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FOREWORD

Much of the conceptual foundation of this work was laid in 1969, during
which Dr. V. N. Constantinescu was a Visiting Scientist at MTI and related
topics were among the popular subjects of discussion. Dr. A. J. Smalley
provided the results on the spiral-grooved bearing. Mr. Leo Winn (MTI Pro-
gram Manager) provided guidance on the design objectives.
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SUMMARY

This report contains the results of the analytical design study accomplished
under NASA Contract No, NAS3-14399. The main objective of this study was to
determine the optimum fluid-film thrust bearing design intended to be part
of the high-speed, hybrid boost bearing used for jet engine thrust bearing
applications,

To improve the accuracy of the analytical predictions, definite improvements
were made to the '"'state of the art" of thrust bearing analyses; accounting
for curvature effects, temperature rise in the fluid due to viscous heating,
and sudden transition between laminar and turbulent flows, this theory (in-
compressible, thin-film flow with temperature effects) was extended to the
spiral-grooved (Whipple) geometry.

Using these analyses, a comparative trade-off study was made of the shrouded-
step and Whipple thrust bearings. It turned out that the shrouded-step
bearing design proved more favorable in the present application. During this
phase of the study it became apparent that temperature rise in a fluid-film
due to frictional dissipation is predominant in bearings with a low operat-
ing temperature, small film thickness, and high sliding speed. The principal
effects are to increase flow, reduce friction power loss, and reduce load
capacity.

An extensive parametric study of the shrouded-step configuration, using iso-
viscous calculations, was made. The performance characteristics of this
bearing are presented. Subsequent recalculations, allowing for temperature
effects, were made on this design and are included herein.

A comparison was also made between the present analyses and actual test data.
This comparison indicates excellent agreement on load-carrying capacity at
low viscosity (high temperature) over a wide speed range. Using high vis-
cosities (low temperature operation) the agreement is good for speeds up to
10,000 rpm. At high speeds and high viscosity conditions, test data indi-
cates considerably lower load-carrying capacity than that predicted by the
analysis,



INTRODUCTION

Using a fluid~-film bearing and a rolling-element bearing in parallel in a
hybrid configuration provides the benefit of long-~life at high-speed opera-
tion (taken for granted with fluid-film bearings) together with low—friction
starting under load (characteristic to rolling elements). Rolling-element
thrust bearings are in common use in many propulsion and auxilliary devices.
Advance concepts continue to press for higher specific impulse and/or power
density, such that in the context of bearing requirements, the combination
of DN and thrust load is altogether beyond available experience and reason-
able technological projection to assure reliable, long-life operations.

With this hybrid concept, a fluid-film shares the total thrust load more
with speed increase. In this manner, the rolling-elements are required to
operate either under high load at low DN, or at high DN in an essentially
lightly loaded condition. Thus the danger of fatigue-failure is sub-
stantially reduced. Clearly, the benefits of the hybrid concept can be
realized at the expense of higher oil flow and power loss of the fluid-film
component, Consequently, one desires to seek the optimum design for each
application.

In the preceding phase of the present program, [1]* [2], an experimental
hybrid bearing was designed, built, and tested. The validity of the hybrid
approach was verified. However, the requirements of flow and power were
appreciable, and the measured data showed that the fluid-film load at low
oil temperatures was considerably lower than that predicted by analysis.
Since the same analytical procedure was used to "optimize'" the design, it
was felt desirable to first refine the analytical procedure and then to re-
vise the design with the objective of reducing flow and power to a more
reasonable level,

It was recognized that the shortcomings of the original analytical approach
consist of 1) quasi-one-dimensional approximations in solving the Reynolds
equation; 2) inability to account for the sudden transition between laminar
and turbulent flows; and 3) the assumption of a constant lubricant viscosity
[3]. The question of sudden laminar-to-turbulent transiton was recently
considered [4].

By itself, its effects were not large enough to account for the observed
discrepancies, For the desired computation, an existing analytical procedure
for calculating tilting~shoe thrust bearings with pad distortions [5] is a
logical starting point, to which additional refinements are to be added;

* Bracketed numbers refer to identically numbered references at end of report.



in this manner considerable established algorithms can be used to ad-
vantage. The main improvement sought is the simultaneous consideration
of conduction and convection heat transfer effects in the lubricant film.

The configuration of the fluid-film bearing thus far considered is the
shrouded-step. An alternate configuration is the Whipple, or spiral-

- grooved thrust bearing. The latter has been popularly accepted in a
large variety of gas lubricated systems, For the present work, these

two configurations, augmented by external pressurization, will be
separately optimized. Then the optimized designs will be compared and the
temperature effects on the better design will be determined.




DESCRIPTION OF ANALYTICAL APPROACH

To form the basis of the desired design calculations, the problem of viscous
heating in the lubricant film and the attendant heat transfer processes was
analyzed. The corresponding mathematical derivations are given in Appendix A,
The temperature problem of the fluid film of a spiral-grooved bearing is com-
plicated by the groove-ridge gap fluctuations which affect both heat dissi-
pation and heat conduction, and by the circulation pattern related to the
inclined grooving geometry which governs heat convection. A '"marrow groove"
theory, which is consistent with Whipple's solution of the pressure problem,
was derived to provide the framework of a practicable computation procedure;
this is described in Appendix B, Highlights of these analyses and the

manner in which they have been incorporated in the computational procedure
will be outlined in the following paragraphs.

Analysis of the thrust bearing fluid film, with allowance for viscous heating
and the subsequent viscosity change, has been performed previously for the
tilting shoe configuration assuming laminar flow [5]. The iterative algorithm
employed by the previous analysis to reconcile pressure-flow and temperature
is an essential "prior art'". Added features required by the present work
include:

1, Capability to treat pockets and pressurized feeding;
2, Allowance for turbulence and transitional flow phenomena;

3. Consideration of both convective and conductive heat
transfer modes;

4, Adaptation of these features for the spiral-grooved thrust
bearings.

The first two items involve coding of established amalytical procedure; the
latter two are new analyses to be carried out.

In the thin-film heat transfer analysis, the selected strategy involves
reducing the three-dimensional energy equation to a two-dimensional problem

by integrating across the film thickness and approximating by their corre-
sponding mean values the convective fluxes and viscosity (which also determines
eddy diffusivity in the turbulent case). A crucial aspect in this scheme
concerns the apparent temperature for the values of viscosity appearing in

the dissipation and the conduction terms. The same question also arises

in the Reynolds equation.

Thus the key issue is first to construct Reynolds number sensitive functions
which govern:



1. Velocity profiles,
2. Nusselt number (heat transfer coefficient), and

3. Dissipation density;

and then to provide criteria to determine the temperature value at which the
mean viscosity appearing with various functions is to be calculated. A
"Model Couette Flow" is analyzed "exactly' with the dissipation reduced by

a numerical factor for simulating convective cooling. While there are three
such terms in the system of governing equations (namely, the coefficient of
friction, the Nusselt number, and the dissipation function) mathematical
similarity causes the effective temperatures for mean viscosity of the co-
efficient of friction and the dissipation function to be equal. The two
independent effective temperatures* are parametrically dependent on the

wall temperature, the Reynolds number, the Prandtl number, and a 'heating
parameter'", Given a particular oil and an operating wall temperature, there
are still two parameters., It turned out, that if the effective temperature
is expressed in terms of an interpolation coefficient between the wall and
mean film temperatures, the numerical values of these interpolation coeffi-
cients are primarily single parameter functions dependent on the Reynolds
number, in which the viscosity is based on the friction-temperature.
Empirical formulae for these interpolation coefficients were established

for MIL-L-7808 0il at wall temperatures of 200 F (93.4 C) and 300 F (149 C).
With a simplified allowance for the contribution of pressure gradients to
dissipation at the walls, the friction-temperature and conduction-temperature
calculated from the "Model Couette Flow", are used directly. Universal
functions for heat transfer and dissipation are also assumed to be the same
as those of the "Model Couette Flow',

In the treatment of transition from laminar to turbulent flows, a transi-
tional Reynolds number and a fully-turbulent Reynolds number are postulated.
Prevailing experimental evidence [4] indicated that the latter is twice the
value of the former.

Generalization of the linearized turbulent lubrication theory [6] (LTLT) to
include transitional effects is accomplished by defining the distinction
between the actual and apparent sliding velocities, the latter being used

to calculate the apparent Reynolds number in LTLT. For an actual Reynolds
number less than the transitional Reynolds number, the apparent sliding
velocity is set to zero, while for an actual Reynolds number in excess of the
fully-turbulent Reynolds number, the apparent sliding velocity is equated

to the actual sliding velocity. In the transitional range, an elliptical
interpolation scheme is used to render an abrupt departure from the laminar
condition and a smooth blending into the fully turbulent condition. The

* For convenience of reference, these two effective temperatures will be given
the abbreviated names of friction-temperature and conduction-temperature,
respectively,




apparent sliding velocity is used to calculate the Reynolds number, which de-
termines the interpolation coefficients for the friction-temperature and con-
duction-temperature as well as those governing the universal functions for
heat transfer and dissipation. Thus, in the laminar range, the apparent
Reynolds numbers for friction and dissipation on one side, and that for heat
transfer on the other side, reduce to zero regardless of the fact that they
are based on different viscosities; and the temperature interpolation co-
efficients assume the same asymptotic value of unity. With fluid film heat-
ing, the question arises as to what temperature should be used to calculate
the transitional and fully turbulent Reynolds numbers, There are not enough
experimental data to deal with the transition problem with temperature sensi-
tive viscous fluids (aerodynamicists have dealt with temperature influence

on density rather than viscosity) therefore, the tentative plan is to use the
friction-temperature for the calculation of both the transitional and the
fully-turbulent Reynolds numbers,

The LTLT is now extended to treat fluid-film heating including transitional
effects, Two additional universal functions are introduced in addition to the
three already needed in the isoviscous problem. The latter being related to
the computation of wall friction, mean flow along sliding, and mean flow in
the direction normal to sliding. The Reynolds numbers to be used for these
universal functions are based on the apparent sliding velocity and mean vis-
cosities, which are respectively determined by the analysis of friction and
conduction problems of the "Model Couette Flow'". The block diagram on the
following page illustrates the scheme involved.

To apply the above method to calculate pressure and temperature fields of the
spiral-grooved thrust bearing simultaneously, it is desirable to calculate the
gross features accurately, while ignoring local details as much as possible,
This point of view was inherent in the "classical" theory of Whipple, a prom-
inent feature of which is the depiction of cross-groove pressure profiles by
linear variations. For the present problem, because of viscosity variations,
the cross-groove pressure profile is no longer linear, instead it must satisfy
a narrow-groove ordinary differential equation. Other elements in the Whipple
theory (namely, congruency of pressure field, invariance of normal flux, and
continuity of radial flux) are retained. The energy equation requires a dif-
ferent treatment because of the convective effect. In fact, the integration
must proceed along a flux line with a suitable inlet condition. Simplifica-
tion attributable to the narrow groove geometry enters through the condition
that the normal flux is invariant. If the overall radial flux of a groove-
ridge pair is not zero, the convective path would undergo a radial shift
across each groove-ridge pair., This distance, together with the temperature
increment along the flux path over a groove-ridge pair, determines the coarse
scale temperature gradient. Thus it is not necessary to integrate the energy
equation along the same flux path beyond one groove-ridge pair. If the over-
all radial flow vanishes, then the flux-path returns to the same radius for
each groove-ridge pair and the congruency condition of temperature overrides;
i.e., the initial condition must be abandoned, In other words, in the absence
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of gross convective flux, the temperature field does not communicate with
the outside. Dependence of pressure profile on the temperature field and
the need to integrate the energy equation along the convective path consti-
tute the coupling between the Reynolds and energy equations. Except for
details in handling the energy equation and the coarse scaleextrapolation
of both pressure and temperature fields, the scheme illustrated by the pre-
vious block diagram remains applicable,



DISCUSSION OF RESULTS

Before attempting to seek the optimum design, an assessment of the signifi-
cance of temperature sensitivity is made., This knowledge is practically
very useful, since simultaneous calculation of Reynolds and energy is very
time consuming and - hopefully - will not be needed all the time during pre-
liminary tradeoff studies, A shrouded-step design - similar to that analyzed
previously [1] - is the basis for this evaluation. Principal dimensions of
this bearing are shown at the top of Table I, The combination of a small .
film thickness (2 mils) and low wall temperature is chosen to represent real-
istic conditions at which temperature sensitivity should be quite severe. A
small film thickness restricts the flow, therefore rendering convective cool-
ing ineffective, A low wall temperature keeps viscosity and also its tem-
perature sensitivity high., The lubricant is assumed to be MIL-L-7808 oil in
this and all subsequent calculations, in which temperature sensitivity is
considered, except where otherwise specified. The viscosity-temperature re-
lation is shown in Appendix A. Calculated load, flow and friction power are
compared in Table I according to the method employed in previous work [1, 2,
3] and by the new method with and without temperature sensitivity. In the
isoviscous calculation, viscosity is that at the wall temperature (100 F
(37.8 C) in this case).

Viscosity reduction - due to heating at 100 F (37.8 C) oil inlet temperature -
causes flow to increase substantially, as much as 43% at 20,000 rpm. There

is also a slight reduction in load and a somewhat larger reduction in power.
The qualitative effects of speed are fairly truthfully depicted by the iso-
viscous calculations. The results for a wall temperature of 300 F (149 C)

at 20,000 rpm indicate similar behavior for load and power; however, viscosity
reduction is not apparent here and the flow does not show the large disparity
exhibited in the 100 F (37.8 C) case.

Further assessment of these methods of calculation can be made by comparing
their results with the experimental data from [27]. The shrouded-step bearing
design used in [2] was smaller in size (OD = 5 in., ID = 3.65 in.) and a
MIL-L-23699 lubricating oil was employed, Complete description of the bear-
ing and oil are given in [27]. Load-speed relations were calculated with the
measured film thickness at each speed for two oil inlet temperatures (assum-
ing a constant viscosity for each case) and are compared with experimental
data graphically in Fig. 1. The good agreement of the present theory with
the experimental data for the high temperature run, particularly in view

of the considerable disparity of the corresponding curve calculated by the
previous method, is certainly gratifying. The comparison for the low tempera-
ture run is less convincing. Although the new calculation is always in
better agreement with the experimental data, the degree of divergence at
speeds above 10,000 rpm is very large indeed. It is somewhat surprising to
note that the disparity between the results obtained by the method of Ref. 3
and those calculated with the new method assuming an isoviscous lubricant -

is much larger than that accountable by temperature effects. One must sur-
mise that the practically important—advance of the new method is predominantly
with respect to the nonthermal features; namely, variation of the sliding
speed with radius, unsymmetrical distribution of radial leakage flows, and



transitional turbulence.

Additional comparisons are given in Table II. The calculated flows are
generally larger than those measured, However, the amount of discrepancy

is mostly within the effects accountable by uncertainties in the film thick-
ness measurement (at least for the high temperature run). The comparison
on power loss is more erratic. For the high-temperature run, the measured
power loss is higher at higher speeds even though it is in reasonable agree-
ment with the calculations by either method at low speeds. A likely explana-
tion is the additional rotor torque caused by the churning of oil excess
outside the bearing film, For the low temperature run, the measured flow is
uniformly lower. The effect of film thickness uncertainty is checked for
the high-temperature run at 20,000 rpm using a smaller gap judged to be
representative of maximum uncertainty in the displacement gaging system.

The corresponding change in load is more than needed to account for the
spread between measurement and the present calculation. It also shows the
correct trend for the flow but does not improve the comparison in power
loss. Lubricant heating effects are checked by allowing for thermal effects
in the lubricating film for the low-temperature case at 20,000 rpm. Although
it reflects the correct trends in load and power loss, the actual amounts
are relatively small, while the flow rate becomes almost twice the measured
amount. One possible explanation to account for the disparities in load and
flow for the low temperature run is the possibility of thermal crowning of
the bearing surfaces. Insufficient bearing feed flow could be another,

These observations led to the decision to do most of the "searches" and
preliminary comparisons with isoviscous calculations. The final calculations,
however, will always be made with temperature effects to make sure that the
desired load capacity can be realized with power and flow within the assigned
bounds.

A comparison was made between the shrouded-step and spiral-grooved configura-
tions. Constraints fixed for both configurations in this comparison are as
follows:

0.D. 6.5" (165 mm)

I.D. 5.0" (127 mm)

Gap 1.5 mils (0.038 mm)

RPM 10,000

Supply Pressure 193 psig (1.33 x 106 newton/mz)
Viscosity; 0.5 x 10-6 1b-sec/in2 (3.45 cp)
MIL-L-7808,

200 F (93.4C)

Other dimensions of the shrouded-step bearing are shown in Fig. 2a, they
were chosen on the basis of previous maximum load designs.

10
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TABLE I.

198°

3880 IN.
(985mm)

2.380 IN
(605mm)

COMPARISON OF CALCULATED LOAD, FLOW AND FRICTION POWER

0.002 IN.

0016 IN.

0.25 N, {0.406 mm)

{6.36 mm)

LUBRICANT SUPPLY GROOVE

LUBRICANT MIL-L-7808 OIL

{0.05! mm)

CALCULATION METHOD

Wall
Temperature RPM
100 F 5,000
G776 10,000
15,000
20,000
300 F 20,000

(149 C)

Load
1b. (newton)

ISOVISCOUS
Flow
-5 3
gpm (10 “m /sec)

3,180 (14,150)
6,543 (29,100)
10,801 (48,000)
15,700 (69,600)

8,123 (36,100)

2.52 (15.9)
4,84 (30.5)
7.77 (49.0)
11.10 (70.0)

21.0 (132.0)

Power

—he_

8.37
39.3
97.6
188.8

105.1

TEMPERATURE-DEPENDENT

Load “"‘:’5 3

1b. (newton gpm (10 "m”/sec)
3,057 (13,600) 2.97 (18.7)
5,989 (26,600) 6.63 (41.8)

9,586 (42,600) 11.3 (71.2)
14,208 (63,300) 15.9 (100.0)

7,862 (35,000) 20.7 (130.0)

Power

~he_

7.32
31.0
80.1
179.6

101.1

METHOD OF REF. 3

Load Flow Power
1b. (newton) gpa (10-5m3!sec) hp
2,954 (13,130) 1.54 ( 9.66) 8.96
5,745 (25,500) 2,76 (17.3) 40.3

13,094 (58,100) 5.94 (37.3) 110.0
24,992 (111,000) 11.1 (69.0) 227.0
12,495 (55,500} 21.0 (132,0 ) 123.2




2T

N

o

NEWTONS x 107>

(2

'8 / freeoieeson |
[ / 2420 LBIO;T80n)
16 REF. 3 THEORY - ‘
| —————« PRESENT THEORY / /
14 . -+ REF. 2 EXPERIMENT / v
12 , /

N-RPMxIO >

/
o
= | /
(2]
?.8 // /
= e
S /
6 y .4
L //"//"
COLD OIL { / pd
41— INLET TEMP e
100°F (37.8°C) L /
HOT OIL |
21— INLET TEMP ‘
| 250°F (121°C) ;
] 1 | } 1 1 1 1 i q 1 1 1 ] 1 Il I\
% 5 10 15 20

Fig. 1 Comparison of Load Capacity Between Theories and Experiment




¢T

TABLE II.

COMPARISON OF THEORIES WITH EXPERIMENT

Temperature - Dependent

l Load, 1b. Flow, gpm Power Loss, hp
N(rpm) h Pf Tf Exp. Exp. Exp.
mils psi F Ref. 3 Ref. 2 Present |Ref. 3 Ref. 2 Present | Ref. 3 Ref, 2 Present

5,000 3.3 30 98 456 460 378 2.0 1.9 2.5 0.53 0.56 1.5
10,000 2.1 S5 113 1116 800 864 2.0 2.1 2.4 3.8 2.8 6.2
15,000 2.3 56 139 1860 650 1331 3.4 2.4 3.9 14. 8.9 17.2
20.000 2.2 30 115 2420 580 1567 4.5 3.3 4.7 36. 21. 29,
20,000 2.2 30 115* - - 1416 - - 6.2 - - 22.5

5,000 2.7 24 228 208 200 180 3.3 4.2 4.7 0.45 0.59 0.32
10,000 2.1 28 240 500 400 359 3.6 4.0 4.5 2.7 2,0 2.0
15,000 2.3 35 253 750 500 534 | 6.7 5.5 7.5 6.9 10.6 6.4
20,000 2.4 39 277 960 730 695 10.0 6.1 11.5 13.3 23. 12.2
20,000 2.0 39 277 - - 810 - - 8.2 - - 13.3

-5 3
h P Tg Load, Newton Flow (10 "m”/sec)
Exp. Exp.

[N (cpm) mm 106 BE;E c Ref. 3 Ref. 2 Present Ref, 3 Ref. 2 Present

5,000 0.084 0.207 3h.7 2030 2050 1680 12.6 12.0 15.7

10,000 0.053 0.379  45. 4970 3560 3840 12.6 13.2 15.1
15,000 0.058 0.386 59.5 8280 2890 5930 21.4 15.1 24.5

20,000 0.056 0.207 46.1 10770 2580 6970 28.3 20.8 29.6
20,000 0.056 0.207 46.1% - - 6300 - - 39.0

5,000 0.068 0.166 109. 925 890 800 20.8 26.5 29.6
10,000 0.053 0.193 115.5 2220 1780 1600 22.7 25.2 28.3
15,000 0.058 0.242 123. 3340 2220 2370 42,2 34.6 47.2
20,000 0.061 0.269 136. 4270 3250 3090 63.0 38.4 72.5
20,000 0.051 0.269 136, - - 3600 - - 51.6




0.2N.
(5.1 mm)

2.0° 21.5°

0.2 IN.
(5.1 mm)

LUBRICANT SUPPLY GROOVE
(a) SHROUDED STEP (4 SECTORS)

CIRCLE _
OF
FEED HOLES
(b) INWARD PUMPING SPIRAL- (c) QUTWARD PUMPING SPIRAL-
GROOVED THRUST BEARING GROOVED THRUST BEARING

GROOVE DEPTH = 6 MILS(.015 mm)
SPIRAL ANGLE = 18° (FROM CIRCUMFERENCE)
GROOVE/RIDGE WIDTH RATIO= 1.0

Fig. 2 Dimensions of Shrouded-Step and Spiral-Grooved
Bearings for Comparative Studies
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Two versions of spiral-grooved designs were considered. 1In Fig. 2b,

the conventional inward-pumping arrangement is shown with the augmenting
pressurized supply at a diameter of 5.5 in. (140 mm). In this arrangement,
the outward radial flow is opposed by the pumping action of the spiral
grooves, Fig. 2c shows outward-pumping spiral grooves in direct communi-
cation with the pressurized supply but separated from the outer diameter
by a "land". The dimensions shown are the results of some exploratory
trials to obtain the highest load. The comparison of load, flow, and power
are as follows:

Shrouded-Step Spiral-Grooved

(Fig. 2a) (Fig. 2b) (Fig. 2c¢)
Load, 1bs (newtons) 2,391 (10630) 1691 (7520) 2105 (9350)
Flow, gpm (107> m° sec) 7.88 (49.7) 2.48 (15.6) 2.16 (13.6)
Power, hp 6.70 9.43 9.36

It is seen that the shrouded-step design has a larger load capacity, a larger
flow rate, and also a smaller friction power. The larger flow rate of the
shrouded-step is mainly due to its additional leakage into the radial slots.
One may expect that the spiral-grooved bearing should be more sensitive to
temperature effects because of its lesser convective cooling. The smaller
friction power of the shrouded-step is due to the smaller overall land area,.
The larger load capacity of the shrouded-step was somewhat of a surprise,
since the spiral-grooved design has been more popular in recent years pre-
cisely because of its load capacity. The explanation for this apparent con-
tradiction consists of three points:

(a) The general favor for spiral-grooved thrust bearings
over other types is mainly in gas bearing applications;
i.e., gas bearing gyroscopes and Brayton-cycle machinery,
where the large compressibility number would tend to
limit the unit load to the order of magnitude of the
ambient pressure. In a spiral-grooved, gas-lubricated,
thrust bearing, this limitation is removed by using a
large number of narrow grooves [8]. Since, in the present
problem, the lubricant is incompressible, the relative
advantage of the spiral-grooved, gas-lubricated, thrust
bearing for large compressibility numbers does not apply.

(b) The spiral-grooved thrust bearing may be designed to be
either inward-pumping, with the grooves in communication
with the ambient at the outer diameter, or outward-pumping,
with the grooves in communication with the ambient at the
inner diameter. If the inner/outer diameter ratio is
small, say less than 0.6, the load capacity of the inward-
pumping design is significantly larger than that of the
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outward-pumping design [9, 10]. This feature is usually
employed to advantage. 1In the present situation, the
mechanical arrangement of the rolling-element bearing
necessitates a relatively larger inner diameter. In fact,

the inner/outer diameter ratio of 0.77 used in the calculations
is not sufficiently large from the practical point of view.

(c) The spiral-grooved thrust bearing is primarily a viscous,
self-acting bearing. In the present case, there is consid-
erable centrifugal head available to augment (or even re-
place) the viscous, self-acting effects. Therefore, any ad-
vantage related to a viscous, self-acting fluid film would
become relatively obscured.

In view of these arguments, it was decided to abandon further considerations
of the spiral-grooved fluid-film bearings.

In the next round of optimization, or trade-off study, isoviscous calcula-
tions (using oil viscosity at 200 F (93.4 C) were performed to look for
the optimum parameters for the shrouded-step thrust bearing. Because of
practical limitations to the test equipment the following conditions of
operation were imposed for a speed of 20,000 rpm:

Load Capacity > 2,500 1bs (11,120 newtons)
Friction Power < 60 hp
Flow ~ 10 gpm (63 x 10-5 m3/sec

The results of these calculations are summarized in Table III. In Series A,
nine cases consist of the combinations of three pocket depths and three
bearing gaps. The chosen supply pressure of 50 psig (345,000 newton/m“) is
consistent with the standard aircraft lube system. According to the results
on flow, which is roughly proportional to the third power of the gap, one
readily concludes that the gap has to be in the range of 1.0 - 2,0 mils
(0.025 - 0.051 mm). Within this range of bearing gap, the load capacity
peaks with the pocket depth somewhere between 12 and 16 mils (0.30 and 0.41
mm). The friction power is practically independent of the pocket depth.
Both the load capacity and the friction power are significantly larger than
the target values, indicating that the bearing is somewhat oversized, In
Series B, the outer radius was adjusted according to the scaling law for

the friction power,

4 4
HP ~ (Ro - Ry )

such that a value of 60 hp was obtained for the 1 mil (0.025 mm) gap; setting
R = 3.5 in (89 mm). With the smaller total annular width, the widths of

t8e pocket and the lands were reduced accordingly. An additional considera-
tion introduced was a higher supply pressure, The higher supply pressure

may be drawn from the centrifugal head of the rummner. The pocket depth
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TABLE III. ISOVISCOUS OPTIMIZATION CALCULATIONS OF SHROUDED-STEP BEARING
Ps Series Case R, ' R I b L . ] E ! 5 h ; v . 2
peig (10%nevton/n’) in (o) . - deg ——-:<——— wils (mm)— = 1b. (newton) hp " gpm (107303 sec)
50 (345) A 1 3.0 (76.2) 3.75(95-2)! 0.238 (6.0) 0.274 (7.0) . 1.83 22.41 60.30 ° 12 (0.30)| 1 (0.025) 7,587 (33,700) | 107.9  4.91 ( 31)
2 1 | | : ‘ ‘[ 2 (0.051) 3,524 (15,700) | 81.6 | 13.89 ( 87.5)
3 X 3 i : i 4 (0.102) 1,166 ( 5,190)  63.0 | 26.25 (165)
| ‘ ,
4 ‘ ! ' 16 (0.41)| 1 (0.025) 6,448 (28,600) 107.8  4.20 ( 26.5)
5 ' : i 2 (0.051) + 3,664 (16,300) : 82.3 14.56 ( 92)
6 : | | ; 4 (0.102) 1,359 ( 6,060)  62.9 30.84 (194)
) I ' : : '
7 . ‘ | \ 20 (0.51)| 1 (0.025) ' 5,566 (24,800) | 107.6 = 3.64 ( 23)
8 : ! : 2 (0.051) ' 3,616 (16,100) | 82.9 ' 14.45 ( 91)
9 } | ‘ ' 4 (0.102) 1,506 ( 6,700) ' 63.0 i 34.36 (216)
I 1
S0 (345) )] 1 ! 3.50(89.0) 0.16 (4.1) ' 0.18 (4.6) 16 {0.61)| 1 (0.025) | 3,193 (14,200) l 60.6 , 4.72 ( 30)
2 } | 2 (0.051) | 1,466 ( 6,520) | 46.1 ' 13.27 ( 84)
3 ' ‘; i 4 (0.102) ; 490 ( 2,180) | 35.3 | 25.52 ( 61)
| : ! i
193 (1,330) 4 \ ‘ ' \ 1 (0.025) ; 3,940 (17,500) \ 60.3 ' 5.92 ( 37)
[ N 2 (0.051) | 1,989 ( 8,850) | 45.4 . 18.49 (116)
6 ! 4 (0.102) 838 ( 3,730) | 34.2 | 45.71 (288)
120 (827) c 1 1.4 (0.036) | 2,660 (11,800) | 53.9 | 9.65 ( 61)
2 1.6 (0.041)| 2,289 (10,200) | 50.7 | 11.8 ( 74)
3 1.8 (0.046)| 1,977 ( 8,800) | 48.0 | 13.9 ( 88)
4 3.55(90.2) | 0.175 (4.4) | 0.20 (5.1) 1.4 (0.036) | 3,216 (14,300) | 61.4 | 9.66 ( 61)
H 1.6 (0.041)| 2,795 (12,450) | 57.8 | 11.9 ( 74)
6 1.8 (0.046) | 2,434 (10,820) | 54.8 | 14.1 ( 88)
7 3.60(91.5) | 0.19 (4.8) } 0.22 (5.6) 1.4 (0.036)| 3,812 (16,950) | 69.3 | 9.63 ( 61)
[ 1.6 (0.041)| 3,341 (14,900) | 65.3 | 12.0 ( 76)
9 1.8 (0.046) | 2,932 (13,050) | 61.9 | 14.1 ( 90)
D 1 3.55(90.2) [ 0.175 (4-4) | 0.20 (5.1) 16 (0.41)}1.45 (0.037){ 3,105 (13,800) | 60.4 [ 10.23 ( 65)
2 14 (0.36)|1.45 (0.037)( 3,109 (13,800) | 60.2 | 10.21 ( 65)




was fixed at 16 mils (0.4]1 mm). Scanning the results of Series B, it is
apparent that friction power is no longer a test limitation. The objec-
tives of flow and load capacity are both satisfied for the 1 mil gap with
either supply pressure. However, there are ogvious advantages to use the
largest possible gap. At 50 psig (0.345 x 10 newton/mz) supply pressure,
the gap is load-capacity limited; whereas, at 193 psig (1.33 x 10® newton/
m¢) supply pressure, the gap is flow limited. Clearly, at an intermediate
supply pressure, the maximum gap would be limited simultaneously by load-
capacity and flow, and this would be the optimum supply pressure which
allows all design objectives to be met with the largest possible gap. 1In-
terpolating between the two supply pressures of Series B, this condition
was found to be 120 psig (0.83 x 10 newton/mz), and the gap would be about
1.5 mils (0.038 mm). At this point, it is noted that the friction power
limit has not been reached, therefore a larger bearing may be tolerated so
that the largest possible load capacity may be realized within the flow and
friction power limitations., Therefore, in Series C, with the supply pressure
fixed at 120 psig (0.83 x 106 neWton/mmz), the possibility of increasing
the outer diameter was explored. The widths of the pocket and the lands
were again increased in proportion. It is seen, in Series C, that the flow
is dependent only on the bearing gap, thus one readily finds by interpola-
tion that the flow allowance of 10 gpm (63 x 10'5m3/sec) would be met with
1.45 mils (0.037 mm) gap, and the friction power allowance of 60 hp would
be satisfied with 3.55 in. (93.7 mm) outer radius. This is essentially the
optimized design. Series D contains its verification calculation and also
a check on the effects of aslightly shallower pocket. There is virtually
no difference in all aspects for the range of pocket depth between 14 to 16
mils (0.35 to 0.41 mm). Finally, the temperature effects are considered
for the optimized design and the results are listed as follows:

Method of Calc. Isoviscous Temperature Dependent
Load, lbs (newtons 3,105 (13,800) 3,030 (13,450)

Flow, gpm (10 °m>/sec) 10.23 (64.5) 10.87 (68.5)

Power, hp 60.4 57.3

This comparison indicates that the performance of the optimized shrouded-
step bearing is essentially not sensitive to temperature effects at the
selected conditions of operation: 1.45 mils (0.037 mm) gap, 200 F (93.4 C)
0il inlet temperature, and 20,000 rpm. However, in view of the results
shown in Tables I, IT and Fig. 1, significant temperature effects can be
anticipated at higher speeds and particularly at lower oil inlet tempera-
tures.

As the desired supply pressure for the optimized design is likely to be
derived from the centrifugal head of the runner, an appropriate flow re-
strictor must be designed to correspond to the particular combination of
speed, film thickness, and flow. Assuming an orifice type restrictor with
a pressure drop equal to 2.46 times the velocity head, the required re-
strictor in each sector should have a diameter of 0.0575 in. (1.46 mm).
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With the fixed restrictor geometry, the performance characteristics of

the "optimized'" fluid-film bearing would vary with both speed and operating
gap. Such off-design performance characteristics are shown in Fig, 3 and
Table IV. These calculations were made by the isoviscous method for the
MIL-1-7808 o0il at 200 F (93.4 C). Thermal film effects were evaluated at
20,000 rpm and were found to be negligible as indicated in Table IV, Fig. 3
shows that the load capacity is very sensitive to the accuracy in setting
the bearing gap.

In the shrouded-step design, load is shared between hydrodynamic and
hydrostatic effects, The supply pressure required by the optimized design
described above is higher than is available from the standard aircraft lube
system, However, the centrifugal head of the runner is amply sufficient for
this purpose. Since the hydrodynamic effect is roughly proportional to the
first power of the speed whereas the centrifugal head is proportional to the
second power, higher speed operations favor a purely hydrostatic design.

In that event, re-examination of the configuration design in addition to
parametric optimization would be desirable., 1In particular, elimination of
the radial slots, which divide the bearing into four sectors, is probably
necessary in order to minimize the flow rate,
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TABLE IV. PERFORMANCE DATA FOR OPTIMIZED "POCKETED-SHRQUDED-STEP BEARING"
h,mils
1.0 1.45 2.0
’rpm
W(lb)/P(psi) Q (gpm) HP (hp) & (hp) W(lb)/P(psi)  Q (gpm) HP (hp) (hp) W(lb)/P(psi) q (gpm) HP (hp) (" (hp)
0,000 7153/615 9.14 67.9 9.32 3105/120 10.2 60.4 10.4 1624/1.0 12.0 52.8 12,2
20,000* 7026/615 10.1 65.1 10.3 3120/120 10.9 57.3 11,1 1587/1.0 12.4 50.6 12.6
15,000 4452/390 6.42 28.3 3.68 2075/100 7.60 28.3 4.36 1025/1.,0 8.51 25.0 4.88
10,000 2455/220 3.95 9.20 1.01 1117/ 74 5.12 8.35 1.30 569/10 5.51 8.49 1.40
5,000 888/ 77 1.43 2.08 0.09 477/ 35 2.31 1.51 0.15 221/10 2.72 1,15 0.17
h,mm
25.4 36.8 51
'rpm
W _(newton) Q ¥ _(newton) Q W_(newton Q
P B 5 P 2= s o P . 2
wl 10 sec m? 10 sec wl 10 sec

20,000 31,900 57.6 13,800 64.2 7,230 75.6
20,000* 31,300 63.7 13,900 68.6 7,060 78.0

15,000 19,800 40.5 9,230 48.0 4,560 53.7

10,000 10,900 24.9 4,970 32.3 2,530 34.8

5,000 3,950 9.0 2,120 14.6 985 17.2

* Temperature -~ Dependent




CONCLUSIONS AND RECOMMENDATIONS

The results of the analyses performed indicate that:

A.

Temperature rise within the fluid-film due to frictional dissipation can
significantly affect the bearing performance under the combined condi-~
tions of

- Low bearing temperature
- High sliding speed
- Small film thickness

The principal effects in decreasing order of magnitude are

. Increased flow
- Reduced friction power loss
. Reduced load capacity

However, the isoviscous calculations generally give the correct qualita-
tive trends in aspects not directly related to temperature.

The spiral-grooved thrust bearing is less favorable in the present appli-
cation because:

. The lubricant is incompressible

. The annular width of the bearing is small

. The self-acting portion of the load capacity is not predominating
. Lesser convective cooling makes it more temperature sensitive

~w N

An optimized shrouded-step bearing design is found which satisfies test
prescribed limitations. It operates at 1.45 mils (0.037 mm) gap with

load capacities at 20,000 and 10,000 rpm respectively of 3,000 1bs. (13,330
newtons) and 1100 1bs. (4,900 newtons). The supply pressure of the op-
timized shrouded-step at 20,000 rpm should be 120 psig (0.83 x 106
newton/mm2) .

A purely hydrostatic design which utilizes the available centrifugal head
to its fullest extent should be considered. With the full centrifugal
head, the bearing area can be substantially smaller and considerable sav-
ing in power loss may be realized. This advantage would be particularly
significant for higher speed operations.
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APPENDIX A

INCOMPRESSIBLE THIN FILM FLOW WITH TEMPERATURE EFFECTS

1.0 Statememt of Problem

Consider a fluid, which has a temperature dependent viscosity, u(T), flowing
between two nearly parallel surfaces, the temperatures of which are kept
constant at T . Let the separation between the surfaces be h, and let one
of the surfaces move tangentially to itself with the velocity V. The mean
surface can be described in terms of orthogonal (curvilinear) coordinates
(x,2z) respectively parallel and perpendicular to the sliling velocity V.

Let the normal distance from the mean surface be y, then
1
|YI < 5 h(x,2)
contains the entire thin film flow field of interest.

The momentum equations, having neglected the inertial effects, are

oT 7 du 7 _ dp

Oy .2 e\ du 7 _

dy 3y tu(l + v) dy J dx

.a_T.ﬂ=Lr“(l+§)a_W]=§R_ (1)
dy dy L v’ dy 2z

The corresponding boundary conditions are

h
D =l -t

I
T

u(y

NY[=3
~
I
<)

Wy =2 =V @)

V being a function of z. e is the dddy diffusivity to account for the tur-

bulent Reynolds stress. The continuity requirement assuming incompressibility
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can be written as

. h/2

div S Udy + g—% =0 3)
-h/Z

The boundary conditions depend on the particular physical situation,
typically some relation between flow and pressure would be stipulated.
Clearly, with a temperature dependent viscosity, one is also required to
deal with the energy equation. The appropriate time-independent energy
equation, taking into account the turbulent heat transport and assuming heat
diffusivity to be namerically equal to momentum diffusivity, can be written
for an incompressible thin film to be:

— 72

n(l + %)
v

9 3_ O yp -9~ € QT
pCp (u - + v 3y + w az)T 3y Ln(l + N Pr) 3y

Q)

4)

where, T2 = Txy2 + szz. This equation was previously derived by Lund [l]f
Turbulent diffusity may be obtained by empirical correlation of experimental
data. There is no unique form of optimum representation without reflecting
personal taste. One expression which has been used with a fair amount of

success in turbulent film lubrication studies was originally due to Reichardt

(2}
h _ h _
= k[._(_z___ly_l)\/;_ 8 tanh _(_Zii_)\f:] (5)
\Y P 6;v P

where the empirical constants k and 6; are usually taken to be 0.4 and 10.7

< |@
= -+

respectively.

In principle, a complete mathematical statement has been presented. 1t
would be quite feasible to carry out a numerical computation without further
simplifications, however, in the interest of achieving maximal computational
economy which would be very important in anticipation of extensive design

calculations, additional simplifying assumptions will be made.

*Bracketed numbers refer to identically numbered references at end of
this Appendix.
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2.0 Review of Isoviscous Turbulent Film Analysis

To form the strategy for the development of a practical computation scheme,
it is useful to review the isoViscous turbulent film lubrication theory
consistent with the general schemes according to equations (1,2,3,5).

Formally, one can write

C h/2 3

- Vh
cnj2 Uy = -

5-vp+7 (6)

(=
i=R =3

where G is a dyadic coefficient which accounts for the influence of turbu-
lence on velocity profiles. G turns ®ut to be diagonal, the components of

*
which are functions of h3 dp , hi dp , and Vh [3]. 1In [4], by assuming

MV 3Z WV Bz v
:V7(O) << 1, G was linearized and its components were found to depend
Xy
only on %? . The linedrized results, so far as the components of G are

concerned, were found to be accurate for a much wider range than the under-

lying a priori assumption, and therefore can be used up to

3.0 Treatment of Transitional Flow

The components of G reduce to the laminar value, %E , only in the limiting
condition %F - 0. This is a basic shortcoming of the apalysis which does
not explicitly recognize the critical transition phenomenon. A practical
remedy of the situation is to perform a reasonable interpolation between
laminar and turbulent conditions [5]. One such reasonable interpolation
rule is to regard %h as an effective Reynolds number, while the actual
Reynolds number is written as %? to avoid notational confusion, these are

related to each other by

vV _ Uh \
- f (:r—, Rers Rf) ’ )

* In [3] the eddy diffusivity used included a "core effect" which was
neglected in [4].
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where RC and R

numbers.

According to available experimental data, Re =

g are respectively critical and fully developed Reynolds

ZR is a reasonable

general rule for a variety of wall shear flows.

0 for

e

\ 1 for ig_
v

For intermediate values of

one kind of interpolation rule over ancother.

>Rf

(8)

h . : ,
%rl , there is no overwhelming argument to favor

The elliptical rule will be

used primarily due to personal taste:

Uh \?
(e - )
£ = 1 - Y 4

2

(Rf " Rer)

for Rcr <

l%‘-l . - (9)

Interpolation cannot be performed on the coefficient of frictiom, Cg, directly

because
1i C 8.
—_— - 0
im £ v,
\v
Vb,
v
Instead,
th _ Cf vh
QU 8 v
Note that the correct shear stress

Cf. In fact, one should take note
above should be multiplied by £ to

friction.

4.0 Mean Film Heat Transfer Analysis

Consider next the possibilities of

a7

the appropriate shear stress parameter for interpolafion is

(10)

would be calcudated from 5% but not from

that Cg as defined in terms of Vh/v

obtain the eonventional coefficients of

simplifying the energy equation. To



avoid the need to treat Eq. (4) as a partial differential equation, one

can formally integrate it across the film and obtain

h/2 h/2 h/2 2

pCp div S [i} Tdy = [K(l + %Pr g_g Jh/2+ Sh/z ;E—ld_'y%j (11)

To make further progress, '"drastic" assumptions will now be made to facilitate
the computation of Eq. (11). For the left-hand side, the approximation to
be imposed amounts to replacing the average of the product by the product

of the averages:

_h/2

T Tdy ~ Uy T, b (12)
“h/2

Since, by definition

=t}

~h/2

= L o
m hS U dy

h/2

h/2

S T dy

h/2

=]
=l

Eq. (12) has omitted

<ﬁ’.-- I—J'm) (1‘ - Tm> dy

h/2

-h/2

from the right-hand side. The conduction and dissipation terms also must
be manipulated into more tractable forms. The first step toward this end
involves the introduction of the conduction cooling factor, o, which is

required to satisfy the following equation:
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, |
%[<1+%Br> g% + === (14)

G+9

Eq. (l4) can be formally integrated twice:

2
oT

ﬂ(H%Br)%“[q:;ﬂz T—)—dy'] (15

1+ £
V.

where qg is the conduction heat flux at film center, and y' is the dummy
variable. It is understood that the integrand is regarded to be dependent

on the dummy variable. The second integration wields

~¥ 1" y" 2
= — gy e
T e I py g
bw_(l+'€-l‘,‘r> ° o p.(l-!-;')
Again y" is a dummy variable. The constants of integration, qg and T _,
are determined by the boundary conditions
T (y = th/2) =T, (17)

4.1 The Gouette Problem

Before attempting to carry to the end a practical treatment of the conduction
and dissipation terms, one can derive some insight by considering the
special case of a Couette problem. The system of equations of relevance here

are

¢ (18)

These, together with u(T) and Egs. (5), (15) and (16), completely define the
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conduction-dissipation problem (0* is regarded to be known). This special

case, by virtue of symmetry, requires

q" =0 (19)

and one only needs to consider half of the film, say 0 < y < h/2. The
crucial assumption to be introduced is the y-independence of g. The dimen-

sionless variables of the present problem are

y sy/h
-
st - b /e
o vy P
" (20)

TN
Q = >

OTe h

Mok (To-T)
¢ =23

oT. h

Vo and p, are respectively theckinematic and dynamie -viscosities at TO.
The governing equations can now be rewritten as

a|Q _ Ho
d; p_<l+g>
o _ _Q
dy 1+ £ pr
£ - oa{(i-—> h+<@-)-1o7tanh[1— (l-“ h+<152“]'}
v 41\2 V) R : 107 \2 " Y)N\T)
Q(y =0) =0

* Strictly speaking, for the Couette problem, g should be exactly unity.
It is given a general mumerical value here in anticipation of generalizing
the procedure to include convective heat transfer.
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8¢y = 0) = 0

2.2 (21)

or. b

TE )

T =T, \l -
HokT,

k(D

b=
1]

This system of equations cam be numerically integrated by the "marching"

/ + 0T %h2 .
method for every set of input parameters KTO, ho’ € 9 ) to obtain
/ 1 ukao
Q \0 <y < R In particular, one is interested in
I“l'oq 1"
Q, = —r (22)
GTCZh
/ (T,
1/2 el T -T
: - v} m w
6 - 2 S odv = _£L___7Z_4& (23)
w O oT Zh
c
1
5 W(T T
1 [e -9 (2 edy] = Fm wl (24)
Quw w 1
hq
0 w

- 1
where subscript "w" corresponds to the point y = 5

Intuitively one may expect that reasonable accuracy may be realized by
assuming a viscosity corresponding to aitemperature somewhere between Tw

and T,. For instance, the laminar film was fairly accurately calculated

by evaluating viscosity at T [6]. However, with the possibility of
turbulence, particularly in view of the rather large Prandtl number of typical
lubricating oils, it is deemed worthwhile to examine the possibility of mean
viscosity approximation in some detail. Suppose one solves the above problem

once more with the isoviscous assumption; i.e. p = My 1is y-independent. The

solutions..ace
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QD) _ Ko Sy dy

Hi Jo a+ 9,
vV 1
bl - 1"
() _ o Sy ayn 7y
T u € €
i J0 @+&pr), Y0 Q+3;

Let p, be chosen such that

oD =g

A W

and Ho be chosen such that

1

1 L
2 - g 2
sz) [0, 2 So oPay ) - Clz_wLew "2 Soedy]

(25)

(26)

(27)

(28)

Then My and H, are the effective mean viscosities for calculating the dissi-

pation and conduction terms properly for the Couette problem.

To recount the Couette Problem, given the physical properties of the lubri-

cant, the system is specified by the parameters (To’ h

portant solutions are

0 U'ON(TO_TW)
w 2
0T¢ L
[3]
Q = Hoqw
W
oT 2h
c
1 (T -T. )
1 - -2 -7 K
AT e
w - 0 hqwn
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HoKTy
(29)
(30)
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For computational convenience, the input parameters were all related to Tg .
(Ti; i = 1,2) cian be found such that isowiscous calculations based on
My = p(Ti) would yield the correct values of dissipation and conduction

heats; i.e.

h/2 2 -
/ Te dy = Tc2h ~1/2 dy (32)
H J €
“h/2 u(L + £) 1 2y U+ \,>1
h/2
[K.(]- + £ pr) .
v %Y -_n/2
- _ "
= -2 qw
1/2 ~
g dy
€
Y0 (I + %5 )2 K . 33
S = (T, - T, (33)
-2 -9 ' oM
(Fag (7 o e
0 y (1L+ 5 Pr, 1+ 3,
T - T +  oT 2h2
Thus, we may regard _1 "W to be determined by (To’ ho’ oTc 0 ).
T, - TW ;.LK.TO

4.2 Typical Numerical Results for the Couette Problem

The mean film heat transfer anmalysis for the Couette problem as governed

by Eqs. (21 through 28) can be summarized in terms of

; i=1,2
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for a specific lubricating oil as functions of

+ o~ oT th
p KT
o o

Numerical results were obtained for (MIL-L-7808 oil) in the following ranges:

T, = 20C F, 306 F; (93.4C, 149C)

O<h:<500

_2.2
o]
0<F = —S—— <1000
o]
uOKTO

Since the last two parameters are related through (Tc,po, and h), it is useful

to recognize the identity

2 2 2
_or h gy (h+)4
o HokT,  h2gr, ©

Furthermore, in actual problems, one also has practical limitations on

the film thickness and sliding speed. The interrelations of these para-
meters are illustrated in Figure A-1, based on the assumption of a constant
temperature (200°F). The temperature-viscosity relation of the oil considered
is shown in Figure A-2. A composite plot of the numerical results found is
shown in Figure A-3 where (Ez)max is defined along the borders of the con-
ditions h < 0.5 mil, DN < 120,000 in-rpm as shown in Figure A-1 for ZOOOF.

The remarkable pattern shown in Figure A-3 is the relative insensitivity to

T, andiyg, despite the fact that W, varies by more than two to one. 1In
particular, lack of strongﬁF; dependence means, so long as one is only

interested in the temperature ratios

e ; i=1,2 ,
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Fig. A-1 Map, Illustrating the Interrelations of the Isoviscous
Parameters, h' and A for MIL-L-7808 0il at 200°F (93.4°C)
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o~/
the limiting condition,d"o — 0, can be used satisfactorily. 1In other words,

the "linearized temperature viscosity' relation should give adequate results.

Consequently, one may conveniently use the single parameter relations

T. _ T 7 !
i w o 0. K h_\/il > i=1,2
T, - T, iNvyVoe

m

as illustrated graphically in Figure A-4, where the recommended empirical

formulae are also indicated.

4.3 Pressure Gradient Effects

One :may reasonably argue that many features of the Couette problem should
remain valid even if the shear stress in the film is eignificantly altered

It is desirable that

by pressure gradients; i.e.,even if Te

h§7pl "
computational procedures can be developed to utilize as much as possible
the relatively simple analysis of the Couette problem. The value of this
approach depends on if reasonable universal functions can be established
Ty - Ty

Tn - Ty

and if the determination of is both convenient and reliable. 1In

this work, the analytical derivations will stress plausibility, rigor will

be forsaken in order to achieve computational ease.

Having accepted this utilitarian philosophy, one can proceed to develop
the required computation procedure. These questions can be answered by a

careful scrutiny of Equations (15,16, and 17) under the following condi-

tions:

- op
TXy Tc + y 3%

=y P
TZY y dz

(34)
I LS T
Xy Z

T+w = T_w = Tw
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8, =B+ h™ [Cl+h% (C2+ h*C3)]

h*<4700 A 700<h'<220 h*>220
B=10 B=1.05 B=0.286
C1=C2=C3=0 Cl=-1.34E-2 Cl=-1.59E-4
C2=8.13E-5 €2:C3=0
C3=-1.68E-7

8, = B+h*x [Cl+h**(C2+h*C3)]

2
h*< ‘J?OO 700<h*< 40 h*>40
8=10 B=10I B=0.755
Cl=C2=C3=0 Cl=a-6.75E-3 Cl=-5.0E-5
C2=-1.17E-4 €2=C3=0
C3=3.14E-6
1I0R— —
9 — —
8 : -
T
7= B - N
\
|_; ’_.’ 6 [ \ T - -
1t
= -E
" 5 . -
41— 1 - g ( - r;
L ///—¥&= 00F (93.4C
.3“‘ 7] - ‘:_J__~L—_4-L)_———
— RECOMMENDED UNIVERSAL CURVE B
2+ .~"‘-—p—___"~;_____ -
T, = 300F (149C) T r——F———
JL— SE—
0 100 200 300 400 500
h‘ = L i?..
villp

f1

. . h
Fig. A-4 - Temperature Ratios Versus SV and Recommended Empirical Formulae
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The major issue here concerns the significance of (gﬁ s %S) on the total
|

conduction flux

- - h/2 h/2 2
- i¢(1+§jPr)a—T_] =S —— dy
L ViU J w2 Yen/2 p(l + .

and the mean film temperature (after some manipulation)

h/2 y
Tm ) Tw B % ___XEXE—_— qo" + or? dy'
(1 + =P
nj2 w@FLED | 0 u( + &)
where,
h/2 dy -y cT2 4o
(1 + ) 5' ey 7
w_ _ 2-h/2 V) o v+ )
qo ~h/2 q
gy

Joh/2 (1 + £ pr)
Y

Consider that

F(y)
w1+ 3

|
o

F, () +F, &)

F, and F, are respectively even and odd parts of F(y).
_ . .- _b/2 h/2
- Lm(l + = Pr) == =g F dy
v dy J h/2 e
- -h/2

Then

(35)

(36)

(37)

(38)

(39)



And

1 1
e %5 +S | wa+d }
. vy P vl -y
For the laminar case, £ = 0, as the temperature tends to be higher on the side
op

where T and y 3% are additive, the viscostiy there would be lower, therefore
the cross-product term is expected to be additive to the quadratic terms.
Furthermore, skewness in u (due to temperature change) for typical oils tends
to increase the coefficient for the quadratic terms. Thus a reasonably

equivalent Couette approximation would be

2 2 ) 2 2 1
FeN{Tc+y[<5§>+<§5)]}u poreall 40)
c’ v ‘¢!

Here, ommission of the cross-product term is somewhat compensated by the
use of a smaller denominator, pc,(l + % )c' which corresponds to the

equivalent Couette problem with

2
Tclz\/Tc2+(§)2[(%}%)2+(§5)] 1)

replacing L in the input parameter which accounts for viscosity-temperature
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dependence; namely®

2 2
gTe' h
OTc' h (42)
HOKTO
+ T1, - Tw
Together with T , and h , ~————— can now be determined from the pre-
o o T, - Tw

viously outlined analysis for the Couette problem, and the dissipation term

in Equation (11) can be calculated as

h/2 2 2 2
c T h 2 2 9 :
\ —_— dy & — (’r G, (T.,) + 1 [(QR) + (2B ] Gy (Ty1))  (43)
J (1 + E) By L o 1°71 ox dz
“h/2 H v
where,
1/2 a5
G].(T].') =2 S e
0 (l+;)ll
(44)
1/2 —2d-
6y =2 | LS
0 (1+ ;)1,
22
+ O'Tcl h
are universal functions of (To’ ho , —Z—EE—__ ). Using similar reasoning,
2
T2 - T ° _'o_ GTCI hz
can be found according to (T , h , ———?E—— ), then the conduction
Tm - TW v h uw W

* Use of To! instead of T. is to account for additional heating due to

(QR > QP-)., The turbulence parameter, h +, is still based on 7 . Thus,
dX Y4 o c

one maintains separation between heating and turbulence input parameters.
The subtle merit of this fine point will become evident when the momentum
problem is considered.

4z



term in Equation (11) can be calcudated as
._h/2

. o
L»c(1+ P)ay_' "

e + 0 [ @2+ & ]G2<T2 )

- ﬁ- (T -T)
= 2 2 3p
r 2 H (1) +h [(§5> + & ]H2<T2.>
where,
1/2 i
6,0 =2 d
0 (1 + )
~1/2 ~2d-
GZ(TZ') =9 B __1__1~_.
o 1+ "
1/2 1/2 ' }-" on
H)(T,,) = 2 dy S_ §§— ___QE__~.
0 y (1 + ; Pr) 0 (1 + ;)2
1/2 -,
1/2 = -y '||2 on
'y = - ¢ dy y' dy
H2(T2 ) —280 dys

- € €
y (l+ \)Pr)zl O (1+\))2|

T
: : h [ ¢
(Gl’ G2, Hl’ H2) are universal functions of v.\/_p

In so far as the important effect of (QR , —R) is accountable by the use

of a slightly larger value of

('af - o‘l‘ch2

K
o) “o 'I‘0
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to find Ti; and it has already been established in the preceding section

(Figures A-3 and A-4), that i (1 = 1,2) are insensitive to &Jo and that
)
they may be approximated by the one-parameter %—-\/fg— relations which
171
are the limiting results foraa)%-o; it becomes evident that an adequate

allowance for pressure gradients in the mean-film heat transfer analysis,

is to replace Ti - Tw by

T 2 2 2
U — ._C_'. — ._h—. .a.E W
-, = Gnpny CE - {E + (2TC) [(ax) ]:}‘Ji ' (47)

¢

For fluid films with pressure gradients Ti' instead of Ti should be used

in the mean-film heat transfer analysis, This heuristic rule is obviously

. . v R
correct for the limiting condition B?B- + 03 it is expected to over-
. , ¢ hVp
estimate Ti - Tw in the other extreme I > o,
' c

5.0 Coupling with the Momentum Problem

Obviously, it is also advantageous to develop a mean viscosity momentum

analysis. The corresponding Couette problem is

T
du. & (48)

. €
dy p(l + v)

Nondimensionalizing, define

_ uo(u-V/Z)
u o= ht (49)
C
Then,
dw __ Y
dy  u(l + -i—) (50)

with the boundary condition

u(y=0) = 0 (1)
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should be solved simultaneously with the temperature problem, Equation (21).

Noting the identical mathematical properties of u and Q, one concludes that

"

Ho (u-V/2) Hod

2
hT oT h
c c!

]

More: specifically,

BoV  2u5q," ~1/2 p dy

v =2 —_— = 2Qw (52)

2 €
¢ aT_ . h 0 u(l+ V)

The equivalent isoviscous momentum problem is therefore the same as the
equivalent isoviscous dissipation problem. Consequently, Ti' is also the

mean temperature for momentum analysis. All relevant quantities (Gx, G

z’
Tch Vh
;TV are to be determined as functions of or In fact, isoviscoug results
1
of G1 = GT = EKH and G2 EGZ have already beén computed [4]. To consolidate
c
symbols, (G, G,) will be used from now on.

6.0 Summary

In summary, the governing equations consist of

gftl+ div (0 n) = 0 (53)

22, Lyy Ll G
h ax =+ 2 U +

h? 22 ) (54)

oC, [ g? (T h) + div (’ﬁmeh)J

! h (2} 2
= Gplpy + &) ;vp‘
T L . (ﬁ) (T, = Tyy)

h 2 2
Hl)Tz' + (TC) lVP\ Hp \T '
- 2 - (55)
2 G
IR
Tl‘ c 24 T v



There are five universal functions in above equations, representing
velocity and temperature shape factors influencing various terms.

Three of these are dependent on the "Couette" Reynolds number, UH/v,
only; the other two also depend on the Prandtl number, uCp/n. Subscripts
"Ti'" iddicate the effective mean temperature at which the viscosity
coefficient is evaluated. For the laminar film, the universal functions

are known explicitly

~ 3\
G =1
-G =H =~ (56)
Cx TG TH T )
1
Hy = 240 J

Note that, for the laminar film, Prandtl number dependence of (Hl’ Hy)
disappears. Transition to turbulence may be determined according to the
empirical approach described in Section 3. Specifically, assuming that
transition to turbulence and fully developed turbulence respectively take
place at R., = 700 and R¢ = 1400, the universal functions (G, Gy, G,)
are graphically shown in the ranges 500 < Uh/v < 1,500 and 1000 < Uh/v

respectively in Figures A-5 (a and b). Shown in Figure A-6 is the function

nffg_\/igh
v p GT\)

Uh
which is essentially constructed from the relations of f and G; vs. 5 s

this function has a special role when the T2' related universal functions
are sought. This point:will be elucidated further later. Two other
universal functions, (Hl’ H2), are Prandtl number dependent in addition to
being Reynolds number dependent. For the oil of immediate interest,

the pertinent numerical results are shown in Figures A-7 (a and b). To use

these universal relations, the effective film temperatures are to be

determined according to Equation (48), which is rewritten below
- b 427 3py2  3py27 7
Ti Tw Ll + (2TC) L(Bx) + (Bz) J j ®i (57)
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fr
@i are functions of %*w —?g as shown graphically ‘in Figure A-4,.
i

Equations (53) and (54) are to be solved with appropriate boundary
conditions related to pressure ana or flow. Equation (55) needs an
initial condition for all points in the bearing film as well as in-

let values at boundary entry points (the initial condition is obviously
not needed for the steady-state problem). For the steady—state problem,
an iterative procedure may be applied to converge on the desired solution.

In the initial trial, the isothermal condition may be imposed:
Tm = Tl' = T2' = TW. Using the corresponding viscosity, Uh/v is fixed,
and all universal functions (GT, Gx’ Gz; Hl’ Hz) can be accordingly
determined; then the system of equations are solved ?o determine (p, Tm)
at all field points. Using the previous value of Ti as an input,

Equation (57) and Figure A-6 combined will yield improved estimates
1] 1]

. G '
on Tl and T2 Subsequently, (GT, Gx’ z) Tl can be recaluclated

to prepare for the next round of iteration. The proper procedure for

. . . (] « .
finding (GT, Gz’ Hl, HZ)T2 is somewhat subtle. First, (f,TC) are
fr
c

1 \ h
determined from vy s then, with Vo s -

\)2 o]

is calculated,

which in turn will yield a value of Uh/v according to Figure A-6. The

latter is then used to determine (GT, G H2) with Figures A-5

23 Hys
|
and A-7. Note that Uh/v is related to T, only indirectly through
fr
h
:ﬁ_ —755 . The improved universal functions provide a more accurate
2

basis for the calculation of (p, Tm), and the successive iterations
can be continued until sufficient convergence of the desired results

is achieved.
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APPENDIX B

TURBULENT FILM "WHIPPLE" THEORY WITH TEMPERATURE DEPENDENT VISCOSITY

1.0 Review of Thin Film Theory

The analysis of an incompressible turbulent film with temperature dependent vis-

% . .
cosity was given in [1]. The system of governing equations is summarized below:

. - ah _
div (umh) + 3¢ 0 (1)
. ¢ &, U @
m Hy x1 ?¥x 2
2
N 2p .
wm B ul Gzl Dz &)

GX and Gz are known functions of Vh/v [27]; when v is evaluated at temperature Ti’
they are designated as GXi and GZiw o is u(Ti). Sensitivity to temperature is
exhibited by having to identify Ti. Laminar-turbulent transition is governed by

the numerical value of Uh/v, [1,3]:

Uh/v £ = V/U
< R 0
cr 9 %
>R, <R, {1 - DR - UB/v)/ (R, - Rcr)] }
1
> R,
The mean film temperature is governed by [1]:
oCh E+T "v) T =-5q"+ (%)
p dt m m w ¢

The wall heat flux, qw", and the dissipation heat, ¢,have the ratio

Eq "
o (5)

*Bracketed numbers refer to identically numbered references at the end of this
Appendix.
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1"

Formulae for calculating q, and ¢ are

G + F .G
T2 1722\ K
s = (2R E @ -1 ©)
‘w HT2 + FlePZ h m w
2
Foaban HY
© = (l * 76 ) G n 7
Tl Tl
where
1/2 -
e L T ®
T ¢ : (1+%) Vi
0 v T
i
1/2 - .- 4 4o - e
HTi=2[) de S eJ =HT<%‘Q’ : ) )
i (1 + o Pr) 0 1+ ;) . i
i
/2 y ” - L C
H —25—Ly—d Su.’d"] = H (V—'h —21) (10)
pi € € P\, ’ K
0 (L + N Pr) o (l+v) i
T,
1
2 2
h™G_.. 2 2
Ti\ op 3P
= [ —= )y 4+ .
Fpi <uiU ) [(bx) (az> ] (1)

TW and Tm are respectively wall and mean-film temperatures. Ti are established
according to an "exact'" analysis of the Couette problem to render the appropriate
values of the dissipation heat and the Nusselt number, and are known numerically
in the form
Ti - TW\‘
(=)
2 2

" och™t
which depends on three parameters (Tw, G: s

kT ) for the particular lub-
w oW
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0N

ricant. T, 1is

_ 2 2.
o=t (B L&D + (%5) K (12)

Numerical results, however, show that it is quite satisfactory to represent

T. - T T 2 '
i w _ , h vh

T 7T - ) 8; (v ) (13)
m W c 1

which are more convenient to use. Graphical results of various universal

functions, (GT, Gx’ G, Hl’ HZ)’ are referred to [1].

2.0 Natural Coordinates

The geometrical pattern of the spiral grooves on a thrust bearing is given by the

equation

L + ctnf 1n (r/ro) + (m-1) A8 (14)

6 =8 +ow
g o)
which relates the instantaneous angular coordinate of the aft-side of the mth

ridge with the radial coordinate. It is natural to investigate the pressure and

temperature fields with the angular coordinate measured from eg, i.e.
=0 -0 e (15)
s g
The coordinate system (r,g) is skewed, as illustrated in Fig. B-1l. Fig. B-2 depicts

a typical configuration and defines the choosen geometrical conventians. The

transformation from the orthogunal system (r,@) to the skewed system (r,g) is:

rQ_“ - ctnp - (3 )
or (l r 0 %;
o = 2 .
20 0 1 0 - (16)
B_ 0 - 1 D_
t . 1 - |
% Sai (r,8)
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Note that a time independent system in (r,f) would not be time independent in
(r,9) when the grooved surface is rotating, wy $# 0. Also, the circumferential

velocity in the (r,€) system is U - w.r.

1

In the (r,g) system, the divergence operation is most naturally expressed as

div (&) = % g; (ra) + %& gE A1) e (17)

(Ar’ AJ_) are components of the Vector A, Ar being the radial component, and AJ_
being that perpendicular to the direction of § = constant. The mean velocity

vector ﬁm accordingly would have the following components:

2
S 8 _ctng
W, = By .1 (ar r ag) P (18)
m Hy xl r dg 2
Htm = Um sinf - Wﬁ cosf
2 - - (0, -w,)r
- b ; 1y - —2 17
= . L(le sing + G_, cosp ctnp) T ae G, cosB = P + 7 sing e
(20)
The first term in the right hand side of Eq. (1) can now be written out as
. - cscB D
din (Tfmh) pliegre (rW h) + = 52 (U h) e (21)

3.0 Narrow Groove Approximations

The temperature dependent Whipple thrust bearing problem has been considered for the
laminar case in the absence of groove-wise thermal gradient [6]. The objectives of
the present analysis include additional considerations of turbulence and groovevwise

thermal gradients. The analysis will utilize the narrow-groove approximation
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for the energy equation in a manner similar to Whipple's treatment of the pressure

equation.

The basic premise of the narrow-groove approximation is to recognize different
natural scales in the (r,E) system [4] for the pressure induced flux components.

Thus, Egqs. (18) and (20) can be expressed as

- (, ~ o )r2h -
y = U h=|Q + -2 17 sin
=Ty h=|Q 2 | sinB
(22)
Yr = r Wmh = Qr
where

no- a . O
QR = L(le + 6 z ctn B) 3§ ctns i drd P (23)

n’ a2 2
Qr = -EI Gz1 (r 3¢ - ctop ag) P e (24)

Rewriting Eq. (21) with above expressions, one obtains

r BQ ((Dz_a))rh

div (T h) = -13 jtie ag LQ | } (25)

The fine scale of the microstructure is predicated by the term dh/RE: in the above

equation. Therefore the properly scaled dimensiondeéss coordinates are

r
{ = In—
%o
(26)
n = 5
JaX:)
and Eq. (25) can be more meaningfully rewritten as
2
- dr ha. Q
-2 R Sl i
r’pe div @ _h) \_Q Pty (27)
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Thus, the governing differential equation becomes

2
- (w, - w,)r’h ?3Q
3 217 7 —r, 208 _,4 .,
M LQ_L+ 5 J+Ae i + r at> 0 (28)

Mathematical formalism of the narrow-groove approximation involves letting A8-0

while assuming boundedness of (§g£ + r2 %%) in Eq. (28). Consequently
2
_ (w, - w,)r'h

d 2 ~ @ _

Lo > =0, 29)
or,

(ab - wl)rzh
QJ-+ ———% — = cscB YJ— P (30)

where YJ_depends only on the macrostructure coordinates ({,g) which are regarded

as +invariants in the macrostructure problem of concern here.

The macrostructure problem can be treated by reverting back to the coarse-scale
coordinates ((,€) and averaging over one full period of the fine scale, A®, the
dependent variables. Before undertaking this step, it is useful to observe that
the macrostructure problem is more naturally described in the earth-bound orthog-
onal coordinate system (r,0). The transformation from (f,g) back to (r,8) is the

inversion of Eq. (16), namely;

3] - . (3]
Y: 1 ctnf 0 rar
B_ = b— 'Y
3¢ 0 1 0 59 (31)
Q. Qo
~-'at-‘ \O w]. l-J L_Btd
¢.e) (r,8)
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Rewriting Eq. (28) in coarse-scale, earth-bound, orthogonal coordinates,

(a) +u.>)rh

bE[Q_L'f‘ ctnf Qr+ J+L rz‘ah =0 . ' (32)
Averaging over one groove-ridge pair,

(wl + ub) - Q =~

213 127 2 X 2 3b _
2 LQ9+ 5 rh_]+rar +ro =0 (33)
where,
_ ~1
();‘S () dn
0 (34)
h3 P
Qe = QJ_+ ctng Qr = -;I- le o .

The macrostructure and microstructures are further related to one another by

the following relations:

9P _ aa _
06 AG 5 an (33)
20 _ dp _ B
rar ¥ ctnp 36 (36)

Since 5 depends only on coarse-scale coordinates, Eq. (36) indicates that gg

should be treated as an invariant in the micro-structure problem.

Returning to the microstructure problem, Eq. (23) can be integrated with respect

to T with the aid of Eq. (22), keeping in mind that ?l?nd %g should be treated as

invariants,
2
W, )r

1 D,
_ - : 2 i dn
p=p+ A0 K — - csca + ctnf G -
So { L 12 3] ¢ 1} @t 1ctn26) -
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Use of 5 as the lower limit integration constant identifies the macropressure
field with the pressure at the aft-side of each ridge. Links between micro- and

macrostructures according to Eq. (34) are

1

5 - L T b P

Q = Ae) My Cx1 M an (38)
0
1 3 1 3

= _ 2p  ho an + SEo8 ° G op 4 .

Q=i AYTH €1 9 * e ) b, el i (39)

0
Also, from Eq. (30) one obtains

- _ oy mep)

¥1—= sinpg Qe - cosp Qr + ————;———‘ r’h sing (40)

Summarizing, one may outline the conceptual computation procedure of the narrow-

groove approximation to consist of three steps:

®» Given macrostructure variables (Qe,dr), one seeks the micro-structure
solution. Eq. (40) can be used to find Yl_immediately. Next, %E
g% and Qi_between Eqs. (22), (23), (24), then in-

tegrating across, over one groove-ridge width, and using symbols consistent

with Eqs. (26) and (34):

can be

found be elininating

r -1 ctnB G 21 -
sin B 5 + ctnés G L( 5 ) r h - cscB V¥ ] dan - Q }
R1: . — — - — ® (41)
3¢ 1.3
g h™ xl zl dn
) 2
0 1 le + ctn B Gzl
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Subsequently, Eq. (37) can be used to calculate p.
® Eq. (33) can be integrated to yield (Qe,Qr) at new coarse-scale locations.

® Eqs. (35) and (36) now permit calculation of 5 at new coarse-scale locations.

3.1 Pressure Problem

The isoviscous turbulent Whipple problem has been considered [7]. The pressure
field can be regarded to display a fine structure (ngr)’ representing fluctua-
tion corresponding to the presence of grooves, and a coarse structure, p, reflecting
the macroscopic group-action of groove-ridge pairs. With turbulence, the fine
structure would depend on the local Reynolds numbers (—;g, —55), where U ='ab-w1|r.
Temperature dependence of viscosity further requires the Reynolds number to be
spatially varying even in the fine scale. The appropriate relations will be

developed with the latter feature.

3.2 Temperature Problem

To allow for the influence of temperature on viscosity, the temperature problem
must be treated again with both micro- and macrostructure view points. The
principal objective is to determine the distribution of |, as a function of the

fine-scale coordinate, T, at each coarse-scale location (r,9).

3.2.1 The General Narrow-Groove Approximation

The essence of the narrow-groove approximarion in the temperature problem is
to neglect the tramnsient enthalpy change in comparison with the convective

enthalpy transfer in the microstructure; i.e.

R €l

ve| . (42)

To emphasize the quasi-static assumption, in place of Eq. (&), the governing

equation for the fine structure temperature problem can be rewritten as

2
- = G + F G - F .G p.U
¥ /T2 pl "z2\ g pl zl 1
oC = -\ + 28 T >— (T -T)=Ae<l+ )—
L pr KHTZ Fpl sz h-4 “'m w GTl GTlh
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where\J’= A0V (44)

Now, since the convective derivative can be spatially integrated along the

flux line as a total differential, and, in particular, one has

= vy ¥
L
] _ e % (45)
ds dn dr .
S
where ds is a distance element along the flux line and (dns,dr) are its pro-
jections, respectively,on a line normal to the groove sides, and on a radial

line, then the convective derivative can be expressed as

- —1d
¥ oW o, -T) =1¥|5 (@ - T) a8

]

d
Yi_dns (Tm B Tw) A8

cscB %L d

- ——r—— a1 (Tm - Tw) . (46)

%ﬁ (Tm - Tw) is understood to designate
(T -1T) (T -T) |s
lim m %) s + ds m o . 47)
ds—0 n -1
s + ds s

Geometrical interpretations of these concepts are shown in Fig. B-3, The advan-

tage of expressing the convective derivative along %Lis in its invariance

in the microstructure problem. Thus Eq. (43) can be rewritten as

d
GT® @ -T)=2 (48)
where,
2
- s (’GIZ M ) . (49)
+
pCpcscB ¥L HTZ FPalz h
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Fig. B-3 Streamline and Convective Path



2

Fplel “lU
G e T (50)

Tl

r2A9
C csc
pC, B

= -+

Tl

0

The link between micro- and macrostructures of the temperature is provided by
the relation between the increment of Tm and the flux trajectory spanning the

width of one groove-ridge pair. The increment of Tm is

Loy
ot =S 5 (T - 1) A (51)

0

The corresponding radial distance traversed by the flux line segment is, on

account of Eq. (45)

1

- — A0

ar = csch YJ. S Yr d'n
0

(52)
rA8 \Er
cscf Y.L

The macrostructure temperature convection derivative can be defined as

1
c
¥
0

1
B pC_ cscB \L’J_ dTm
- 2 dn a1
r A8 0

nr|-€l

‘T d

pCp cscB \YJ_

T ATm .

2
r Ay

Eliminating Y.L by means of Eq. (52)

1
c
S o,
0

and since Ar may be regarded as infinitesimal in the macrostructure problem,

R |-l
Hl-—él
o]
=]

"Vide]=pC A—r-
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one can define

aTmO ATmO
dr = TAr (53)

S

Consequently,

" el

¥
. _ r mo
50 C, VI, 9 =eC T (54

And the locus of the (macrostructure) Fflux trajectory is, rewriting Eq. (52),

—S . X (55)
dg cscf ?l_

Average each term in Eq. (4) over the width of one groove-ridge pair, one obtains

-1 T Yy 2T cscB ¥y .1
m r mo -
Soh 3t an + = B + B IN(T_ - T) - $] dn =0 e (56)
0

2
r AB

In Eqs. (53), (54), and (56), a subtle distinction between the macrostructure
point of view and that of the microstructure appears in the use of the partial
derivative symbol for the convection term. Thus, BTmo/ar should not be eval-

uated directly from Eq. (51).

There may be some advantage to compute the macrostructure with the
divergence formulation. That is, the left hand side of Eq. (4) for an incompress-

ible fluid can be replaced by

pCP [ g; [h(Tm - T} + div {Ush (T, - Tw)}] .

Making use of Eq. (17), then reverting to the earth-bound coordinate system, in-

stead of Eq. (56), one can write
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1 1 1.Q
3 - 13 - 8 " e
At 50 h(Tm Tw) dan + T ?r SO Qr (Tm Tw) dn + 86 50 L r2 +
(57)
(W, + w,) csch V¥ 1
1 2 L
——— & ] (T - T)dn+ —;EZ;—— So (N(x_-T)-8]ldn=0.

In any case, regardless whether Eq. (56) or (57) should be used, the micro-
structure solution is needed to compute Eqs. (51), (52), (53) as well as various

integrals in Eq. (56) or (57).

The microstructure solution according to Eq. (48) is known in closed form [8]:

T - T, = exp {- SNdﬂ} [(im - Tw) + Sexp {SNdﬂ} o dﬂ] R (58)

It is understood that all lower limits of integration are at 7=0. im is the
value of Tm at M=0. It is important to recall that Eq. (58) describes the fluid
film temperature along a flux line which starts from (r,€) and arrives at a
congruent groove line at (r + Ar, § + A8) with (Ar,A0) related to each other

by Eq. (52). 1In general, Eq. (58) is an initial-value type solution, rendering

(x - %) =-( - Tw)[l-exp {-SONdn}]+ exp{-SONdﬂ}gﬂ(@ exp{goudn)} an e (59)

Dependence of this expression on fm shows up not only explicitly in (Tm - Tw),

but also implicitly in N and $. Calculating im according to Eq. (59) across the

width of one groove-ridge pair, one obtains
_ 1 I 1
ATmo = —(Tm - Tw)[l - exp{-S Ndﬂ}] + exp{—go Ndﬂ}go(é exp{SONdn}) dn «  (60)
0

According to the narrow-groove approximation, Egs. (52) and (60) yield
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S I T PR (61)
or Q A8
g r

Eq. (48) can be formally differentiated with respect to r (constant § or 1)

then integrated with respect to 7| to obtain

dT l - T i )
_m = _ ' 4 28| _ N 1" 1
or - eXp{ S N } L dr * SO {ar (Tm Tw) dr }exP{ SONdn a }-'
0]
g g g 3 (62)
Consequently, one can compute
- oT il
d _ _ rAG m 1
Ty - m)const, r = Ty - Tm)w cscPp %L dr SO Q. dn ° (63)

An anomaly of Eq. (63) exists at the condition of Qr = 0, when the average radial
convective flux vanishes. Physically, this means the initial temperature im can
no longer be separately specified. Instead Tm must be totally periodic, so that

one must impose

AT = £ (r,g; n=1; T_ (r,§)>l

¥ =0

It

1
_(im - T) [1 - exp{-S: Ndﬂ}] + exp{-gz Ndn } So exp{gNdﬂ} ¢ dn

1 -1 ll
or, exp{-g Ndn} S exp {SO Ndﬂ'} &dn
0 0
(Tm - TW)‘I' =0 = 1 (64)
r 1 - exp {'S Ndn}
0
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3.2.2 The Thrust Bearing Problem

The thrust bearing problem imposes rotational symmetry on the macrostructure
and periodicity in the microstructure . The latter, because of the canvective
character of the governing equatien, however, is implicit and is displayed
primarily in the 8- independence of Qr’ Qe, ﬁ, ?L’ and §. The single exception
in the case of Yr=0 has already been discussed, Here microperiodicity must

be imposed even when there is @-dependence in the macrostructure.

The microstructure problem is still governed by Eqs. (59), (60), (61), (62),

(63), and (64). The macrostructure problem. is now reduced to

-1 1 cscf Y -1
- la . L Ty -
TGO R R = SO Q (T - T) dn +KBO[N(THl T )-8] dn=0 s
(65)
From Eqs. (48), (51), (52), and (53),
csch %L_-‘l
—_— [N(T_ - T ) - &] df
r2 A8 BO m w
cscB Y 1
r2 28 0 dn m w
flux line
cscB %L _ (66)
ST T2 ANy
r A8
¥_ dT_
- Tr E
= -D (I‘,t) e

This relation simplifies Eq. (65) somewhat. The general problem requires

specification of the.initial condition

Tm = (r, t = 0)
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and the influx boundary condition

T (ri, t > 0)

(if Yr $0). If Yr = 0, because ATm =0, D=0.

The procedure to solve the steady-state thrust bearing problem can be further
examined in some details. Substituting Eq. (66) into Eq. (65) and dropping

the time-dependent term,

.1
50 Q (T - T) dn=D(r) e (67)

—
QIQ-

r
r

Starting with the influx boundary condition im(ri), Eq. (59) can be calculated.
Subsequently, utilizing Eqs. (60), (61), (62), and (63), the quadrature

-1
G = 3y & Ga ~ T @ (68)

can be performed at r.. D(ri) can also be calculated from Eqs. (59) and (66).
Eq. (67) can now be integrated to obtain-):,(ri + Ar) which in turn determines
T (r, + Ar) through Eqs. (59), (60), (61), (62), (63), and (68). The pro-
cedure can be continued until To(r) as well as Tm (ri,O <M< 1) are deter-
mined for all r of interest. If Y. = 0, then D(r) = 0, and ATm = 0. A

special procedure must be devised to calculate Eq. (63).

3.3 Summary of the Pressure-Temperature Problem for the Steady=State Operation of

Thrust Bearings

The foregoing derivations are cOmprised of the elements required to include heat-
transfer and turbulence (includding transition effects) considerations into the
computation of spiral-grooved bearings in a manner consistent with the narrow
groove approximation. The steady-state operation of thnust bearings is of

immediate interest. To provide the basis for coding the required computer program,
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the relevant equations are reiterated in the following.

Conceptually, two major steps are involved. The first one concerns the simultaneous
treatment of pressure and temperature problems. An iterative process will be
followed, beginning with an initial pressure-flow approximation, e.g. the isothermal
solution, the temperature problem would be solved first. Then the influence of
temperature on viscosity would be introduced or updated to seek an improved solution
of the pressure problem, and the iterative process would be continued until suffi-
cient accuracy is realized. Alternately, one may employ the Newton-method of it-
eration to seek improved pressure and temperature fields simultaneously. The
sequential iteration scheme is selected because of proven experience of its viability.
The second major step involves the connection between the microstructure and
macrostructure problems. This step would be carried out for the temperature and

pressure problems separately for each step of iteration.

3.3.1 Coordinate Systems

The macrostructures are depicted in terms of the usual cylindrical system
(r,0). In the steady-state problem, one can affix the coordinates to the
grooved surface. Accordingly, the relative rotation w = w, - W is of interest
only. The radius may be normalized by the outer radius of the thrust bearing:

r = In (r/ro) (69)

The (;,e) system is orthogonal and coarse scaled; i.e. it has only the capabil-
ity of referring to the spatial averages of warious quantities over a multi-
plicity of grooves. Furthermore, for the thrust bearing with a parallel film,

rotational symmetry prevails in the macrostructure;j: i.e.

F
gg =0 (70)

for all F representing a groove-wise averaged quantity.

The microstructures are depicted in terms of skewed or spiraled coordinate
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system (r,E), where g is the angular coordinate measured from the aft-side

of the nearest ridge. Generally, one is only interested in the range
[ < a0 (71)

which is the angular span of one groove-ridge pair. The radius can again be

normalized by the outer radius:

¢ = 1n (r/ro) . (72)
Symbolic distinction between Eqs. (69) and (72) is intended to distinguish

the skewed system, ({,§), from the orthogonal system, (r,8). It is also

natural to ‘'stretch" £ to study the microstructure  with a fine scale:
n = &/08 (73)
which is the principal independent variable (of the microstructure  problem).

3.3.2 Dependent Variables

The pressure field p can be regarded to consigt of the macrostructure

p (r) (74)

which may be regarded as the pressure at the aft-side of a ¥idge, which is

approximately located at (r), the microstructure

p' (sr) =p - p (75)
which is the detailed pressure distribution within the width of a groove-ridge
pair approximately located at (r). Note that (r) appears in Eq. (75) as a

parameter, The actual spatial coordinate is (T}).

The temperature field Tm, which is the mean fluid film temperature, can be
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similarly expressed in terms of the macrostructure
Tm(r) (76)

which is the value of Tm at the aft-side of a ridge approximately located at

(r), and the microstructure

T (Gr) =T -T . (77)

3.3.3 Pressure Problem

The rotational symmetry of the thrust bearing permits cansiderable simpli-
fication in the equations previously derived. That is, dropping 3dF/36,

Eq. (36) becomes

dp _2p _ p
FEA I (78)
In the fine scale, rotational symmetry is reflected in the periodic condition
in the microstructure. Thus, from Eq. (37),
R T 1 G
2
%wrs —;—d’n+ctnBP'5 (—;Z—ldn
0 h G“ 0
cscB ¥ = (79)*
Y T
Yo e,
G
il

where, for brevity, it has been written

- 2,
G,ﬂ =G, *+ G, ctn'g (80)

Rearranging Eq. (41) and using Eq. (80), one finds

- ~1 G -16G -1 .3G .G
= i1l 2 z1 zl o h xl z1
Q_ = ctn L-'ax h == df - cscB ¥ == dn- P' — ——— dn. (81)
r 2 G L) G J G d

*This relation may be refined by allowing for dynamic head losses across the
groove sides.
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And, finally, the governing d.e. for the macrostructure is obtained by

dropping 6- and t- derivatives in Eq. (33):
—£ =0 o (82)

In the sequential iteration method, (ul, le, Gzl) are determined by the micro-
structure temperature solution in the previous step, and may be regarded as

functions of 1 here.

3.3.4 Temperature Problem

In the temperature problem, viscous heat dissipation and heat transfer are

both dependent on the microstructure pressure gradient in the form

2 2 2
-1 @y _ lae bp_
(ax) + (az) (G ae) ( =)

- (L ap' 25&32_

T ‘e A ) * (r A8 M ) (83)
_ cscl dp 2 ctnp dp' 27

- [(AG an A8 M SRR AP I

Thus it is necessary to have the explicit expression for dp'/dT, which can

be obtained by rearranging Egqs. (22) and (23):

=

_L(l 2 %1 1 ,
G T h2 - cscp ?L 3 t ctnf GZl P ) . (84)

ap_
o %y

DlH
o

These relations together with the procedures outlined in [1] will permit compu-
tations of (“i’GTi’HTi’Hpi’Fpi) for (i = 1,2) according to Eqs. (8 through 11).
Again, at this point, results from the previous step of iteration would be
used. Terms related to heat transfer and viscous dissipation as previously

given by Egs. (49) and (50) are listed below:
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N = r%ﬁe (GTZ + Fp1G22> i3 85)
pCp cscB ?i_ Ho, + FpIGpZ h
2
2 F U
5= —500 (14 p1°22 ) 1. (86)
pC_cscB ¥ \ G G_.h
p 1 Tl Tl

The microstructure of the fluid film temperature as given along a flux line

is, previously given as Eq. (59),

COMERICREE B [1 _ exp{—SONdﬂ}J + exp|- SoNdn} S(§ expf SONdn}) an .
0

(87)*
The temperature profile at constant r is
oT ll
JA
1) C el el IS ®8)
const. r 4 1 0
Qr can be found by recombining Egqs. (22), (23), and (24) as
3 G
= 1 2 _ vh~_ 2zl
Q. = [ctns (2 wr™h - cscPp YJ_) -p ™ le] Gn . (89)

The increment of Tm across a groove-ridge pair is

-— 1
AT = (Tm)w’ el

1 1 1 n
- _ _ _ f
= - (T Tw) (1 - exp{ SONdﬂ}] + exp{ SONdﬂ] So & exp{ 30 Ndn} dne (90)

Beyond this point, the applicable formulae are different depending on whether

or not Qr = 0 (and ATmo = 0).

*This equation may be refined to allow for dynamic head loss across groove-sides.
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3.3.4.1 Qr 40

The temperature gradient along constant & is (renumerating Eqs. (62) and (61)):

aT -1 — 3T 1 -1
o] - et [ 0 5B - - B ).
g 4 €
(91)
where,
T cscp ?L Amho
ar—‘“ = — -~ . (92)
Qr

g

Egqs. (87) through (92) together define the microstructure problem. Eq. (92)
is in fact also the governing equation for the macrostructure problem, which

is symbolically rewritten as

dIm cscp ?L Ammo

r = — . (93)
dr Qr L0

An initial value would have to be specified for im. Schematic graphical

interpretations of these relations are shown in Fig. B-4a.

-

3.3.4.2 Q S0

For this condition, there is no net convection, and the microstructure must

be periodic along the flux line. That is, Ammo = 0, or from Eq. (90)

1
exp{ 'SONdT\} 1

=T +
m w

il
1 3 exp{g Ndn'} dn (94)
1 - exp{-SONdn} 0

Combining with Eq. (87), one obtains
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Fig. B-4a Temperature Profile in Bearing with Net Radial Flow



1 1 1
exp{- \ Ndn} \ @ expl\ Nan'}dn
(T -7T) = exp{-\ Nd } 0 9 9 # 1 8 exply Ndn'}dn
w P‘LSO n Jn . \.50-“ ' '

m 1
¥ 1 - exp{- S Ndn} 0
0 3
{95)

which can be formally differentiated with respect to r to obtain

?T

_m - -

or o | T W, (96)

g g
Then this expression and Eq. (87) can be substituted into Eq. (88) to yield
the microstructure. Schematic graphical interpretations of these relations
are shown in Fig. B-4b.
3.3.4.3 Pure "Conduction" Problem
In the limiting case, N - », convective heat transfer can be neglected alto-
gether, and Eq. (48) is reduced to
'} .
=T +

Tm Tw N €97)
and, accordingly,

g=1 (98)
A convenient first estimate of N can be based on the laminar, isoviscous,
Couette-like flow, which is

12 rzaen 24 NBR
N ~ PCP cscp %L_h ~ EE;E§E~ . (99)

For the strongly turbulent condition, application of Reynolds analogy would
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Fig. B-4b Temperature Profile in Bearing with Zero Net Radial Flow



yield

N~ 0.27 Ae(i) —=

where C

£

s

2

is the turbulent Couette friction factor.
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HOMENC ATURE

(]
I}
)

|
b (Te

» coefficient of friction described after 9}
- specific heat
- See section 4.3, Eq.(38)

. See (7)

dyadic coefficient described after (6)
turbulent coefficient for flow in x direction

turbulent coefficient for flow in z direction,

- defined in (44)

- defined by (46)

normal thickness of fluid film

; See (20)

\)o o}

Prandtl number, uCp/K , dimensionless

= fluid pressure, psi

Lod ,
E;gg ; See (20)

HoGy"

T Th ; See (22)

ot
C

- defined by (25)

See (27), (28)

conduction beat flux

- conduction heat flux at film center

> critical value of Reynold number ccrresponding

to onset of complete turbulence, or uppar value of
transition r=gion
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RCr = critical value of Reynolds number corresponding to
’ onset of turbulence, or lower value of transition

region
T = temperature
To = temperature at film center
Tw = surface (wall) temperature
T+w = temperature of wall at y =+ h/2, Sze (17)
U = gsurface velocity used to define actual Reynolds number
Fij = total vector velocity of fluid
_ ho(u - 127')
a =92 £
h‘rC
u, v, w = fluid velocity corresponding to directions x, y, z
v = £(z), velocity of surface; also used in definition of
effective Reynolds number - See Sec. 3-
v = tangential velocity of surface
X, Z = orthogonal (curvilinear) coordinates
y = normal distance from the mean surface
y = y/h ; See (20)
y', y" = dummy variables used in (15) and (16)
€ = eddy diffusivity
) = Egiézg;zl ; See (20)
o"rc h
GW = defined by (23)
G(i) = defined by (26)
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(i)

A2

0
A}

(L+ %, =

(1 + £ pr), =
v 1

® -
() =
N =
¢, =
¢, =
() -

NASA-Langley, 1072 — 15 E~6847

See (28)

thermal conductivity
absolute viscosity of fluid
See (25)

kinematic viscosity

. conduction cooling factor defined by {13)

fluid density

- shear stress

Couette shear stress

: shear stress components

See (25)

See (26)

grad operator used in (6)

- function notation; see sec. 4.2 and Fig. 4

refers to ( ) at i=1,2
average or mean value of ( )
film center value of ( )

refers to ( ) at wall

related to pressure gradient effects of ( ); see s
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