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I. INTRODUCTION

To determine the temperature at which a bearing will run, the
removal of frictional heat has to be studied first.

The question of the removal of heat from journal bearings has
been the subject of experimental and analytical investigations. Two
approaches have been used in analyzing the problem. One approach con-
siders that the heat generated in the oil film is removed only be con-
duction. The other approach treats the problem from the point of adiabtic
flow, that is, all the heat generated by friction remains in the oil,
raising its temperature and is carried away by convection.

In practice, the heat generated i1s by no means confined within
the clearance space, neither is it entirely carried away by the oil. It
is partly carried away in the film itself and partly by conduction, at
first from the interior of the film to the inner bearing surface and then
through the bearing to the atmosphere.

The present investigation explored some of the aspects not dis-
cussed by most of the previous investigators. Both the heat conducted
through the bearing and that convected by the oll flow were considered in
the study of the effect of speed, load and external heating on the average
oil film temperature, oil flow and correspondingly the heat balance of
journal bearings.

Most of the early investigators based their work on the assump-
tion that the heat generated by the internal viscous shear stresses was
entirely dissipated from the bearing by conduction; and the oil flow

through the bearing played no part.

-1-
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In 1903,Iasche(ll) represented the first detailed investigation
of thermal effects in bearings. He measured the friction loss in bear-
ings running at peripheral speeds up to 80 fps, and considered the heat
dissipation characteristics of the bearing. He found out that the heat
dissipation was proportional to the 1.3 power of the temperature differ-
ence between the bearing and the surroundings.

Muskat and Morgan(l2) carried out tests at low peripheral speeds
up to 10 fps on a lightly loaded bearing to determine the correlation be-
tween the glassical petroff formula for heat generation in Jjournal bear-
ings and their experimental results. This was accomplished by measuring
the bearing friction torque, and comparing the results with those calcu-
lated using the Petroff formula. The close correspondence of their re-
sults and the theory is noteworthy. They included in their work the
effect of speed on the transient temperature of the bearing and the heat
balance.

Hagg(lo) conducted an analytical and experimental investigation
on the heat conduction effects in concentric bearings. He derived an
equation for the temperature distribution across the oil film in terms
of velocity and viscosity variations.

McKee(l3), working on his four bearing friction machine, pro-
posed an empirical method to determine the safe operating load for journal
bearings taking into consideration the maximum allowable bearing tempera-
ture and the minimum Hersey number (pN'/p).

However, in 1941 Christopherson(5) extended the hydrodynamic
theory of lubrication to include thermal effects using the method of re-

laxation. His solution was obtained under two restricted assumptions:



1. The heat generated by friction remained in the oil for
film and no heat was lost to the surroundings.

2. The temperature distribution across the oil film was
constant.

Pinkus and Sternlicht(lg) s using the same assumptions, derived
mathematically an expression for the circumferential temperature distri-
bution in Journal bearings based on the Sommerfeld infinitely wide journal
bearing theory.

Analogous investigation was made by Purvis, Meyer, and Benton(l9)
using the narrow bearing approximation theory which was suggested by
Michell(lh) and developed by Ocvirk and DuBoi&(l7)

Clayton and Wilkie(é) carried out tests with speeds up to 35 fps
to measure the temperature distribution in journal bearings. Their work
was largely of an exploratory nature.

Boyd and Rdbertson(3) were the first to consider both the heat
conducted through the bearing and that convected by oil flow in their
enalysis. Thelr work was restricted to the study of the effect of speed
and oil inlet pressure on lightly loeded journal bearings.

| Cameron(h) carried out a preliminary investigation on journal
bearings with oll pockets to determine the equilibrium temperature of the
bearing, considering the overall heat balance. He found out that more
detailed investigetion had to be made on the heat conduction part and also
on the effect of oll pocketing in deciding the partition of the amount of
heat between convection and conduction.

For this investigation, a simple journal bearing was constructed

with means to measure the journal and bearing temperatures as well as the



oil flow rate. A slip-ring and brush arrangement was used in the measure-
ment of the journal temperature. Devices for loading the bearing and
varying the speed of rotation were provided. A method of detecting metal-
to-metal contact between the journal and the bearing was used.

As a result of this investigation, a better understanding of
the effect of load, speed, and external heating on the heat dissipation
through the bearing and that convected by the oil flow was achieved. The
hydrodynamic effect on the average oil film temperature was also established.
A mathematical treatment of the unloaded bearing was derived, while experi-
mental correlations from the test results were obtained to calculate the
heat convected by the oil flow, the heat conducted through the bearing,
and the oil flow rate. A method, for estimating the average temperature

of the bearing, was also presented.



II. THEORETICAL INVESTIGATION

The fundamental starting point for the analysis will be the

general energy equation for an element of lubricant(7)

Deve\oPeJ Journa| Svurface
Vpptisizu /W

4
Y E$

V7777777777707

Deve‘oreol Bea.r‘lr\\j Surface

i —
! o

X

Figure 1. Iubricant Element and Co-ordinate System.



between the boundaries shown in Figure 1, namely,

pchu%§+pchv%§+pchw%§-=§£ (k-g%) +§_y(k—g-§-) +’§Z (k-g-g)
+ud. .. | (2.1)
where @ is the dissipation function.
poan@) + @ & &2 @

+(g§ + g%)g - %(g% + %% + gg% .

The first group of terms in Equation (2.1) represents the rate
of change of internal energy; the second the rate at which heat is con-
ducted away; and the third the rate at which energy is being dissipated
through the action of viscosity.

The following assumptions are introduced in order to simplify
the mathematical analysis:

1. The change of the coefficient of thermal conductivity with
temperature of ordinary lubricants is small and will be
considered negligible.

2. The flow is considered laminar in view of the small dimen-
sions of the clearance and the high viscosity of the oil.
In Appendix C a numerical analysis for the validity of
this assumption is given in detail.

3. The lubricant is Newtonian, that is, the shear stress is
proportional to the rate of shear.

4. The change of the density of the oil with temperature is

neglected. The specific gravity of the oil used changes



very little with temperature, as can be seen from the
properties of the oil given in Appendix B .

5. The heat conducted in the x and z directions can be neg-
lected with respect to the heat conducted in the y
direction.

6. The velocity v in the y direction can be neglected when
compared to the velocity u in the x direction.

7. The velocity gradients across the film are much more
important than velocity gradients parallel to it. That
is, it is assumed that

ou 5 Ou

dy  ox
When the above assumptions have been applied to the fundamental Equation

(2.1), one gets:

3T ar T du.p w2
pepu -+ pepv T = k 52 + u[(g;) + (S;) ] (2.2)

There are two desired solutions for the above equation. These
are:
1. The unloaded bearing solution.

2. The loaded bearing solution.

The Unloaded Bearing Solution

When the bearing is not loaded, the Jjournal will run concen-
trically with respect to the bearing. The following assumptions will be
made in connection with this case:

1. The oil film is so thin that the curvature of the bearing

surface may be ignored, that is, the distinction between



the polar and rectangular coordinates can be neglected and
the problem can be considered as equivalent to that of the
flow between parallel plates.
The viscosity of the oil is dependent on its temperature.
It is sufficiently accurate for our purpose to use Reynolds
empirical formula:

p o= poePT (2.%)
As the parabolic velocity distribution, due to the pressure
gradient, is small compared to the velocity distribution
due to the journal motion, the flow of the lubricant in the
clearance space will be considered as a Couette flow, that
is, the velocity distribution will be linear. The velocity

distribution will be expressed as follows:

u=UZ (2.4)

Journal y =h, u=1U
ALV VAL VL

\' S

T h

J

Al RN R R NN RN R AR R R R A R R R
Bearing y =0, u=20

Figure 2. The Velocity Distribution.

The oil supply pressure adopted for the experimental investi-
gation is low. This will justify the negligence of the ve-

locity w in the z direction.
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5. The temperature gradient BT/BX will be neglected for
the following reasons:

a. The journal runs concentrically in the bearing
and the problem can be considered symmetrical,

b. As the thermal coefficient of conductivity of
the bearing material is high, thermal recircu-
lation in the bearing will tend to smooth out
the small variations in the oil film temperature.

When the above assumptions have been applied to Equation (2.2),

it becomes
2 - 2
d°r BT y
EGE TR 3 (2.5)
To represent Equation (2.5) in a dimensionless form let:
L T
Ty - TB
B' = B(TJ = TB)
= L
B h
c
Prandtl Number = Pr. = hT“B
2
Eckert Number =E, = —I—
Substituting the above values in Equation (2.5) gives:
2 A
9—-@ = - PI'.E‘e B @
ay?
or
‘e 4°9 ,
e R (2.6)

This is a nonlinear second order differential equation. To linearize

the above equation, the following substitution is introduced.(9)



0) = e - 1
@ _ 41 P'ode >
x-S P Y F (2.7)
2 2 1 2
o . B'e 4@ B'® 4@
—_— = e + Ple &) 1
qye P {?i_‘x'—g <dY) }

The last term in the above equation can be neglected compared to the
second by the order of magnitude analysis. The above equation, then

beromes:

429 8'0 429
a2 P e
ay ay

Substituting in Equation (2.6) gives:

2
d—(—D = - ﬁ' Pr.E. (2'8)

aye

Integrating Equation (2.8) with respect to Y twice one gets:

e
- pB'Pr.E. Y
» = 5 + COY + ¢y (2.9)

In order to evaluate the constants of integration c, and cj, the bound-

ary conditions have to be specified.

Boundary Conditions

Two cases will be considered in the choice of the boundary
conditions:
a. The no heating case.

b. The external heating case.

The No Heating lase.-=-In this case the boundary conditions can be

described as follows:

1. at Y=0,0=0, ¢ = (2.10)

2. atv=1, 8.9, L., (2.11)
Y Y
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The first boundary condition is based on assumption number
(5) in the analysis.

The second boundary condition is established from the con-
sideration that, as the steady condition is reached, the journal can
be regarded as virtually insulated since the rate of loss of heat from

the journal is relatively very small.

Solution of the No Heating Case.-Applying the first boundary
condition to Equation (2.9) gives:
Cl =0
Applying the second boundary condition gives:
Co = p' Pr.E.

2
o =J§L%§£:§;_X_ + ' Pr.E.Y.

But e = m(o + 1)

2
K s [p' Pr.E.(Y-5) + 1] (2.12)

™I~ I

1

This is the temperature distribution across the oil film, expressing the
temperature as a function of the film thickness. Figure 3 gives the
form the temperature distribution across the oil film will take, accord-
ing to Equation (2.12). In Appendix I an exact solution for Equation
(2.6) is carried out and an evaluation of the experimental results shown

in Figure 4 and the theoretical result is given.

The External Heating Case.--In this case the boundary conditions can be

expressed as follows:

1. at Y=0,0 (2.10)

1]
o
-
©>
]
o

2, at Y=1,0= B 1 (2.13)

1
-
(S

|
[¢]
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Applying the above boundary conditions to Equation (2.9) gives:
Cl=0

CO - (B' Pr.E. + eB' - l)
2

substituting the values of the constants in Equation (2.9) one gets:

0 = EL_EELE' Y2 + (EL_§ZLE; +eB' 1)y

|~

In (& + 1)

@
il

But

(2.14)

0 =

!

™ |~ ™

M1 - p %&Y2+ X EE_E'_E_-»reB' - 1)Y]

This is the temperature distribution across the film for the external heat-

ing case which is presented in Figure 5 for different values of E.Pr.

Constant Viscosity Theory

If the viscosity of the oil is not appreciably affected by the
temperature differences within the film, the following simplified equa-
tions for the temperature distribution across the film for both cases can
be written as follows:

a. The no heating case:

YQ
® = Pr.E. (Y - > ) (2.15)
b. The external heating case:
@=Y+ PrEE (Y - Y2) (2.16)

The above equations are derived using the same analysis as above except
for the variable viscosity assumption.
It is worthy of mention that the temperature distribution for

the external heating case, Equation (2.16), consists of a linear term which
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is the same as in the case of mere conduction with no frictional heat
generation., Superimposed on this is a parabolic distribution, repre-
sented by the last term in the equation, which is due to the heat gen-

eration by friction.

The Loaded Bearing Solution

In this case, the journal will run eccentrically with respect

to the bearing as shown in Figure 6. The simplified general energy

I"fﬁérﬂ\ Bearing

Figure 6. Position of Journal Under Load.

Equation (2.2) will describe to a good approximation the heat effects
in the lubricating film. For mathematical simplicity, the following
assumptions are made:
1. The velocity distribution across the oil film is
linear, that is
u = U{ (2.4
2. As the velocity u in the x-direction is greater
than the velocity w in the z-direction, the term

(8w/8y)2 can be neglected with respect to the term
2
(du/dy)”.
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Substituting for the value of w, h, and dx by:

1 3p
= = -h
h = c¢(1l+n cos @)
dx =r d ¢

in Equation (2.2) one gets:

Uy or yly-c(l+n cos )] dp/dz OT _ i
Ph ¢(1l+n cos a)r o * Pen 2u dz 5;2
v (2.17)

¥ ,
¢=(1+n cos Q)¢
assuming a linear pressure gradient in the z-direction and dividing the

above equation by pchU/c on gets:

y ar | cyly-c(1+n cos a)lp OT _ ke >
r(l+n cos Q) oo 2u U £ oz  pecpU 32
b U (2.18)

peye(l4n cos o)

At this point, it is convenient to introduce dimensionless

variables. Iet

0 = 2__:_25 y 2z _ 7,
Ty - TB c
v=J
Cc
R ==
c
!
B =Hp € p'® ) LS 7
]
also let
Re = pUc , ¢ = RS
B upU
2
E = v
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Pr = A

p =pchlUec
k

Substitution in Equation (3.18) gives:

~R!

Y o .\ Y[Y - (1+n cos )] . % 1 e . geP®

R(1+n cos o) o 2 LeB'O 7 Pe OY2 Re(ltn cos a)°
multiplying the above equation by epo’ yields:

f'Oy o) +‘Ye23®[y_ (14n cos a)] G 00

R(1+n cos a) o 2L oz
B'O P
I £ (2.19)

De dY2 Ry (1+n cos o)e

After trying a few practical relationships, the writer was unsuccessful
in proceeding with the solution. The reason for this difficulty is that
Equation (2.19) is a non-linear non-homogeneous differential equation,
added to that the difficulty in expressing the boundary conditions for
the problem. For the above reasons, an empirical method is adopted for

this case.

The Empirical Solution

The heat generated due to the viscous resistance of the lubri-
cant film to the rotation of the shaft is carried away, after thermal
equilibrium has been reached, partly in the oil film itself to the outlet
end of the bearing, and partly by conduction, at first from the oil film
to the bearing and then through the bearing to the atmosphere.

The heat balance can be expressed by:

H=H, +H (2.20)
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where H is the rate of heat generation in the film,
H, is the rate of heat dissipation through the bearing
and surroundings and
H. is the rate at which heat is carried away by the
oil flow.

From Appendix E the rate of heat generation is given by:

8 drdy uli '@ We sin ¥
= = ! 2.
H = 300 [J s (L2 28T) o (2.21)

The rate of heat dissipation H, can be described by a power of
the temperature elevation of the oil film over the ambient,

H, = a(2xrg) (A1) (2.22)
where a and m are empirical constants, depending upon the type of hous-
ing and surroundings.

The rate at which heat is carried away by the oil flow can be
written as:

Hy = pqey (T - Tq) (2.23)
Substituting Equations (2.21), (2.22), and (2.23) in Equation (2.20)

yields:

8 xiriy uN’2 Wesiny o m
300 [3 e (Ld)1)2 + ( ~ ) 2nN' | = a(2nrp) (AT)

(2.24)
+ pqch(T2 - Tl)

This is the general heat balance equation for the loaded bear-

ing. The numerical values for the empirical constants a and m will be

determined experimentally.
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For the external heating case the heat balance equation can be

written as:

8 mrdy N Wesiny N '
He + 300 [J - = + " ) 2n'] = a' (2nrs) (AT)
+ pacy(Tp - T1) (2.25)
where He 1is the external heat applied.

For the unloaded bearing, the heat balance equation can be
obtained from Equation (2.24) and (2.25) when substituting zero for the
value of e,

For the no heating case:

2ipo~ ord 4 uN'2 = a(2mrg) (AT)® + pgep (T - Ty) (2.26)
c

For the external heating case:

2400 wriy
+—-d-——— ——

5 . uN'2 = a(2nre)(AT)™ + pgey (Tp - T1) (2.27)



III. EXPERIMENTAL APPARATUS

General Description of the Apparatus

The test apparatus consisted mainly of the equipment shown in
Figures T through O.

The heart of the apparatus is the test journal and bearing as
indicated in Figure 10.

Figure 13 illustrates diagrammatically the loading device and
the means for collecting the oil flowing through the test bearing.

The temperature measuring circuit is shown in Figure 20. The
slip-ring and brush assembly used in the measurement of the journal sur-
face temperature is sketched in Figure 19.

In addition, Figure 1% illustrates the equipment used in de-
tecting film breakdown.

In the following paragraphs, the details of the various systems

are described.

Driving Mechanism

The Jjournal was driven by a 3/& horsepower variable speed
hydraulic transmission unit which was connected to a one horsepower,
1725 rpm, three phase electric motor. The motor and the speed reducer
were mounted on a separate frame to prevent the vibration from being
transmitted to the test bearing unit. The frame can be raised or lowered

for leveling purposes by means of four screws located at the corners.

Test Journal and Bearing

The test journal and bearing are shown in Figure 10. The
Jjournal was made of number 4615 steel. A hole one inch in diameter was

-21-.
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Figure 7. General Layout of the Experimental Apparatus.



Figure 8.
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T

The Experimental Apparatus Showing the
Breakdown Detection Instrumentation.

Film
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Figure 9. The Temperature Measurement Instrumentation.
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bored centrally to provide for a 500 watt cartridge type electric heater
to fit snugly, so that metal-to-metal contact is insured over the whole
surface of the unit. Four iron-constantan thermocouples were silver
soldered to the journal surface, as shown in Figure 11, to measure the
temperature at the surface.

In order to reduce the heat conduction in the axial direction,
two fiber glass insulating rings of l/h inch thickness were placed be-
tween the journal and the journal extension at each end of the journal.

After assembly, the journal was ground in a centerless grinder
to the required dimensions.

The exact dimensions of the bearing and the journal, and the
constructional details are given in Appendix A.

The bearing, shown in Figure 12, was made of Bunting Bronze
because of its adequate lubricating properties.

Thermocouples were silver soldered to 12, l/h inch diameter,
fine thread plugs, which were made of the same material as the bearing.
The plugs were then screwed and secured in place in the bearing, such
that the final boring would just clear the thermocouple beads.

At both ends of the bearing a groove was made for collecting
the oil flowing outwards. A hole at the bottom of each groove was drilled
to allow the oil to be collected in a pan.

The bearing was supported at both ends and provision was made

for cooling the bearing as shown in Figure 10.

0il Flow System

As shown in Figure 13, a storage tank of 30 gallons capacity

was used to feed the oil to the bearing.
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A 1700 psi nitrogen cylinder with a pressure regulating valve
was connected to the oil tank to raise the pressure of the oil to the
desired value. Two filters and a strainer were installed in the line to
remove any dirt and contaminants in the oil. Two pressure gauges, placed
before and after the filters in the feed line, gave the inlet oil pres-
sure.

After lubricating the bearing, the oil issued through a hole
at each end of the bearing and flowed down into a container from which
it was collected and weighed on a balance graduated in fiftieths of a

pound.

Loading Device

The load was applied at both ends of the journal by means of
two levers and dead weights. This arrangement insured a symmetrical
loading of the journal ends. The load was transmitted to the journal
through two self-aligning ball bearings mounted on the shaft. The levers
were pivoted at their front ends, while the dead weights were placed on
a pan suspended on a hardened knife-edge at the back ends. The loading
arm was chosen to give a 10 to 1 leverage ratio.

As the levers were pivoted at their front ends, the loading
system could be raised from the shaft and placed over the hooks, shown

in Figure 13, in the case of the no load tests.

Method of Estimating Film Breakdown

It is essential in this investigation that the bearing should
be working under hydrodynamic lubrication conditions.
An electric potential was applied between the bearing and the

Journal to detect any metal-to-metal contact. An audio frequency
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Figure 15. Oscillographic Record for Normal Operation.

Figure 16. Oscillographic Record for Metal-to-Metal Contact.
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oscillator was used as the voltage source, The applied voltage was ob-
served on a cathode-ray oscilloscope screen. A schematic diagram of the
electric circuit is illustrated in Figure 1k,

The audio frequency oscillator delivered up to 50 volts and was
operated at 20,000 cycles.

Figure 15 shows an oscillographic record for normal operation
under hydrodynamic conditions. If metal-to-metal contact occurred, the
journal was shorted and a picture as illustrated in Figure 16 showed on

the cathode-ray oscilloscope screen, indicating film breakdown.

Heating System

The cartridge heater, which was snugly fitted in the journal,
was connected to the electric circuit through a slip-ring and brush
assumbly.

A variac was used to control the input voltage to the heater.
A wattmeter was connected to measure the amount of wattage consumed.

Figure 17 shows a schematic diagram of the heating circuit.

Cooling Water System

Water from the supply main was used in cooling the bearing.
Two needle valves were installed in the pipe line between the main and
the cooling jacket to shut-off and regulate the amount of water flow.
After cooling the bearing the water was collected in a 20 gallon tank
and weighed on a balance graduated in fiftieths of a pound.

Two thermocouples placed at the inlet and outlet of the cooling
jacket registered the temperature of the inlet and outlet water respec-
tively.

Figure 18 shows a schematic sketch of the system.
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Temperature Measurements

Twenty-three thermocouples were used to measure the temperature
at various locations in the test apparatus. All the thermocouples used
were made from number 24 gauge duplex iron-constantan wire with fiber
glass on asbestos insulation, manufactured by the Leeds and Northrup
Company.

The temperature of the bearing inner surface was measured by
means of 12 thermocouples arranged in four rows placed 90 degrees apart,
as shown in Figure 12, to detect any variation in the axial as well as
the circumferential temperature distribution.

To measure the temperature of the journal surface while run-
ning, the journal thermocouple leads were laid in grooves in the exten-
sion journal shaft, and led through the coupling and the bearing to the
collector-ring of a slip-ring and brush arrangement. Figure 19 shovws a
schematic sketch of the unit.

Coin silver slip-rings were used for their durability, low
resistivity and excellent dry friction property. Each ring was press--
fitted onto an insulating plexiglas ring which in turn was press-fitted
on an aluminum shaft. The shaft was mounted at its ends in two self-
aligning ball bearings. Thermocouple wires were soldered to the slip-
rings and were brought out to the collector-ring through holes equally
spaced around the circumference of the insulating ring as shown in Figure
19.

Two brushes, placed 180 degrees apart, were used per slip-ring
to insure constant contact. Silver "Graphalloy" brushes were chosen for
their excellent performance from the standpoint of low coefficient of

friction.
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Eleven slip-rings were employed, eight of which were used for
the journal thermocouple connections. One slip-ring was used to feed the
audio oscillator signal to the journal. The remaining two were used for
calibrating the system against the -extraneous emf generated in the
thermocouple circuit due to the frictional heating of the brush and slip-
ring at different speeds. This was done by measuring the temperature of
the ambient air by means of a thermocouple, connected through the slip-
ring and brush arrangement as indicated in Figure 19. The reading was
checked against a calibrated thermometer graduated in one-tenth of a
degree fahrenheit. The maximum error involved in the thermocouple
readings was about .O4 millivolt.

The temperature of the inlet oil was measured by a thermocouple
inserted in the inlet oil line near the bearing housing. The oil outlet
temperature was measured by two thermocouples arranged to contact the oil
as it was leaking out as shown in Figure 10.

The temperature of the inlet and outlet cooling water wvas
measured by two thermocouples placed at the inlet and outlet of the
cooling jacket respectively.

The temperature of the housing was measured by means of a
thermocouple firmly attached to the support four inches from the bearing
center.

The leads from the thermocouples were connected to terminal
boards from which they were brought to three Leeds and Northrup, 2-pole,
10 position selector switch units. The circuit diagram is shown in
Figure 20. This arrangement allowed any thermocouple to be connected into

the measuring circuit. The measurement of the thermocouple emf's was made
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with a manually balanced Leeds and Northrup portable precision potenti-
ometer type 8622, and a spotlight Ieeds and Northrup galvanometer as
illstrated in Figure 9. The overall sensitivity of the apparatus was
estimated about ane microvolt,

The melting point of ice was used as the cold junction refer-
ence temperature. The cold junction thermocouple was immersed in puri-
fied kerosene in a thin glasa tube, which was placed six inches deep,
side-by-side with a calibrated thermometer in melting ice in a well
insulated thermos bottle.

To nullify the effect of introducing dissimilar metals into
the circuit, optimum care was taken to keep the temperature measuring
equipment at a uniform temperature by placing them in a well insulated
cabinet covered from the inside with aluminum lining.

The calibration of the thermocouples were made at the Sohma
Laboratory of the Chemical and Metallurgical Engineering Department.

The thermocouples were calibrated in a constant temperature both against
a thermometer calibrated at the National Bureau of Standards. The thermo-
couple calibration is shown in Figure 21, It agrees very closely with

that given by the Leeds and Northrup Company for their iron-constantan

wire.(lz)



IV. EXPERIMENTAL PROCEDURE

The procedure used to obtaln the data required for determining
the effect of speed, load, and external heating on the average oil film
temperature and the oil flow rate is described in the following para-
graphs. Briefly, three series of experiments were conducted from which
the heat convected by the oil flow and the heat dissipated through the
bearing and housing could be determined for different combinations of

speed and load.

Series A
The external heating was not applied during this series of

tests. The heat generated was mainly due to the viscous shear stresses.

Series B
The external heating was applied during this series of tests.
The heat generated was. due to both the introduction of external heating

and that generated due to the viscous shear stresses.

Series C

This series of tests was carried out to check the validity of
Petroff's fornula. No external heating was applied. The test bearing was
running at no load. Cooling water was used to measure the amount of heat

conducted through the bearing.

Procedure of Tests

Series A
Before starting the test, the cathode-ray oscilloscope and the

audio frequency oscillator were turned on. 011 was then allowed to pass

“Loo
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from the storage tank to the bearing unit by opening valves A and B as
shown in Figure 13.

After adjusting the oil inlet pressure to the desired value,
the motor was then started with the load completely relieved. This was
done by raising the loading levers from the shaft and placing them over
the hooks shown in Figure 13.

The speed was then adjusted by means of the speed reducer and
checked by a General Radio Strobotac type 631-BL, which has a range of
60 to 14,500 rpm.

To detect the thermal equilibrium condition, the temperature of
a thermocouple in the loaded half of the bearing was checked every half-
hour until no temperature variation was noticed for two consecutive checks.
On the average, the thermal equilibrium was reached in about 5 to 7 hours.
This limited the number of runs to one or two runs per day.

After the thermal equilibrium condition was attained, the
following data were taken for each run:

1. The ambient temperature.

2. The temperature of the journal.

3. The temperature of the bearing.

4, The temperature of the inlet oil.
5. The temperature of the outlet oil.
6. The temperature of the housing.

T. The oil flow rate.

8

. The speed of rotation.



e

When loading the bearing, the motor was always started at no-
load, and the load was then applied. After each loading, the speed was
checked and the load was recorded. The same experimental procedure used

in the no-loading tests was then followed.

Series B

In all the runs performed in this series the heater was turned
on. By means of the variac, the input voltage to the heater was so ad-
justed that the total wattage, indicated by the wattmeter, was kept con-
stant at 100 watts. The procedure used for this series of tests was

similar to that just described for Series A.

Series C

This series of tests was carried out at different constant
speeds under no-load condition. Before starting the test, water was
allowed to pass through the cooling jacket for about three hours to
feach a steady state temperature. It was noticed that the variation in
the inlet water temperature during the tests did not exceed 0.2 °F. The
motor was then started after following the same experimental procedure
adopted in the no-load test series. In addition, the inlet and outlet

temperatures of the cooling water and the water flow rate were recorded.

Operating Conditions

For both series of tests A and B, 71l runs were performed. On
the average, five different speeds and seven different loads were used
for each series of tests. The following ranges and conditions were

covered in the experiments:
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speed was varied from 500 to 1500 rpm.

load applied was varied from O up to 3429 1bs.
inlet oil pressure was kept constant at 1 psig.
0il used was Gulfpride Motor 0il No. 30.
physical properties are given in Appendix B.

experimental results are given in Appendix F.



V. EXPERIMENTAL RESULTS

This chapter is primarily concerned with the presentation and
reduction of the experimental results. Comments and explanations are
included wherever necessary, but analysis and discussion are deferred to
the next chapter.

The experimental results are presented in a manner which shows
the effect of the variables encountered in the investigation on the tem-
perature, oil flow, and correspondingly the heat balance of the test bear-

ing.

Series A

The effect of speed and load on the average oil film temperature
is presented in Figures 22 and 23%. The average oil film temperature used
in this investigation is the average of the Jjournal and bearing thermo-
couple readings.

In Figure 22, the average oil film temperature is plotted
against the calculated eccentricity ratio. The short bearing approxima-
tion was adopted for the calculation of the eccentricity ratio. The
theory was developed by Michell(lu) and Cordullo(8) and was used later
by Ocvirk and DuBois(l7). Their extensive experimental work on journal
bearing performance was in good agreement with the theory for bearings
having £/d ratio up to two.

The effect of speed and load on the circumferential temperature
distribution of the oil film is shown in Figures 24 and 25. The tempera-

ture, plotted at each of the four positions in these figures, is the

L6
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average of the axial temperature indicated by three thermocouples placed
flush with the bearing inner surface. The load 1s represented by the
eccentricity ratio n. Detailed calculations for the load number and the
eccentricity ratio are given in Appendix H, Table V.

The effect of speed and load on the oil flow rate is illustrated
in Figures 26, 27, and 28. Figure 26 shows a comparison between the
experimental results and the theoretical flow derived by Muskat and
Morgan(l6) for concentric bearings. In Figure 27 the oil flow rate
is given as a function of the calculated eccentricity ratio at different
speeds. While in Figure 28 a straight line relationship is correlated
when the nondimensional parameter Lél.weﬁis is plotted on log paper

c
against the Sommerfeld number S. Thg equation of the correlating line
can be written as:

) .76
B VN L 5rs [@_ (g_ﬂ 7e7 (5.1)
p cd

The method of least square was used in determining the empirical con~-
stants. The result of the calculations is given in Table VI.

It is to be noticed that the effect of the change in bearing
clearance with temperature was taken into consideration, as the Jjournal
and the bearing were of dissimilar metals. The equations derived by
Von Gersdorfer(23) were used in calculating the change in clearance.
Figure 29 gives the result of the calculations presented in Appendix
F. The viscosity of the oil was also considered as a variable. At
.each load, the viscosity of the oil was determined from the average

oil film temperature.
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Series B
The combined effect of external heating, speed, and load on the
average oil film temperature, circumferential temperature distribution,

and oil flow rate is shown in Figures 30 through 33.

Series C

The result of the comparison between the heat generated as
calculated by Petroff's formula and the total heat dissipated through the
bearing and convected by the oil flow as determined from the experimental

data is shown in Figure 3k.

Data Reduction for the Heat Balance Analysis

Series A

To determine the heat dissipation characteristics of the bear-
ing and housing, the heat balance Equation (2.26) for the unloaded bear-
ing was used. The heat convected by the oil flow was calculated from
the experimental data. The results of the calculations are shown in
Table VI. Petroff's formula was used in determining the heat gen-
erated.

To determine the empirical constants a and m, the temperature
elevation AT is plotted against Hy - H, on log paper as shown in Figure
35. It is noticed that all the data points are well correlated by a
single straight line. The method of least square was used in fitting the
line and determining the constants a and m. The correlating equation is
found to be of the form:

Hy - H = H = 3.26 (ap) (5.2)
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The effect of speed and load on the heat convected by the oil
flow is indicated in Figures 36 through 38. In Figure 56, the heat con-
vected by oil flow is plotted against the calculated eccentricity ratio n.
The data are reduced to a single curve when the nondimensional heat con-
vection parameter Hb/Hb is described as a function of the load number 1/S
as shown in Figure 37. Plotting the same parameters on log paper in
Figure 38, yields a straight line relationship. The correlating equation
can be expressed as follows:

Bo/Hy = 1845 (1/8)2140 (5.3)

The effect of speed and load on the heat dissipated through the
bearing and housing is presented in Figures 39 and 40. Figure 39 shows
the heat dissipated H, as a function of the load number 1/S at different
speeds. The heat dissipated H, was determined by the use of the empirical
Equation (5.2) which is presented graphically in Figure 35. The data
shown in Figure 39 are reduced to a single curve, when the nondimensional
heat ratio H@/H@ is plotted, instead of H,, against the load number l/S
as illustrated in Figure LO.

A comparison, between the analytical heat generation ratio
HJ/H? and the total heat dissipation ratio (Hc+'HQyH?, is given in Figure
41. Equation (2.21) was used in calculating HJ/HP. The total heat dis-
sipation ratio (He+ Ho)/Hp was obtained by the addition of the smoothed

data of Hb/H? and Hé/H@, presented in Figures 37 and 40 respectively.

Series B
The heat dissipation characteristics were determined using

Equation (2.27). When the heat dissipated H, was plotted against the
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temperature elevation AT on log paper, a straight line relationship was
obtained as presented in Figure 35.

The effect of speed and load on both the heat dissipated
through the bearing and housing, and the heat convected by the oil flow
is shown in Figures 42 through 45.

In Figure 46 a heat balance between the analytical heat genera-
tion by friction as suggested by Barwell(l) and the total heat dissipation
is made. The data is presented in a nondimensional form by expressing

both quantities in terms of the heat generated at no-load.
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VI. ANALYSIS AND DISCUSSION OF RESULTS

Effect of Load on the Average 0il Film Temperature

Due to the increase in heat generation by load application,
the average oil film temperature is expected to increase correspondingly.
Actually, the average oil film temperature decreases to a certain mini-
mum and then starts to increase as shown in Figure 22 and 23.

The difference between the pressure developed in the axial
direction, to support the load, and the atmospheric pressure at the ends
of the bearing causes a rapid increase in the oil flow. This, in turn,
increases the amount of heat carried away by the oil, causing the bear-
ing to run at a cooler temperature.

At heavy loads, the rate of heat generation is greater than
the increase in the oil flow rate. Accordingly, the temperature of the
bearing starts to rise again.

This observation seems to have passed unnoticed by most of
the previous investigators. This can be attributed to the following
reasons:

1. The most detailed work on heat effects on journal bearings
was done on unloaded or lightly loaded bearings. The tech-
nique, used in carrying out the lightly loaded bearing
tests, was performed in such a way that this observation
could not be detected. Muskat and Morgan(15) varied the
speed while keeping the load and inlet oil pressure con-
stant. Boyd and Robertson(5) changed the oil supply pres-

sure and the speed while keeping the load constant.

-76-
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2. In other related investigations in the field of lubrication
the lack of sufficient temperature measurements of the bear-
ing was reported. Besides, there is some doubt about the
time given for the thermal equilibrium condition to be
reached.

3. The use of high oil supply pressure with the adoption of
the oll outlet temperature as a true representation of the
bearing temperature tends to give misleading results. Thié
is mainly due to the excess oil flow which leaves the bear-
ing almost immediately without contributing effectively to
the cooling of the bearing.

It is worthy of note that Rosenblatt and Wilcock(20>, working
on a different type of sleeve-bearing, were the first to report this
observation in their study on oil flow.

In the external heating case, the same phenomena is noticed as
shown in Figure 30. The only difference between the 2 cases is that the
average oil film temperature in the case of external heating starts to

increase at a greater load.

Effect of Speed on the Average 0i1l Film Temperature

When the bearing is running under hydrodynamic lubrication con-
ditions, the average temperature of the oil film is influenced more by
variations in speed than by variations in load. This is due to the fact
that the heat generated in the film is a function of the square of the
speed as can be seen from Equation (3.24). This can be illustrated by

comparing the difference in the average oil film temperature due to the
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variation of speed with that due to the variation of load. From Figure
22 the level of the average oil film temperature has increased by about
55°F due to the variation of speed from 500 to 1500 rpm, while the average
0il film temperature has increased by about 10°F due to the variation of
load from zero to 3429 pounds.

This result is also confirmed when the effect of speed and
load on the average oil film temperature for the external heating case,
shown in Figure 30, are compared.

From this result, it can be concluded that the speed of rota-

tion has an important effect on the heat condition of journal bearings.

Effect of Speed on the Circumferential Temperature Distribution

As shown in Figures 24, 25, 31, and 32, for both series of tests
performed, it is noticed that the variation in the circumferential tempera-
ture distribution, for the no load tests, at different speeds, can be con-
sidered negligible when compared to the corresponding variation for the
loaded bearing tests.

The small temperature variation recorded is mainly due to the
introduction of fresh oil supply to the bearing.

From these experimental results, the assumption that the tempera-
ture gradient OT/Ox is negligible, as considered in the theoretical investi-

gation for the case of the unloaded bearing, has been justified.

Effect of Load on the Circumferential Temperature Distribution

When the load is applied to the journal, the circumferential tem-
perature ceases to be constant, and starts to vary around the circumference.
This variation becomes more pronounced when the load is increased as shown

in Figures 24, 25, 31, and 32.
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Tt is noted in all the experimental results, that the maximum
temperature is located within the viecinity of the minimum film thickness,

confirming the results obtained by Stephen.(gg)

Effect of Speed on Oil Flow Rate

At no load, the oil flow increases with the increase in speed.
Figure 26 gives a compariscn between the experimental results and the
theoretical flow predicted by Muskat and Morgan.<l6) Their equation is

written here for convenience:

where
Ap = Inlet pressure - ambient pressure psi
di = 0il inlet hole diameter inches
b = An integer with values 1, 2, 3, 4y .... o .

The agreement between the theory and experiments is fairly close.
The most probable reason for the discrepancy is that the clearance in
Equation (6.1) is raised to the third power. Any small error in the
measurement of the clearance will have a great effect on the calculated
oil flow rate.

It is to be noted that the speed does not enter explicitly as
a variable in the above equation, in spite of the fact that the experi-
mental results do show a positive increase in the oil flow rate with the
increase in speed. This can be explained by the following reasoning:

Increasing the speed will raise the average oil film temperature level.
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As the viscosity of the oil is strongly related to the oil temperature,
a corresponding decrease in the viscosity will result causing an increase
in the oil flow rate.

By the same reasoning, the increase in the oil flow for the
external heating series, as illustrated in Figure 33, over the no heat-

ing series can be explained.

Effect of Load on 0il Flow Rate

When the load is applied on the journal, the oil flow rate
increases rapidly as indicated in Figure 27. This can be attributed to
the increase in the hydrodynamic oil flow with the increase in load.

The equation of the correlating line (5.1), in Figure 28, can
be used in predicting the oil flow in similar bearings working under
low oil feed pressure.

For the external heating case, the oil flow increases, follow-
ing the same trend observed in the above case, as shown in Figure 33.

It is noticed that the correlating line, for this case, is very close to
the no heating case correlating line, as illustrated in Figure 28.

Although the effect of load i1s considered small with respect
to the effect of speed on the average oil film temperature, it is in-
teresting to note that it has a greater influence on the oil flow rate

than that of speed.

Effect of Speed and Load on the Heat Convected

The increase in oil flow, with speed and particularly load, is
the main reason for the increase of the amount of heat convected by the

0oil flow as indicated in Figures 36 and 37.
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The equation of the straight line (5.3), correlated from the
data plotted in Figure 38, can be used in estimating the heat convection
ratio Hb/Hp as a function of the load number in similar bearings. To
illustrate the effect of external heating, a comparison is made between
the results obtained in Series A and Series B runs. It is noticed in
Figures 37 and 43 that the heat convection ratio in the case of external
heating is about seven percent greater than in the case of no heating.
This is mainly due to the decrease of the oil viscosity with external
heating, causing the amount of oil flow to increase. This will accord-
ingly increase the amount of heat convected by the oil flow and the heat

convection ratio HO/HP.

Effect of Speed and Load on the Heat Dissipated He

From Figures 40 and 45, for both Series A and B, it is noticed
that the heat dissipated through the bearing decreases at light load and
then increases with the increase in load.

The decrease in the heat dissipation is mainly attributed to
the increase in the rate of heat convection due to the rapid increase in
the hydrodynamic oil flow at light lcads. At heavy loads, the rate of
increase in the heat generation rate is much greater than that of the
heat convection rate. This, correspondingly, causes the heat dissipation
through the bearing and housing to rise again.

Effect of the Average 0il Film
Temperature on the Heat Dissipated He

From Figure 35, the heat dissipation rate through the bearing
and housing increases with the increase of the average oil film tempera-

ture. The empirical equation, relating the two variables is:

B, = 3.26(am)12
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This confirms the assumption, first introduced by Lasche(ll),
that the heat dissipation can be described by a power of the temperature
elevation of the oil film over the ambient.

The low value of the exponent gives an indication of the small
role played by the radiation heat transfer.

Comparing the values of the empirical constants with those
determined by the following investigators:

Lasche<ll): a=2.9 m

= 1.30

Muskat and Morgan(15). a=2.0 m=1.35
Burwell(g) : a =2.9 m= 1.5

MeKee (13). a =%k m=1.65

shows that the values obtained in this investigation lie within the range
of the above results.

It is interesting to note that the heat dissipation rate for
the case of external heating is less than that for the no heating case
as illustrated in Figure 35. This is mainly due to the increase in the
rate of heat convection by the oil flow and the decrease in the heat gen-

eration rate due to external heating.

Heat Balance

Under thermal equilibrium condition, the heat generated in the
oil film balances the total heat dissipated from the bearing.

From Figures 41 and 46, it is noted that the experimental re-
sults are in agreement with the analytical, for both series of tests A
and B. This confirms the validity of Barwell formula, Equation (2.21),

in calculating the heat generated in loaded bearings.



VII. CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The following conclusions may be drawn from the results of

this investigation:

1. The consideration of the heat disgsipated through the bear-
ing and housing, and that convected by oil flow, in the
analysis of the experimental results, gives a better under-
standing of the effect of speed, load, and external heating
on the average oil film temperature and the heat balance.

2, The phenomena, that the bearing will run cooler at light
loads than at no load is well established and confirmed
experimentally.

3. The average oll film temperature is affected more by
variations in speed than by variations in load. The level
of the average oil film temperature has increased by about
55°F due to the variation of speed from 500 to 1500 rpm,
while it has increased only by about 10°F due to the varia-
+ion of load from zero to 3429 pounds.

L, The oil flow rate is influenced more by changes in load than
by changes in speed. The oil flow rate has increased by
about 350 percent due to the change in load from zero to
3429 pounds, while it has increased only by about 200 per-
cent due to the change in speed from 500 to 1500 rpm.

5, The heat convected by the oil flow increases by external

heating application.

-83-
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6. The heat dlssipated through the bearing and housing for the
external heating case 1s less than that for the no heating
case, when the temperature elevation of the bearing over

the ambient is the same in both cases.

Recommendations

It is recommended that further investigations of the same nature
be made to cover larger ranges of speeds and oll inlet pressures.
The study of the effect of the following wvariables,
1. the diametral clearance
2. the bearing length/diameter ratio
5. water cooling
L. oil grooves,
on the tempersture and heat balance of journal bearings is also needed in
order that the problem of heat removal from journal bearings can be com-

pletely solved.



APPENDIX A

JOURNAL AND BEARING DIMENSIONS

The dimensions of the journal and bearing are given in Figure 11

and 12 respectively.

The machining and grinding of the bearing and journal was made
at the U.M.R.I. machine shop. The dimensions of the journal diameter was
measured at three different positions. The average diameter was found to
be 3.001 inches. The surface roughness was measured by means of a pro-
filometer. TIts value was 9 BRMS microinch.

The bearing bore was measured along two perpendicular planes
at the two ends and at the middle section. The average value was 3.0068

inches. The surface roughness was found to be 14 RMS microinch.

Summary of the Major Dimensions

The journal diameter = 3.001 inches
The journal length = 5.000 inches

The bearing bore 3.0068 inches

Il

The diametral clearance = .0058 inches
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APPENDIX B

PROPERTIES OF GULFPRIDE NO. 30 OIL

The properties which entered the analysis of the experimental
data are:

1. The Specific Heat - The specific heat was considered con-

stant. An average value covering the range of temperature
used, is chosen from Figure 47.

The average specific heat = 0.515 liTUF

2, The Specific Gravity - As shown in Figure 48, the varia-

tion of the specific gravity, within the range of the tempera-
ture used, can be neglected. The following average value 1is
adopted.

The average specific heat = 0.858

3. The Coefficient of Thermal Conductivity - The following

formula, given by Wilcock and Booser(25), were used in esti-

mating the coefficient of thermal conductivity.

0.812 BTU .
k = =222 [1 - .0003 (T-32)] per inch
PO ) hr ft2 °F

I

where  pgy = density in gm/ce
An average value cavering the range of temperatures used

(120°F - 200°F) was used.

) BTU

k = .0T737 e T
= .0159 _ib_
sec °F

4. The Kinematic Viscosity - The kinematic viscosity tempera-

ture relationship was furnished by the manufacturer, as shown
in Figure 49, To check the accuracy of the curve, the encir-

cled points in the figure were determined experimentally.
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APPENDIX C

LAMINAR FLOW CRITERION IN JOURNAL BEARINGS

In 1923 Taylor analyzed the problem for the liquid between two
concentric cylinders, and developed a criterion for the initiation of
turbulence under these circumstances. This eriterion, fortunately, can
also be applied to journal bearings with sufficient accuracy as has been
demonstrated by Wilcock(gu).

The transition between normal laminar behavior and turbulence

takes place at a Reynolds number given by

nN'DC D 1/2
Re = - 41,1 (55)

‘and the transition speed can be written as:

N=1.57x103 —Y __  rpm
pt/2 CD2/3

To evaluate the speed at which turbulence initiates, the following sub-
stitutions are made.

D

I

3 inches

Cp = .00649 inches
y o B 2k x 1071 x (12)3 x 386 _
o) .858 x 62.4

3.0 x 1072 in®/sec

1.57 x 103 x __3.00 x 10-2
1.73 x (.00649)3/2

=
1

3.00 x 10~2

1.57 x 103 x
1.73 x 5.23 x 10~*

5.21 x 104 rpm

As the maximum speed used in this investigation is 1500 rpm, it can be

concluded that the flow is highly laminar.

-90-



APPENDIX D
ESTIMATION OF THE AVERAGE OIL FIIM TEMPERATURE

As a result of this investigation, the average oil film tempera-
ture can be estimated.

When the heat balance Equation (2.2)) is divided by the rate of
heat generation at no load, one gets

+ 2 (D.1)

Substituting for the values of He and Hb/H@, in Equations (5.2)

and (5.3) respectively, in the above equation gives:
H 1.k
i i

To determine H@, the average oil film temperature for the un-
loaded bearing must first be evaluated.

For the unloaded bearing Equation (6.2) reduces to:
1.4
1 = 2:2600)1 0 1gu5(1/5)-2146 (D.3)

i

The sbove equation contains two unknown; the viscosity of the
oil p which is included in the Hp and l/S terms; and the temperature
elevation AT. If a suitable viscosity-temperature relationship or an
A.S.T.M. viscosity-temperature chart is used, the value of the tempera-
ture elevation AT can be evaluated graphically.

After determining Hp, the average oil film temperature for the
loaded bearing can then be estimated.

Substituting for the value of Hy in Equation (2.21) in Equation

(6.3) one gets:
300 (8x0r2ul'2 | (W e sinyy 5 ;o]

B J c(1-n2 Y2 2 dJ
1.b
_ 5260 1gs(1/s)-2146 (0.1)

B
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Making use of Ocvirk and DuBois results(l7) , the value of n and
0 can be obtained. The temperature elevation AT can then be determined,
when the same procedure used in its evaluation for the unloaded bearing

case is followed.



APPENDIX E

THE JOURNAL FRICTIONAL HEAT GENERATION

From equilibrium conditions, the bearing frictional torque is
less than the Jjournal frictional torque. This can be shown when moments

are taken about the center of the bearing O in Figure 50.

Figure 50. Forces Tending to Cause Rotation of the
0il Film in a Full Journal Bearing.

rFy-rFg=Wesiny

where Fy = Frictional force on journal surface, lbs.

= Frictional force on bearing surface, 1lbs.

=i
(es}
I

The eccentricity of the journal is thus seen to be the source
of the difference in the frictional torque between the journal and the
bearing.

The short bearing approximation theory does not indicate a
difference between the journal and bearing frictional torques because of
the assumption that the velocity distribution across the oil film is

linear.
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To estimate the journal frictional torque Ocvirk and DuBois(l7>

gave the following equation
Mo = bnf £0 4y W
J e (l_n2)l/2

+ We sinvy.

The second term is the frictional torque obtained, using the short bear-
ing epproximation theory. The third term is the load couple caused by
the eccentricity of the journal.

Barwell(l) suggested the following modifled form of Ocvirk's

equation

2 .5 1
e A N Wy y .
¢ (1-n2)1/2 2

Mg

He based his equation on the assumption that the short bearing approxima-
tion theory, while underestimating the journal frictional torque, it
overestimates the bearing frictional torque. It can, then, be considered
as an average value between the journal and bearing frictional torques.
As a closer approximation to the true journal friectional torque, he

added one half of the load couple to the frictional torque derived, using
the short bearing approximation theory.

Barwell's equation was derived analytically by Mack and Shaw(gl)
without the use of the short bearing approximation theory. For this
reason his equation was used in the prediction of the journal heat genera-
tion. Multiplying the Jjournal frictional torque by 2x N', and using

appropriate conversion factors, the journal frictional heat generation

can be expressed as

[8n r 4, pN (W e sin 7

ox N 2.2
To o T2/ 57 ] (2.21)

Hy = 300
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Sample Calculations for Run Number 5

The journal frictional heat generation

B 80 rd 4 p N We siny .
= 300 [—-3-2—-— 27 +('—E?Tf"") o N'] . (2.21)

The short bearing approximation theory was used to calculate the eccen-
tricity ratio n and the attitude angle y. Ocvirk and DuBois(l7) derived
the following equation which expresses the attitude angle 7 as a func-
tion of the eccentricity ratio n

tan y = X ﬁi:&flfff

This equation was used in estimating the attitude angle 7.

For Run 5:
r =1.5 inches
4 =5.00 inches
¢ = .00%306 inches
N' = 8.3k rps
n= .48
u =66.3x 10-7 Reyns.
W = 1727 1bs.
tan y = 1.L43k4
siny = .82

Substituting the above values in Equation (2.21) yields
Hy = 208 + 21 = 301 BIU/hr .

Similaer calculations were made for the other runs as shown in Table VI.



APPENDIX F

THERMAL EXPANSION EFFECT ON CLEARANCE

As the journal and the bearing were made of dissimilar metals,
the effect of the change of bearing clearance with temperature was taken

into consideration. The method used by Von Gersdorfer(23) was adopted.

713

Beo.r;f:g (Bvonz e) W'
Sk L w,

Dg:

S“PP"'H"j\. _l

SAAMANNNNANNNNSe

Frome

(Sreel) g g

Figure 51. Bearing Construction.

The Effect of Thermal Expansion on the Journal

The following equation will be used to determine the change in
the journal diameter:
ADy = Dy x Q7 X ATy .
where

ADy = The increase in the diameter of the journal due to

ATy,
Dy = Journal diameter at room temperature inches
03 = Coefficlent of thermal expansion of journal material
= 6.2 x 10°6 1/°F
ATJ = Temperature elevation of the journal over the ambient.
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The Effect of Thermal Expansion on the Bearing

According to the way the bearing unit is constructed, the bear-
ing mid-section is free to expand, while the ends are constrained by the
supporting frame as illustrated in the above figure.

Expansion at the mid-section =
ADpy = Dg x oy ATp = Adpy
Expansion at the ends of the bearing =

W E10q AT +WQE‘CX T
ADgp = D HEEL%ATL BORATR
WiE1 + WoEo

where

W, = Radial thickness of the supporting frame = 2".

Youngs Modulus of elasticity of the support material =

=al
=
1

30 x 100 1v/in .

Ep = Youngs Modulus of elasticity of the bearing material =
15.9 x 100 1bv/in? .

ATl = Temperature elevation of support over ambient.

AEB = Temperature elevation of bearing over ambient.

g = Coefficient of thermal expansion of the bearing
material = 12.2 X 1076 1/°F .

Wo = Thickness of the bearing at the end.

Sample Calculation at 1500 rpm: From Table I

il

ATy = 93.2  °F

148-88 = 60°F .

1]

AT
Bearing expansion at the mid-section =

ABy = 3.0068 x 12.2 x 10°6 x 93.2 = 3.4188 x 1073  inches .
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Bearing expansion at the ends =

ABy = 3.0068 x

1

2 x 30 x 100 x 6.2 x 106 x 60 + .625 x 15.9 x 100 x 12.2 x 10-6 x 93.2

2 x 30 x 100 + .625 x 15.9 x 106

]

1.1477 x 103 inches

The increase in the bearing diameter was taken as the average of the in-
crease of the mid-section and that at the ends.

Average bearing increase in diameter =

AD = (ADg; + ADpp)
2

- 3.’-!»188 + ]_.l|.l|.7"( X 10—3
2

2.4332 x 10-3  inches

1}

The change in Jjournal diameter =

]

ADJ DJ XoryXx ATJ

I

3.001 x 6.2 x 100 x 93.2

1.73409 x 10-3  inches
The change in diametral clearence =

ADpy - ADy = (2.43320 - 1.73409) 10-3 =.69911 x 103
The new diametral clearance =

dq + (ADpp - ADy) = .00580 + .00069911 = .006499  inches
Following the same method of calculation, the change in diametral clear-
ance with temperature can be evaluated.

As the average oil film temperature was influenced more by the

variation in speed than by the varlation in load, the value of the
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diametral clearance at constant speed under no-load condition was
substituted for the diametral clearance at the corresponding speed for
any load.

The result of the calculations is given in Table I and pre-

sented graphically in Figure 29.
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APPENDIX G

DETERMINATION OF THE THEORETICAL JOURNAL TEMPERATURE

Equation ( 2.12) was used in the calculation of the theoretical

Jjournal temperature,

! N o
® == Jn [p' Pr.E.(Y - §‘) + 1] (2.12)
5'

multiplying the above equation by Ty - Tp and substituting for Y by 1,

gives

The details of the calculations are presented in Table IT.

TABLE IT

COMPARISON BETWEEN THE EXPERIMENTAL AND THEORETICAL
(JOURNAL TEMPERATURE-BFARING TEMPERATURE )

Speed UB k e > AT AT
Toy N T3 x 10°7 _1b v ox 1ot 1+ PP gae. mxp.
rpm °F Reyns. sécF in/sec 2k °F °F

128 500 127.2  69.6 .0159  78.5 6162 1.0237 1.21 1.6
143.5 750 1k2.2 51 L0159  117.8 1.385  1.0%9 2.23 2.7
157.5 1000 155.77 3%9.8 .0159 157 2,46 1.054 3.00 3.6
169.1 1250 166.7 %2.h  .0159 196.3 3.85 1.069 3.8 L.5
181.7 1500 178.5 26.15 .0159 235.7 5.5k 1.080 4L.38 5.40
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APPENDIX H

EXPERIMENTAL DATA AND CALCULATIONS

This appendix contains all the original data for all the experi-
ments. The data and the results of the calculations are given in the

following tables:

Table IIT - Temperature Data

Table IV - 0il Flow Data

Table V- Calculation of the Sommerfeld Number, the
Load Number, and the Eccentricity Ratio

Table VI - Summary of Correlation Calculations

Figure 52 describes the positions of the bearing thermocouples given in

Table III, 9 T/hev‘r(\ocovf}eés/

/ Posikion -3 (4-11-10

.\ / l ol inlet on 3( )
TH AN N Posytion

0
' s &6 17 (6-7-%8) (is - 6-I7)

Thevmocouples Posttion. 1314

2 B fm osition i(l?. )

Figure 52. -Bearing Thermocouple Positions.

while Figure 53 was used in evaluating the eccentricity ratio-n from the

load number 1/S.
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TABIE IV
OIL FLOW DATA: SERIES A
Speed 011 Outlet Thermocouple Readings Avg. Outlet Inlet Oil Inlet 01l oil
oy WdD T, Tomems T e
m.v.
1 500 2478 2,478 2.476 118.2 1.534 85.8 1.2
2 500 2,454 2,492 2,473 118.1 1.546 86.2 2.95
3 500 2.489  2.517 2,503 119.1 1.549 86.3 3.80
" 500 2.5 2,522 2.512  119.4 1.558 86.6 k.2
5 500 2,512 2.528 2,52 120 1.564 86.8 k.35
6 500 2,518  2.546 2.532  120.4 1.561 86.7 k.50
7 500 2.531  2.569 2.550 121.0 1.564 86.8 k.65
8 750 2,797 2.843 2.820 130 1.468 83.6 1.59
9 750 2,782  2.828 2,805 129.5 1.495 84.5 3.5
10 750 2.789  2.809 2,799 129.3 1.516 85.2 3.96
11 750 2.792  2.818 2.805 129.5 1.528 85.6 4.6
12 750 2,741 2.779 2,76 128 1.537 85.9 4,98
13 750 2.788 2.816 2.8 129.k4 1.546 86.2 5.48
b 750 2.79%  2.840 2.817 129.9 1.549 86.3 5.4
15 750 2.832 2.868 2.850 131 1.560 87 5.61
16 750 2.820 2.850 2.835 130.5 1.546 86.2 5.64
17 1000 3.17%  3.226 3.200 143 1.495 84.5 1.95
18 1000 3.015  3.081 3.048  137.6 1.522 85.4 3.8
19 1000 2.989  3.019 3.004  136.1 1.513 85.1 k.65
20 1000 3.021  3.087 3.054 137.8 1.522 85.4 5.49
21 1000 3.4  3.066 3.045  137.5 1.510 85 5.75
22 1000 3.011  3.031 3.021  136.7 1.477 83.9 5.97
23 1000 3.030  3.072 3.051  137.7 1.495 8k.5 6.22
2k 1250 3.401  3.425 3.413  150.2 1.507 8k.9 2.325
25 1250 3.321 3.367 3.34  147.8 1.510 85 4.05
26 1250 3.318 3.32 3.320 147 1.53% 85.8 4.80
27 1250 3.219  3.24 3.230 14k 1.531 85.7 5.40
28 1250 3.2k 3.294 3.269 145.3 1.5%0 86 5.60
29 1250 3.272 3.296 3.284  145.8 1.540 86 5.88
30 1250 3.291  3.331 3.311  146.7 1.552 86.4 6.0
31 1250 3.19  3.211 3.205 146.5 1.540 86 6.3
32 1500 3.641  3.689 3.665 158.5 1.590 88 2.6k
33 1500 3.521  3.665 3.593  156.1 1.593 88.1 k.72
3+ 1500 3.520  3.528 3.524  153.8 1.546 86.2 5.60
35 1500 3.5Th  3.660 3.617  156.9 1.563 87.1 6.0
36 1500 3.6l 3.710 3.677 158.9 1.596 88.2 6.85
37 1500 3.670  3.71k 3.6%2  159.k4 1.602 88.4 7.0
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TABIE IV (CONT'D)

OIL FLOW DATA: SERIES B
Speed: 011 Outlet Thermocouple Readings  Avg. Outlet Inlet 011 Inlet 011 011
Yo ave e Mg e
m.v.
38 500 3.295  3.405 3.35 148 1.486 84.2 1.48
39 500 3.22h  3.362 3.293  146.1 1.486 84.2 3.75
ko 500 3.198  3.220 3.209 143.3 1.480 84 L.75
b1 500 3.21k  3.330 3.272  145.4 1.501 84.7 5.25
b2 500 3.327  3.403 3.365 148.5 1.510 85 5.30
43 500 3.400  3.438 3.419  150.3 1.519 85.3 5.40
b 500 3.425  3.509 3.467  151.9 1.516 85.2 5.50
45 750 3.597  3.607 3.602  156.4 1.546 86.2 2.05
46 750 3449 3.533 3.491  152.7 1.549 86.3 '
7 750 3451 3477 3.464  151.8 1.561 86.7 5.4
18 750 3.498  3.526 3.512  153.b 1.561 86.7 5.83
49 750 3.548  3.5% 3.572  155.4 1.56k 86.8 6.1
50 750 3.602  3.644 3.623  157.1 1.561 86.7 6.25
51 750 3.619  3.645 3.632  157.k 1.552 86.4 6.65
52 1000 3.866  3.914 3.890 166 1.552 86.4 2.33
53 1000 3.78: 3.790 3.767  161.9 1.567 86.9 5.15
5k 1000 3.858  3.898 3.878 165.6 1.558 86.6 6.15
55 1000 3.908  3.950 3.929 167.3 1.587 87.9 6.65
56 1000 3.933  3.979 3.956  168.2 1.566 87.2 6.85
57 1000 3.964  L.o1k 3.989  169.3 1.563 87.1 7.05
58 1000 k002 L.o2k 4,013 170.1 1.563 87.1 7.25
59 1250 4,008 k.o 4.100 173 1.560 81 2.%
60 1250 3.829  3.879 3.854 1648 1.563 87.1 5.50
61 1250 3.767  3.815 3.791  162.7 1.560 87 6.90
62 1250 3.859  3.909 3.884  165.8 1.566 87.2 T.40
63 1250 3.941  3.995 3.958 168.6 1.578 87.6 8.1
6+ 1250 3.962  3.998 3.980 169 1.560 87 8.3
65 1500 4,237 4,287 h.262 178.4 1.599 88.3 ERA
66 1500 3.974  4.016 3.995 169.5 1.605 88.5 6.10
67 1500 4,010  kh.o46 4.028 170.6 1.608 88.6 7.35
68 1500 4101 L4.153 4127  173.9 1.617 88.9 8.15
69 1500 L1k9  Lh.2k9 4,199  176.3 1.617 88.9 8.5
70 1500 4201 Lh.245 k223 177.1 1.62 89 8.75
L 1500 L.30%  L4.346 4,325 180.5 1.65 90 8.8
OIL FLOW AND WATER FLOW DATA
SERTES C
Speed  Oil Flow Outlet Oil Thermocouple Readings Outlet O11 Temp. Inlet Qi1 Temp. Water Flow Outlet Water Inlet Water
Yo mm e T
72 750 1.09 1.700 1.688 1.69%  91.5 1.175 T73.5 29.1 1.80 95  .838 6L.6
73 1000 1.50 1.915 1.878 1.896  98.5 1.193 T4l 29.2 2,147 106.9 .805 60.5
75 1250 1.80 2,191 2.163 2,177 108.2 1.262 6.4 29.2 2,117 116.2 .838 62
75 1500 1.9% 1.97  1.9% 1.955 100.5 1.235 76.5 133.2 1,136 72.2 .581  52.7
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TABIE V

CALCULATION OF THE SOMMERFELD NUMBER,
THE LOAD NUMBER. AND THE ECCENTRICITY RATIO

SERIES - A

ﬁl: rgm rg; ?;V c‘.‘s. uR:yr];?J 1‘1;]5. lb571n2 ‘a 1({3.0'3 %" 102 (%)ios s 1/s n
1 500 8.34 128 5k 67.2 12.83 .855 6.13 4.98 2.48 16.25 .0616 0
2 500 8.34 125.5 59 3.4 34 28.5 6.13 4,98 2.48 .533  1.878 .17
3 500 8.34 126.3 57 70.9 927 61.8 6.13 4,98 2,48 237 k.22 .33
" 500 8.3k 128.4 5k 67.2 1427 9% 6.13 k.98 2.48 k62 6.84 .b2s
5 500 8.3k 129.7 53.3 66.3 1727 115 6.13 4.98 2.48 112 8.4 .48
500 8.34 134.7 148 59.8 2127 141.8 6.13 4.98 2.48 L0873 11.47 .54

7 500 8.34 135.3 b7 58.5 2627 175 6.13 4.98 2.48 L0691 1h.5 .58
8 750 12.5 143.5 4o 51 12.83 .855 6.26 L4.80 2.30 20.10 .0498 0
9 750 12.5 138.6 L5 56 ka7 28.5 6.26 4.80 2.30 565 L.TT .170
10 750 12.5 139.2 i 54.8 127 48.5 6.26 4.80 2.30 .25 3.08 .26
11 750 12.5 140 43 53.55 1029 68.65 6.26 4.80 2.30 22k b6 .34
12 750 12.5 W45 k2 52.1 1330 88.6 6.26 4.80 2.30 169 5.2 o
13 750 12.5 k2.7 ] 51 1630 108.75 6.26 4.8 2.3 L1348 T.h2 45
1 750 12.5 145 39 148.6 2030 135.2 6.26 4.8 2.3 1031 9.7 .505
15 750 12.5 147.1 37.5 46,64 2429 162 6.26 4.8 2.3 0827 12.1 .545
16 750 12.5 1484 37 16 2780 185 6.26 4.8 2.3 L0711k .57
17 1000 16.67 157.5 31 38.6 12.83 .855 6.36 472 2.225 16,74 .0598 0
18 1000 16.67 155.7 32 39.8 -y¢ 28.5 6.36 k.72 2.225 516 1.9% 175
19 1000 16.67 154.1 32.8 40.8 %27 61.8 6.36 k.72 2,225 2B4T 4,09 .31
20 1000 16.67 157.6 31 38.6 W27 95 6.36 k.12 2.225 .1505  6.65 RS
21 1000 16.67 159.6 30 37.35 2027 135 6.36 b.72 2.225 1025 9.75 .51
22 1000 16.67 160.9 29.4 36.6 2631 175.5 6.36 k.72 2.225 OTTh 12,92 .56
23 1000 16.67 165.2 27 33.6 3329 222 6.36 L. 72 2,225 L0561 17.81 .615
2l 1250 20.81 169.1 25 31.1 12.83 .855 6.436 L.665 2.175 16.5 .0606 0
25 1250 20.81 165 27 33.6 427 28.5 6.436 4,665 2.175 526 1.90 18
26 1250 20.81 166 26.5 33 625 41.6 6.436 4,665 2.175 359 2.785 .25
27 1250 20.81 167.5 26 3.4 826 55.1 6.436 4.665 2,175 266 3.76 .305
28 1250 20.81 168.5 25.5 31.75 1027 8.5 6.436 L4.665 2.175 210 b.76 .36
29 1250 20.81 170 25 31.1 1227 81.8 6.436 4,665 2.175 172 5.81 .397
30 1250 20.81 173 23.5 29.25 1427 95 6.436 L4.665 2.175 132 T.17 RS
31 1250 20.81 176 22 27.35 1929 128.3 6.436 4,665 2.175 .0965 10.4 .520
32 1500 25 181.7 20.5 25.5 12.83 .855 6.498 4,62 2,13 15.9 0629 0
33 1500 25 175.6 22.5 28 k27 28.5 6.498 4,62 2,13 .52k 1.91 .187
34 1500 25 173.9 23.5 29.25 726 48,4 6.498 L.62 2.13 .32 3.108 .27
35 1500 25 177 21.5 26.75 1028 68.55 6.498 k.62 2.13 208 b.81 .36
36 1500 25 181 20.5 25.5 1529 102 6.498 h.62 2.13 .1332  7.50 455
37 1500 25 185 19.3 2k 1749 116.2 6.498 k.62 2.13 110 9.10 .50
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TABIE V

CAICULATION OF THE SOMMERFELD NUMBER,

(eonT' D)

THE LOAD NUMBER, AND THE ECCENTRICITY RATIO

SERTES - B

?:.l r'f,m ﬂs g?" c’.‘s. un:yxlfq 1§s. m?u@ ca );n%o-j ':'a' x 102 (cga)ios s 1/s n

38 500 8.3k 161.8  28.85 35.9 12.83 .855 6.335 4.45 2.25 7.9 .127 0
39 500 8.34 153.4 34 42.3 k27 28.5 6.335 b.Th5 2.25 2785 3.59 .27
40 500 8.34 150.25 35 43.6 835 55.7 6.335 L.T45 2.25 47 6.8 435
b1 500 8.34 154.3 33 4.1 1436 95.6 6.335 4. Ths 2.25 L0806 12.4 .555
k2 500 8.34 158.1 30.6 38.1 2036 135.7 6.335 L.745 2,25 0528  19.0 6.3
43 500 8.34 159.2 30 37.4 2640 176 6.335 445 2.25 0398 25.1 6.7
bk 500 8.34 162.3 28,5 35.5 3237 215 6.335 L4745 2.25 031 2.3 7.09
L5 750 12.5 172 24 29.8 12.83 .855 6.4k L.66 2,17 9.1k .106 0
46 750 12,5 163 27.5 3h.2 27 28,5 6.1k 4.66 2.17 .326 3.076 .266
47 750 12.5 160 29.5 36.7 835 55.7 6.44 .66 2,17 1783 5.6h .3
18 750 12.5 161.5 28,5 35.45 1436 95.6 6.1k k.66 2,17 1005 9.95 .51
) 750 12.5 165.5  26.5 33 2036 135.6 6.4k 4.66 2.17 066 15.15 .59
50 750 12.5 166.4  26.3 2.7 2640 176 6.1 4.66 2,17 L0504 19.87 632
51 750 12.5 168.7  25.5 3Lk 3237 215 6.4k k.66 2.17 o0 25 .67
52 1000 16.67  183.75 19.8 2k.6 12.83 .855 6.55 4.58 2.1 10 0.10 0
53 1000  16.67 176.3  22.5 28 ket 28.5 6.55 4,58 2.1 .276 3.6 .3
5k 1000 16.67 170.3  2k.7 30.8 %7 61.8 6.55 k.58 2.1 1k 7.15 R
55 1000  16.67 175.6 22,7 28.25 27 9% 6.55 4.58 2.1 0835 12 .55
56 1000  16.67 176.1  22.5 28 2025 135 6.55 4.58 2.1 0583 17.15 612
57 1000 16.67 179 21 26.15 2726 161.8 6.55 4.58 2.1 .ohok  2h.75 .668
58 1000  16.67 1849  19.6 244 k29 228.5 6.55 4.58 2.1 .03 33.3 713
59 1250  20.81 192.3 17.5 21.8 12.82 .855 6.55 k.56 2.079 11.04 .0905 0
60 1250  20.81 182.1 20 24.9 ket 28.5 6.55 k.56 2,079 3786 2.64 .2k
61 1250  20.81 179 21 26.1 835 55.7 6.55 k.56 2,079 203 4.938 .365
62 1250  20.81  183.8 19.5 24.25 1436 95.6 6.55 4.56 2.079 1 9.1 .hoe
63 1250  20.81 188 18.5 23 2036 135.7 6.55 4.56 2.079 L0735 13.62 .570
6 1250  20.81 189.2 18.2 22.75 2640 176 6.55 4,56 2,079 .056  17.88 .62
65 1500 25 2.6 15 18.65 12.83 .855 6.66 4.5 2.03 11.08 .093 4
66 1500 25 193.4 17.1 21.3 a7 28.5 6.66 k.5 2,03 319 2.6k 24
67 1500 25 190.8 18 22.4 835 55.7 6.66 k.5 2.03 .204 4.9 .37
68 1500 25 192.3 17.5 21.78 1436 95.6 6.66 k.5 2,03 1146 8.65 R
69 1500 25 195.8  16.75 20.82 2036 135.7 6.66 k.5 2,03 o781 12.8 .56
70 1500 25 199 15.9 19.8 2640 176 6.66 k.5 2,03 L05TL 17.5 .615
o 1500 25 204 .7 18.3 3237 215 6.66 k.5 2,03 L0433 23,1 .656
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TABLE VI

SUMMARY OF CORRELATION CALCULATIONS

SERIES A

Speed / / / / N

Run N AT S 1/8 n Hy, H./H, Ho+He H Hy, pe J N

No. rpm °F BTI%M‘ BT'[PI?hr BTgyhr e P Hp I & e3p v 500
1 500 42.2  16.25 0.0616 0 20 226 246 .081 .918 .999 246 1 2.9
2 500  38.6 533  1.878 17 48.5 195 246 .197 .T92 .989 251.7 1.021 .238

3 500 39.35 237 4,22 33 64.2 203 2L6 262 .825 1.087 268.65 1.091 .1363

4 500  L41.3 L1462 6.8k J25 L0 220 246 .289 .895  1.184 288.1  1.170 .093
5 500 k2.8 1192 8.k .48 ThA o 231 246 303 . .938  1l.241 301 1.222 .0786
6 500 U5 L0873 11.hk7 .5k 78.0 24k9.5 246 317 1.012 1.329  320.5  1.300 .05%
7 500 A7 L0691 14.5 .58 8.0 2643 246 333 1.0715 1.hod  336.8  1.370 .oL87
8 750 59.9  20.1 .0k98 0 38 372 410 0926  .907 .999 k1o 1 3.06

9 750  54.5 565  1.77 .17 81 327 k10 L1975 L7965 .99 L19.h2  1.021 .2478
10 750  Sh.kh 325 3.08 .26 90 326 410 219 .795  1.014  L32.6h  1.053 .1622
11 750  54.8 22k b6 b 104 328 k10 2536 .80 1.053 1451.45 1.100 .130
12 750  55.85 169 5.9 RN 108 338 ko 2634 .825 1,088 469.h  1.1hk .106
13 750  57.1 L1348 T.h2 45 122 350 410 .2978 854 1.151 489.8 1.191 .093
14 750  59.3 L1031 9.7 .505 121 368 410 .295 8965 1.191 51k.65 1.252 L0704
15 750  61.1 .0827 12.1 545 127 388 410 .310 946 1.256  537.5  1.308 .0584
16 750  63.3 071 14 .57 128.5 Lok 410 .314 985 1.299 556.2  1.355 .0506
17 1000 T3 16.7h .0598 0 58.7 4843 543 .109 910  1.019 543 1 3.10

18 1000 67 516 1.9% 175 102 439 543 21915 .8075  .999 551.68 1.012 .21

19 1000 67.1 L2ULT 4,09 31 122 ko 543 .e27 .81 1.037 583.05 1.072 121
20 1000 69.1 .1505 6.65 A1 148 459.6 543 .275 845 1,120 621.6 1.1k .0876
21 1000 T3.6 21025 9.75 510 155 500 543 .288 .920  1.208 678.9  1.249 .0628
22 1000 77 LOTTh 12,92 .56 162 535.7 543 .301 .98 1.285 T721.75 1.328 .04k9L
23 1000 81.3 .0561 17.81 615 170 581.5 543 316 1.070  1.386  775.5  1.k2T L0372
2k 1250 842 16,5 .0606 0 81 606 687 1179 .882  1.00 687 1.00 3.22

25 1250 79.1 526 1.90 18 131 559 687 .211 .81k 1,025 TOM.1  1.025 .20%32
26 1250 79.8 359 2.785 25 151 561 687 .233 815  1.048 721.05 1.049 .162
27 1250  80.5 266 3.76 305 162 568 687 .25 826 1.076  739.97 1.077 .1352

28 1250 8L.5 210 476 36 1T 578 687 2675 .84 1.108 761.95 1.108 .1108
29 1250 &.2 A2 5.81 397 181 589 687 .279 .85 1.135  780.75 1.136 .095
30 1250 8h.2 1392 7.17 L5 186 607.5 687 .29 .88F 1,178 809.55 1.179 .0788

31 1250 88.8 L0965 10.4 520 196 653 687 313 .950 1.263 868.15 1.212 .0570
32 1500 93.7 15.9 .0629 0 9% 707 801 J11Th .883 1.00 801 1.00 2.06
33 1500 87.3 .52k 1.91 J187 165 640 801 .206 .T99 1.005 821.63 1.025 .210
3k 1500 87 322 3.108 27 195 634 801 2436 790 1.033 848.2 1.06 153
35 1500 81 .208 4.8 .36 216 647 801 .27 .807 1.077 889.7 1.110 .106

3 1500  91.9 1332 7.50 455 2k9 688 801 311 .859  1.170 956.5  1.193 L0775
37 1500 943 110 9.1 .50 256 718 801 3198 .895  1.21% 9943 1.2k L0654
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TABLE VI (CONT'D)

SUMMARY OF CORRELATION CALCULATIONS

SERIES B

RO S R Tl L L ¥
38 500  77.6 7.9 127 0 48.6 420 468.6  .1037  .9133 1.0170 468.6 1 1.76
39 500  68.6 2785 3.59 .27 119.% 360 468.6  .255 L7682 1.0032 476.7  1.018 157
L0 500 65.85 .147 6.8 435 145 340 468.6 .31 1255 1.0355 492.3  1.05 .105
k1 500  68.5 L0806 12.4 .555 164 360 468.6  .350 L7682 1.1182 5134 1.09% L0637
k2 500 TL.5 .0528  19.0 63 173.3 382 468.6  .370 8151 1.1851 533.6  1.138 .0h22
43 500  72.8 L0398 25 .67 180.k 390 468.6 .38 8322 1.2182 5504 1.173 .0325
b 500 75.9 031 3.3 .709 188 b2 468.6 koL B7%  1.2802 566.9  1.210 .0256
45 750  85.8 9.4k .106 0 .2 501 575.2  .1289  .86%2  .9981L 575.2 1 2.35
46 750 764 .326 3,076 .266 150 120 575.2  .2607  .7301  .9908 590 1.025 .1732
b7 750 T2.6 1783 5.64 3% 181 390 575.2 L3146 .6780 0.9926 609.%  1.058 .117
48 750 Th.l 1005 9.95 .510 200 403 575.2  .3h77 7006 1.0483 6k2.1  1.11k .071
e 750  77.5 066 15.15 59 215 428 575.2 L3737 7440 1.1177 672.9  1.168 L0489
50 750  78.4 0504 19.87 632 220.4  L38 575.2 .383 L7614 1,144k 700.5  1.218 .03815
51 750 81 .00 25 670 243 460 575.2 Je2k 7997 1.2221 T719.6  1.25 .0323
52 1000 9% 10 10 0 %.6 58.6  679.2  .lke22  .8686 1.0108 679.2 1 2.k2
53 1000 87 .276 3.62 .30 198.6 507 679.2  .2%4  .TW6H  1.0388 703 1.033 .182
54 1000 82.3 .140 7.15 JAhs o 248 470 679.2 3651 .6919 1.0570 T36.2  1.082 .1105
55 1000  85.1 .0835 12.0 55 272 490 679.2 koo L7214 1,121 7764 1.142 .0715
56 1000  87.5 .0583  17.15 612 28 510 679.2 421 L7508 1.1718 813.4  1.198 L0514
57 1000  90.4 .okok 24,75 668 299 538 679.2 .Mk .91 1.2321 855.2  1.258 .03665
58 1000  %.2 .03 33.3 T3 30 580 679.2  .Lhk 8539 1.2979 895.2  1.318 L0279
59 1250 105.3 11.04 .0905 0 129 676.2 805.2 .160 .8320 .9920 805.2 1 3.02
60 1250  95.1 .378 2,64 .2 220 577 805.2  .273 .T165  .9895 827.3  1.028 .1898
61 1250 9.8 .203 4.938  .365 269 558 805.2  .33h4 6929  1.0269 865.8  1.073 1275
62 1250  95.5 .110 9.1 L2 300 580 805.2  .3725  .7203 1.0928 922.8  1.145 L0737
63 1250  99.0 L0735 13.62 .570 338 610 805.2  .h20 575 L7715 977.7 L2l .05k
64 1250 102.3 .056  17.88 620 350 635 805.2 435 7886 1.2236 1031.3  1.28 .0h2h
65 1500 114.7  11.08 .093 0 159.8  T52.h 92,2 175 8243 0.9993 912.2 1 3.17
66 1500 105.1 .379 2,64 2% 25k 680 912.2  .2785  .TM5h  1.0239 939 1.028 .191
67 1500 102 .204 k.9 37 312 6ko 912,2 .3k L7016 1.0436 982.9  1.076 .12k
68 1500 102.8 116 8.65 A9 357 645 912.2  .391 L7070 1,098 1052.8  1.152 .0780
69 1500 106 0781 12.8 .56 383 670 912.2 420 JT3ME 1,154k 11172 1.222 L0547
70 1500 109.1 L0571 17.5 615 397 702 912.2 4355  .7695 1.2050 1180.k  1.292 L0412
71 1500 112.8 L0433 23,10 .656 k10 730 912.2 k50 8002 1.2502 1239.%  1.358 .0332
SERIES C
Speed )

Yo me e s B B Emer

72 750 973 10 983 1027 4,28

T3 1000 1355 8.8  1373.8 1410 2,54

T 1250 1582 312 1613.2 1710 5.68

75 1500 2730 25 2755 2850 3.34



APPENDIX I

EXACT SOLUTION OF EQUATION (2.6) FOR THE NO HEATING CASE

2
B'® 40
e — =-Pr. E 2.6
ay (2.6)
Let Pr. E. = % n2 B!

|
1

2 -
0. _ Llp2p PO
ay2 2

Multiplying both sides of the above equation by'2'§$ dY one gets:

o

0 2 -'e 49
& = - ' = I.1
nep' e dY (1.1)

no
&1&
&

Integrating both sides yields:

48\2 _ 12 o-p'e _ ;2

(dY) n° e £ .

48 4 Jn2 e PE g2 (1-2)
ay -

where ¢ is a constant of integration.
Separating the variables and multiplying both sides of the above equation

by 1 g' one gets:

N g_' eB'9/2 49

= 9 g_' ay (1-3)
i.fhE - t2 p'6
Integrating one gets:
pre/2 :
sint 8 T B y+s,
1 2
where & is a constant of integration.
B'e/2
te = sin (n B' ¥ +5),
l 2
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and ®=% in 2 sin (n g' Y + 9) (I.4)
This is the general solution of Equation (2.6).

Boundary Conditions

1) at¥Y=0 ©=0
2) aty=1 %X -9, 8-=1
ay

Applying the first boundary condition on Equation (I-L4) one gets:

. g
sin & == (1.
n 5)

Applying the second boundary condition gives:

E! §'+6 .
a8 =§'"2°°s(“2' )=ncot(ng-+8)=0,
Xy P sin (n g +9)
B! _n :
which has 1 5 + 0 = 5 asa solution.
5 =2 _q8
2 n 2
and cos 1 gl =sin d = & (1.6)
n

From Equation (I-6), the values of ® and % can be determined for differ-
1

ent values of the nondimensional number 7 g . The result of the calcula-

tions is shown in Table VII.

To determine the temperature difference between the journal and

bearing surfaces, the following substitution is made in Equation (I-L)

@=1 atY¥Y=1
2 N B
1= 5 In ¢ sin (n S+ %)



-11k-

But B! = B(TJ - TB)

T] - TR = = In 2— sin (q B, %) (1.7)

2

™[

The above equation was used in the determination of the temperature dif-
ference between the journal and the bearing surface. The result of the
calculations is given in Table VII. It is noted that the results obtained,
using the exact solution, are higher than those from the approximate theory
represented in Chapter II. The maximum relative difference is about 13
percent. This is due to the neglect of the higher order term in the

linearization process of Equation (2.6).

Comparison Between the Theoretical and
Experimental Temperature Difference (TJ - Tg)

From Table VII, it 1s seen that the maximum experimental tempera-
ture difference is higher than the theoretical by about 20 percent. This
discrepancy can be attributed to the following:

1. The introduction of simplified assumptions, such as the
neglect of the end leakage and the adoption of a linear
velocity distribution, in carrying out the mathematical
analysis.

2. The assumption that the clearance space is completely filled
with oil is doubtful, especially when the oil is fed through
a single hole in the bearing under low pressure. This ex-
plains the reason for the high values of the temperature

difference (Tj - Tg) obtained experimentally.
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TABLE VII

CAICUIATION OF THE TEMPERATURE DIFFERENCE (Tj - Tg)

N Ty - TB TT - TB Ty - TR Percent
rpm ® n/¢ Theoretical Exp. Approx. Difference
1 2 3 4 5 6 (5-k)/4

500 1.416 1.012 1.340 1.60 1.21 19.4
750 1.373% 1.021 2.28 2.70 2.2% 19.5
1000 1.%38 1.0% 3.37 3.6 3.00 6.84
12590 1.%07 1.0%7 4.10 4.5 3.80 9.75

1500 1.287 1.042 L.67 5.4 L.38 15
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