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INTRODUCTION

The Stirling engine is currently the subject of intensive study by the
Department of Energy. This engine has the potential to provide clean

and efficient propulsive power for the automobile and for other high-

way vehicles. In order to do so, however, several technical problems

associated with such use of the Stirling engine must be solved.

One of the technical problems that must be addressed is the rod seal.
This seal has the function of separating the high pressure gas from
the low pressure crank case oil. The seal can be either a sliding
seal or a roll sock seal. The sliding seal is simpler, less expensive,
and possesses a more gradual failure mode than the roll sock seal.
However, the sliding seal, unlike the roll sock seal, is not hermetic.
Additionally, the sliding seal is subject to wear and can produce un-
desirable levels of friction force.

The performance «f the sliding seal with respect to leakage, wear,
and friction can be improved from its present level. To do so re-
quires that the details of the behavior of the seal in the Stirling
engine be understood. Additionally, it is necessary to be able to
treat the behavior of the seal in a quantitative manner. It is the
objective of the work under the current NASA Contract DEN3-22 to pro-
gress substantially toward these ends. Specifically, the contract is
directed at applying hydrodynamic and elastohydrodynamic theory to
the rod seal. The contract is also concerned with the experimental
determination of film thickness, fluid leakage, and power loss. The
contract entails both producing correlation of experimental and
theoretical results and developing tools appropriate for evaluation
of rod seal behavior.

The present document is an interim report of work completed in the
first year of the two year effort. During the year tools for evalua-
ting rod seal behavior have been developed. Analytically, a computer
model of the elastohydrodynamic behavior of the rod seal for recipro-
cating motion is available. The model permits the large initial
radial squeeze, which is typically used for elastoneric seals, to
exist. The model determines both the pressure distribution and the
0il film thickness distribution in the seal/cylinder contact zone.

In this, the calculations are made with time as the independent param-
eter; consequently, the computer model provides film thickness and
pressure results as a function of cyclic position.

Experimentally, a rugged apparatus capable of providing film thickness,
friction force, and seal leakage data has been completed. The apparatus
contains a moving transparent cylinder (guided by precision hydrostatic
bearings) and a stationary elastomeric test seal. A pressure gradient
of 690 kPa (100 psi) can be applied across the seal. Frequencies from
10 Hz to 50 Hz with a 0.254 m (1.000 inch) total stroke can be

employed. Film thickness is measured with interferometry,




fluid leakage by level and pressure changes, and power (friction) loss
by force cells.

This report describes both the experimental and the analytical work
completed to date. The experimental effort is discussed in the next
section. Included in the section are descriptions of the experimental
apparatus, of its capabilities, and of preliminary results from its
use. Also included in the section is a discussion of the technique,
developed under the contract work, for producing interferometry fringes
at the seal/cylinder interface. The special attention given in this
report to interferometry is due to the importance of film thickness
measurement in the contract work.

The analytical effort is covered both in the section following that

for the experimental work and in the Appendices. The section presents
the rod seal analysis which is implemented in the computer program

given in the Appendixes. (A description of how the program is used is
also given in the Appendixes.) In addition, the section presents results
obtained from use of the computer program.

The Conclusions and Recommendations section concerns the application

during the ensuing year of the analytical and experimental tools
developed during the past year and described in this report.
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EXPERIMENTAL REPORT

This section discusses the experimental apparatus that was designed

and constructed during the past year. The capabilities of the device
and the results obtained from its preliminary use are described. In
addition, measurement of film thickness, accomplished by interferometric
techniques, is considered. The separate treatment is given to inter-
ferometry because of the importance of film thickness measurement to

the contract work.

The experimental device has not as yet been used to evaluate the be-
havior of the rod seal or to produce experimental/analytical correla-
tions. Work in these areas is planned for the ensuing year and is
described in the Conclusions and Recommendations section.

The Experimental Apparatus

The experimental apparatus is designed to facilitate the measurement
of film thickness, seal friction force, and fluid leakage. The
greatest experimental difficulties are associated with determining
film thickness. Consequently, the design of the apparatus is based
on the technique selected for this measurement.

A review of the available techniques for film thickness measurements
was made in order to select that method most appropriate to the elasto-
meric seal/cylinder wall interface. Some details of that review are
presented in the subsection below entitled "Interferometry.'" The
result of the review was the selection of optical interferometry.
Accordingly, the experimental apparatus contains a transparent cylinder.
In addition, in order to minimize the difficulties of using the inter-
ferometric technique, it is this cylinder, rather than the rod seal,
that reciprocates. The use of a reciprocating transparent cylinder

and a stationary elastomeric rod seal was the most important feature
that affected the design of the device.

Other features also affected the design. These features can be grouped
in three categories: Measurement capabilities, performance capabilities
and characteristics, and ease of use. Each of these categories is con-
sidered below.

In the measurement category, it is desirable to be able to determine
the instantaneous seal friction force and the instantaneous pressure
on the gas side of the seal. It is also desirable that some indica-
tion be obtained of the temperature near the seal/cylinder interface.
Finally, it is desirable for the apparatus to produce direct macro-
scopic indications of oil and gas leakage.

In the category of performance capabilities and characteristics, a
rather lenghtly list of desirable features can be developed. Some
of the more significant ones are:




. capability for a reasonable magnitude of pressure drop across
the seal

. compression (rather than tension) in the transparent cylinder
(to utilize its strength characteristics)

. minimum variation of the gas pressure during each cycle of the
cylinder

. precise guidance of the cylinder and minimum cylinder runout

. infinitely variable speed in the range from 10 to 50 Hz

. provision for water cooling

. accurate alignment of the seal with respect to the transparent
cylinder

. long life span (low stress levels)

. rigid mounting structure

. few static seals

. o0il above the test seal (to insure fully flooded conditions)

. vertical rod axis (to insure axisymmetric seal behavior)

. balanced dynamic forces, and
synchronization of optics with cylinder motion.

In the category of ease of use, significant features are:

. ease of testing various types of seals

. ease of replacing the seal and maintaining alignment

. ease of removing the test seal from the transparent cylinder,
and

. ease of parts replacement.

The experimental apparatus constructed during the past year was de-
signed to incorporate the features in the three categories above.

The design is centered around the transparent cylinder which recipro-
cates with a 25.4 mm (1.000 inch) peak to peak displacement. The
transparent cylinder has a 76 mm (3 inch) I. D. This I. D.

was chosen large enough to prevent excessive difficulties in producing
optical interferometry measurements, and small enough to keep the

size of the apparatus (and the associated internal forces) reasonable.
In addition, the cylinder bore was chosen such that the seal size is
standard and relatively common.

The overall apparatus is shown in the photograph of Figure 1. 1In the
photograph can be seen the stationary plunger which holds the test
seal and the oscillating assembly which contains the transparent
cylinder. The photograph also shows, at the lower left, a pump and
pressure tank. This pump and pressure tank provide high pressure oil
to precision hydrostatic bearings which guide the reciprocating parts.
The large motor in the center of the photograph is the prime mover
which drives the apparatus. Its output speed can be varied contin-
uously from less than 10 Hz to more than 50 Hz. The lattice cage
which encloses the rotating and reciprocating parts provides a measure
of operator safety. The framework for the apparatus is constructed
of thick steel plate and I beams with relatively large cross sections.

-5—
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The frame stands about 1.8 m (6 feet) tall. As pictured in
Figure 1, the device has a mass of approximately 500 kg (1,100
pounds mass).

Removal of the guard cage allows components of the drive system to be
seen. This has been done in Figure 2, which shows the flywheel, two
connecting rods, and 4 hydrostatic bearings with their associated
plumbing. These components can also be identified by referring to
Figure 3, which is a schematic drawing of the apparatus.

The lower connecting rod is attached to a shaft which moves downward
when the upper assembly (which contains the transparent cylinder)
moves upward. The sole function of this lower shaft is to balance

the vertical forces in the rig. Each shaft is guided by two precision
hydrostatic oil bearings which are of a four pad design and contain
rubber seals at top and bottom. The shafts are constructed of alumi-
num. They are attached to their respective connecting rods by needle
bearings.

Figure 4 shows some details of the upper end of the apparatus. A
schematic drawing which corresponds generally to this photograph is
presented in Figure 5. The schematic shows both the exterior outline
of this end of the apparatus (on the left in the figure) and some in-
ternal details (on the right in the figure).

Referring to both Figures 4 and 5, the hydrostatic bearings and the
plunger which holds the test seal are mounted to a backing plate.
This backing plate and the one for the lower shaft were assembled to
the framework (against the machined tabs, Figure 4) and the bores of
all four hydrostatic bearings were machined together. This process
insured that the axes of all four hydrostatic bearings became co-
incident upon assembly of the apparatus. During this machining pro-
cess, the stationary plate was milled. This procedure resulted in
the top surface of the stationary plate being perpendicular to the
axis of the four hydrostatic bearings. Doweling of the stationary
plate to the backing plate and of the hydrostatic bearings to the
backing plate allowed for disassembly of the apparatus subsequent to
the machining operation for insertion of the moving shaft.

Several additional components in Figure 4 are worthy of discussion.
The vertical pipe at the lower left of the photograph is the manifold
for the hydrostatic oil supply. The three small pipes just to the
left of center at the top of the photograph are the supply lines to
the oil side of the seal, to the gas side of the seal, and for the
water cooling. The return water leaves the apparatus through the
threaded pipe at the top center of the photograph.

The plunger is connected to the stationary plate with four bolts
(three of which can be seen in Figure 4). This arrangement can be
readily described by referring to Figures 6 and 7. Figure 6 shows the
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apparatus with the plunger removed. The stationary plate is at the
top of the picture, the moving transparent cylinder (and its housing)
are at the center of the picture, and the uppermost hydrostatic
bearing is at the bottom of the picture. Figure 7 is a similar view
with the plunger installed. In Figure 7, the bottom of the stationary
plate can be seen at the very top of this photograph.

Figures 6 and 7 (as well as the schematic of Figure 5) indicate how
the transparent cylinder is supported in its housing. The cylinder

is inside the webs of this aluminum housing and is compressed axially
by the 8 springs. Alignment is produced by boring the cylinder at

the same time as the bottom face is cut. Not shown in the photographs
(but included in Figure 5) is an outer transparent cylinder. This
outer cylinder is also loaded axially by the 8 springs and can sustain
690 kPa (100 psi) of gas pressure. Use of the outer cylinder results
in compressive, rather than tensile, gas loading on the inner
cylinder. The apparatus can be run without the outer cylinder (for
zero pressure drop across the seal) or with the outer cylinder (for
pressure drops up to 690 kPa (100 psi)).across the seal. Also not
shown in the photographs (but included in Figure 5) is the containment
for the gas volume. This containment is effected by attaching a
Bellofram rollsock seal to the inside of the moving upper shaft.

The other end of this rollsock seal is attached to a stationary plug
which is in turn, attached to the backing plate. The design of

the rollsock seal is such that the gas volume changes little during
the reciprocating shaft motion. When the gas volume is ‘connected

to an external gas reservoir, the peak pressure variations are esti-
mated to be less than 1.70 kPa (0.25 psi) at 690 kPa (100 psi) gas
pressure.

Figure 7 shows several significant parts of the stationary plunger.
Through the transparent Lexan cylinder, one can see, proceeding from
top to bottom, the felt wiper which contains the seal oil, plugged
holes which are associated with the water cooling system, a volume of
test oil (upper dark band), and the test seal (lower dark band).

The parts can be seen more easily in Figure 8, which shows only the
plunger.

In Figure 8, the test seal can be seen near the lower right end of

the plunger. This end of the plunger (the test seal holder) can be
disassembled from the body of the plunger by removing the 4 bolts at
the lower right of the picture. This is accomplished by first
straightening the locking tabs. Having the test seal holder replace-
able allows various types of seals to be tested. For each type of
seal, a holder is required in which a groove appropriate to the seal
has been cut. For the holder in Figure 8, the groove has been cut for
the T seal shown in the photograph.

~14=
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The plunger mounts to the stationary plate at the lower surface of the
plate having the holes (Figure 8). Just below this plate is a force
cell (Kiag type 9071) for measuring the friction force produced by

the seal. The connector for the lead is the white protrusion just
above the cooling water supply hole. The force cell is preloaded
between the plate and the remainder of the plunger body by a hollow
tie bolt (the nut that controls the magnitude of the preload is at the
upper left in Figure 8). The assembly of the plunger to produce the
preload is a one-time operation--the tie bolt portion of the plunger
need never be disassembled at any time during all planned use of the
apparatus.

Use of the tie bolt to preload the force cell is desirable for several
reasons. The first reason is that the hollow tie bolt is a convenient
way to remove the cooling water from the plunger. The second reason
is that with a properly designed tie bolt only one force cell need

be used to measure seal friction. To see this, the following diagram,
which shows the axial elastic behavior of the plunger, can be used:

T
L ]
Stiffness of portion of
plunger above plate, kpa

ES’,,———Stiffness of tie bolt, kb

Stiffness of force
cell, kf

Stiffness of portion of
plunger below plate, kpb

,/4__. z;!,»-Test seal holder

Friction force at seal, F

The diagram indicates four stiffnesses, those of the tie bolt, of the
plunger below the plate, of the plunger above the plate, and of the
force cell. A friction force, F, at the seal/cylinder interface must
produce an axial displacement, d, of the test seal holder such that

kb kpa kf kpb }

+ ie
kpa + K kpb + kff

d
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Also, the force, FC, measured by the force cell is

k_ k
F = f—R])__.d
c k. +k

pb f

so that

EE _ ke gpb/(kpb + k)

!/

F kb kpa/(kpa + kb) + kf kpb/\kpb + kf)
or

e | 1

F kb kpa(kpb + kf)/(kf kpb(kpa + kb)) + 1

Now, if the design of the plunger is such that kb is small compared

to kpa’ the above expression reduces to

Fc 1

F kb/kf + kb/kpb + 1

which further reduces to FC/F =1 if kb/kf and kb/kpb are small com-

pared to 1. The plunger was designed to meet these conditions so that
the applied and the measured forces are nearly identical. Evidence
that this design objective has been met is presented in the prelimi-
nary results section below.

Figure 8 can be used to point out other design features of the plunger.
One such feature is the reduced diameter region below the test seal.
This has the function of easing the installation of the test seal on
 the test seal holder. Another feature is the pressure transducer for
measuring the small cyclic variations of gas pressure. This measure-
ment can be made on a real time basis and can be used to subtract the
gas pressure force variations from the force measured by the load

cell. The lead from the pressure transducer can be seen (white wire)
emerging from the plunger at the upper center of the photograph. The
other two wires are thermocouple leads for measuring temperatures in
the oil above the seal and in the test seal holder near the seal groove.

The present test seal holder (that shown in Figures 1, 2, 4, 7 and 8)
was designed to accept a T seal. This T seal consists of an elastomeric
portion, one part of which contacts the cylinder, and two fiber back-

up rings. The mounted seal is shown schematically in Figure 9.
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Figure 9  Schematic of "' Seal as Installed
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Figure 10 is a photograph of the seal prior to installation on the
test seal holder. The elastomeric material of this seal is Viton, a
fluroelastomer.

Preliminary Results

In this section, results obtained from preliminary use of the experi-
mental apparatus are presented. These results concern the operation
of the apparatus rather than the behavior of the seal. The results
show that the device performs well mechanically and that its force
measurement capability is as intended.

Upon completing the assembly of the rig, the first measurement made
was of the stiffness of the hydrostatic bearings. A high degree of
stiffness is desirable in order that dynamic forces not result in
appreciable horizontal motion of the transparent cylinder with respect
to the seal. The measurement was made by simply applying a steady
horizontal force between the two hydrostatic bearings of the upper
shaft., This force was measured with a spring scale. The displace-
ment was measured with a dial indicator. The results showed the both
upper hydrostatic bearings together have a horizontal stiffness of

5
1.2 x 100 N/mm (700,000 pounds per inch)., The stiffness of

5
each bearing is, therefore, at least 0.6 x 10" N/mm (350,000
pounds per inch).

To show what the effects of this stiffness are on the seal/cylinder
interface, two rough calculations can be made. For these calculations,
the following conservative assumptions are used:

~ The horizontal stiffness of each upper hydrostatic bearing is

0.6 x 10° N/mm (350,000 pounds per inch).

— The horizontal dynamic force in the apparatus is 290 N
(65 pounds). This force is calculated using the geometry of
the connecting rod (the ratio of crank length to connecting
rod length is 0.05), the maximum frequency (50 Hz), and the
mass of the upper reciprocating shaft. This mass is less than
4.5 kg (10 pounds mass).

- The horizontal dynamic force is applied 0.13 m (5.0 inches)
below the lower hydrostatic bearing of the upper shaft and these
hydrostatic bearings are 0.21 m (8.1 inches) apart.

- The seal is 0.22 m (8.5 inches) above the upper hydrostatic
bearing of the upper shaft.

The displacement of the transparent cylinder results from two effects--
translation of the upper shaft due to the 290 N (65 pound) force,

and rocking in the vertical plane due to the same 290 N (65 pound)
force. The translation, t, can be computed simply from

-19-
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Figure 10 Test "T" Seal
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t = 230 = 2.4 x 1072 mn (0.1 mils)

2(0.6 x 108)

This motion is clearly negligible when compared to a typical seal
preload. The displacement, T, due to rocking can be computed from:

290 0.13 + 0.105}|0.22 + 0.105
0.21 . 0.105

la]
il

0.6 x 108

0.17 x 10'2 mm (0,67 mils)

This motion is also negligible when compared to a typical seal preload.

The next measurements to be made after assembly of the experimental
apparatus were concerned with the smoothness of the device during
operation. To obtain an evaluation of this, an accelerometer was
placed on the backing plate at a height approximately corresponding

to that of the seal. The sensitive axis of the accelerometer was
oriented first in the vertical direction and then in the horizontal
direction (such that the axis was in the plane of the backing plate).
The drive motor was operated at about 900 rpm. The plunger was removed.

The results obtained are shown in Figures 11 and 12, where Figure 11 is
for the horizontal acceleration and Figure 12 is for the vertical
acceleration. Each figure gives an average spectrum made from 8
spectrum analyses of the measured acceleration. The analyses were
made in the 0-200 Hz range and therefore cover the flywheel frequency
of 15 Hz as well as the drive motor frequency of about 30 Hz.

The plots show that the vibration levels in the apparatus are relatively
low. Reference to typical charts* used in vibration analysis indicates
that both the horizontal and vertical vibration levels fall in the
"smooth" range for mechine operation. This shows that a satisfactory
dynamic environment exists in the experimental apparatus for conducting
the optical interferometry studies.

The plots show that the horizontal acceleration is greater than the
vertical acceleration, particularly in the regions near 60 Hz and

30 Hz. This may have been anticipated, since the vertical, but not
the horizontal, forces are balanced by the lower reciprocating shaft.
However, these two frequencies are not directly associated with the
rotation speed of the flywheel, which is about 15 Hz.

*One such chart is the "Vibration Computer," a paper slide rule, pub-
lished by Endevco Corp.
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The origin of the acceleration signals at these frequencies is of
interest, so additional spectra, Figures 13 and 14, were produced.

For these spectra, all conditions were identical to those of Figures 11
and 12; however, the coupling between the drive motor and the flywheel
was disconnected. Consequently, the spectra of Figures 13 and 14

were obtained under the condition of a stationary flywheel (and
stationary connecting rods) but a rotating drive motor whose output
speed was about 900 rpm (15 Hz).

Comparison of Figures 11 and 13 shows that most of the horizontal
acceleration at 30 Hz, 60 Hz, and 180 Hz is not due to the flywheel
and reciprocating masses; in fact, the only significant flywheel/
reciprocating mass signal is the one at about 53 Hz. Comparison of
Figures 12 and 14 gives a similar result. For vertical vibrations,
it can be observed that the flywheel/reciprocating mass portion of
the apparatus contributes essentially nothing to the vibration
spectrum.

One further plot was made. The intent of this plot was to determine
whether the 30, 60, and 180 Hz signals were due to the drive motor or,
perhaps, due to some electrical source. The plot, Figure 15, is an
instantaneous spectrum made from the accelerometer with the drive
motor switched off. The plot shows that significant portions of the
60 Hz and 180 Hz signals are still present. These residual portions
are, therefore, not associated with mechanical vibrations produced
either by the drive motor or by the flywheel/reciprocating mass com-
bination. This indicates that the drive motor contributes much less
vibration to the experimental apparatus than Figures 13 and 14 suggest.
Consequently, of the vibration levels of Figure 11, half of the 60 Hz
and almost all of the 180 Hz signals are not mechanically produced.
Also, most of the remainder of the 60 Hz signal and most of the 30 Hz
signal are produced by the drive motor.

One other mechanical aspect of rig operation is of concern. That
aspect is whether a vertical force (i.e., the seal friction force)
applied to the plunger at the seal is accurately measured by the force
transducer. (The stiffness conditions for this to occur are consid-
ered in the section above.) To evaluate the performance of the
force transducer, a reference force transducer was attached to the
bottom of the plunger at the hole on the vertical centerline. To
this reference transducer was fastened a spring mass combination.
Schematically, the arrangement is as shown in Figure 16. The spring
mass combination was arranged so that the natural frequency was
about 12 Hz. :

Displacement and subsequent release of the mass resulted in an
oscillation which applied a sinusoidal vertical force to the reference
cell. The force was also transmitted to the bottom of the plunger.
Both the force measured by the reference force cell and that measured
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by the force cell in the plunger were recorded by photographing the
voltage outputs from their electronic drivers. These drivers were
set so that each load cell had the same sensitivity 2.25 mV/N

(10 mV/pound). The results are given in the photographs of Figure 17.

The three sets of time traces in Figure 17 are for segments from three
separate releases of the mass. The first set corresponds to a vibra-
tion amplitude such that no spring bottoming occurred. The second set
involved some bottoming near the start of the trace shown. The third
set was made under a condition of relatively hard spring bottoming at
the start of the oscillation. In each set of traces, two curves are
given--the top one is for the reference force transducer and the
bottom one is for the force cell in the plunger. The vertical and
horizontal scales are as shown in the figure.

All three photographs indicate very good correspondence between the
forces measured by the two cells. The time traces are in phase, in-
dicating that mass effects are not significant, even for the higher
frequencies that occurred. The magnitudes correspond well, suggesting
that the required stiffness relationships for the tie bolt, plunger
assembly and plunger force cell have been met. It therefore, appears
that the force cell in the plunger does satisfactorily measure vertical
forces (i.e., seal friction forces) that are applied to the test seal
holder.

Interferometry

The accurate measurement of the film thickness at the seal/cylinder
interface is central to the success of the current program. Film
thickness measurements are the most sensitive means for performing
analytical and experimental correlations. In addition, knowledge of
film thickness can be used in studying seal friction behavior and
can provide insight into how leakage can be controlled.

Historically, many techniques of measurement have been used to ob-
tain EHD film thickness. Successful methods of film thickness de-
tection have been developed with the aid of optical equipment, capac-
itive probes, inductive probes (eddy current devices), and resistance
measurement sensors. The optical approach, however, is the only
direct scheme which can provide a full point-by-point topographical
film measurement within a reciprocating seal interface. In addition,
the optical approach allows gradients within the contact region to

be observed and film thicknesses as small as 2 microinches to be
measured reliably. For these reasons, an optical approach to film
thickness measurement has been taken and the moving transparent
cylinder concept has been used.

Application of optical procedures to measuring thicknesses such as

those in elastohydrodynamic contacts invariably involves the inter-
ferometry technique. This technique, which relies on the interference
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between two coherent beams of light, is described beiefly below.

Figure 18 shows a greatly expanded drawing of the seal/cylinder
contact zone. The orientation of the seal and cylinder in the draw-
ing is the same as that in the experimental apparatus—-the section is
made by passing a vertical plane through the vertical axis of the
transparent cylinder. The drawing includes a light source which

sends a light beam, A, toward the outer surface of the cylinder. This
beam, which also lies in this vertical plane, has an intensity Ia'

At the outer surface of the cylinder, this beam splits into two parts;
one part, B, having intensity Ib, is reflected. The other part

enters the cylinder wall and proceeds to the inner surface of the
cylinder. At this surface, the beam splits such that one part is re-
flected internally in the glass and the other part passes into the
0il, to the surface of the elastomer, and then back to the inner wall
of the glass. The viewer, looking in the direction indicated sees
beams B, C, and D, where C is form the glass/oil interface and D is
from the seal/oil interface. If certain physical conditions are met,
interference between beams C and D will occur. One of these con-
ditions is that the ratio of the thickness h to the wavelength of the
incident light is %, 1, 1%, etc. If the film thickness changes with
axial position, the viewer will see alternating light and dark bands.
These bands are termed interference fringes. It is evident that the
axial spacing of these fringes gives directly a map of the changes in
film thickness throughout the contact region.

Several physical conditions must be met, in addition to the proper
relationship between wavelength and film thickness, for observable
fringes to exist. One of these conditions is that the beam inten-
sities IC and Id be approximately equal. Another condition is that

the intensities IC and I, be sufficiently high to allow them to be

d

seen and photographed. A third condition is that Ib be sufficiently

small (or be somehow eliminated) so that it does not overwhelm the
interference between C and D. Finally, the interface between the
glass and the oil and the interface between the oil and the seal must
be sufficiently specular that beams C and D are well defined.

Satisfying the above conditions for an elastomeric seal is not straight-
forward. The most difficult problem to overcome is the creation of

a specular (optically smooth) surface at the oil/seal interface.
Additional, but more readily overcome, problems are to minimize the
effects of beam B, and to produce sufficiently intense beams C and D.
Because of these problems, a little optical interferometry is done

using elastomers such as rubber, and few reports of such work can be
found in the literature., In those reports that exist (see, for example,
[1] - [3]*), the problems are dealt with as follows:

#Numbers in brackets denote references.
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. Creation of a specular surface is accomplished by molding
the elastomer in an optically smooth mold, thereby creating
an optically smooth surface on the elastomer.

. Creation of a specular surface by coating the elastomer with
a thin specular material such as a metal.

. Reducing the effects of beam B by coating the outer cylinder
surface with a thin film which causes destructive interference
of B in the coating.

. Increasing the intensity IC by coating the interior wall of

the cylinder and increasing the intensity Id with a coating
on the elastomer.

For the present work, none of the above techniques is entirely satis-
factory. It is desirable, for example, not to have to coat either
surface of the cylinder. Such coatings are expensive and the one on
the inner surface is prone to scratching and wear. It is also de-
sirable not to coat the seal surface with a material which affects
its deformation characteristics. Finally, it is very desirable that
the experimental apparatus employ production seals rather than seals
especially produced with optically smooth surfaces. The cost for the
specially produced seals can be very high, their behavior may not be
typical of production seals, and the optically smooth surfaces can

be prone to scratching during testing.

Experimental work conducted during the course of the present effort
resulted in a technique which gives good interference fringes and
which is appropriate to the experimental apparatus. Interference
fringes were observed and photographed with a laboratory bench setup
by using:

. A Parker Viton T Seal which was coated with shiny black lacquer.
The lacquer was employed because it is flexible (to conform to
the deformed rubber shape), strongly adherent to the rubber,
and insoluble in the production oil used. Additionally, the
lacquer coating does not crack easily or wear rapidly. It
can be applied such that the thickness is small and relatively
uniform.

. An optical flat having a refractive index in the range of 1.5
to 1.6. The optical flat could be moved manually to simulate
the motion of the glass cylinder.

. An automatic transmission oil which is a candidate for use in
actual Stirling engines. This oil (Mobil XRL 1032 AR-1) has
a refractive index of 1.4605.

. A fiber optics white light source having a high intensity.

The end of the fiber optics tube was mounted close to the op-
tical flat and oriented so that the angle between the incident
light A and the normal to the surface of the optical flat was

about 30°. This mounting method eliminates the effects of
beam B by taking advantage of the (axial) distance between
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beams C and B; i.e., when sighting along C and D, the beam B
does not enter the field of view.
. A stereo microscope with a maximum magnification of about 50X.

The fringes obtained were of sufficient optical quality that 35 mm
color slides could be taken and a 16 mm color movie could be made.

A black and white photograph made from a 35mm slide is shown in
Figure 19. The dark zones are interference fringes which appear as
multicolor bands in the original slide. The bands are very apparent
in the color movies. The bands show the presence of a lubricant film
between the glass and rubber at relatively low sliding speeds (less
than 0.25 m/s (10 inches/second)) and at relatively large

seal preloads (contact width of the seal approximately equal to half
the seal width).

Once good quality interference fringes had been produced using the
laboratory bench setup, additional optical work was postponed until
completion of the experimental apparatus. The optical instrumentation
was then installed on the device as shown in Figure 20. 1In the figure,
the fiber optics tube can be seen at the lower center of the photo-
graph. The microscope is at the left center.

A low magnification photograph, taken through the microscope is

given as Figure 21. The photograph was taken with the cylinder station-
ary. The figure shows the aluminum bands on the test seal holder,

the two fiber backing rings for the T seal, and the T seal itself.

At this low magnification, the contact zone cannot be seen but is
approximately equidistant from the two fiber backing rings. A photo-
graph for which a higher magnification was used is given as Figure 22.
For this figure, a scale was taped to the outside of the transparent
cylinder. Each of the smallest divisions is one millimeter. In
Figure 22, the contact zone can be seen bounded by horizontal light
lines in the dark region of the T seal.

Interferometry was attempted with both a stationary transparent
cylinder and for a slowly moving transparent cylinder (the flywheel
was turned by hand). Fringes were obtained, but were not sufficient
quality to be photographed. The lack of optical quality was caused

by the transparent Lexan cylinder, whose optical characteristics were
poor. Specifically, both the inner and outer surfaces of the cylinder
had circumferential scratches and grooves which appeared to have been
produced by turning during manufacture. These scratches and grooves
tended to dissipate both the incident and emerging light. In addition,
"the contact region, during motion of the cylinder, was rather irregular
on a microscopic level. This caused the fringes to be numerous,

close together, and non-uniform.

An attempt was made to polish the Lexan cylinder. This did improve

the surface quality somewhat, but not sufficiently that a smooth
contact zone resulted and that sufficient optical quality was attained.

-34—




Figure 19 Interference Fringes Produced with Laboratory
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The attempt at polishing did indicate that Lexan does not polish well
because of its inherent softness. In addition, the material does not
maintain its degree of polish well — again due to its inherent softness.

The above work led to the conclusion that Lexan is unsuitable for use
in the transparent cylinder. Two alternative materials are glass and
acrylic. At the time of this writing, a glass cylinder is on order
and due for installation in the experimental device before the end

of March. The manufacturing of the glass, however, is risky and

it is not certain that a glass cylinder having the proper dimensions
and tolerances can be secured. Nevertheless, the glass cylinder is
the most desirable, since the inner and outer surfaces will be op-
tically smooth and will be very scratch resistant.

Acrylic is the second choice--it is desirable because it is relatively
easy to polish and relatively scratch resistant. In the event that
substantial problems arise in manufacturing the glass cylinder, this
material will be used in the apparatus. However, since acrylic is
susceptable to scratching, designs are being considered currently in
which the acrylic member is expendable and easily replaced.
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ANALYTICAL REPORT

In this section, the analytical work completed during the past year is
discussed. The analytical work was directed at determining the film
thickness distribution at the seal/cylinder interface. This film
thickness distribution is important because it controls the net leakage
during each cycle of the reciprocating motion. The film thickness
distribution also affects the frictional forces produced by the

sliding seal.

Determination of the film thickness distribution for a reciprocating
elastomeric seal requires that two elements of seal behavior be
considered. Firstly, due to the low modulus of the seal, the film
thickness and the pressure distributions are coupled. These must be
determined together by theories developed in elastohydrodynamic (EHD)
lubrication. Secondly, the film thickness at the seal/cylinder inter-
face fluctuates during each reciprocating cycle. This is unlike con-
ventional EHD problems for bearings and cams where steady-state EHD
theories provide accurate film thickness predictions. Because of the
reciprocating motion, the film thickness is influenced by both squeeze
film and sliding effects — an accurate determination of film thickness
behavior therefore requires a solution of the time-dependent Reynolds
equation coupled with the elasticity equation. However, a reasonable
estimate of the average film thickness level in rod seals can be had
by using the existing steady-state EHD theories based on some effective
velocity over each cycle of the reciprocating motion. Contributions
in this category include the earlier analysis by Dowson and Swales

L&, 5]. and later by Hooke, et. al. [6, 7].

The analytical work given in this section includes two parts. First,
an approximate method is presented to estimate the mid-stroke and the
end stroke film thickness. In the second part, a time—-dependent EHD
analysis is developed to determine the temporal behavior of the film
thickness distribution during the entire cycle of the reciprocating
motion. The nomenclature used for both parts of the analytical work
is given in Table 1.

Estimate of the Mid-Stroke and End-Stroke Film Thickness

The variation of film profile in a rod seal during a reciprocating cycle
was observed first by Blok and Koens [8] using the interferometric
technique. Figure 23 shows the observed film profiles at twelve

different stroke positions. At mid-stroke positions, i.e., wt =-£s
3w 2
_2’
is similar to those predicted by the steady-state EHD analyses. At

the end-stroke positions, i.e., wt = 0 and wt = T, the sliding velocity
is zero, and surfaces are separated only by squeeze-film action. As
the shaft travels from mid-stroke to end-stroke position, the minimum
film shifts forward from the exit side of the contact to the entrance
region. There also seems to be a considerable variation of the average

wt = the sliding velocity is at its maximum and the film profile
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Nomenclature for Analytical Report

semi-major axis of the contact ellipse

semi~-minor axis of the contact ellipse

an integration constant used in Equation (32)

an integration constant used in Equation (36)

1

c = integration constant c¢' in inlet and exit half of the
° contact region respectively
2
16 E‘/h_o
E' R
13 12
16|=v Visu
dz,k’ d3,k = derivative coefficients for uneven grids
9 = elastic moduli for bodies 1 and 2
2 2
1 1—\)1 .\ 1-v2
2 El E2

frequency of reciprocating cycle

film thickness

center film thickness

h
h
o

minimum film thickness
ho 1f"'
'S 48U

Eo for the last time interval or last stroke position

hmin

R

|

1/2
E'R

EE—E , used by Herrebrugh [9]
o

H at kth grid

H

for the last stroke position
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j = grid designation

k = grid designation, also used as the ellipticity ratio by
Hamrock and Dowson [10]
kO = grid number at the contact center
kff = grid number at the film termination
1/2
W E'R
M = E'R) (zuou) , used by Herrebrugh [o]
P = pressure
o - pressure at the contact center or maximum Hertzian pressure
p = B
P
Pk = P at kth grid
Qk j = a kernel function, see Appendix B
b
R = radius of "0" ring
RX, Ry = effective radius in the x and y direction respectively
S = stroke of the shaft
t = time
uot
T = ——
b
u = entrainment velocity
u, = entrainment velocity at mid-stroke = 9%
U = Yol
E'R
V = normal approach velocity
W = load per unit circumferential length of "0" ring
WT = total load
-— wT
W = 2
E'R
X
x = coordinate in the direction of motion
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X = iJinlet coordinate

i
Xee = coordinate at the film termination
x = X
b
M= viscosity
Vl, VZ = Poisson's ratio of bodies 1 and 2
w = 2nf
Yy = equations to be solved for Pk’ etc., see Equations (37)
& = dummy coordinate for x
z £
& b
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Figure 23 Twelve Successive Phases During the
Cycle of a Breathing Lubricant Film




film thickness during the reciprocating cycle. It will be seen later
in the detailed time-dependent EHD analysis that these observed film
characteristics are completely in accord with the predicted film pro-
files. It should be noted that if the kinematics are the same during
the forward and backward stroke, the film profiles should also have
the same characteristics. Figure 24 depicts the qualitative features
of the film profiles relative to the four stroke positions in Stirling
cycle rod seals.

Approximate Mid-Stroke Film Predictions. Even though results of steady-
state EHD analyses are not exactly applicable to a reciprocating rod
seal, they are nevertheless suitable for making approximate predictions
of the mid-stroke film thickness and the level of film thickness for
each cycle. For this purpose, results obtained by Herrebrugh [9] for
line contacts as well as those recently developed by Hamrock and Dowson
[10] for low modulus point contacts have been adopted.

The numerical solution by Herrebrugh, Figure 25, gives the variation
.0f a dimensionless film parameter H* with an EHD parameter M. Since
the load parameter, W/ER, in rod seals is usually very large, the
portion of the curve in Figure 25 applicable to rod seals is towards
right in the heavily loaded region. In this region, the curve can be
best fitted by

H* = 2.45 M71/4

(1)
where
0% = Pnin ( e'R| /2
R Zuou (2)
o () ER) 2
E'R Zu u (3)
Equation (1) can be rearranged to give
-1
h . 2pu 5/8 /4
min _ 5 ;¢ 0 W
R ) E' E'R (4)
Since in line contacts
P 2
W
R 2('}3‘") 5)
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Equation (4) in terms of a pressure parameter E% , becomes

hmin Cgus 25/8 EEE 5/8 32 -1/2
R ' ZTT1/4 E'R E'

or

5/8 ~1/2
Pmin _ ;) 55 2o Zo
R 2% |ER E' (6)

An alternate method can also be used to estimate the minimum film at
the mid-stroke by modifying the minimum film thickness formula given
recently by Hamrock and Dowson [10] for low-modulus point contacts.
Reference [10] gives

h . -0.21
min ;43 (1 - 0.85 e 03Ky 000§
R (7N
X
where
h . = minimum film thickness
min
a EX 0.64
k =3 - 1.03 R
X
a = gemi-major axis of contact ellipse
b = gemi-minor axis of contact ellipse
Rx = effective radius in the direction of rolling
Ry = effective radius perpendicular to rolling
PR
E'R
X
o - viscosity
u = entrainment velocity
2 2
1 l.(1—\)1 N 1-v, )
EI
2 El E2
W = 7
E'R
X
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WT = total load of the contact

From Hertz theory for an elliptical contact, it can be shown that

P W

o . 3 1 T
C .
E 27 a b2 E'R 2
('];) — X (8)
RX
or
Yr _ 21 a (b_)2 Po
1
E,sz 3 b R, E 9

Substitution of [9] into [7] gives

h -0.21

2
min _ -0.31k, .0.65 .. .-.21]21 Po b
Sl 7.43 (1 - 0.85 e )y U ) [—3 =S (RX) ]

(10)
It was suggested in Reference [10] that for low-modulus contact
Equation (10) can be converted to line contact if k is taken to be 11.
Setting k = 11 and using the following relation for line contacts,
b _ D
]
RX E (11)

Equation (10), for line contacts, becomes

-.63
h - - - P
rlr{in = 7.43 (1 - 0.85 &~0-31 X 11y 41y .21(16.2_;) .21 Uo.ss( %')
* (12)
or
-.63

h . P

min _ 0.65 "o

= 2.09 U (E.) (13)

X

Equation (13) is the minimum film for low-modulus line contacts based
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on Hamrock and Dowson's point contact theory. Film thickness curves
based on Equation (6) and Equation (13) for conditions used in the
Stirling engine rod seals are plotted in Figure 26. The agreement
between these two theories is seen to be reasonably good at low loads.
At higher loads, the larger exponent in Equation (13), deduced from
the point contact theory, yields a much lower estimate compared to
Herrebrugh's theory. Nevertheless, for pressures encountered in

Stirling engine seals 3.5 x ln3 - 14 x 103 kPa (500-2000 psi)
the discrepancy is not serious; therefore, both theories appear to be

satisfactory.

Herrebrugh's theory was recently correlated experimentaly by Swales
et. al. with rubber pads [5]. Comparison in Reference [5] showed that
the load dependence in the experimental data is considerably smaller
than in Herrebrugh's formula. Since the values of pO/E' in Swales'

experiment were considerably smaller than would be encountered in

Stirling engine seals, it is believed that film predictions based

on Equation (6) or Equation (13) for rod seals are likely to be on
the pessimistic side.

End-Stroke Film Thickness. Based on the steady state analysis, the
film thickness at both ends of the stroke would be zero because the
entrainment velocity is zero. However, due to squeeze-film effects,
the end-stroke film thickness will not vanish, but will attain a finite
value which depends on the squeeze-film velocity.

To estimate the values of end-stroke film thickness due to squeeze-
film effects, the results developed by Herrebrugh [11] for two normally
approaching cylinders with an isoviscous lubricant are used. Based

on his findings, the center film thickness during a normal approach of
two cylinders in the heavily loaded region is

" 1/6 bV 1/3

SR =

R ) E'R E'R (1%4)
where
v = normal approaching velocity

It is assumed that the film thickness at the end-stroke does not deviate
greatly from the mid-stroke film thickness; i.e.,
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The normal approaching velocity can then be approximated by

h - h
o

o T

s T
- - 2
V= Tae At (16)

where the time increment can be taken as one quarter of the period; i.e.,
=1 (l)
t = PRY: (17)

In Equation (17), f is the frequency of the strokes.

Rearranging of Equation (14) gives

3
WV (Bg) 1 1
v - o)
E'R R (4.85)3 W .l/b
E'R (18)
Aho
By substituting-—ZE for V one obtains
oAb, E'R (E) (h_o)3 1 1
h H h R 3 P
o o o (4.85) ﬂ,Zn (Eg)
or
h Aty [h 2
AR, = l E'R)(uo )(_9) 1
h uu R R p
o oo 285.8 (E—?) (19)
Here, Uo is the entrainment velocity at the mid-stroke, so that
B U1 I S
u, = (m 2) 5 w£S/2
from which
= s 1 _ =S
uht = T - %% 8 (20)
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Equation (6) can now be used to express hc/R in terms of the speed and

load parameter. Substituting Equations (20) and (6) into (19) yields

Ah D -2.0
o S 0.25 1 ( o)
— = |353) 2.385 x U —
ho (8 285.8 \E' (21)
p -2.0
=0.00327 li—) x 10+ 23 [——?)
E (22)
. S Py
When the following ranges for =, U, and-ET are used,
S = —
R 4 - 12
U=2x10°%-5x10"’
P
=% = 0.05 - 0.2
Ak,
the ratio - is found to be within the range from 0.59 - 0.0087
)

This shows that the squeeze-film effect can be quite substantial under
conditions in rod seal lubrication. The variation of the center film
hc during the entire cycle of the reciprocating motion is expected to

be small for high values of po/E'.

Transient Film Thickness Analysis

It was shown in the last section that the mid-stroke film thickness can
be estimated by equations derived from existing low-modulus EHD theories.
The reduction of film thickness at the end-stroke can be estimated by

a relation deduced from Herrebrugh's normal approach EHD analysis. 1Imn
this section, an analysis is developed to determine the temporal behavior
of the film thickness by solving simultaneously the time-dependent
Reynolds' equation and the deformation equation. Since it was antici-
pated that this transient EHD solution for severly loaded rod seal
contacts might encounter unforseen difficulties, it was decided that

the first attempt at producing the transient analysis be based on simple
Hertzian contact. The analysis below, therefore, does not include

the deformation due to contact pressures exerted by groove surfaces on
the seal ring. The analytical effort was focused on developing a




numerical method to handle the transient EHD solution under severe
pressure loading. Other deformation profiles, including those produced
by groove contact pressures, can be incorporated into the perfected
method at a later date.

Governing Equations. The time-dependent Reynolds' equation for a pure
Hertzian contact is

2 (hQéE = 12u (u(t) h 4 3h
o ox

ox X at (23)
The film thickness is governed by

e
— X _ fL__ £ -x
h="h +5 ~7E . (&) In=ry— dE (24)

i

where

X = coordinate along the sliding surface
h =" film thickness

P = pressure

uo = wviscosity o ‘
u = time varying velocity

ho = center film at x = 0

R = sgeal radius _

X, = inlet boundary of the lubricant film
Xee = exit boundary of the lubricant film
& = dummy variable for x

Introducing the following non-dimensional quantities:

X = X

b
b = half contact width

h
Ho =3

o

P = plp,
P, = maximum Hertzian pressure
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. fre)

Bo
48uouo
E'R
v o= mid-stroke entrainment velocity, half of the mid-stroke sliding
velocity (uo = wS/4)
2
= '
c, 16(p,/E')"/(h_/R)
S = stroke of the piston
T = uot
b
w = angular velocity = 27f
E = ¢&/b

Equation (23) and Equation (24) in non-dimensional form become

o o). 1 [ oo, 1 20
ox 0% n2 %Mt R f, T

o) (25)
X
=2 ff < -
H=1+Clx—2—%f P(?:)an%’liLdg
= €
Xy (26)
In the above, the shaft velocity is assumed to be sinusoidal. The
boundary conditions for Equation (25) are:
P=20at x = X (27)
dP - =
P=0and —= =0 at x = x
dx ff (28)
P=1atx=0 (29)
o = [=2 (30)
Rilwt =0 R Jwt = 2o
P Holo S
For a given set of parameters i E'R and R » one can determine the

h
center film thickness ﬁg and the film thickness and pressure profiles

at each time interval using numerical schemes. The two numerical
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schemes considered in solving Equation (25) and (26) and the experience
gathered with each are documented below.

Numerical Treatment--Direct Discretization (Scheme "A"). This scheme
is the conventional way of handling the Reynolds' equation. 1In
Equation (25), the second order derivative of P is directly discretized
at a grid point k. The discretized equation appears as

P el 3 Pril Tk | -2
k k-1/2 MR, 4 k+1/2 A%, o +

- sinet [dB,k Hern ¥ 2,0 e ™ 91,k Hk—l]

ho (31)
where
§k2 L kEf
B o=1+C —2——;5]:1 PJ Qk:|

(@}
|

6 P 1\2 ho
L = 16Co/EN [ &

M1
I

N X coordinate at grid k
Pj = P at grid j
ij = A Kernel function developed in Reference [10], and repro-

duced in Appendix B
Hy_1/p = (B * Hk_l)/ 2
(H + Hk+1)/2

Axk—l = x =X

k
Hu 1/2
= _ ,h 00
i, - oo 52
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d =
1,k - -
Axk 1(Axk + Axk_l)
. _ Axk - Axk—l
2,k -
Axk Axk—l
Axy;___1
S
Axk(Axk + Axk_l)
h = h_ for the previous time interval
o,L o
Hk,L = Hk for the previous time interval
AT = ubAt
b

At each time step, Equation (31) is a set of equations written at grids
2 to kff—l for a total of kff—Z equations. These kff—Z equations can

be solved by the Newton-Raphson procedure to obtain values for kff—2
unknowns consisting of P2 to Pk -1’ Pk +1 to Pk -1 and ho. In this
o o ff
solution,
Pl =0
Pk =1
o
P =0
kff

which are the boundary conditions for Equation (31).

The location of ;k is not fixed, and must be such to make the slope
dP - ff -

—Z wvanish at x . This is accomplished by moving x towards the
dx keg keg

contact center one grid point at each iteration whenever a negative
pressure appears near kff.
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Scheme "A" was tried and failed to yield satisfactory results particu-
larly at high loads. It begins to experience difficulties at

E% = 0.01. It is not known whether the difficulties arose because of

the inherent discretization error associated with the interpolations

factors d , d , d for uneven grids or because of a possible
1,k "2,k’ 3,k

error in the complicated algebraic expression of awk which has to be
oh
o
evaluated in the Newton-Raphson procedure. Scheme "A" was finally

abandoned in favor of an alternative approach, Scheme "g", which is
described next.

Numerical Treatment--Discretization of Integrated Reynolds Equation
(Scheme "B'"). This scheme follows closely that developed previously
by Lee and Cheng [12] for studying the effect of a single asperity
entering the inlet zone of an EHD contact. In this formulation, the
Reynolds equation is first integrated once with respect to X, and then
discretized.

Integrating Equation (25) once, one obtains

_ x 3(h H) _
R 2wl g—g = singpt-H + _—1 —2—4at +c (32)
X h 9T
0 "X,
1

where ¢ is an integration constant.

If —g is zero at x = 0, then
dx

0 3(h_H)
c=—sinmt—%—-f —%T—di
By J. BREE)
X,
i

dP -
For general cases, ‘o at x = 0 is small but not exactly zero; therefore,

a small residual constant c' must be provided to permit any small non-—
zero pressure gradient to exist at % = 0. Thus, for general cases,

c =2cC T Sinwt _ __]___ f O S(EOH) dg
o dz Y
1

Substituting (34) in (32), and observing that

(34)
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0a(EOH) _ *oathm Oa(ﬁou) _
Tt ) T &) T (35)

Equation (32) becomes

o - oT

o
3(h H)
- 2 A -
hH3a—= smmt(H-l)—:l—f O dE + c'
9x h,o-

0 x

(36)

Equation (36) is discretized at the mid-point, k + 1/2, between two
pressure nodes, P, and P The discretized equation is

k k+1*
P -P
=2 3 k+1 kY . _
Vir1/2 = B (Hk+1/2 Z ) sinwt (B q/o"1)
Ax
k
+% SUMS (K, TH,0) + c¢' =0 (37)
where
Ax h h
_ _k _ _o,L _ _o,L
SUMS (K,TH,0) = —= | (H, ./, - R A C W) = He,1)
(o] (o]
k -1 _ _ _
A h h
14 o,L o,L
+ Z 7 | W - - H!,,L) + (Hpyy - = H£+1,L)
£ = k+l o o
Ax h h
- kod-1 __o L __o L
SUMS (K,TH,0) 7 (Hk¢_l/2 —L—E Beg-1/2,00 ¥ @ —Lﬁ )
(o] (o}
For k= k -1 (39)

-59-




Ax h

(o] o,L

:

L
- , - ——
SUMS (K,TH,0) = ( v ) + (Hk¢+1/2 - Hk¢+1/2,L)
o o)
For k = ko (40)
E A;‘I, Eo L Eo L
= % _ 94 _ 9%
SUMS (K,TH,0) 5 (HK - HK,L) + (H£+1 H£+1,L)
£=k o o
o
Ax h h
k __o,L _ _o,L
t W - T ) Hyg g, - T B 1)
h h
o 0
For k 2 k +1 (41)
By referring to the following diagram,
Pk+l
Pk
X k \k+1 0 X
C ) X.
oor 1 k+1/2 ff
Grid No. 1 ko kff
Equations (37) can be written at k = 1 to k = kff - 1 for a total
number of k.. - 1 equations. In solving Equations (37), the following

ff
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pressures are kIIOWIl,

P1 = 0
Pk = 1
o
P = 0
kff
Thus, the total number of unknown pressure nodes is kff - 3, and they
are P2 to Pko—l and Pko+l to Pkff_l. These kff-3 unknown pressure nodes

together with Eo and c¢' form the right number of unknowns for the

kff-l equations.

As mentioned in Scheme "A", fo must satisfy the free boundary condition
ar
dx
point near the exit region where the following term vanishes

AR

. _ _ = P S | -

sinwt (H 1) ; ) T dg + ¢ 0 (42)
[o] Xff

= 0. This is accomplished at each iteration by searching for the

It was found the inclusion of Eo as an unknown in Equations (37) in

the Newton-Raphson procedure gave rise to some difficulties in conver-
gence. This was remedied by allowing the integration constant ¢' in
the inlet half to be different from the value of ¢' in the exit half.
In so doing, ¢' is now replaced with two unknown constants, ci for the

inlet region, and Cé for the exit region; however, Eo is now consid-
ered as known. Thus, the total number of unknowns still matches the
total number of equations.

At each time step, one begins the first iteration with an initial guess
of Bo’ which is usually the value of Eo for the previous time step.
With the first guess of ho, Equations (37) can be solved for Pk and c!

I
and ¢', If c! is not equal to c¢', h_ is readjusted until c! matches c'.
o I _ o o I o
This procedure permits ho values to be calculated during half of the
reciprocating cycle. However, Eo thus determined in the first half

cycle may not satisfy the periodic conditions, i.e.,
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() yransz = B ut=3n/2
The cycle must be repeated until the periodic boundary condition in time
is satisfied.

The procedure seems to work well for a wide range of load and speed
parameters, even for conditions beyond those occuring in Stirling engine
rod seals. Results obtained from use of the procedure are given in the
next section. In the Appendicies, details and use of the procedure

are discussed. Specifically, the expressions for the derivatives of
¢k+l/2 with respect to Pj for solving Equations (37) can be found in

Appendix C. The computer program for Scheme "B" ig entitled "RODSLJ"
and is documented in Appendix A.

Results

Three input parameters are required for each run. These include:

po
B ¢ load parameter
Mot
U = 'R : speed parameter

.+ stroke to seal radius ratio

|

For the conditions to be used in the experimental rig, the range of the
above dimensionless parameters was found to be:

po

-9 - 0.05 to 0.25
U=10" to 2.0 x 10°°
S _

R 4 to 16

Table 2 lists the input data for seven runs. Runs 50, 51, and 52 are
for finding the effect of speed; Rums 51, 53, and 54 for the effect of
load; and Runs 51, 55, and 56 for the effect of stroke to radius ratio.
Figures 27 to 34 show dimensionless film profiles at six different
stroke positions during the forward stroke (wt=0 to wt=m) of the re-
ciprocating cycle. Since the sealing pressure differential is not
considered in the present analysis, the film profiles during the back-
ward stroke (wt=n to wt=2m) should be a mirror image of the forward
stroke profiles, which are the only ones presented here. All film
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Table 2 List of Input Data

Run No. ;_% U % _gg /X" .
50 0.1 107’ 8 31.6
51 0.1 5x10"7 8 14.14
52 0.1 2x10°% 8 7.07
53 0.25 5x107 8  88.3
54 0.05 5x107/ 8 3.54
55 0.1 51077 16 14.14

7

56 0.1 5x10 4 14.14
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Run 50
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Figure 27 Film Profiles for Run 50, U .1, U =10 ", - 8
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Run #51
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Run #52
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Figure 29 Film Profiles for Run 52, — = 0.1, U =2 x 10 7,
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Run #53
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Figure 30 Film Profiles for Run 53, 0 =0.25, U=5x10 °,
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Run #54
H

1.0 \l we30°
E Bg=e 1613
C 0.5
k . u-6°°
ufF 1.0
E Bime2596
_ , L. 0.5
,:, & ] oa®
e nfF t.o
. - f,=+3003
o =
= 0.5
o
sl
] .
o wt=120°
g H 1.0 -
3 E B, =.2859
' o
&ohnl 1_—0.5
- w=150°
A
c h =.2299
= o
2 HpP 1.0
. 2.5
e
wt=180°
up 1,0
- h_=.1797
he [+
[~ 0.5
A 1 l % 1 A ' L L 1 1 l i
-1.0 0 1.0
x = x/b
P, _
Figure 31 Film Profiles for Run 54, U 0.05, U =5 x 10
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Run #55
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profiles are normalized with respect to the film thickness at the center.
The value of Eo’ the non-dimensional film thickness at the center, at

each stroke position is labelled for each profile.

For Run 54, the most lightly loaded case, the film profile between the

-% to wt =) and the first half of

the backward stroke (wt =m to wt = 2%) are replotted on the same scale

last half of the forward stroke (wt

to show their relative positions. These curves show a trend consistent
with these observed by Blok and Koens [8]. It would be of interest to

ascertain the exact conditions used in their experimental runs so that

more quantitative comparisons can be made.

Aside from the fact that the edge protrusions are much more pronounced
for heavily loaded or low speed cases, the general features of film
profiles are very similar for all rums. It is interesting to note that
at the end-stroke position (wt =), where the sliding velocity vanishes,
the film droops down more in the inlet half region, whereas in the exit
half the film remains reasonably flat or even rises slightly above the
center film in some cases. This feature seems to be due to the sliding
action producing a very effective suction once a negative wedge is
formed at the inlet. As can be seen in Figure 23, this same feature
also exists in the observed film profiles at the end-strokes.

The variation of the center film thickness during half of the recipro-

cating cycle (wt =-% to wt = é%) is shown in Figure 35. At the mid-

T . . . .
stroke (wt = E), the shaft velocity reaches a maximum and is decreasing.

However, the center film thickness does not reach a maximum until about
10-15 degrees after the mid-~stroke. This shift is due to the fact that
part of the sliding action at the mid-stroke is nullified by the
squeeze-film action %%. The stronger the squeere-film term, the larger
the shift of the maximum film from the mid-stroke position. As the
shaft reaches the end-stroke position (wt =m), the sliding action ceases,
and the pressure within the film is supported entirely by the squeeze-
film action. Perhaps the most interesting feature in this curve is the

sudden reduction of Eo soon after the end-stroke position, where the

motion reversal takes place. This reduction is attributable to the pen-
etration of the exit protrusion into the center of the contact after
the shaft reverses its direction. This penetration causes a sharp re-

duction Eo for low-speed or high-pressure cases. It becomes more pro-

nounced as the squeeze-film effect becomes more influential.

Figure 36 shows influence of speed on Bo' It is seen that the squeeze-
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film a: tion is not altered significantly even for a five-fold increase
in speed. This trend agrees well with the approximate analysis of
squeeze-film effect represented by Equation (20).

Figure 37 shows the effect of load parameter on Eo' It is seen that
the fluctuation of ho is most strongly influenced by the change in
pressure. A five-fold increase in Hertzian pressure from 0.05 to 0.25
yields more than ten times reduction of Eo during the last half of

the forward cycle (wt = %-to wt =w). This result again confirms

qualitatively the approximate formula Equation (20) derived from
Herrebrugh's squeeze-film analysis. It should be noted that for the

highest Hertzian pressure the reduction of Eo right after

P
E$= .25

the end-stroke position (wt =) is quite sudden. It should also be
noted that the lowest film thickness at this position ig accompanied
by a substantial sliding velocity. If the seal surface is to fail by
sliding wear, it is likely to begin first at this position.

Figure 38 shows the effect of stroke length on the variations of Eo'
As expected a longer stroke would lessen the squeeze-film effect

and allow Eo to approach more to the steady-state value based solely

on the sliding velocity. With a shorter stroke, the squeeze~-film
action dominates, and the fluctuation due to the sinusoidal sliding
velocity is considerably suppressed.

Concluding Remarks on Analyses

A time-dependent numerical EHD analysis for low-modulus line contacts
was developed to investigate the temporal behavior of the film pro-
files of sliding rod seals during a reciprocating cycle. Resulting
film profiles reveal all essential features of the temporal film
behavior observed by Blok and Koens [8] between a rubber cylinder and
a transparent reciprocating surface.

The results indicate that the squeeze-film effect dampens the film
thickness fluctuations caused by the oscillatory sliding velocity. It
also produces a shift of the maximum film from the mid-stroke position,
where the maximum velocity occurs. Likewise, the minimum center film
thickness occurs not at the end-stroke, but a few degrees thereafter.
For cases of pronounced squeeze-film effect, usually associated with
high-load cases, the reduction of the center film after the end-
stroke is rather abrupt, particularly at a position where there is
substantial sliding velocity.
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The squeeze-film effect increases strongly with an increase in contact
pressure, but is almost uninfluenced by a significant change in speed.
These findings correlate well with an approximate formula for the

change of film thickness due to squeeze-film action based on an existing
normal approach analysis [11].

The results developed in the present analysis are based on a pure
Hertzian contact uninfluenced by any contact pressure between the seal
ring and the groove walls or by the effects of a large sealing pressure
differential. The analysis should be valid for cases where the sealing
pressure differential is small compared to the contact pressure. The
transient analysis developed is an essential building block for further
study of the temporal film behavior of rod seals under large fluid
sealing pressures. The analysis can be readily modified to include an
inlet deformation profile obtained from a static finite element defor-
mation computation. When such a profile is combined with the present
analysis, the resulting analysis will be capable of treating the wall
pressure effects and the pressure drop across the contact region.
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CONCLUSIONS AND RECOMMENDATIONS

- On the basis of work done to date, the following conclusions have
been reached regarding the experimental apparatus and the analytical
effort:

Experimental Apparatus

. The experimental apparatus, in design and performance, is
suitable for evaluating Stirling engine rod seal behavior.
The apparatus produces a well-defined reciprocating motion
of the transparent cylinder. It exhibits little vibration.
The built-in force cell measures properly axial forces
applied to the test seal holder. In addition, the device
is rugged and easy to use.

. The interferometric measurements, necessary in the evaluation
of seal behavior, can be made with the device. However, the
Lexan presently used for the transparent cylinder must be re-
placed. The new material should be optically smooth both on
the inner and outer diameters and should be scratch resis-
tant. The first choice for this material is glass and the
second choice is acrylic.

Analysis

. A time dependent numerical method was developed which deter-
mines the fluid film thickness and pressure distribution at
the contact zone between an elastomeric seal and a recipro-
cating cylinder. The method is appropriate for the high
values of static contact pressure to seal modulus ratio found
in Stirling engine rod seal applications. At its present
stage of development, the method applies for a Hertzian static
contact pressure profile and for zero pressure gradient across
the seal.

. Application of the numerical method produces results which
correlate well with experimental results in the literature
and with appropriate approximate analyses. The results
obtained show that

a) the squeeze-film effect dampens the film thickness fluc-
tuations caused by the oscillatory sliding velocity

b) the maximum film does not occur at the instant of max-
imum velocity

¢) the minimum film does not occur at the instant of zero
velocity

d) the squeeze-film effect is affected strongly by the

- contact pressure but is almost independent of the sliding

velocity.
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Continuation of the contract work should be directed at maximizing
the usefulness of the analytical and experimental tools developed to
date. The following recommendations are based on this objective.

It is recommended that the experimental apparatus be used in an in-
depth study of Stirling engine rod seal behavior. To do this requires
that some refinement to the apparatus be done, that a test program

be developed and conducted, that the resulting data be reduced ap-
propriately, and that some runs of the analytical seal model be per-
formed for cases corresponding to the experimental situations.

The refinement of the experimental apparatus entails the addition of
hardware to synchronize a stroboscopic photographic flash with the
cylinder position.

The test program should include use of the apparatus with the trans-
parent cylinder, with an aluminum cylinder, and with a coated and
uncoated seal. Using the transparent cylinder and the coated seal
can provide, primarily, film thickness data for comparison with theo-
retical results. Parameters which can be considered include:

1. Seal type and seal material
2., Seal preload and seal groove geometry

3. Gas pressure to 690 kPa (100 psi), (zero pressure
for at least one set of tests)

4, Frequency (10 to 50 Hz)

5. Temperature and lubricant type

6. Seal surface finish (variations to be obtained by changing
the optical coating on the seal)

Operation of the apparatus with the glass cylinder and an uncoated
seal can reveal the role of the optical coating in the results with
the coated seal. To accomplish this, measurements of leakage and
friction-force can be made and compared to these obtained for the
coated seal.

Operation of the apparatus with the aluminum cylinder and an uncoated
seal can reveal the role of cylinder surface finish on friction and
leakage. 1In this, measurements of friction and leakage can be taken
and compared to those obtained for the uncoated seal/glass cylinder
combination. Also, aluminum cylinders having various surface finishes
can be employed in the comparisons.

Regarding data reduction, the most important aspect is quantifying
the interferometry results to determine the film thickness and the
film thickness profile. Techniques for the film thickness measure-—
ment include white light with color tables, two discrete wavelengths
of light, or monochromatic light with counting of fringes born. It
is desirable that the most suitable technique or techniques be deter-
mined and used in the above experimental work.
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Additional runs of the elastohydrodynamic seal model will be needed
for those situations to be treated experimentally. Such situations,
not yet considered analytically, include various combinations of seal
properties, seal preload, cyclic frequency, and lubricant viscosity.
Comparing similar experimental/analytical cases (to the extent that
the model can represent the experimental situation) will provide
insight into both the important aspects of the elastohydrodynamic seal
behavior and additional capabilities desirable for eventual addition
to the computer model. Capabilities already identified for eventual
addition to the computer model are a general (non-Hertzian) static
pressure distribution and a pressure drop across the seal.
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APPENDIX A
Computer Code "RODSLJ"

Flow Chart-

The computer code "RODSLJ" was written to calculate the time-dependent
pressure and film thickness profiles, Pk and Hk’ at various stroke

positions during half of the reciprocating cycle (wt=7/2 to wt=31/2).
The flow diagram shown in Figure A-1 is based on the numerical treatment
described as Scheme "B" in the Analytical Report. For a set of given

input data, the calculation of Pk and Hk for the entire half cycle is

nested in four loops. In the innermost loop (IT=1, ITP), Pk and Hk are

calculated for a prescribed Eo to satisfy Equations (37). The second
inner loop (ITM=1, ITH) is an iterative loop for solving the center
£ilm Bo to satisfy the condition, cI' - co' = 0. The third inner loop
(MT=MI11, MTMAX) performs the calculation of ho, Pk’ and Hk in equal

time intervals from the one mid-stroke position (wt=m/2) to the other
mid-stroke position (wt=3m/2). The outermost loop (IE=Il, ITE) repeats

the MT loop until ho,n/Z = ho,3n/2'

The nomenclature used in the computer program is listed in Table A-1l.




Figure A-1

READ INPUT DATA
KO,KA,KF,KR,KFF, NHERR DX(K) (K=1,KFF)
NS 1-NS8 P$E,UB,DWT,FL4B
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Flow Diagram for Code "RODSLJ" (Continued on next

page)
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Figure A-1

Flow Diagram for

Code "RODSLJ" (Continued from previous page)



Table A-1
List of Major Computer Symbols

Computer Symbol Symbol in the Analysis
KA k

A
K¢ ko
KF ke
KFF kee

DX (K) A§k

X(K) §k

1]
P¢E po/E
UB U
WT wt
DWT Awt

FL4B S/ (4b)

P(K) P
c7 c7
DT AT

Q(I,J) Q3
H¢B h

H(K)

CKI1 ci
]
CK¢ <,
HL(X) Hk’L
H¢BL ho,L
SUMS (K, TH,0) See Eqs. (38) to (41)

Time interval
designation

DP (K) Rrpy = 70/ 05

MT




10
11
50
30
31
32
40
50
60
70
80
90
100
103
104
105
104
110
12
130
140
141
142
150
160
161
170
180
181
190
200
210
211
220

')")1

AL A

230
231
240
241
250
260
270
280
290
291
300
x10
20
330
40
350
355

OO OOoOOae

100

Fortran

Listings of Code '"RODSLJ"

FROGRAM

RODSLJCINFUT « CONSOL s OUTFUT » TAFES=INFUT » TAFE6=CONSOL v

1 TAFEZ=0UTFUT)

DIMENST
DIMENSI
DIMENST
TIMENST
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON

L
L.

ITMPmﬁ

ON ACS0r&0) s 040 s WORK(AH0) y HINT (80) » BUMTK(B0)

OM- HM(80) s HF (80) s HM2 (B80) s HF2(80) y HM3(80) » HF3(BO)

ON FTEM(80)HTEM(80)

ON FSTORCR2S5y80) yHETOR(25,80)y HOBST(28) y SUMKFF (25)

HOL;HOHh(””)wa Ty KAy KOs KF s KRy KFF y UBy FOE

XAA80) X80y Q(B0O+B0)»yQAIACBO)

H(GO)vHU(SO)yHQ(UO)yHI(80);H9L(80)

FOBOY s PRS0y FES(B0) y BF (80 y DIFG(80) y FEAVE(B0)

FROBOYsFS(80)»yDLCBG) y12(BO) » D3 (BOD

TACBOY s TRIBOY » TCCHO) s TO(BO) s TE(BO) ¢ TF(BO) » TG(BO) » THIBO)
QRIBOYy HZIBOD

AGT STATEMENT NO. USEDY 600
AST KFN USEIy KF3S
REAL BASTIC INFUT DATA

RODSLEC  WITHOUT ITERATION OF HOR

NNUUTm7

REAINCN
WRITIE(
WRITE(
READN
nog 200
REAINN
NhITL(

WRITE
REAINCN
WRITE
REAIN(N
WRITE ¢
WRITE
KKF=KF
REATN(N
g 100
XK ) =X
WRITEC

FI=3, 1
REAIN(N
REATH(N
WRITE ¢
WRTTE ¢
C7=16,
I =T T

Rl

NWOUT» 1)

NWOUT» 1)

Ry 2YNRUN

O NNR=1 e NRUN

o) RKAsKOyKF» KR KFF ¢ NHERR
Nurmrs:m\'m l\'(‘lv l\'l"'v I\'I"\y KF-"F-"

Nl/JmH -”’)NC,*, vN‘”’yN%"SyN‘M} vN“'Js N‘)(‘) vN’u’ NG 8
Re2¥YITHe ITF e TTEyMTMAX s MTMIT

(NWOUT e 2)YTTH LTF e ITEy MTMAX yMTMIT

Ry 3YEFGH EFSF
NWOUT» 11

v P OE s X (1)
SHe EFSFy EFSE

(NWOUT» 11 EFSHy X 1)

l\yﬁ) (DX (KDY o K= 1yl\|\F“)
K= e KF

(-1 HDX CR~1)

NWOUT »5) (Ky XIR DY y K= y KFF)

41593

ReZ)FOE»URsTIWT y FLAR

ReZ) (PR y K=1 ¢ KFD

NWOUT s LIDFOEyURyDWT s FLAR

NUWOUT5) (KyF(R) s K==L sy KF)

OXRFOEXX2/78QRT A8, OXKUR)

¥FL4B




3460
270
380
390
400
410
420
430
44Q
450
4460
470
480
490
300
310
520
530
540
350
360
570
580
G981
383
5835
586
587
388
589
B0
G991
4630
&40
4650
460
LY
662
hébH3
héH4
bH&65
b&66
b6467
&70
480
4690
700
709
710
711
712
713
714

103

C

106
104

115

310

610
C

C

c
C
e

CALCULATE FI(K)

no 105 K=1:KF

FINR) =0 ‘

AXK=ARS(X(K))

IFCAXK LT, 1.0) PDORK)=8ART(1,0-X(K)¥¥2)
FS(R)Y=PF(K)~FOIK)
WRITENWOUT » S5 (KyFSIRN) s K1 s KF)

CALCULATE QI

Cal.l. KERCAL

IF (NSS JEQ. 0XGO TO 104
WRITE(NWOUT s ?)

no 1046 I=KOsKI"
WRITE(NWOUT»S5) (e QT 9 ) » J=KOrKF)
o 115 K=2yKKF

DXG=DX (K +DX (K--1)

UL R =DX R A (DX (RK-1) kDIX&?

2R = COX (R =DX(R=1) ) A COX (YR {K-1) 3
D3RI =NX(R-1) 7 (DX (KIRDXE)Y
CONTINUE

0o 510 K=1sKF

FERY =00

0o 610 K=1sKF

AXE=ARS (X (K))

SXR=GART (AXKX*2-1,0)

HZ(K)=0.0

IFCAXK LE. 1.0) GO TO 419

HZ (R =AES (AXRESXK) ~ALOG (AXKFE XKD
CONTINUE

CALCUL&TIE INITIaL pidi

HERR=2, 374XURXX0, 125/SORT (48, XFOE) /¢, 8
N0 1990 IE=1yITE

MT T

TF{IE EQ. 1) MTI=1

IFCIE JEQ. 1) HOR=HERFK

DG 665 MT=MTIyMTMAX

FMT=MT

WT=CFMT-1,0)XKIWT+1, 5707943

SINWT=SINWT)
SINWT=ARG(SINWT)
TTM=1

HOR2=HOR A
HOBL=HORXD, 25
KF1i=1

HOE=HOR.

START TIME LOOF



720 C

730 C - CALCULATE F(1) TO F{KA)
740 C

741 122 KRFM=KF~1

730 00 123 K=1sKFHM

760 123 PSAVE(K)=F(K)

761 Call HCAL (1)

766 CALL HCAL (2D

771 TFINSL JEG. OGO TO 110

774 WRITE(NWOUT s & 2HOR

781 WRITE(NWOUT S (Ke HIKY p K1y KF)
7846 110 CONTINUE

791 N0 120 K=1eKF

796 120 HSK)Y=H(K)-HIN(K)

800 KKO=K0~1

809 0n9 581 RK=1+KA

810 HH= (H R FHORE 12 ) %0 . 5

8195 TGORY =1 O/ HHE.Z

820 FRODY = (HH=-1 Y XTG(R)

830 581 CONTINUE

835 TF(MT JER. 1) GO TO G835

d40 HIOH=HORL./HOR

845 T 582 K=1yK0

850 582 THOO=(HR) ~HOHKHL (K))

870 FOIRDY=0.0

875 no 583 K=1yKK0O

880 KR=RKK0O-K+1

885 583 FEKKI=0 8GR (THRK Y HTHORKY 1) 2k DX KK HFSERE L)
820 585 CONTINUE

891 FC1)=0,.0

8992 no G846 L=2yKA

893 FOLY =R -1 0 (S INWTRFROL-1) (1 O/ 0T )X (FS L ~L 2 HFS L) 30,5
894 IHTECL -1 ) KNX (1) /HOTNE KR

BeH 584 CONTINUE

894 124 IT=1

897 TFCXTH 6T, 1) GO TO 590

898 CRI=0,0

g9 CRO=0,0

P00 590 CONT ENUE

P0G TFMT JEQ. 1) GO TO 372

04 HIM=HDBL AHOR

Q07 ne 371 K=ROyKF

208 371 THKI=(HIK) ~HIMH¥XHL (K))

P09  3F72  CONTINUE

210 NNN=KF K1)

211 DO 340 K=1yMNN

P12 KK=RF-K

913 TEMFL=0.0

?14 IFEMT JEQ, 1) GO TO 373

P20 TEMPL=8UMS(KKs THy 1)

P2 373 TEMP=(HKR) =1, 0)XSINWT-TEMFL /LT
@324 IFCTEMF JGT. 0.0) GO TO 3490
Y26 WRITE(NWOUTy18) KKeH(KK) s TEMFP L« TEMP
928 KFF=RKK+1

230 GO TO 34%

932 340 CONTINUE

40 345 CONTINUE

P41 00 417 K=KFFyKF

P42 417 FORY=0,0




1030 C ‘

1040 C CALCULATE FR(K) AND F3(K)
1050 C

1055 125 CONTINUE

1060 126 KKO=KO-1

1070 ng 130 K=1sK0

1075 HH=(HOR) HHK+H1 Y2 %0. 5

1080 TG(K)=1,0/HHX%3

1090 FRORKY=(HH-1 . 3RTG(K)

1097 130 CONTINUE

1100 IF(MT EQ. 1) GO TO 140
1110 HOH=HORL./HOR

1120 N0 135 K=1sKFF

1121 135 THRK)Y=(HK) ~HIOHXHL (K))
1131 IFCITM LLE. ITMFYGOTO 560
1132 IF(MT +NE. MTFIGOTO 560
1133 WRITE(NWOUTy16)

1137 WRITE(NWOUTS) (KyTH(K) sK=1¢KFF)
1140 560 FS(K0)=0.,0

1150 o 136 K=1sKKO

1160 KK=KK0O~K+1

1170 136 FS(RKK)Y=0S¥ (THIRKK)+THKK+1) ) XOX (KK +FS(KK+1)
1180 140 CONTINUE

1190 IF (NS4 JEQ. 0 ) GO TO 139

1191 IF(MT EQ. 1) GO TO 139

1200 WRITE(NWOUT y5) (Ky FR(K)Y r K=1yK0)
1210 WRITE(NWOUT »5) (Ky FS(KY » K=1K0D
1220 139 CONTINUE '

1340 IF(NS1 .EQ. O ) GO TD 143

1350 WRITE(NWOUT9)ITy CKI» CKO

1351 TF(NS6. EQ. 0) GO TO 143

1360 WHITENWOUT »3) (KeFS(R) s K=1 o KFF)
1370 WRITE(NWOUT »S5) (KyH(K) y K=1 s KFF)
1380 143 CONTINUE

1390 NN=KFF-KA

1400 C

1410 C AlleldeA(1 2D
1420 C

1490 C

1500 © Ccld
1510 €

1520 C

1530 C CONY s N=1sNN

1540 C

1545 KFM =KFF-1

1560 N0 170 K=1+KFM

1570 HF (R =(H{K)+H(K+1) %0, 5

1580 HFZ (R =HF (KX X%X%2

1590 HFE3 (R =HF2 (K)XHF (K)

1595 DF(R) =(F(K+1)~-F(K)) /DX (K)

1605 170 CONTINUE

1610 0 175 N=1yNN

1620 . K=NFRA-1

1621 CONY==HORXX2XHP3 (K XDPF (K)+SINWTX (HF (K)~1.0)




1622
162,

1637
1640
1641
1650
1670
1680
1690
1700
1710
1720
1730
1740
1741
1742
1743
1744
1745
1739
1760
1770
1772
1790
1800
1860
1870
1880
1890

1891
1895
1900
1910
1911
1920
1930
1940
19350
1960
1970
1980
1990
2000
2010
2020
2021
2030
2031
2040
20350
2060
2070
2071
2072

o0

1

h

]
«l

*d
o

3

61

75

<
ii

[
o
3

00
201

05

IF(K LT, KOY CNI=C(N)-CKI
IF(K +GE. KO) C(N)=C(N)-CKO
CONTINUE

IF(MT +EQ. 1) GO TO 175
SUMTR(K)=8UMS(KsTHy0)
CNY=C(N)~1+0/DTXSUMTR(K)
CONTINUE

A(NsM) s N=1sNNsM=1sNN

Tl=1,5%C7%HOR/FI

T2=HORXX2

T3=C7/FI/HOR

g 200 N=1e¢NN

K=N+KA-1

A(Ns1)=0,0

AINsNNI =00

IF(K «L.T+ KO) A(Ny1)=1.0

IF(K +GE, KO)Y AINYNNI=1,0

NNM=NN--1

Do 200 M=2yNNM

J=MEKA-1

IF(J JGE, RKO)Y J=J+1

no 505 KQ=1yKFF

QRIRDI=Q(RA I

ANy M) ==HF2 (K KDF (KX (AR K+H1) HQACK) )XTL
IFC(S JEQs KH1DANsM)=ANs M) +T2RKHFI(R) 70X (K)
IFCJ JEQe KDANyMI=ANyM) ~T2XHFI(K) /70X (KD
AN MI=A(Ne M) +TIRSINWTXO . SX (AR K +RA(K+1))
IF(NS7 +EQ. 02 GO TO 562
WRITE(NWOUT»17) NsyMsACNSM)

IF(HMT +EQ. 160 TO 200

AN M)=A(NsM)-TIXKSUMS(KsQQR,0) /DT
IF(NS7 +EQ. 0) GO TO 200
WRITE(NWOUT»17) NeMsA(NM)

CONTINUE

IF(NS2 JEQ. 0)GO TO 210

no 205 KK=1yNN
WRITE(NWOUT s 5 (JJy ACKK» JJ) » JJ=1y NN
WRITE(NWOUT»14)

WRITE (NWOUT #5) (KK ¢ U (KK) y KK=1y NN
CONTINUE

INGT=0

CALL LEQTIF(AsLyNNs460sCrIDGTyWORKy IER)
IF(NSL JEQ. 0G0 TO 220

NNM=NN--1

WRITE(NWOUT » 12D

WRITE(NWOUTy11) €C1)y CONN)

WRITE (NWOUT»5) (KKy C(RK) y KK=2y NNM)
CONTINUE

CV=1.,0

CRI=CRI+C L)

CRO=CRKO+C{NN)

NiNM=NN-1,




2090 DO22T N=2»NNM

2091 Ke=NA KA~ 1

2092 IFIK JGE. KO)Y K=K+1

2100

2120 DRFGIKY=CON)

2121 TFCORPSR) LT, =3,0060 TO 4%9
2130 TFCARS(DIFG (K) ) -EFSP) 222,220,221
2140 221 CV=0.,0

2150 222 FSUO=PSRK)YHFIPS(K)

21460 FORY =PIHKY RS (K)

2180 2285 CONTINUE

2220 C

2230 © CHECK FOR N-R CONVERGENCE
22490

2250 IFCY JEQ. 1.0) GO TO 240

2260 IFCIT WGT. ITFYGO TO 500

23270 C '

2280 C N-R NEXT ITERATION
2290 C

2300 TT=IT+1

2310 CaLl. HCAL (1)

2311 NG 2=

2312 NG4:=0

2315 GO TO 129

2320 240 CONTINUE

2340 C

2330 C N-R CONVERGEDy NEXT MAIN INLET ITERATION
2360 C

2390 FHI=CKI-CKO

2400 GO TOCER4,595) yKF 1

2410 G594 FF3=PHT

2411 WRITE(NWOUT»21) ITMs HORy FHI
2420 HOE=HOR2

2430 KF1 =2

2450 TTH=1TM+ L

24460 GO 1O 122

2470 595 FF2=FHI

2490 IFEHI=(FF2-FFL) /7 (HOR2-HORL)
2500 IMHORB=~FHI /ZDPHI

23510 WRITE(NWOUT L1OYITMy HOBy FHIy DFHIs» UHOE. IT
2520 HOB=HOR+DHOR

2530 TFCABS(FHIY LT, EFSH) GO TO 460
2540 TFCITM W GT. ITHY GO TO 49%
2341 ITM=1TM+1

2542 HOR1=HOR2

2543 FE L =FF2

2544 HOR2=HOR

2545 GO TH 122

3330 460 CONTINUE

X351 WRITE(NWs8XMTyWTy HOR

3950 WRITE(NWOUT s8)MTsWT ¢ HOR

3951 NUQ=NWOUT

Xe52 TEOMT EQ. MTMIDD NWQR=NWOUT
3953 IF(MT LEQ. MTMAX) NWQR=NWOUT




1960 WRITE (NWQ»5) (KyF(K) sK=1 yKF)

3961 WRITE (NWRyS) (KyHC(K) yK=1 9 KF)

30462 SUMKFF (MT ) =SUMTK (KFM)

3965 HORST (MT) =HOR

3R no 465 K=1vKF

LTy FETOR(MT oK) =F (K)

048 465 HETORMT v K)=H(K)

3971 IF(NGS JEQ., 0)GBOTO 640

3072 WRITE (NWOUT y5) (Ky TH(K) s K=1 s KFF)

073 MRTTE (NWOUT v 5) (Ky SUMTR (K) s K=KA yKFM)

2974 640 CONTINUE

3990 CALL HCAL (2)

40600 ng 270 K=lyKF

4010 HE (K Y sH (KD = HICR)

4020 HEL (R =HE (KD

4030 ML KD =H (KD

4031 270 DONTINUE

AOAR HORL =HOR

ORI GO OTO 121

4042 A5 IF(KFS JEQ. 1) GO TO %00

4047 WRTTE (NWy26)

AD44 NWNUT6

2051 NE1=] SNGR=0 $ NEZ=1 $NS4=1 $NSé=1

R S

GO TO 122

s4 499 1IF(KFS LJEQ. 1) G0 TO 500
) WRITE (NW»27)

NWOUT =6

4060 NG 15

4061 ME A

4062 o s

40673 GOOTO 125

4064 121 IF(MT LGT. 1) GO TO 655

406 HIN=HOR

AL N0 650 K=l eKF

A067  SEO HINT (1) =H (1)

4068 45%  IF(MT JNE, MTMAX) GO TO 660

4069 HLAST=HOR

4070 FHTA=HIN-HLAGT

4071 AG0 TFIOMT WNE. MTMIID GO TO 665

4072 DD 466 K=l eKF

4077 ETEM KDY s (RF 4 1K)

4074 MTEN R M CRF 1K)

407% 666 CONTIMUE

4074 DO 667 Kl o KF

4077 PR wFTEMCK)

4078 667 HL U =HTEM{K)

4679 MR ITE (NWOUT v 5) CKy HL (KD y K=l » KF )

4080 665 CONTINUE

1104 N0 480 K=lsKF

410% 680 HL(K)=H(K)

4106 IF(TE JEQ. 1) GO TO 670

4107 (OF 2sFH A

4108 DFHL A= (QF 2-0F 1)/ (HIN2-HINL)

4109 IHTN=~FHIA/DFHIA

4110 WRITE (NWy 22)

ALy WRITECNWs 23) TEsHINLyHIN2sFHIAYDFHIAsDHIN

4112 OF 1=QF2




4113 HIN1=HINZ2

4114 HIN=HIN+DHIN

4115 HIN2=HIN

4116 IF(ABSCOHINY LT+ EFSE) GO TO 2000
4117 HORL.=HIN

4118 HOR=HIN

4119 GO TO 1990

4120 670 HINL=HIN

4121 HINZ2=HIN/ ", 25

4122 QF1=FHIN

4123 WRITE(NW:24) TESHINIFHIA
4124 HIN=HIN2

4123 HORL=HIN

4126 HORB=HTIN

4127 1990 CONTINUE
4163 500 CONTINUE

4164 2000 CONTINUE

4165 SUMKFF(1)=0,0

4166 ng 2010 MT=1,MTMAX

4167 FMT=MT

4168 WT=(FMT~1 . )kDWTHL . 5707963

4169 WRITE(NWs23) MTy WTy HOBST(MT)»y SUMKEF (MT)

4170 WRITE(NWyS) (Ky FSTOR(MTyK) K=l KF)

4171 WRITE(NWyS) (Ky HSTOR(MTsK) s K=1 s KF )

4172 2010 CONTINUE

4175 STOF

4176 1 FORMAT (72H

4177 1 )

4178 2 FORMAT(1615)

4179 3 FORMAT(Z7E10.3)

4180 4 FORMAT(/4Xy4HPUExyElQ.5ySXvBHUBﬂyEIB.5?5X74HDmeyE12.5/)
4181 5 FORMAT(B8(IX»I2+E12.5))

4182 4 FORMAT(/4Xy AHH(K) y» 55Xy SHHDC(K) » 4HHOE:=y E12.5/)

4200 7 FORMAT(/4Xs 6HQ(T ¢.0) /)
4210 8 FURMAT(/4X;3HMT$;IS;SX!3HNT39E12.5y5Xy4HHOBm;E12.5/)

4220 9 FORMATC(/4XyBHIT=y 15y 4Xy 4HCKI=sE12.5, 4Xy AHCKO=y E12.,5/)
4230 10 FORMAT(/4Xy4HITMuyIS;SX;4HHOB$7E12.5:5Xr4HPHIﬁyE12.SySXr
4240 1 SHOPHI=yE12.5s5Xy SHOHOB=yE12,5y 3HIT=, I2)

423 i1 FORMAT(8(1XyE12,5))

4260 12 FORMAT(4Xy 14HOCKI yDCKO » IFS (K) )

4265 14 FORMAT(2X sy SHO (KK )

4270 15 FORMAT (/55X s AHKFF=4I5/)

4273 16 FORMAT (2Xy SHTH(K ) >

4277 17 FORMATC(7 (IXs 2I25E12,5))

4278 18 FORMAT(IG»3E12.5)

4279 19 FORMAT (2Xy 1HNy 4Xs1HMy 4Xy 1HKy 4Xs IHJy 4Xs 6HO(K»J) s

4280 17Xy BHRK+1rd) sy SXy 6HA(NSM))
4281 20 FORMAT (415, &(1XyE12,5))
4282 21 FURMAT(/4X!4HITM371575Xy4HH03“!E12¢5!5X94HPHI*7E12+5 )

4283 22 FURMAT(/@X!QHIE;3Xr4HHIN1v9Xv4HHIN2,9X»4HPHIA!9Xr5HDPHIAy
4284 1 8Xy4HDHIN) ]

4285 23 FORMAT(AX» IS5y S5CIX,E12.5) /)

42886 24 FGRMQT(/4X!3HIE=v15r3HHINrE12.5r4HPHIAyE12.5/)

4287 259 FORMAT(/4Xy 3HMT=, ISy 5Xs 3HWT=, E12.8v5Xy 4HHOE=

4288 1 E12:.5y 7HSUMKFF=yE12,%5/)
428% 26 FORMAT( 13HITMEXCEEDED /)
4290 27 FORMAT(13HDFS NEGATIVE /)

4291 END




4292 SUBROUTINE KERCAL

4293 COMMON HOByHORBAC2S) sUT DT s KAy KOy KF y KRy KFF vy UR» FOE

4310 COMMON X(80)sIIX(80) yQ(B80-80)sQIABO)

4320 COMMON H(80) s HIN{BO) yHE(BO) » HL(80) yHEI. (80)

4330 COMMON F (80 »FIN(B8O) yFS(BO) »IF(80) » IIFS(80) s FEAVE(80)
4340 COMMON FR(B0)yFS(80)s D1 (80 D2(80) 13 (B0O)

4350 COMMON TAMBO) »TR(BOI »y TC(BO) » TI(BO) »y TE(BO) » TF(80) » TG(BO)
4360 no 1 I=1, KF
4370 no 1 J=1ys KF
4380 1 QCI»J2=0,0
4390 RKF =R -2
4400 no & K=1, KF
4410 R{Ks1)=0.0
4420 &)X ()

44320 ng g J=is KKFe
4440 U=X () -F5
4450 U2=X (42 -F5
4460 All=ARS (L)
4470 AlZ2= ARG (U2)
4480 IF¢al) S0y 51y S50

4490 S0 AU=AL.0G (AU

4500 51 TFCAUR)Y B2y &6y B2

4510 92 AUZ=AL0GAUZ)

4520 6 Dd=XJ+1)-X0)

4530 F2=3.0%.)

4540 L=k

4G50 U2Q:=U2%0U2

4540 FR=UQX (AU-1 . 5)%0. 5

457 FR2=U2Q%(AU2-1,.5)%X0.5

4580 FRE=UX(FR~-UR/6.0)-ULR(FK2-U2Q/6.0)

4590 QIR Jd= (=3, 0XFRK~FK2) /2, 0~-FKR/F2) /01)-UX (AU-1.0)+ (LRGN D]
4400 QIR JHL)= (220K (FRKEFK2) 42 0XFRE/FZ) 71010

4610 QK JH2)=((~FRK=Z, 0%FK2) /72, 0-FKR/F2) /7DJHUZX (AUZ2-1 4 0)

4620 8 CONTINUE '

4630 KFP=REF4 1

4640 ng 100 J=isKF

4450 100 QURFFy J)=R(KR».J)

44660 no 300 Ks=i, KF

4470 no 300 J=i. KF

4680 300 QK J)=Q(Ky» D) ~Q(KFF )

44690 RETURN

A700 END

3




4710 SUBROUTINE HCAL (KFORK)

4720 COMMON HOEsHORA(2S) sWT»DTyKAs KOs KF y KRy KFF y UR s FOE
4730 COMMON X(80),DX(80),Q(80+80),QJA(B0)

4740 COMMON H(B8O0) v HIN(BO) f HE (RO s HL (80) » H51.(80)

4750 COMMON F(80) v FI(BO) yFE(B0) y IIF(80) yIIFS (80) y FSAVE (80)
4760 COMMON FR(80) »FS(80) N1 (80)»N2(B0) y 13 (HO)

4770 COMMON TA(B0)yTR(BO) y TC(BOY » TI(BO) s TECBO) « TF(BO) s TG(B0O) y TH(H0O)
4771 COMMON QR8O yHZ(80)

A780 FI=3,141593

4790 C7=160XFPOEXK2/SQRT (48 XUR)

AG00 L8=07/HOR

4810 IF(KFORK (EG. 2) GOTO 20

4820 00 10 K=1sKF

4821 IF(ARS(X(K))Y JLE. 1.00001) GO TO 5

4830 H{K) =0,

4840 Do 1 J=1eKF

4850 1 HKY=HOKY AP CD -FINCD ) XQCKy J)

48460 HK) =1, +C8% (0 5KHZ(K)~H(K) /FT)

4861 GO TO 10

4862 O HIK)Y=0,0

4863 ng & Jd=1sKF

4064 S HORK) =HKYH (P (D -POCIY YXQIR Y )

48475 H{R)=1,0-C8%H(K) /FT

48¢& 4 10 CONTINUE

4870 GO T 30

4880 20 no 2% K=1,KF

4890 HIO(K ) =0,

4900 oo 21 J=1yRKF

4910 21 HICRD) =HOCK) 4P O CII KR (K v J)

4920 25 HIK) =1, 0+C8X (0 SXX (K XkX2~-HU(K) /F1)
4930 30 RETLRN

4940 ENID




4950
4940
4970
4980
4990
5000
5010
5020
5030
5040
5050
5040

070
S080
H090
5100
5110
5120
G130
G140
5150
9160
5170
5180
G190
G200
5210
5220
9230
H240
53250
B2&0
270

5280

5310
GRS
a320
9321
5330
G340

10

10

100

20

30

40

200

210

FUNCTION SUMN(K1yKZ2sA)

DIMENSION A(80)

COMMON HOEsHORA(25) yWTsOTyKAsKOyKFyKRy KFF yUR» FOE
COMMON X(80)sIX(80)Q(80,80)Q.JACB0)
KK2=K2~1

SUM=0.0

0 10 K=K1esRKKZ

SUM=GUMHIX (K) XA (KD

SUMN=&UM

RETURN

ENII

FUNCTION SUMS(K1sAsNEXIT)

DIMENSTION A(80)

COMMON HOE<HORAC(25) yWT 2 ITyKA» KOy KF y KRy KFF y URy FOE
COMMON X(80)sIX(80),Q(80,80),QJA(80)
KRO=K0~-1

KRK1I=K1+1

KR2=K1~1

ITFIRT LT KKOY GO TO 10

IF(RL JEQ. KKOY GO TO 20

TF(RL LEQ., KO) GO TO 30

IF(KL GT. KOY GO TO 40

SUME=0.,0

RETURN
SUM=NX(K1) 74, 0% (0 SXA(KL) +1L XA KLIHL) )
o 100 K=KK1sKK0
SUM=SUMADX(K) /72, 0% (A +A(RKE1))

SUMSG=5UM

RETURN

BUMS=DX (K1) /4, 0% (0. S¥A K1) +1 . 5%A(KLI+1))
RETURN

SUME=~DX (KO /4, 0% (1. FkACKO)+0 . TXAKO+1))
RETURN

SUM=0,0

0 200 K=K0:KK2
SUM=GUM~DIX(K) /2. 0% (ACRY+AINEL))

TFONEXIT EQ. 1) GO TO 210
SUM=SUM-DX(K) /4, 0% (1. 3XA (K1) +0, FTKAKL+1))
SUMS=51IM

RETURN

ENT




Input Instructions

Card 1 Format(72H + » « )
Identification card for the run

Card 2 Format (1615)
NRUN — Number of runs to be made

Card 3 Format (1615)
KA — kA, the grid which divides the contact into two regions.

For k < kA’ the pressure is determined by integrating the

Reynold's equation directly [13]. For k > kA’ the Newton-

Raphson method is used.

K¢ —'ko, the grid number at the contact center.
KF —-kf, the last grid.

KR — kR’ the grid at which H = 1,

KFF — kff, the grid at which the film terminates.

NHERR — Not used in RODSLJ, set NHERR = 1,

Card 4 Format(1615)

NS1 to NS8 — diagnostic controls, set NS1 to NS8 0.

Card 5 Format (16I5)
ITH — Maximum iterations allowed for ITM. Recommended ITH = 15.

25.
4.

MTMAX — (MTMAX-1) represents the total number of time intervals
within half of the reciprocating cycle.

ITP — Maximum iterations allowed for IT. Recommended ITP

Il

ITE — Maximum iterations allowed for IE. Recommended ITE

MIMID — The time step MT corresponding to wt=w, or the end-
stroke position.

Card 6 Format (7E10.3)
EPSH — Maximum error allowed for ¢H,(¢H=lci-— cé|). Recommended
EPSH = 0.0005.

EPSP — Maximum error allowed for APk. Recommended EPSP = 0.0005.

EPSE — Maximum error allowed for g (¢E=|ﬁ
Recommended EPSE = 0.005.

o,T ho,3w/2|)'




X(1) — The X coordinate for the first grid.

Card 7 Format(7E10.3) _ _
DX(K) (K=1, (KF-1))— A set of cards for Axk = XX

Card 8 Format(7E10.3)
_ ]
P¢E — p_/E
pou
00
UB E'R
DWT — Awt (radians)

FL4B — S/4b

Card 9 Format (7E10.3)
P(K)(K=1,KF)— A set of cards for the intitial guess of pressure

profile Pk.




Sample Input Data

The following is a set of sample input data for run 51 listed in
Table 2.

10 RODA 30

20
30
40
50
60
70
80
?0
100
110
120
130
140G
150
160
170
180
190

IO ol

21

0

25

+ 0005
0.2
0.01

0.046

0.2

0.01
0.01
0,10
0.0
055
+ 39219
WP797
0.275
0.0

41 21
0 0
4 19

0005
0,2
0.01
0.06
0.2
0.01
0.03
G.00E-~07
0.0
Q9
5102
fP16E
0.235
0.0

32 1
0 0
10
+ 005
0.03
0.01
0.2
0.2
0.01
0.03
» 1745327
0.0
«1410
0.6
0.8
0.18
0.0

0 0

""1.0:'.!
0,03
0.01

0.2
000({)
0.01
0.2
5,00
0.0
e 200
0.8
0.6
0.10
0.0

0,01

0.01

Q2
Q.06
0.01
0.2

Q.01
e 2430
c P16
+ 5102

0,01

0,02
0,2
0,02
0.01

02

+ 28
P RP77
3919
0.0

0.0

0,01

Q.02
0.2
0.02
0.01

+ 035
+ 3411

1.0
+ 3411
0.0




Sample Output Data

A sample of output data based on the input data for Run 51 is included.
The first part lists the values of Eo for different stroke positions
for each iteration IE. For this sample run, the IE loop converges
after three iterations. Thus, results of Eo for IE = 3 are taken to

be the final solution for Run 51. In the second part of the output,
there are two arrays of data listed under each stroke position wt.
The first array is the pressure profile, and it is followed by the
film thickness profile.

The value listed as SUMKFF represents SUMS (KFF,TH,0) which can be used
in the future for calculating the leakage rate at each stroke position.
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MY

WT=

WTs=

WT=

WT=

WT=

WT=

WT=

WT=

WT=

WT

WT=

WT=

WT=

WT=

WT=

+15708E+01

+17453E401

+19199E401

+20944E+01
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WT=

WT=

WT=

Wr=

WT=

WT=

WT=

WT=

WT=

WT=

WT=

WT=

WT=

WT=

WT=

WT=
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Fitie
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Hijie

H e

HOE: .
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HOEe

HU R

HOB

HOT=

HOB=:

HOL:

[KiSh s

HO

HUME

H

oy

FHT

Ha

VST FORIEOD

CILRPRELO0

21 348E400

S RETREA00

SAGETIRELO0

S1BAATE QO

LTAZSE OO

LS7O2EA00

L 16329E400

LAHT16E4D0

«15440E400

1AL 71EH00

1 3PASEHO0O

c154A6E 400
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07 5
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WT=

WT=

WT=

WT=

WT=

WT=

WT=

WT=

Wr=

WT=

WT=

WT=

WT=

WwT

i

Wr=

[LNATIN

+17453E401
 19199E+01
. 20944E+01
+22689E+01
+24435E+01
+261B0E+01
27925E+01
. 29671E+01
+31416E+01
+33161E+01
+34907E+01
+36652E401
38397E+01
1401 43E+01
+41888E+01
+43633E+01
+A5379E+01

+47124E401

LA FROEHQ0

HOB= L, 19258E+00
HOKE= L 20435E400
HGTL L 2070F #00
HOE - 203GEEF00
MUK L L94T77EL00
HOB= 1RA12E+00
M. 17 401EL00
HOR L 16675E400
HOE: L 16303E+00
HOL=  , 16087E+00
MOR= L 15404E+00
HOR= . 14138E+00
HOR= 13947E400
MO L 1543BE+00
MR I PEPOE 400
Hidirs . L5 485E+00
HOTG 2081 ZE4+00

HOB= L 21591E4+00

Lt

R ARE D

UFHIA
SRR H00

DHIN
«38108E -01
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I
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0.

256936401

e 12376E401

97226E+00

W 79412E+00

«G3G26E401
1

«P3G543E~01
+36GOTEHOO

s AHR29EHO0L
12022E401

100 24

@
164
24
32
40

8
14
24
32
40

AE4OL
EdO1
FOO

FAE 400
1E+Q0

"FAO0
ROt

FA0D
+ 00




HT:= 4 WT= 0944E4+01 HOR= M 3AREHO0SUMKFF=  ,13941F 0L
'- .f 02 3 - 1TANKE 4 HE 1 0] A
¢ e RN 00 11 < 12 L 22070400 13 25101 ) L4
1- Lol O LTRTYEEL00 1Y P7REEEHO0 21 0100001001 a2
£l vl Sl GHILSOEROO 27 H «34828E4+00 29 L 28813E4+00 30
5 HHVAE SO 44 M.J24OJE 01 3% 0. 36 0, 37 0. 19
FR61FIEH0L 3 4 LA4293E4H01 T W32047E40L 0 4
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APPENDIX B

Derivation of Qk 1
2

The kernel functions Qk i were developed originally in Reference [14]
™~

and are reproduced as follows:

Qk,j = Kl(ko,j)_Kl(ko,J) for j = 1
Qk,j = Kz(k,j—l) - Kz(ko’j-l) for j = 2,»4, 6,. . o,kf—l
Q3 = [ 0069 + K32 - [R Kk D + Ry, 5-2)
forj = 3, 5, 7,. . u,kf-z
Q5 = K,(k,3~2) - K3(k°’j—2) for j = k.
where
oy o= L - - —J _ -
Ky (k,3) = 5= ( 3, vj+2) 5 uj(nnlujl 1)
h| 38,
) 2v,
Kz(k’J) = 3 (vj + vj+2) + >
j 38
h|
D S -
Ky(k,3) = 75 (vj 3vj+2) T2 +tu (znluj+2| 1)
J i
and
8§, = E,,. - E,
j €J+1 gJ
Uy T by T
2
5oy 3
vj =3 (anujl - 51
2 2
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APPENDIX C

Wyr1/2

aP,
J

Derivation of for Equations (37)

Equations (37) are 11near1zed to form the following system of equatlons

which are solved for Pk to k -1 k +] to Pk -1° CI’ and co
A ) o ff
0 n
al”1L<+1/2 3¢k+1/2 ntl Wir1/2l nr1 Vir1/2 L,
— A AP, + LSNP, T+ —/——— D =
BCI P, j Bco o
j=k j=ko+1
n
= Pkt/2
k=k, ..o kel (-1
where
MWir1/2
dc! =1
1
$ for k =k, to k =%k -1 (c-2)
o A o
k+1/2  _
i =0
ac
o /
Mep1/2
dc! 0
I
for k =k tok=k__-1 (c-3)
3y o ff
k+1/2
[] = ].
dc y,
)
Also
Wy 22 R A Ve
P 0 "ktl/2 -

Ax wh
o




2 3

_ c
48 _2_:,3111—-+ sinwt (QQ)k+1/2.—%—
= Th
. (o]
1
- —7 SUMS(K,QQ,0) o
where (QQ)k Qk,j for j ¢ k,
P
CONESY R WAL I
2=1 A

§ = -1 for j =k
(c-5)

—

6§ =0 for j# korj# kil

c, - 16|78 /T /







1. Report No. 2. Government Accession No.

NASA CR-159543

3. Recipient’s Catalog No.

4. Title and Subtitle
Experimental and Analytical Tools for Evaluation of Stirling
Engine Rod Seal Behavior

5. Report Date
February, 1979
6. Performing Organization Code

7. Author(s)

Krauter, A. I., and Cheng, H. S. (Northwestern University)

8. Performing Organization Report No.
SRC-78TR~39
10. Work Unit No.

9. Performing Organization Name and Address
Shaker Research Corporation
Northway 10 Executive Park
Ballston Lake, NY 12019

11, Contract or Grant No.

DEN3-22
13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address

U. S. Department of Energy

Division of Transportation Energy Conservation
Washington, DC 20545

Contractor Report
February 1978-~February 1979

14. Sponsoring Agency Code
DOE/NASA/0022-79/1

15. Supplementary Notes .

Interim Report, Prepared under Interagency Agreement ED-77-A-31-1040 Project Manager: .

NASA-Lewis Research Center
Cleveland, OH 44135

R. E. Cunningham, MS 6-1

16. Abstract

This report concerns the first year of a two year experimental and analytical program. The pro-

gram is directed at the elastohydrodynamic behavior of sliding elastomeric rod seals for the

Stirling engine. During the year, experimental and analytical tools were developed for evaluating
seal leakage, seal friction, and the fluid film thickness at the seal/cylinder interface., Experi-
mentally, a rugged apparatus containing a moving transparent cylinder (guided by precision hydrostatic
bearings) and a stationary elastomeric test seal has been constructed. A pressure gradient of 690 kPal
(100 psi) can be applied across the seal. Frequencies from 10 Hz to 50 Hz with 2 25 mm (1 in.) total
stroke can be employed. Film thickness is measured with optical interferometry, fluid leakage by
level and pressure changes, and power (friction) loss by a force cell. Analytically, a computer
model of the elastohydrodynamic behavior of the rod seal for reciprocating motion was produced. The
model permits the large initial radial squeeze, which is typically used for elastomeric seals, to
exist, The model based on a time domain analysis, determines both the pressure distribution and the
o0il film thickness distribution in the seal/cylinder contact zone.
concern use during the ensuing year of these experimental and analytical tools,

Conclusions and recommendations
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