.1 0 o. 2n n. 3n n.40 n. so 0 . 60 0 ~1 0 a. so o. 90 1.00 1.10 i.20 
0 • 0 0 0 • } (! C • 1 5 () • 2 0 () • 3 0 0 , I+ 0 Cl • 6 () 0 • '7 () 0 • 8 0 1 • 0 0 1 • 1 Q 1 • 2 0 1 • 3 5 
Oo00 0 .1 0 G.? O 0 .4 0 0 .50 0 .60 0 .7 0 0.80 0 . 90 1.00 1.20 1.40 1.50 
O. CO 0 . 10 O.? O 0.4 0 0 .60 0 . 80 J.00 1.10 1 .2 0 1.30 l.40 1.50 1. 60 CN 

1n • n o r·-. l C n • ? n n• 1+ :1 c • Ao o • 8 0 l • n r. 1 • 1 -:: l • ? o 1 • 3 r 1 • l+ o 1 • 6 c 1 • 7 o 
o . ro o.1 r o . ?n Q. 3 Q 0 . 40 n .6 n 0.An 1.00 i~?o 1.40 i.~o l.Ro 1.85 
0 • 0 () 0 • ] 0 0 • 2 0 U • L+ !_, 0 • f:, C 0 • 7 0 0 • 8 0 1 • C.J 1 • 2 0 1 • L+ 0 1 • 6 0 1 • 8 Q l • 9 5 
o . oo 0 .1 0 0 .2 0 o .4ci o . 60 a .A o l.oo l.?o i.40 1.60 1.sc ?.oo 2.04 
a . no 0,.1 0 0 .2 0 o .4 0 0 .60 o .so l.oo 1.20 1.40 1.60 1.so 2.00 2.10 
o. no 0 .1 0 o.z n 0 .4 0 0.60 r . sn i.on 1.20 1.40 l.6n J~Bo ?.oo 2.20 
o. oo 0.10 o .2u G.4 0 0.60 o. so i.oo 1.20 1.40 i.so 2. 00 2.20 2.40 
o. oo 0 .1 0 0 .2 0 n .4 0 Oe60 o . sn 1.20 1.40 1.60 2.no 2.20 2.40 2.50 
n.00 0.10 0 .2 0 o .4 0 G. RO 1.?o J.40 1.60 i.so ?.oo 2 .2 0 2.60 2.10 
o . oo 0 .1 0 0 .2 0 o .4 0 n .60 1. 00 1.40 l.6n 1.so 2 . no 2 .2 0 2 . 40 2.so 
o. ~ o 0 . 10 0 .? 0 G.4 0 0 .60 1.00 1.40 I.An I.PO 2.00 ?.40 2.80 2.90 
o. oo G.? O o.40 ') .6 0 l.Oo 1.40 1.60 1. 80 2 . 00 2.40 2.60 2.AO 3.00 
o . oo 0 .2 0 0 .6 0 0 .8 0 1.20 1 .40 1 .6 0 1.80 2~0J 2.20 ?.60 2.80 3.10 
o.oo 0 .4 0 o. ao i.oo 1 .20 I.4o i .s o 2.00 2.20 2.40 2.60 z.ao 3.20 
c-:i . c o o .'38 o .6 0 o .85 J.10 1.ss 1.95 2.15 2.30 2.60 2.s5 3.10 3-=•;....;;3-=o;__~----
0 1. 0 1~.o 14.o 17.~ 20.0 23.n 26 .n 29.0 32.n 35.o 38 .r 39.0 40.0 
n] . o 09 . 0 12.8 15.q 19.0 21.252305 26.25?9.0 31 .5 34.0 37.0 40.0 
01 . o 09 . 0 10.5 1?.0 14.5 17.0 ?1.3 2~.8 2A.3 31.0 3~.5 3A.0 40.0 
01 . 0 os . o ic.s 16.0 lR.O ?0.0 72.0 ?4.0 26 . 0 28 . 0 33.C 37.0 40.0 EMn1 . o 0 1.s 1 0 . 0 14.4 1°.0 22.4 26.0 2s.0 30.0 32.0 34.o 37.o 40.0 
01 . n 0 1. 0 09 .5 13.5 17.5 21.0 24.0 26.o 28.0 30 .0 32 . o 36.5 40.0 
01 . 0 06 .3 09.0 11.0 13.0 16.8 20.0 23.2 27.0 30.5 34 .5 39.0 40.0 
0 1 . 0 06 .4 C8 .7 12 .7 16~0 17.5 19.0 2?.2 ?5.5 28.5 32.S 37.0 40.0 
0 1 . o 06.0 OR .3 12.0 J5.3 18.4 ?l. C 24.0 29.0 30.5 34.5 39 .0 40.0 
n1 . n rs .s OA . n 11.5 14.5 17.5 20.n 2~.0 ?6.0 29.0 33.o 37.o 40.0 
O! .O 05 .5 07.5 .lJ.U 14.0 17. 0 ]Q.5 2?.0 25 .0 2R.O 31 .5 35 .0 40.0 
01 . 0 os.n 01 . 0 io.5 1~.o 1 s . s 1B.n 20.s 23.o 29.0 33 . o 36.o 40.0 
01 . 0 04 .5 06 .5 09 .5 12.0 14.0 19.0 21.4 24.0 30 .0 33 .5 37.5 40 .0 
01 . 0 04 . 0 G5 . 5 0 8 . 0 13.0 J7.0 J 9 . 0 21.5 24.0 27.0 30 . 0 38.0 40.0 
01 . 0 o? .5 o s.o 0 1.s Jo.a J4.o 1s.o 20.s 23.o 25.s 2s.s 32.o 4o.o 
n ~ • o - n 3 • o o 4 • o c 0 • s oq • o 1 3 • o 1 7 • CJ 1q • o z 1 • ~) 2'+ • o 3 o • o 3 8 • o 1~ o • o 
01 . 0 04 . 0 C6 . 0 08 . 0 12.0 J6.0 1 8 .5 211.5 23.0 29.0 32 .5 36 ,0 40.0 
n1 .o r~ .5 07 ~4 r9 . 0 13.0 is.o 1s.1 19.0 21~0 23.5 29 . 5 33.5 40.0 
01 . 0 05 . 0 09.0 10.s l?.5 ]4.0 JA.O 20.n ?~.5 25.0 ?R.5 32 .0 40.0 
() 1 • 0 n ·~ • 0 0 6 • r nR • 0 l 0 • 0 1 6. • () l 8 • () 2 () • I) 2 2 • (~ 2 6 • 0 3 0 • 0 3 1+ • () L+-'-n-"-n'-------­' 

1. 4. 6. A. 10. 12. 1~. 16• 18. 20 . 22. 24. 76• 28. 30 . 32 · 34 . 36. 38· 40. 
n • 6 5 8 l • o o o 1 • 2 o c 1 • t+ o o 1 • 5 7 o 1 • 72o l • 8 7 o 2 • o o o 2 ~ 1 5 o z • 2 s o l_E MM 
(.400 2.500 2 .65 0 2 .75 0 2.850 2.950 3 . 070 3.160 3 . 250 3.3SO 
0 .65A 1. 0 00 1.2 0c 1.405 1.576 J.712 1.886 ?.020 2 .174 2.304 
?.h~n ? . 540 ?.684 ?.10n 2 .A q6 2 . 996 ~ ~1 16 le?08 3 . 308 3 .4 06 
o .65 8 J . ooo 1.2 c o i.410 1.582 1.744 1.902 2.040 ?.198 2.328 
?.46 n ?.SRO ?.718 ?.830 ?.942 ~.042 3.162 3 .?56 3 . 366 ~.462 
C.658 1.000 1 .2 00 1 .415 1.588 J.756 1. 918 2.060 2.222 2.352 
?.490 2.62 0 ?.752 2.870 2.9AA 3.088 3 .20 8 3 .3 04 3 .~24 3.518 TORQ0 e f, C) 8 ] II () 0 (j ] e 2 0 c 1 e 4 2 () 1 e 5 9 l~ 1 e 7 6 8 l e 9 3 /~ 2 e 0 () 0 2 e 2 4 6 2 e 3 7 6 
?.520 2e660 2 .7 86 2 .91 0 3.034 3 .134 3 .254 3 . 352 3 .482 3 .5 ·74 
0 .6 58 1. 0oc 1..? UO 1.4?5 j.600 1 .780 1.950 2.100 2 .27 0 2.L~Oo 
?.5~n ?.700 ?.820 ? . 950 3 . nAn 3 .18n 3.300 3 .4 00 3 . 540 3 .6 30 
O.A5R J . 0 0 4 1.2 C6 1.~32 1.610 1 .7 94 1.96A 2.120 2 . 292 2.426 
?Q578 ?.7?R ? . 849 ?.QRO 3 .114 ~.216 ? . 340 ~.440 1 . 5?0 3 .67? 
C. 658 1. 008 1.212 l .4 3Q 1.620 1.808 1.986 2.140 2.314 2.452 
?.G 0 6 2.756 ?.878 3. 0 10 3.148 3 .252 3 . 330 3.480 3 .6 20 3.714 
0 . 658 1.012 1.218 1.446 1~630 1 .822 2.004 2.160 2.336 2.478 
?.6~4 2.1s4 ?.s o1 3 . 040 3 .1a2 J .2 as 3 . 420 3 . s20 3 . 660 3 .756 
0 . 65R 1. 016 1.224 J . 451 1.640 1 . 836 2.022 2.180 2 . 358 2 .504 
?~A6? ? o P12 2 .0 35 3 . 070 3.?15 3 .324 ~ .46 G 3 . 560 3 . 7 0 0 3 .7 98 
n .~SR 1.020 1.?30 1.460 l.6SO 1.860 2.040 2 .2 00 2 .18 0 2.530 
? .~ 90 ?~R40 ?e0A5 ? .1 00 ~.250 1.360 ? sno 1 .A OO 1 . 14n 3 .8 4 0 
U.G5P ] . 0 ?5 1.?4U 1.480 l.675 1 ~ 878 ~ = o~o 2&240 2 .425 2.575 
; . 735 2 . BoO 3 . 023 1 .]60 3 . 310 3 . 425 3 . 565 3 . 670 3 . 810 3.910 
'. ) • 6 5 8 l • () 3 Q 1_ • 2 5 (,: 1 • 5 0 0 ] • 7 () () 1 • 9 0 6 2 • 1 0 0 2 ,. 2 8 0 2 • It- 7 0 2 e 6 2 0 
?.780 ? 0 G40 3 . 0 8 1 3 . 220 3 .370 3 .4 90 J .6 30 3 .7 40 3.880 3 . 980 
~ . 608 I. CJO 1 . 220 1.500 1 .7 30 J . 950 2~150 2.330 2.500 2.650
?. s ;n 3 . 0 10 ~ .1 5 0 3 . 300 3.4nn 3 ~ 551 ~.~so 3 . Bon 3 e920 4.o3n 
~ ~ SSR 1.0~0 1 . ~ oo 1.540 1.720 2 . 000 ~ JG 2.40 0 2.550 2 . 700 
?.~l".<() 3. CJ ? O ?.,Jf (; '3 . 3CO 3 .4 50 3 .6 CO -;, ()() 3 . s3n 3 . 950 4.0flO 
() • (-, : ' R 1 • '.:'J q c 1 • 3 (1- (_) J • 5 P. 0 1 • 8 7- 0 2 0 !) I ; D /.:' : ~ 46 2 • 4 L+ 0 2 • 5 9 0 2 • 7 I f 0 
,? • 8 7 (I 3 0 C 7 0 ~·~ • ? 2 () 3 • 3 I+ 0 3 • ·~~ 0 0 3 • 6 4 0 3 • 7 l.L 0 '3 " 8 7 0 3 • 9 9 0 4 ., l l 0 
C*6SA 1.100 1~37 0 1$620 l . R70 2 e1 00 2 .2 ~ J 2 .4 80 2 .6 30 2.780 
? . 9 1 0 3 el1 0 3 . 26 0 3 ~ 3S O 3 . 530 3~680 3 . -3~ 3.910 4 . 030 4 .1 50 
() • (-, 5 8 i_ • J 3 0 ] ,. I+ 2 ·:; } • 6 8 0 J. o 9 l 0 2 ,. l L~ 0 ? • 3 ;~ 0 2 • :l 2 0 2 • 6 7 0 2 • 8 2 0 



~.000 ~.1~0 1.~ 00 1 .4S O ~.570 3.710 ~.850 ".l 9~0 4.0RO 4.200 99 
0 .658 1.1~ 0 J.440 1.700 1.950 ? .15 0 ? . 350 j : 5~0 2.100 2 .900 
".l • r. c; n ~.200 ~.3s n 3 .5 0 0 3 .6 20 3 .7 5n 3 . 9on 4.ooo 4.100 4.250 
0 . 658 1.120 1.490 J.750 2. o on 2.200 2 . 4oc 2 . Aon 2 .110 2.950 
1. 1 CJO 3.25 0 3.4 00 3.550 3 .7 00 3 .810 3 . 950 4.070 4 .180 4.300 

~~~-~~--~~~~~-oo . oo 
O::? . 7A 04 .14 OS . 57 06.90 OR.2R 0 ° .66 11.04 12.4? l".l.88 l').18 z
1_6 • ') 6 17.~4 19.32 2 0 .7 0 22.08 2~.46 ?4.84 26.22 27 .6 34.50 41.40 56.20 
/~(; 4. 0 
10~, . o 170.0 14q.5 1?6.~ 127.S 120.0 114.5 109.0 105.0 101.0 
()q7 . C 092 . ') 09r.o ()87 . 0 082 .S 080. 0 °77 . 0 075 .0 07C .O 065 . 0 055.0 052.0 
li.f; 4 • 0 
., ~ 7 :/'. , .. :) 201.0 176.0 161.0 150.0 ]40 .0 133.0 127e0 1?2e0 117.5 
! 1?. 0 l n 9.0 105. o 102.0 098.7 0 9 5.0 0 92 .5 090.0 087 .5 oso.o 070.0 062.0 
I: f . 4 •Ci 
?7'?.t:\ ?30.0 202.5 ]85.0 ]72.~ J~2.5 153 . 8 146·3 1~].0 136.3 
112.s 127.5 12~~0 i21.3 llR.O 11s.o 113.0 i11 .o ln9.o 100.0 092 .0 012.5 
'-+6/~.o 
~17.S ?72.5 240.0 2 2 0 . c 205.o 193.B 185.o 177.5 i11.o 165.o TEMP 
1.6 0 . c1 156.3 J52.5 148.B 145.o 142.s J4o.o 137.5 1?5.o 125.o i11.s 106.5 
L1,- 61.+ • 0 
?37.5 29~.0 ?~7.5 237.5 222.5 2JO~O 200 .0 192.5 185.0 180.0 
175.0 170.0 166 . 3 16?e5 160.0 156.5 153 . 8 151.0 149e0 138.0 130.5 119.0 
t+At+.O 
~sc:;.0 ~~1.s ?77~~ 2~~~0 ~~ o . o 22s.o ?l~.o 201.0 ia9.o 192.5 
187 .5 183.0 18 0 . ·J 175 .0 172.5 1(-; 9 .0 166.,3 163.8 lf.l.O 151.3 11~3.o 130.0 
46 !+. 0 
·?.70. . ·J 330. 0 ?q5~C ?13 . 0 255 .0 242.5 231.0 222~5 215.0 209.0 
'? ()3. 8 i99.U 195_. C 191 .0 187.5 183.5 181.0 179.0 176.0 165.0 157.5 145.0 
It-A '-1- • '.) 
~0 ,J .. n ?47.~ 315.0 290 .0 272.5 260.0 2~ 0 . 0 240.0 2~2.5 225.0 
??G .O ?13.5 200.0 ? 0 5 . 0 201.0 1 9 7.5 196.0 19?.0 1A9 .0 17R.2 170.0 1~6.5 
Ld-, l+ • () 
/1 fJ r . i.J 357.5 327 .S 3C5.0 286 .1 ?72~5 2AO .O 251·3 2~? .5 237.S 
?il . n 2?6.0 221. 0 ?17.0 212.5 209.0 206 .0 203 . 0 200.0 188.5 180.0 167.0 
480 .0 
hOS. C 37~ . Q 34 0 . o 315 .o 2qs.o 2so.5 210.0 205.5 253.o 247.o 
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P.ppendix 3 

f F:l i, ,..,,Da t a o.. . g. '+ ...... ~ 

5 10 15 20 25 30 35 1+0 

0.800 0.900 0.933 0.950 0.960 0.967 0.971 0.975 

0.023 0.114 0.230 o.. 4oo 0.560 0.730 0.910 O.ldt 
0.053 0.228 0 0 >+55 Oo076 1.030 1.290 l .5ltO 1~72 
0.086 0.338 0.660 1.050 L , l+OO 1.710 1.990 2.21 
0.121 o.450 0.850 1.300 1.680 2.,020 2.280 2.52 
0.161 0.551 1.000 1.,470 1.860 2.210 2. i~60 2.71 
0.195 0.625 1.100 1.560 1.960 2.290 2. :560 2.80 
0 .. 251 0.712 1.200 1.670 2.070 2 .1+00 2.650 2.89 
0.293 O.T78 1. ~2'70 10760 2.140 2.480 2.730 2.96 
0.320 0.825 1.330 1.820 2.220 2 o 5'+o 2.800 3~03 
0.349 0.892 1.;_~00 1.900 2.300 2.630 2.880 3.11 
0.380 0. 91~0 1.1+70 ~ ..I..';}("80\. 2.380 2.700 2.950 3ol9 
0 .l.~ 84 1.084 1.,638 2 .15J+ 2. 5'-~0 2. 81+4 3.096 3.32 

~---·--

0. ~1) .~~8 L, 110 le562 1.935 2~270 2.570 2~860 3.110 3.35 
0•.-::0.,658 1~125 1.613 2.030 2)no 2.750 3s080 3.360 3.63 
0.30.658 L,142 10662 2.,110 2a530 2.890 3.240 3.540 3.83 
0"1w a 658 1.160 1.710 2.190 2~620 2.990 3~350 3.670 3.97 
0.50.658 	lol81 1.75h 2o2J~.o 2.680 3.060 3"1+20 3.730 lt.04 

1 7·86 2 0P'O t;· 7'?0 ~ 10·0 ~ 1i f;Q ·~ 7,...,1,.0 4 080.60 .658 1 .. 203 	 ..ii..$ ' •t-J ._,. . ..._ ... ._1• _,.~..) ....J. li • 

0.30~658 1.232 1.829 2~330 2.770 30140 3.500 3-820 4.11 
l.C0~658 1~252 1.858 2.360 2.800 3.180 3.530 3~850 4.14 

R81 ° ~80 ° ·8?0 ~ 200 ~ ~GO ~ 87i) il 161.20.658 1.267 	l • .._,J ... ~- • _, '- • .._ ,_ - ~·' • - _,, • """" ..,., _, • ..... ' ' • 

1.50.658 	1$281.~ 1.104 2.410 2.850 3e230 3.580 3.900 4.,19 
l O~l ? )~1 1 0 ·; RPO ~ 270 ~ /'* 0 0 ~ 9~0 1• 2·~2. CJ .658 1.301 e ".:;, _, ._ e T T t:_ e , ) '.) ·-' • ' _., • 0 C. \ ...,.. e .J 1" e - ..i 

ec o.653 1.355 1.998 2.511 2.948 3.328 3.673 3.990 4.285 
.____..____________________ ------­, 

From Dennison 	 (9] 
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Appendix 4 

Oil r e quirements factor Ke* 

/ 

o.s o.6 o.4 0.2 

0.25 
0.50 
0.75 
1.00 
1.25 
1.50 
2.00 
2.50 
3.00 
l+. 00 

* 

determine 

supplied 

where; 
R 

N 

L 

c 

0.390 o.490 0.500 0.520 0.530 
0.300 o.1no o.436 o.>vr8 0.513 
0.220 0.330 0.395 o.450 0.500 
0.175 0.265 0.360 0 .1~30 0 .491+ 
0.150 0 .. 230 0.335 o.415 o.488 
0.135 0.210 0.315 0 .1+00 0. lt-83 
0.113 0.190 0.280 0.380 o.475 
O\DlOO 0.175 0.260 0.368 0. 1~65 
0.088 0.158 0.250 0.340 o.455 
0.063 0.122 0.235 0.310 0 .J.~38 

From Fuller [11] 

This is the oil flow coefficient required to 

the qua to be continuntity of oil that has ously_

to the bearing which is determined by [11]: 

0.0272 Ke.R.N.L.C gal/min.Qe = 

is the journal radius, in. 

is the shaft revs/min. 

is the bearing length,ln. 

is the radial clearance,in. 
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