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SUMMARY 

This report presents the results of an experlmental-analytical program 
concerned wlth the elastohydrodynamic behavior of slldlng elastomerlc 
seals for the Stlr11ng engine. The objective of the program was to 
lncrease knowledge of e1astomerlc seal operation ln a reclprocatlng 
app11cation. To do this an experimental apparatus was designed and 
built and a detailed analysis was developed. The analysis determines 
the instantaneous oil film thickness throughout the CyC11c reciprocating 
motlon. The experlffienta1 apparatus allows seal leakage, seal friction, 
and oil film thlckness to be measured. The oil film thickness measure
ment lS made with a specially-developed optical interferometric procedure. 

Tests were conducted on two commerclal elastomeric seals: a "T" seal 
(76 mm O.D. and 3.8 mm between backlng rings) and an "0" ring (76 mm 
O.D. and 5.3 mm diameter). Test~ng conditions included seal durometers 
of 70 and 90, s11dlng velocities of 0.8, 2.0, and 3.6 mis, and no 
pressure gradlent across the seal. Both acrylic and alumlnum cyllnders 
were used. Measured oil fllm thickness profiles were compared to 
results of the elastohydrodynamic ana1ysls. The comparlson shows an 
overall qua1itatlve agreement. Friction and oil leakage measurements 
were also made at these sliding speeds. The fluld used was a typical 
synthetlc base automotive lubricant. 

It lS concluded that this first time experimental-analytical comparlson 
for oil fllm thickness indicates the need for some lmprovements in the 
ana1ytlca1 model and in the experimental technique. 

-1-



INTRODUCTION 

The performance of seals is important to the efficiency and practi
callty of Stirllng engines. One of these seals, the rod seal, has 
the function of separatlng the high pressure gas from the low or 
ambient pressure oil. For this seal, the gas leakage, oil leakage, 
and friction must be low. In addition, the life of the seal should 
be high. Producing these somewhat contradictory characterlstics 
requires a basic understanding of the behavior of the seal. To pro
vide this understanding, a technology effort, under sponsorship of 
the DOE through NASA, has been underway. This effort, under NASA 
Contract DEN3-22, has the objective of increaslng present knowledge 
of elastomeric seal operation in a reciprocating application. The 
contract is concerned with applying hydrodynamic and elastohydro
dynamic theory to the rod seal. The contract is also concerned with 
the experlmental determination of fllm thickness, fluid leakage, and 
power loss. The contract entails the production of theoretical and 
experimental results, the comparison of these results, and the devel
opment of tools appropriate for evaluating rod seal behavl0r. 

Increasing the knowledge of reciprocating e1astomeric seal behavior 
has been the object of other recent investigations. For steady state 
sliding, recent analytical results include those of Herrebrugh [1]* 
for line contacts and those of Hamrock and Dowson [2] for low modulus 
point contacts. Both give expressions for the minimum film thickness 
in the contact zone. For squeeze film conditions Herrebrugh [3] glves 
an expression based on two normally approaching cylinders with an 
isoviscous lubricant. For the Stirling engine seal, both slldlng 
and squeeze film effects are present. Results for thlS situation 
are presented in [4], WhlCh lS the Interim Report for the present 
contract. 

Experimentally, friction force and leakage measurements for recipro
cating Stirllng engine seal applications have been made by General 
Motors [5,6]. In these measurements, several seal designs were ex
plored; however, no measurements of oil film thickness were made and 
no analytlcal-experimental film thickness comparisons were glven. 
The variation of fl1m proflle ln a rod seal durlng a reciprocatlng 
cycle was observed flrst by Blok and Koens [7] using an interfero
metric technique. Such variation was measured uSlng a probe by 
Fleld and Nau [8]. It was found that measured friction was higher 
than that expected from film profile calculations. Several seal 
parameters which affect the behavlor of the seal were ldentified. 
Investigations consldering indirect effects of elastomeric seal 
operation have also been made. For example, Hirano and Murakaml [9] 
give results of a photoelastlc study of elastohydrodynamlc contact 
conditions in reclprocating motion. 

* Numbers in brackets denote references. 

-2-



The most sensitive measurement of e1astomeric seal operation is the 
oil film thickness distribution. This measurement can be made using 
optical interferometry, which gives the complete distribution in the 
contact zone. The major difficulty with the technique is producing 
the interference fringes. Roberts [10,11], produced these frlnges 
by preparing special rubber specimens having optically smooth surfaces. 
Methods such as seal coating were used by others, including B10k and 
Koens [12] and Field and Nau [13]. 

The present work has been concerned with lmproving the existing 
analytical and experimental techniques for evaluating elastomeric 
seals during reciprocating motion. The work has also been concerned 
with a first-time application of the improved techniques. At the end 
of the first year of the two-year 'contract period, the techniques had 
been developed. Analytically, a computer program was produced. This 
program calculates the film thickness and contact pressure distribu
tions as a function of the sinusoidal seal/cylinder motion. The pro
gram is based on a numerical EHD analysis of low modulus line contacts. 
Included in the analysis are a Hertzian seal preload, fully flooded 
conditions, and no externally applied axial pressure gradient. Also 
during the first year, an experimental apparatus was designed, con
structed, and tested. The apparatus contains a moving transparent 
cylinder (for interferometric measurement of 011 film thickness) and 
a stationary elastomeric test seal. This arrangement, rather than 
the conventional one in which the cylinder is stationary and the rod 
moves, was selected to allow non-moving optics and relatively easy 
optical access to the seal. The apparatus operates in the range 10 
to 50 Hz and has a 25 rnrn (1 in.) total stroke. The features of the 
apparatus include a built-in force cell for seal friction measure
ments, ease of seal and cylinder replacement, water cooling, balanced 
inertial forces, and precise guidance of the cylinder by hydrostatic 
oil bearings. 

Both the computer program (including the supporting analysis) and 
the experimental apparatus are presented and described in an Interim 
Report [4]. That report, which was written at the end of the first 
year, also contains results obtained from numerous runs of the com
puter program. 

The present report is intended to describe the contract work that 
occurred Slnce the Interim Report was issued. As a result, this 
report does not repeat material already included in [4]; instead, 
that report is referenced frequently. It is suggested that the 
reader who is interested in technical details of the present report 
have a copy of [4] available. 

The present report contains, in the next section, a dlScussion of 
the modifications made to the experimental apparatus during the 
past year. In the following section, the experimental scope is 
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presented. This scope covers the measurement of leakage, frictlon, 
and oil film thickness distribution and the seal parameters con
sldered. These parameters include cylinder surface finish, seal 
design, frequency, preload, and duration of the test. The techniques 
used to make the measurements and tests and the testing conditions 
are described next, includlng a detailed discussion of the optical 
interferometric procedure developed under the contract. 

The experimental results section contains results for frlction force 
and leakage, for the 10 hour test, and for oil film thickness. The 
film thickness results are given first photographically, and then in 
terms of 011 film thickness profiles. The photographs are also used 
to indicate what procedures are used in obtaining these profiles. 
Finally, experimental-analytical comparisons are made and a discussion 
of the results is presented. 

The remaining sections contain a summary of results and references. 
Two short appendices contaln the computer program used to determine 
characteristics of the optlcal interferometrlc technique and the 
procedure used in operating the experimental apparatus. 
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EXPERIMENTAL REPORT 

Experlmental Apparatus 

This sectl0n describes the modlficat10ns to the experimental apparatus 
made since the Interlm Report [4] was 1ssued. These modifications 
include: 

substitutl0n of a replaceable acrylic cylinder for the 
Lexan cyl.mder. 
fabrlcation and installation of a new test seal holder 
for the plunger. 
construction of a 11ght gU1de having a rectangular cross
section. 
deslgn, manufacture, and lnstallation of hardware to syn
chronize the llght flash to the stroke posltion. 

With the exception of these modiflcatlons, the experlmental apparatus 
was not changed from that shown in [4]. Specifically, the descrlptl0n 
glven ln the photographic figures (Figures 1, 2, 4, 5, and 7 of [4]) 
remaln applicable to the apparatus as used for the present work. 

Acrylic Cylinder 

The Interlm Report [4] dlscussed problems associated with the Lexan 
cyllnder that was originally intended for use in the experimental 
apparatus. These problems included poor optical quality, dlfficulty 
1n polishing, and softness which leads to early scratching. For 
these reasons, a commercially available acrylic tub1ng was obta1ned. 
ThlS tubing has a 6.4 mm (0.25 in.) wall thickness and a 76 rnrn (3 in.) 
I.D. It is manufactured with polished inner and outer surfaces -
the only machining operations required prior to use are to cut the 
tubing to length, to square the ends, and to round the inner edge on 
one end for aidlng the plunger lnstallation. The acryllc cylinder 
can be inverted after scratching to double its useful life and can 
be replaced easlly. 

The acrylic tubing proved to be very sUltable for the work performed. 
Although it is not sufflclently strong to contain 690 kPa (100 psi), 
it is relatively scratch resistant. sufflciently clear, and produces 
good optical interference frlnges. For 690 kPa use, another acrylic 
cyllnder havlng a 13 rnrn (1/2 In.) wall thickness was fabrlcated. 
That cylinder is not readily avallable cornrnerc1ally because 1tS wall 
thickness at the 76 rnrn (3 in.) I.D. Slze is outside the standard 
range. 

Test Seal Holder 

A new test seal holder was deemed necessary for two reasons. Flrstly, 
the stretching of the seal during installation tended to crack the 
optical coating on the seal. Secondly, the "T" seal belng used 
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requires backing rings. These backing rings serve the purpose of 
minimizing extrusion of the rubber during high p~essure applicat10ns. 
However, in the test apparatus, they were found to scratch the acrylic 
cylinder and make 1t optically useless in a short time (several 
minutes) . 

The new test seal holder (Figure 1) was designed to avoid both 
problems. Because it is in two pieces the seal need not be stretched 
during 1nstallation. Also, the axial groove width is suffic1ently 
small that the seal is clamped slightly in the axial direction by 
the holder. This clamping effect, which is adjustable via shims at 
the central pilot, allows the seal to be operated without the backing 
r1ngs. The clamping provides a secondary ben,efit -- the seal 1S held 
axially more securely as compared to the positioning produced with 
the backing rings. This better aX1al position1ng is desirable because 
minimum axial seal motion is best to avoid blurring in the interfer
ence fringe photographs. 

L1ght Guide 

During the initial photograph1c work w1th the experimental apparatus, 
it became apparent that delivering sufficient light to the seal would 
be a significant problem. For that reason, a rectangular acrylic 
plate was made. The cross-section of the plate has dimensions 3 mm 
by 30 mm -- these correspond to the diameter and length of the camera 
flash tube being used. The length of the plate is about 130 mm (5 in.) 
which was determined by spacing of the camera flash, oscillating 
acry11c cylinder and camera. For the photographic work, the plate 
is positioned so that one end just contacts the tube of the camera 
flash and the other end just clears the oscillating acrylic cylinder. 
With this setup, a large proportion of light is captured from the 
flash and is delivered to the seal. (Further discussion of the optical 
setup is given in the following section.) 

Synchronizat10n Hardware 

Special hardware was designed and built so that the camera flash 
could be triggered at a spec1fic, known point of the cylinder motion. 
It was necessary that this hardware operate repeatably because the 
optical requirements dictate taking of mult1ple exposures. Such 
multiple exposures could result in blurred or indistinguishable 
fr1nges if the cyclic flash position is sufficiently random. 

The synchronizat10n hardware contains a stub shaft that is mounted 
to the shaft which dr1ves the flywheel. On the stationary housing 
of this shaft is a light probe -- this light probe can be adjusted 
1n its circumferential position. The light probe is targeted at a 
slot that is machined in the stub shaft. The pulse produced by the 
probe as its slot passes is processed, amplified, and transmitted 
to either an osc1lloscope or to the camera flash. The camera flash 
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slgnal is transmitted only once each tlme a control button is pushed 
(this prevents sending a flash signal each time the slot for the 
flash slgnal probe passes). 

Use of the synchronization hardware has shown that the flash point 
can be adjusted wlthin a few degrees of the intended cycllC position. 
Once adjusted and flxed, the repeatability of the flash is well with
ln a degree of the set position. 

Experimental Scope 

This section describes the scope of the experimental test program. 
The test program was lntended to involve many of the parameters that 
influence elastomeric seal behavl0r. These parameters include: 

seal material and elastlc modulus of the seal (70 or 90 durometer)* 
seal geometry (76 mm O.D. and 3.8 mm wide between backing rings 

for the "T" seal, 5.3 mm for the "0" ring)* 
frequency and stroke of oscillation (10 Hz, 25 Hz, or 50 Hz; 

25.4 mm total stroke)* 
static preload on the seal (ratio, contact width to seal width, 

between 0.4 and 0.7)* 
temperature (normal ambient)* 
oil ViscoSlty (0.4 pa·s)* 
surface finish of the seal and of the cylinder (seal coated or 

uncoated; cyllnder polished or unpollshed)* 
pressure drop across the seal (0)* 
tlme- via changes in the above parameters (minutes or hours)* 

A specific testlng condition for the seal results when each of these 
parameters is fixed. The number of such conditions is Obvlously un
limited because of the number of potential combinations for the above 
parameters and because many of the parameters have continuously 
variable values. In addition, parameters such as seal geometry and 
surface finish are, in turn, themselves characterized by a large number 
of other parameters. 

To develop a manageable test effort, it was necessary that a reasonable 
number of speclfic testlng condltions be employed. The constraints of 
the contract work suggested that 10 such testing conditl0ns would be 
sufficient for some experimental-analytical comparisons and also for 
providing some lndication of general seal behavior. To produce these 
10 testlng conditl0ns, the parameters were classifled into groups. 
These groups are: Surface finlshj Seal elasticity and design; Frequency; 
Preload; and Tlme. 

The first group includes not only the surface finish of the seal and 
cylinder, but also the surface finish associated with coating of the 
sear. Th~s coating, required by the optical technique used to measure 

*Values used for testlng (see Figure 2 and assoClated discussion). 
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the fllm thickness, has the potential for lnfluencing the experl
mental results. 

The second group lncludes the elastlc modulus of the seal, the seal 
material, and the seal design. For the purpose of the tests con
ducted, the many parameters in this group were reduced to two seal 
designs and, for the first design, a "hard" and "soft" elastomeric 
rna terial. The first seal is a "T" seal. * The second seal is an "0" 
rlng.** The hard elastomerlc material for the T seal is 90 durometer. 
The soft elastomerlc materlal for the T seal is 70 durometer. 

The third through fifth groups lnvolve the vibratlon frequency, seal 
preload, and testlng time, respectlvely. 

The test matrix, which summarlzes the tests run, lS shown as Figure 
2. Given on the flgure are the 10 test conditions and the comblnations 
from the five groups used to produce each test conditlon. The first 
test conditlon lnvolves the acrylic cylinder, hard (90 durometer) T 
seal, 10 Hz osclllation frequency, low preload, and short tlme test. 
The second test condltion 1S concerned with the influence of seal 
hardness (durometer) on the behavior of the seal. For this condit1on, 
the 90 durometer T seal is replaced with a 70 durometer T seal. This 
70 durometer T seal lS also used for test cond1tions 4-10. The th1rd 
test condltion is concerned with seal design -- for that condition an 
o ring lS used lnstead of the T seal. 

Test cond1t1ons 4 and 5 are concerned w1th osc1llat1on frequency. 
For these condit1ons, oscll1ation frequencies of 25 and 50 Hz 
(rather than 10 Hz) are spec1fied. 

Test condition 6 is concerned wlth seal preload. Since speclfic 
pre10ads are diff1cu1t to produce, the general c1assificat1ons of 
"low" and "high" preload are used (the actual preload attained lS, 
however, one of the measured quant1ties for the tests). 

Test condit1ons 7, 8, and 9 are assoc1ated wlth seal/surface finlsh. 
Spec1fically, the effect of remov1ng the optlca1 seal coating is 
treated V1a test number 7. In test number 8, the effect of changing 
the cylinder mater1al is considered. Spec1flca11y, the acry11c 
cylinder lS replaced wlth an aluminum cylinder for that test con
dition. F1na11y, 1n test 9, the effects of surface finlsh are 
studied by chang1ng the surface fin1sh of the a1umlnum cylinder. 

Test 10 considers the effects of tlme (and assoclated varlatlons of 
the var10US parametrlc values) on the behavior of the seal. For this 

* The T seal is Parker No. TP032-4205 (low durometer) and TP032-4208 
(high durometer). The back1ng rings for the seal are Nylon, Parker 
No. BOOI. 

** The 0 rlng 1S Nat10nal No. 568-334. 
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Test Condltlon Number 

Group Description 1 2 3 4 5 6 7 8 9 10 

Acrylic, Coated Seal I I I I I I 
1 Acrylic, Uncoated Seal I I 

Alum. (fmlsh 1), Uncoated Seal I 
Alum. (finish 2), Uncoated Seal I 

Hard T Seal I 
2 Soft T Seal I I I I I I I I 

o Ring I 

Frequency 1 (10 Hz) I I I I I I I I 
3 Frequency 2 (25 Hz) I 

Frequency 3 (50 Hz) I 

4 Preload 1 (lower) I I I I I I I I I 
Preload 2 (hlgher) I 

5 
Short Time Period I I I I I I I I I 
10 Hour Time Period I 

All parameters other than those listed are not varied lntentlonally. These non-varying parameters 
include temperature, oil ViSCOSlty, and pressure drop across the seal (to be held at zero). 

Flgure 2 Test Matrix 
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test, a time duratlon -- 10 hours rather than several mlnutes -
is spec lf led. 

The test matrlx does not include conslderatlon of several other 
parameters. These include temperature, 011 Vlscoslty, and pressure 
drop across the seal. These parameters are not varled lntentlona11y 
for the test program. The temperature was approximately room temp
erature. The oil was Mobil XRL-1032 AR-1. The pressure drop was 
essentially zero; i.e., that produced by the level of oil above the 
seal. 

Measurement Techniques 

This section dlscusses the techniques used in measuring leakage, 
seal friction force, and 011 film thickness. 

Leakage and Force Cell Ca11bration 

For the most general test condition of Figure 2, three measurements 
are made. These measurements are for leakage, frictlon force, and 
011 film thickness dlstributlon. Of these, the measurement of leak
age is the most straightforward. In this, the 011 level above the 
seal is measured before running. After a known perlod of operation 
at a measured frequency, the apparatus is stopped and the 011 level 
lS measured agaln. The level change gives the oil leakage directly 

1 b t " f 1" 1 1 h Vl"a a 2 x 10-6 m3 " ca 1 ra lon 0 tl1S eve c ange lS syrlnge. 
3 

The leakage lS then expressed in terms of average m per cycle. 

Measurement of the frictlon force is less straightforward. The 
experimental apparatus does contain a load cell (see page 15 of [4]). 
However, to obtain accurate measurements, this load cell must be 
calibrated carefully. Such ca11bration is dlfflcu1t because the 
cell 1S of the plezoe1ectr1c type -- lt can indlcate only non
constant forces that vary at frequencles of at least several Hz. 
As a result, the task of obtalnlng an accurate measurement of the 
frlction force at the seal/cylinder becomes, in large part, the 
problem of producing a dynamlc force cell ca1ibratlon. 

To ca11brate the load cell for the typlca1 10 Hz frequencles belng 
employed, the following technlque was used: The plunger (see page 15 
of [4]) was removed from the stationary plate and mounted on the 
shaft. The shaft was then run at 10 Hz and the output voltage of 
the force cell was noted. A known trla1 weight (mass approximately 
0.85 kg) was added to the plunger at the test seal locatlon. The 
shaft was agaln run at 10 Hz and the new force cell voltage output 
was noted. \hth these measurements, the sensltlvlty of the force 
cell, lnc1udlng all associated electronics and plunger mountlng 
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compliance effects, was obtalned from the formula 

volts with trial weight - volts 
Force cell sensitivity (V/N) = without triA.l ~7eight 

mass of trial we1ght x acceleration 

in which the mass ,of the tr1al weight is in kg, and the acceleration 
, -2 
1S 1n mos All measurements were taken for peak values, so that 
the acceleration, for the known frequency and displacement, is 

acceleration (1/2) o (stroke) o (frequency) 2 

(0.5)o(0.0254)o(2~olO)2 = 50.14 mos-2 

The calibrated sensitiv1ty of the load cell was found to be 0.14 mV/N. 
This sensitivity is sufficient to resolve readily friction forces on 
the order of 0.7N (0.15 lbs.). 

It was found that this calibration procedure, which relies primarily 
on the smooth and consistant behavlor of the test apparatus, was 
both repeatable and accurate. From the precision of the voltage, 
mass, and frequency measurements, it is estimated that calibration 
accuracy to the 10% level was achieved (i.e., the friction force is 
measured to within 10% of its true value). 

Measurement of the film th1ckness between the seal and cylinder is 
significantly more difficult than the measurement of leakage or 
fr1ction force. The techn1que developed for this film thickness 
measurement is described below. 

Oil Film Thickness Distributlon 

Measurement of the oil fllm thickness between the seal and cylinder 
is the focal point of the experimental work. It is this measurement 
that provides the most sensltive basis for analytical/experimental 
comparison and for understanding of seal behavior. 

In the Interim Report [4] the discussion of measurement techniques 
concluded that optical interferometry is the most appropriate means 
of providing this important measurement. The discussion also covered 
the general requirements for producing the necessary interference 
fringes in the seal/cylinder contact region. 

It was the goal of much of the work during the program to convert 
these general requirements into an operating procedure. The description 
of the resulting operating procedure is facilitated by a review of the 
optical interferometry technique. In brief, the technique reqU1res 
that light be directed at the oil film in the seal/cylinder contact 
zone. The reflected light is photographed. This reflected light is 
composed of two parts: the beam from the cylinder-oil interface and 
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.. 
the beam from the oil-coated rubber lnterface. At certall 011 fllm 
thlcknesses, these beams wlll cancel one another. The photograph 
will show these cancellatl0ns as a set of bands. The 011 fllm 
thickness along each band is constant and the 011 fllm thlckness 
change between the two adJacent bands is also constant. The photo
graph therefore glves the 011 fllm dlstributlon in the contact zone; 
however, the absolute thickness of the 011 film lS not given. 

The absolute thlckness of the 011 fllm at at least one point in the 
contact zone is needed ln order to flX the film thlckness distri
butlon. (Once the fllm thlckness at this pOlnt is known, the fllm 
thlckness at another pOlnt can be found from the photograph). How
ever, establlshing thlS absolute thickness is dlfflcult for the 
case of the reciprocating elastomeric seal. The difflculty occurs 
because the fllm thickness varles cyclically. The cyclic variation 
produces a non-monotonlC lncrease in fllm thlckness with tlme even 
though the cyCllC frequency is increased gradually to its steady 
state value. Therefore, the common technlque of countlng fringes 
"born" lS nearly useless, unless many photographs are taken to track 
the complete development of the oil film from at-rest. This lS 
difflcu1t to do, especially Slnce an lntense flash must be used to 
obtaln a photograph and since recharge tlmes for flash unlts can 
be large (on the order of tenths of seconds). 

To avold the dlfflcultles of the "fringes-born" approach, another 
technlque for determlnlng the absolute 011 fl1m thlckness was employ
ed. ThlS technique used two, rather than one wavelength of light. 
Each wavelength produces its own b1ack-and-whlte lnterference photo
graph. The shlft of the band pattern between the two photographs 
implies the absolute film thlckness. The relatlonship between the 
band pattern shlft and the absolute fl1m thickness lS descrlbed in 
Figure 3. 

Figure 3 shows a magnlfled cross-sectional view of the sea1/cy11nder 
contact zone. With an lncident light beam of a given frequency, the 
dark (lnterference) bands would appear at pOlnts indlcated by the 
SOlld dots. If the frequency of the lncident light lS lncreased 
(i.e., the wavelength is smaller), the 10catlon of the dark bands 
shift. Such a shift lS lndlcated by the open circles. At speclflc 
values of fl1m thlckness, such as the one denoted by A, no shlft 
would be dlscernlble. The apparent lack of a band shlft at this 
pOlnt occurs because an lntegral number of frlnges between the 
transparent cy1inder-oll lnterface and pOlnt A are produced for 
either of the two light frequencles used. In other words, while 
for the flrst frequency N frlnges occur between the cyl1nder-ol1 
lnterface and pOlnt A, for the second frequency N+l (or N+2, N+3, 
... ) frlnges occur. In a photograph taken with elther 11ght frequency, 
a dark band or fringe would occur at all points such as A. The use 
of these points, termed pOlnts of fringe overlap, lS central to the 
lnference of the absolute 011 fllm thlckness. 
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Figure 3 

TRANSPARENT CYLINDER 

Fringes Produced by Two Distlnct 
Wavelengths of Light 
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Referring again to Figure 3, the Nth fringe for llght of the first 
wavelength is related to the absolute standoff (film thickness) at 
A by the relationship 

where Al is the wavelength in oil of the first light frequency. In 

thls relationshlp, the inCldent light is taken to be normal to the 
surface of the cylinder. Also, at the fringe overlap point A, the 
N+i fringe for the second light wavelength occurs. Consequently, one 
can write 

Elimination of Nl between these two equations gives 

h (1) 

This relationship shows that, at a frlnge overlap point in the photo
graph, the absolute film thickness can be calculated, providing that 
the wavelength for each light frequency is known and that the value 
of i lS known. The value of i, which indicates that the lth overlap 
occurs at the frlnge overlap point, is not known from the two photo
graphs. However, its value (typically 1) can be establlshed indirectly 
by taking several sets of two photographs (see section on Experimental 
Results). 

Although Equation (1) can be used to establish the absolute 011 film 
thickness, it must be modified for the conditions in the experimental 
apparatus. One modification of the apparatus is due to the incident 
light being not normal to the surface of the cylinder. The non-normal 
incidence has the benefit that the microscope need not view the glare 
from the front surface of the cylinder. However, this non-normal 
incidence complicates Equation (1) somewhat. Another modification for 
the apparatus is that the light wavelength is known in air from the 
properties of the optical filter. However, Equation (1) requires the 
wavelength be that in 011. The final modificatlon is produced by the 
procedure used for determining the absolute 011 fllm thlckness. This 
procedure involves the use of several sets of photographs. However, 
lf several filters are available, the number of light wavelength combi
nations can become large. Since each comblnation for light wavelengths 
can produce a different value in (1), many evaluations of the fringe 
overlap formula must be made. 

The above considerations suggest that a simple computer program be 
written to evaluate h for varl0US combinations of the two light wave
lengths Al and A2 " Such a computer program was prepared (in BASIC) 
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and is given in Appendix A. The program uses the light incldence 
angle (approximately 30 0 from the normal to the cylinder), the 
index of refraction of the oil (1.4605), and the wavelengths of 
the available filters (0.45, 0.50, 0.55, 0.60, and 0.65 ~m) to compute 
h for the first fringe overlap (i = 1). The program also computes, 
for each light frequency, the change in 011 film thickness per 
dark frlnge that occurs in the contact zone. The results of the 
program are given ln Flgure 4. 

The figure shows the distance h to the first (i = 1) fringe over-
lap plotted against the difference between filter wavelengths 
(Al -A2). The 4 curves are for varlOUS values of the base filter 

wavelength; i.e., the fllter wavelength that is the smaller of the 
two filters being used. For example, lf an orange and blue filter 
combination were being used, the base filter wavelength would be 
0.45 ~m (blue). Also, value for the horizontal axis would be 0.60-
0.45 = 0.15 ~m. All combinations of the avallable filter wavelengths 
are shown on the plot. 

The plot indlcates that the first fringe overlap can occur at an 
all fllm thickness from 0.47 ~m (18.5 ~in.) to 2.5 ~m (98.4 ~in.). 
This is a large span, and is very well suited to the oil film thick
ness expected in the experimental apparatus. The plot also shows 
the sensltlvity of the optical procedure ln terms of oil film thick
ness change per observed fringe line. This sensitivity ranges from 
0.144 ~m (5.68 ~in.) per fringe with the blue filter to 0.208 ~m 
(8.20 ~in.) per fringe with the red filter. These sensitivities 
also are well suited to the expected variations in oil film thick
ness for the elastomeric seal. 

Testing Technique and Conditions 

The two-wavelength procedure for measuring the oil film thickness 
is implemented by using the following approach: 

1. The photographic flash, provlded by a 35 mm camera 
flash attachment, is synchronized with the cylinder 
position. This synchronizatlon is obtained by 
triggering the flash with the optlcal shaft encoder 
described earlier in this report. 

2. The light frem the flash is directed at the contact 
zone by means of the rectangular acrylic plate as 
shown in Figure 5. 

3. The light reflected from the seal/cylinder lnterface 
is viewed wlth a stereo microscope. Attached to the 
object end of the microscope are two narrow band 
pass optical filters. The filters are placed so 
that one wavelength of light enters one side of the 
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microscope and the other wavelength of llght enters 
the other side of the microscope. 

4. An instant-developing camera is attached to each eye
piece. Each camera is loaded with black-and-white 
f1lm but 1S exposed by only one of the two wavelengths 
of light. 

5. The experimental apparatus 1S turned on, after which the 
shutters of both cameras are opened. The synchronized 
flash is act1vated so that between 8 and 20 exposures 
are produced on each film. The shutters of the cameras 
are then closed. The developed photographs are used 
to determlne the oil film thickness (see the Experimen
tal Results section). 

Produclng good quallty photographs requlres that attention be paid 
to a number of practlcal details. These details are summarlzed 
below: 

Acryllc Cylinder 

The acrylic cylinders scratch easily and can craze lf a solvent 
such as acetone is used to clean them. Photographic results 
are enhanced if a polishing procedu!e involvlng successively 
flne grit size lS employed. An acceptable procedure lS to 
apply by hand a compound containing, 1, 0.3, and 0.005 ~m 
particles. The ends of the cylinders should have the I.D. 
edge smooth and rounded to facilitate entry of the seal and 
to minimize scratch1ng of the coating on the seal. 

Coating of Seals 

Several types of coatings were tested. These include enamel, 
acrylic, synthol, and lacquer. The lacquer coat1ng was found 
to be the most satisfactory in terms of adhesion, flexlbility, 
durability, and quallty of the interference frlnges. The 
requirements for interferometry necessitate the use of a black 
coating (a white coating tends to produce too much reflectance 
from the oil-seal interface and thereby tends to "wash-out" 
the fringe pattern -- see [4]). The coating should be applled 
to a smooth elastomeric surface -- this can be obtained by 
sandlng the seal with crocus cloth. A dlpping process lS most 
satisfactory for coating, and a clean environment lS lmportant. 
The properly-dr1ed coating must be pol1shed follow1ng the pro
cedure descrlbed for the acryllc cylinder. 

Seal Installation 

The seal must not be scratched or stretched during installatlon 
on the test seal holder. The nylon backing rlngs for the "T" 
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seal cannot be used because they scratch the acrylic cylinder. 
(The two part seal holder avoids the need for seal stretching 
durlng installation and also produces the axial support to the 
seal otherwise provided by the backlng rings.) The seal and 
acrylic cylinder should be coated with 011 during the instal
lation of the plunger to mlnlmize scratchlng of the seal coating. 

Light Source 

The llght source used should have a straight flash tube -- thlS 
flash tube must be placed agalnst the glass shlm on the end of 
the rectangular acrylic plate (the front cover of the flash 
unit must be removed). The angle (incidence angle) of this 
place with respect to the n,ormal to the surface of the acrylic 
cylinder should be as small as possible; however, the front 
surface reflection (glare) from the acrylic cyllnder llmlts 
this angle (a 30° incidence angle was found to be satisfactory). 

Mlcroscope and Cameras 

The microscope should be posltioned so that the viewing angle 
with respect to the normal to the surface of the acrylic 
cyllnder is equal to the incidence angle. Eyepieces should 
be retained in the microscope when the cameras are installed 
this gives a large field of view on the photographs. Care 
must be taken to align the optical system such that part of 
the area photographed by one camera also appears in the other 
photograph. Also, care must be taken to insure that the flash 
llluminates properly the seal area being photographed. Vl
bratl0n of the plunger and camera support system must be 
minlmlzed to avoid blurred photographs. 

A procedure was followed during testing to avoid neglecting any of the 
above detalls and to prevent disregarding other important aspects of 
rlg operation. This procedure is outlined in Appendix B. 

Experimental Results and Discussion 

ThlS section presents and discusses results that were obtained from 
the experimental apparatus. These results do not represent an in
depth lnvestigation of the behaVl0r of an elastomeric seal; rather, 
the results indicate the types of measurements that can be made and 
constitute a flrst attempt at experimental-analytical comparison. 
The results also give some indication of the effects on seal behavior 
when a limited number of seal-related and cylinder-related parameters 
are varied. 

The section first gives the frlction force and leakage results ob-
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4 talned. The section then covers the 3.6 x 10 s (10 hour) test. 
After that the photographlc data for 011 fllm thlckness are given 
and determinations of fllm thlckness dlstributions are made. The 
end of the sectlon covers experimental-analytical comparisons and 
the dlScussion of the data. 

Frictlon Force and Leakage 

Tests were run according to the Test Matrix given in the precedlng 
section. The tests complied with that test matrlx as closely as 
possible; however, ln one case, an exceptlon to the test matrix had 
to be made. This exceptlon concerns the oscillation frequency. 
The deslred frequency of 50 Hz had to be avoided because of a rig 
resonance. For this reason, a 45.5 Hz frequency was used. 

The results of the tests were given ln Table 1. In the table, the 
tests (columns) of the Test Matrix are denoted by the T.M. No. (i.e., 
by the rows of Table 1). The columns of Table 1 give both information 
regarding the testing conditions and results obtalned from the tests. 
The second column from the left indicates the type of seal used in 
the test. The symbol "T" in the column denotes the T seal while 
the "0" denotes the 0 ring. The third column denotes the durometer 
of the elastomer. This elastomer is hard (90 durometer) or soft 
(70 durometer). The fourth column lndicates whether a shim was used 
under the seal to increase the preload. The fifth column shows 
whether the backing rings were used. The slxth column concludes 
the seal information by lndicating the presence and extent of coating 
on the seal. When present, the coatlng was either partial (about 
30° of the circumference of the seal) of full (completely around 
the seal). In either case, the coating was applied to the seal so 
that, ln the plane through the cross-section of the seal, the coat
lng extended well beyond the contact zone (but not to the "T" portion 
of the seal). 

The next column of the results table refers to the cylinder used. 
The cylinder was either acrylic or aluminum. For the acrylic cylin
der, unpolished denotes that the I.D. was in the as-recelved condi
tion. Polished denotes that the polishing procedure of the previous 
section was used. For the aluminum cylinder, flnish I denotes an 
as-machllled surface finlsh (roughness approximately 0.4 ~m rms (16~ 
in. rms)). Finish II denotes the application of pollshing procedure 
of the previous section to the aluminum cyllnder. The result of 
that pollshing procedure was a roughness of approximately 0.1 ~m rms 
(4 ~ in. rms). 

Test results are glven ln the next 3 columns. The flrst column de
notes the measured preload at the static (not sllding) conditlon. 
This preload is given ln terms of the ratio of measured axial contact 
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TABLE 1 

FRICTION FORCE AND LEAKAGE RESULTS 

T.M. 
SEAL INFORNATION 

No. Cylinder 

Type Durometer Shim Backl.ng 
Finish Rings 

1 T Hard No No Fully Coated Polished 

2 T Soft No No Part. Coated Polished 

3 0 Soft No No Part. Coated Polished 

4 T Soft No No Part. Coated Unpoll.shed 

5* T Soft No No Part. Coated Unpoll.shed 

6 T Soft -3 7.6xlO rom No Fully Coated Polished 
(0.3 mil) 

7 T Soft No No Uncoated Polished 

8 T Soft No Yes Uncoated Alum. , 
Finish I 

9 T Soft No Yes Uncoated Alum. , 
Finish II 

10 T Soft No No Uncoated Unpolished 

* Frequency = 45 Hz 
~~* 

Unable to Measure 

Preload Peak Force Leakage 
(N) (lbs. ) (1f)-10fTl3/CY ) 

0.520 28.1 6.32 1.67 

~=0.547 ~=17.l ~=3.85 ~=4.67 
a=0.044 a=0.80 a=0.18 a=1.92 
n=5 n=5 n=5 

~=0.448 ~=16.2 ~=3.63 ~=11. 68 
a=0.166 a=7.43 a=1. 67 a=4.42 
n=3 n=3 n=3 

0.428 10.7 2.40 46.7 

0.428 3.5 0.79 Unknown 

0.726 19.0 4.26 4.2 

~=0.56l ~=17.7 ~=3.97 ~=5.06 
a=0.048 a=1. 93 a=0.435 a=2.89 
n=3 n=3 n=3 

~~* 20.4 4.58 0.83 

** 20.0 4.50 1.67 

0.533 ~=14.7 ~=3.3l ~=2.96 
a=4.3 a=0.97 a=0.97 

n=28 n=7 



length to the cross-sectional diameter of the seal. This contact 
length was measured by viewing the contact zone 'through the micro
scope and comparing the axial length to the known aX1al seal groove 
length. 

For the preload, as well as for the last two columns, either a 
single entry or 3 entries are given for a particular test. A 
single entry denotes that one measurement was made of the indicated 
quantity. The three entries denote that more than one measurement 
was made of the quantity. For tests in which more than one measure
ment was made, the number of measurement is given by n. The average 
of the n measurement is denoted by~. The quantity a gives the 
standard deviation of the n measurements. 

The next-to-last column gives the measured force. The value given 
is the peak value of the essentially s1nusoidal force variation 
with time. An example of the force data, obtained via a low pass 
filter*, is given in Figure 6. The figure is a photograph taken 
of the oscilloscope screen for one of the tests constituting T.M. 
No.4. For the f1gure, the horizontal scale is time. Each large 
division is 20 ms, so that the frequency shown in about 17 Hz. The 
vertical axis denotes force, with each division being lmV per large 
division. Since the sensitiv1ty of the force cell is 0.14mV/N, the 
peak (one half of peak-to-peak) force given by the photograph 1S 
approximately 11.5N (2.6 pounds). 

The photograph 1ndicates why only one value (the peak value) for 
the force measurement is given 1n Table 1. It was found that for 
a given test, the sinus01dal behavior of the force did not change 
measurably with time. Even in the 10 hour test, only a 2% variation 
from the start of the test to the end of the test was observed in 
the value of the peak force. 

The last column of Table 1 lists the measured leakage for the tests. 
This leakage occurs with essentially no pressure drop across the seal 

* The corner frequency of the filter was set at 25 Hz. 
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the only net pressure is that due to approximately 25 mm (1 in.) of 
oil head above the seal. The leakage listed is given on a per cycle 
basis, although the measurements were made on'~ several minute 
(several tho'usand cycle) basis. 

Ten Hour Test 

The results obtained for the 3.6 x 104s (10 hour) test (T.M. No. 10) 
have been summarized in Table 1. However, because data were taken 
throughout this test, a more detailed presentation of the data is 
warranted. 

Results from the ten hour test are given in Figure 7. The figure 
shows, plotted vs time, two temperatures, the peak force, and the oil 
leakage rate. The first thermocouple (T.C. 1) is that above the seal 
it protrudes slightly into the oil film. The second thermocouple is 
just behind the seal in the aluminum test seal holder. The leakage 
rate is shown on a per cycle basis -- it was computed on the basis of 
total oil leaked after start of the test divided by total cycles since 
start of the test. As a result, the leakage figures become more of 
a test average as more cycles are included in the running total. 

A few points regarding the test and the figure are of interest. The 
thermocouples show a rising temperature trend for the first two hours. 
The rather abrupt decrease at that time was due to the start of water 
cooling. Also, the force can be seen to be very constant throughout 
the test. This occurred even though the test was stopped (approximately 
once per hour) to check oil leakage and to add oil. 

Film Thickness Data 

Optical interference photographs were sought for Test Matrix tests 
number 1 - 6. As indicated earlier, to infer the absolute oil film 
thickness several sets of photographs can be required. Each set of 
photographs is produced by one filter combination and, consequently, 
defines a different value of absolute oil film thickness at which the 
first fringe overlap occurs. 

For the Test Matrix test number 1, such sets of photographs were ob
tained. One of these sets of photographs is shown in Figure 8. Also 
shown in Figure 8 are the conditions under which these photographs 
were taken. The left photograph was exposed with 0.55 ~m (green) 
light using 12 flashes. The right photograph was exposed with 0.600 ~m 
(orange) light using 7 exposures. 

The photographs show approximately 3 mm (1/8 in.) of the circumferen
tial contact periphery. In the photographs, this circumferential 
direction is horizontal. The vertical direction in Figure 8 corresponds 
to the axial direction for the seal. The leading edge is at the top of 
the photograph so that, in the apparatus, the cylinder was moving down 
at the instant the flashes occurred. 
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Fi.gure 8 

Interferometric Results 

GREEN FILTER (0.550 ~m) 
12 EXPOSURES 

ORANGE FILTER (0.600 ~m) 
7 EXPOSURES 

CONDITIONS Seal: hard T seal (90 durometer) 

Preload: 52% 

Frequency: 10 Hz 

Cyclic Position: 30° before top dead center 
(cylinder on downward stroke) 

Applied Gas Pressure: 0 Pa (0 psi) 

Force: 

Leakage: 

28.1N (6.32 pounds) peak 

-10 3 1.67 x 10 m Jcycle 
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The contact zone in the photographs extends over the axial length 
denoted by the arrows. In this contact zone, ,several dark fringes 
occur. Because these fringes are distinct, and because approxi
mately 1800 cylinder cyc1es* occurred during the photographic process, 
one can conclude that the fringe pattern is quite deterministic (as 
opposed to random). This, due in part to the smoothness and rigid
ity of the experimental apparatus, is quite fortunate -- only with 
multiple exposures would sufficient light be delivered to the photo
graph for adequate exposure. 

The photographs show that for the particular set of test conditions 
used the film thickness is essentially axisymmetric. This axisym
metric behavior is indicated by the fringe bands which are perpen
dicular to the axial direction. The photographs also show that some 
local irregularities exist in the film profile. One such irregularity 
can be seen in the right photograph at the center of the trailing edge. 
The same irregularity also can be seen in the left photograph. These 
irregularities can be caused by particles imbedded in the seal and by 
cracks or breaks in the coating on the seal. The presence of such 
irregularities is desirable unless their presence affects the overall 
film thickness distribution being photographed. The irregularities 
serve as reference points for use of the photographs in determining 
the oil film thickness (see the following section). 

It can be noticed, particularly in the center of the left photograph, 
that the circumferential fringe pattern disappears. This disappearance 
is caused by nonuniformity in the lighting conditions. The nonuniform
ity is different for the two photographs because optical paths for the 
two objective lenses of the microscope are not coindicent -- these 
paths are several degrees apart in the circumferential direction of 
the seal. 

Another set of photographs is given in Figure 9. The only condition 
that differs between this set and those of Figure 8 is the seal type 
for Figure 9 the soft (70 durometer) rather than the hard (90 durometer) 
seal was used. Consequently, Figure 9 is for Test Matrix number 2. 

The optical interference fringes can also be seen in this set of photo
graphs. However, in comparison to those of Figure 8, the fringes are 
less regular. More circumferential variations in the fringes occur. 
In addition, the axial fringe spacing is different when compared to 
the spacing in Figure 8. This indicates that the oil film thickness 
distribution is not the same for the hard and for the soft seal. This 
difference is considered in detail in the following section. 

Irregularities in the fringe pattern also occur for the softer seal. 
In contrast to the irregularities in Figure 8, those in Figure 9 are 
bright dots. These bright dots may have been caused by broken small 

* 10 Hz times 60 seconds per minute times (approximately) 0.25 minutes 
per exposure times 12 exposures. 
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Figure 9 

Interferometric Results 

GREEN FILTER (0.550 ]lm) 
16 EXPOSURES 

CONDITIONS 

ORANGE FILTER (0,600 flm) 
10 EXPOSURES 

Seal: soft T seal (70 durometer) 

Preload: 49% 

Frequency: 10 Hz 

Cyclic Position: 30° before top dead center 
(cylinder on downward stroke) 

Applied Gas Pressure: 0 Pa (0 psi) 

Force: 18.3N (4.11 pounds) peak 

Leakage: -10 3 1.67 x 10 m /cyc1e 
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air bubbles in the seal coating. These bubbles, when broken during 
polishing or during seal operation, could form-small holes which 
could cause significant reflection of light. As in the hard seal 
case, these irregularities form handy reference points for measure
ments. 

It is suspected that the majority of the difference for the two photo
graph sets in circumferential fringe regularity is caused by the 
optical coating. This coating, although carefully applied with an 
airbrush, varied somewhat from seal-to-seal. This variation was mini
Iuized, but not eliminated, by the polishing procedure described in the 
previous section. A less significant cause for the fringe irregulari
ties in Figure 9 may be the durometer of the seal. The softer seal is 
the more likely to degrade both during the smoothing (sanding) opera
tion prior to coating and during the polishing procedure itself. 

In both Figures 8 and 9, a shift in the fringe pattern with the change 
in light frequency is apparent. In Figure 8, the change from green to 
orange results not only in shifting the fringes, but also in elimi
nating at least one fringe. In Figure 9, the shift is not as obvious; 
the greatest effects can be seen near the leading and trailing edges. 
The evaluation of this shift and the determination of the associated 
oil film thickness distribution is made in the following section. 

Photographic results having a quality equivalent to that in Figures 8 
and 9 were not obtained for T.M. Nos. 3-6. For T.M. No.3 (the O-Ring 
test) and 6 (the high preload test), difficulties were encountered in 
producing a smooth coating on the seal. The surface obtained contained 
high frequency surface ripples. These ripples were of the size of the 
anticipated film thickness, so that the fringe patterns that appeared 
exhibited a random pattern. This pattern corresponded exactly to the 
appearance of the seals which, when removed from the rig, were studied 
under a microscope. The reason for the non-smooth surface was not 
determined -- possible sources are the coating mixture, the coating 
techniques, the polishing process, or the surfaces of the seals to 
which the coating was applied. 

In the tests of T.M. Nos. 4 and 5 (the 25 and 50 Hz tests) fringe 
patterns could not be photographed. The photographs were blurred and 
suggested that the various multiple exposures had blended the fringe 
pattern into a relatively homogenous resultant image. It was readily 
apparent that rig resonances were the cause of the problem. At 25 Hz, 
the structure which supports the microscope and cameras vibrated sig
nificantly. Near 50 Hz, structural vibrations occurred. These vibra
tions caused the camera or microscope to move with respect to the seal, 
so that the several exposures did not produce coincident images on the 
film. To verify this, speed for the 25 Hz test was reduced to about 
17 Hz, at which the operation of the rig was very smooth. Good quality 
interference photographs were obtained readily. These results suggested 
that freedom from vibration in the apparatus is essential in order that 
the multiple exposure technique be workable. 
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Film Thickness Distribution 

The oil film thickness distribution was evaluated from the photo
graphic results obtained for T.M. Nos. 1 and 2. This evaluation 
involves as its most important ingredient the determination of fringe 
overlap point and number (i.e., the value of i). 

Review of Figure 8, which is the orange filter-green filter photo
graph set for the hard seal, indicates that no fringe overlap point 
exists. That conclusion can be reached readily by first measuring, 
for the center of each dark band in the right photograph, its axial 
distance from the irregularity at the center of the trailing edge. 
The same distance can then be measured in the left photograph. No 
correspondences in these measurements occur. This suggests that at 
no point in the contact zone did a film thickness of 2.1 ~m (83 ~in.) 
exist. In addition, at no point in the contact zone did a film thick
ness of a multiple of 2.1 ~m exist. 

Establishing the oil film thickness therefore requires that at least 
one more set of photographs be taken. Since the first fringe overlap 
point for the green-orange combination is 2.1 ~m, and since the film 
thickness is unlikely to be greater than 2.1 ~m, the additional set of 
photographs should provide the first fringe overlap point in the range, 
say, 0.5 - 1.3 ~m (20 - 50 ~in.). The blue-green/orange combination 
is suitable -- the first fringe overlap point for this combination is 
0.96 ~m (38 ~in.).* 

A blue-green/orange set of photographs was therefore obtained for the 
hard seal case (T.M. No.1). The blue-green photograph is difficult 
to produce. Whereas the orange filter requires 7 flashes (exposures) 
and the green requires 12 flashes, the particular blue-green filter 
used requires upwards of 16 exposures for a workable photograph. A 
tradeoff in the number of flashes exists -- too few produces too dark 
a picture while too many can produce fringe blurring. Sixteen expo
sures were used for the hard seal test -- this number of flashes 
minimized the fringe blurring while still producing a photograph with 
contrast sufficient for obtaining data. However, the contrast in the 
photograph was not sufficient to permit reproduction for the present 
report. Instead of the photograph, Figure 10 gives a tracing made 
from the original picture. The figure also gives a tracing of the 
associated orange-filter photograph.** 

* See Figure 4 and Appendix B. 
** The tracing of the orange-filter photograph is given only to provide 

an equivalent representation. The contrast for the orange-filter 
photograph is sufficient for reproduction -- see Figure 8. 
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Figure 10 shows that a fringe overlap point seems to exist for the 
wide fringe closest to the trailing edge -- the distance to the 
center of the dark band from the trailing edge irregularity is 
essentially the same in either photograph. This suggests that at 
this fringe, the absolute oil film thickness is on the order of 0.96 vm 
(38 vin.) or some integer multiple of this distance. Measurement from 
the same irregularity to the next wide band shows that this distance 
is not the same in the two photographs. The next wide band therefore 
is not a fringe overlap point but appears to be within one fringe of 
that overlap point. Since the oil film thickness change is about 
0.18 vm (6.9 vin.) per fringe, one can conclude that the absolute oil 
film thickness at the first wide band is within about 0.2 vm (7 vin.) 
of the 0.96 vm (38 vin.) determined above. 

The above discussion does not resolve the issue of whether the oil 
film thickness at the fringe overlap point is 0.96 vm or some integer 
multiple of 0.96 vm. To resolve this, one should first determine the 
overall shape of the film thickness distribution. Once that shape is 
known, comparison of Figures 8 and 10 can be used to infer the value 
of i. 

The shape of the film thickness can be deduced from the combination 
of Figure 8 and physical reasoning. In Figure 8 (right photograph) 
the widest band is the one nearest the trailing edge. This suggests 
that the most gradual slope of the film thickness distribution occurs 
in that region. The width of the bands and their spacing decrease as 
one moves toward the leading edge. Therefore, the thickness of the 
oil film is either increasing or decreasing from the center of the 
contact zone to the leading edge. The former is the more likely because 
no indications appear in Figure 8 to suggest an area of zero slope in 
this region. Such an area of zero slope would have to occur for film 
thickness decreasing toward the leading edge because the seal must curve 
away from the cylinder outside the contact zone. 

The above reasoning suggests that the film thickness profile is as 
shown in Figure 11. The figure gives, for an assumed i=l. the oil 
film thickness versus distance in the contact zone. Shown on the 
figure are points obtained from the blue-green and from the orange 
filter. Also shown on the figure are the first and second fringe over
lap points for this filter combination. 

The question of the value of i can now be addressed. From Figure 11, 
the measured oil film thickness is in one of the ranges 0.97 - 1.4 vm 
(38 - 53 vin.), 1.93 - 2.69 vm (76 - 106 vin.). 2.9 - 4.0 vm (114 -
159 vin.), etc. as i takes on values I, 2, 3, etc. However, the photo
graphic results with the green/orange filter combination (Figure 8) 
have already precluded i having the values 2, 4, 6, etc. Physical 
insight, the use of simple-steady state film thickness formulas. or 
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Tracing of Interferometric Photographs 

BLUE-GREEN FILTER 

(0.500 ]Jm) 

CONDITIONS 

TRAILING 
EDGE 

ORANGE FILTER 

(0.600 ]Jm) 

Seal: hard T seal (90 durometer) 

Preload: 52% 

Frequency: 10 Hz 

Cyclic Position: 30° before top dead center 
(cylinder on downward stroke) 

Applied Gas Pressure: 0 Pa (0 psi) 

Force: 28.1N (6.32 pounds) peak 

Leakage: 
-IU j 

1.67 x 10 m /cycle 
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the use of the analytical results in [4] also preclude high values of 
i. Consequently i = 1 or 3 is still reasonable for the results ob
t&ined. To choose between these. an additional 'set of photographs 
was taken. this time using the red-orange combin~tion (for which. at 
i = 1, the fringe overlap point is at 2.50 ~m (98.4 ~in.). That set 
of photographs revealed no fringe overlap, so that this film thick
ness did not occur in the red/orange photograph. This information 
therefore eliminates i = 3 in the blue-green/orange set -- the value 
i = 1 appears to be the correct one. 

The green filter results in Figure 8 can be used to add more points 
to the film thickness plot in Figure 11. To do so requires that the 
oil film thickness for one point in the photograph be set. This can 
be done readily by again employing the fringe overlap concept. Al
though no fringe overlap point exists for the green/orange combination. 
one can look in the photograph for a point where a dark band in one 
photograph corresponds to a light band in the other photograph. Such 
a point is a one-half fringe overlap point which. from Figure 4, is at 
about 1.1 ~m (42 ~in.). In the photographs. such a light band/dark 
band correspondence occurs at about 0.53 of the contact 1ength.* This 
point in Figure 11 is shown by the open square. The solid squares give 
the film thickness results for the other dark bands of the green-filter 
photograph. 

The points in Figure 11, produced by using the above analyses. provide 
a rather well-defined curve. This curve is shown in the figure by the 
solid line, and is the experimentally measured oil film thickness pro
file. It is to be noted that this profile is not shown near the ends 
of the contact zone. In those regions. fringes are difficult to dis
tinguish. This is to be expected because the change in film thickness 
becomes very large as one approaches the ends of the contact zone. 

A similar analysis can be made for the photographs obtained from the 
soft seal test (T.M. No.2). The ana1y.sis is made more complicated 
for that seal because the oil film thickness is less axisymmetric than 
in the hard seal test. However, the results obtained from the hard 
seal test can be used to aid in interpreting the photographic results 
for the soft seal test. 

The analysis employs Figure 9. in which a fringe overlap seems to exist 
for the dark fringe just ahead (toward the leading edge) of the center 
of the contact zone. Verification that this is a fringe overlap point 
can be obtained by comparing a measurement from a bright spot (irregular
ity) to the fringe in each photograph. Assuming that i = 1 and -referring 
to Figure 4 and Appendix A. one finds that. at the fringe overlap point. 
the absolute oil film thickness is about 2.2 ~m (83 ~in.). Following 
the process used for the hard seal. one can measure the distance in each 

* The dark band is on the green-filter photograph 
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photograph from the irregularity to the next fringe (next to the 
overlap fringe and closer to the leading edge). Comparing the 
measurement indicates that this next fringe is not a fringe over
lap point. Consequently, the absolute oil film thickness at the 
fringe overlap point is known (if i = 1) within about 0.2 ~m (7 ~in.) 
of the 2.2 ~m (83 ~in.) determined above. 

Considering next the shape of the film thickness distribution, one 
can inspect the left edge of the right photograph. At this edge 
the general axisymmetric oil film thickness, which occurs at the 
center of the photograph and which was assumed in the above analysis, 
disappears. The light band just ahead (toward the leading edge) of 
the overlap fringe extends to the back (toward the trailing edge) of 
that fringe and to the back of the following fringe. This bright 
band defines everywhere a constant oil film thickness, so that in 
this broad rear-central region of the axial contact zone an essentially 
constant oil film thickness occurs. Since the forward dark band in 
this zone is also the fringe overlap band, this implies that the fringe 
just behind the overlap fringe could also be an overlap. Measurement 
of the distance to this next fringe from one of the bright irregular
ities produces the same result for each photograph. Consequently, 
it can be concluded that both of these fringe bands are indeed fringe 
overlaps and that absolute oil film thickness at these bands is about 
2.2 11m (83 ~in.). Also, no additional fringes occur at the rear of 
the contact zone. This indicates that the 2.2 ~m film thickness ex
tends well towards the trailing edge of the contact zone. 

With the above information, a film thickness distribution can be 
plotted. Figure 12. This distribution was obtained by first plotting 
the fringe overlap points at 0.45 and 0.60 on the horizontal axis. 
Using the green-filter photograph, the points in the solid squares 
are located. The horizontal coordinate for these squares is located 
by the position in the contact of each fringe forward of the fringe 
overlap point. From the photograph, it is concluded that there are 
four such fringes, with the last two (those nearest the leading edge) 
almost coincident. The vertical coordinate is determined by the film 
thickness change per fringe for the green wavelength. Similar points 
result from the orange photograph. In both photographs, the second 
band from the fringe overlap point appears to be a single fringe and 
is plotted as such. 

The resulting oil film thickness distribution has a behavior generally 
similar to that for the hard seal (Figure 10). However, the oil film 
thickness is much greater than for the hard seal. In fact, if i = 1 
as assumed for Figure 12, then the oil film thickness for the soft 
seal is about twice that for the hard seal. 

With the filter combinations available, one cannot determine with 
certainty whether the film thickness distribution in Figure 12 is 
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correct as shown (i.e., whether i = 1). Another set of filters 
can be used to provide additional information"but one is constrained 
by the plot in Figure 4. Using a blue/orange f~lter combination, 
the first fringe overlaps occurs at 0.577 ~m (22.7 ~in.). The fourth 
(i = 4) fringe overlap occurs at 2.31 ~m (90.8 ~in.). That set of 
photographs was taken, and did indicate a fringe overlap at about the 
3/4 portion of the normalized contact length. This agrees with the 
results of Figure 12. The blue/orange results do not indicate the 
value of i for Figure 12, since when i = 8 is used for the blue/orange 
combination and i = 2 for the green/orange combination, the results 
would also agree. 

The more reliable procedure for determining the value of i is to have 
additional sets of photographs so that the first fringe overlap point 
for each additional set occurs (approximately) at a multiple of the 
overlap point of the first set. This is the approach taken for the 
hard seal test described above. In this way, each of the first few 
multiples for the reference set can be eliminated. In the present 
case, the second overlap occurs at 4.23 ~m (166.6 ~in.) which is out
side the range of the available filter combinations. All one can say 
from the interferometric results for the soft seal test is that the 
oil film thickness is no smaller than that shown; however, the thick
ness could be twice (or three times) that shown. 

The measured seal friction can be used to verify that the correct 
value of i was used for the soft seal test results in Figure 12. 
This verification is made in the following section. 

Experimental-Analytical Comparison 

It is of considerable interest to compare the results obtained in 
the present experimental work to those from available analyses. The 
most relevant analysis is that in [4]. In addition, a rough compari
son using the viscous shear force produced by the oil film is desir
able. This rough comparison, presented first below, gives an indepen
dent check on the photographic results for oil film thickness. 

The shear stress T, associated with pure shear motion of two plates, 
is [14] 

du 
T =~dy 

(2) 

in which ~ is the viscosity of the fluid and du/dy is the velocity 
gradient across the oil film. If it is assumed, in the seal/cylinder 
system, that the film thickness in the contact zone is constant, then 
the following relations can be written: 
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where F is the 
D is the 
b is the 
A is the 

and w is the 

du/dy 
Awcoswt 

h 

viscous shear force 
LD. of the cylinder 
axial contact length 

(friction 

amplitude of the oscillating 
oscillation frequency. 

(3) 

force) 

cylinder motion 

Substituting T and du/dy from (3) into (2) and solving for F gives 

F 
'/T)lDbAwcoswt 

h 
(4) 

For the apparatus, and for the soft seal test, the following values 
are appropriate: 

)l 

D 
b 
A 
w = 

WT 

h 

-6 2 
0.0404 Pa·s (5.86 x 10 lbsec/in) 
1032-AR-l oil at 294K (70F) 
76 mm (3.00 in.) 
2.2 mm (85 mils) 
13 mm (0.50 in.) -1 
10·2~ = 62.8 rad·s 
~/3* 
2 0m (80 j1 in • ) 

for Mobile XRL 

Substitution of these values into (4) gives F = 4.1N (0.92 pounds). 
This force is below the 16.5 - 17.8 (3.7 - 4.0 pound) range (± la) 
listed for the soft seal (T.M. No.2) in Table 1. However, the 
value given in that table is the peak measured force. At the 30° 
before top dead center position, the velocity is half that at maxi
mum sliding, and the film thickness (from [4], run 53) can be 16% 
greater than at maximum sliding. Consequently, the measured force 
in Table 1 corresponds to a measurement of 7.1 - 7.6N (1.6 - 1.7 
pounds) at the 30° BTDC cycle point. This is approximately 44% 
greater than that computed from Equation 4. 

* The thickness 2 )lm was measured at 30° before top dead center of 
the cyclic motion. Consequently,lilT takes the corresponding value 
of ~/3 rad. 
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For the hard seal test (T.M. No.1) all values for Equation (4) 
are, with the following exceptions, the same ast,hose for the 
soft seal test (T.M. No.2): 

b 2,1 mm (81 mils) 
h 1 ~m (40 ~in.), approximately. 

With these values, Equation (4) gives 7.8N (1.6 pounds). The 
measured friction-force for the hard seal test is 28.lN (6.32 
pounds). When corrected for instantaneous cyclic speed and cyclic 
film thickness variation, the measured force corresponds to a 

1 
measurement of 0.5 x 1.16 x 28.1 = l2.lN (2.72 pounds). This is 

41% greater than that computed from Equation (4). 

Comparison of the experimental results with the analytical results 
in [4] is of considerable interest. To produce this comparison, it 
is necessary to have experimental values for several analytical 
parameters and to run the computer program with these values. 

For the T seals used, the value of E (Young's modulus) is the most 
difficult to obtain. Reliable values of E are not tabulated for 
the fluroelastomer used and are not available from seal manufacturers. 
As a result, the value of E had to be measured directly. The fol
lowing two techniques were used: 

In the first measurement, a several-inch piece was cut from the 
seal and stretched. The value of E was computed from the measured 
strain and from the known applied force. The cross-sectional area 
was computed from appropriate measurements. 

In the second measurement, a short piece of T seal was placed under 
an optical flat and loaded by a known weight. The contact foot
print was measured optically. The value of E was computed using 
the line-contact Hertzian formula [15]. 

The results of both measurements indicated that the value of E for 

the soft seal is in the neighborhood of 4.34 x 103 kPa (630 pounds/in.
2
). 

The value of E for the hard seal is approximately twice that for the 
soft seal. 

With the value of E available, the non-dimensional parameters in 
[4] can be calculated. These non-dimensional parameters are p /E, o 
SiR, and U, where 

Po is the pressure at the axial center of the contact zone. 

S is the stroke of the cylinder (peak to peak). 
R is the radius of the cross-section of the seal. 
U is the non-dimensional sliding speed, given by ~wS/(4ER). 

-40-



The quantity p IE cannot be measured directly. However, it can be 
o 

shown from the Hertzian line contact relationships in [15], that 

b = 0.5 ---2--
(l--v )D 

where v is Poisson's ratio (v = 0.5 for elastomers). 
seal, for which biD - 0.55, the ratio p IE is 0.37. o 
seal, for which biD - 0.52, the ratio p IE is 0.35. o 

Using the soft 
For the hard 

The ratio SiR is the same for both T seals. The value of the ratio 
is approximately 12.8. The quantity U, for the 10 Hz oscillation 

-7 frequency, is approximately 18.7 x 10 for the soft seal and approxi-

mately 9.4 x 10-7 for the hard seal. 

Comparison with the plots in [4] shows that run 53 is the closest to 
the experimental situation. For that run, h at the 30 0 BTDC position o 

(wt 150 0 in [4]) = 0.1457. Since h = (h IR) 1-yt;8U, one ob-
0 0 

tains h 2.74 flm 
0 

(108 flin.) for the soft seal. For the hard 

seal, h 1.94 flm (76 . 4 fl in • ) . 
0 

The quantity h is the oil film thickness at the center of the 
o 

contact zone. The above center film thicknesses predicted by run 
53 in [4] are considerably greater than those given in Figures 11 
and 12. These differences are due in part to the differences be
tween the conditions for run 53 and those that existed experiment
ally. Consequently, it is desirable to make suitable corrections 
to the analytical results. These corrections involve the values 
of p IE, SiR, and U. 

o 

The effect of p IE is considered by extrapolating the analytical 
o 

results for h at wt = 150 0 from runs 51 and 53. The effect of SiR 
o 

is considered by using runs 55 and 56 to modify these extrapolations. 
The effect of U is considered by using runs 51 and 52 to further 
modify the extrapolations. 

For the soft seal, the calculation process is: 
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h (corrected =[0.1457 ~:i846]0(0.37 0.25) + 0.1457 = 0.115 0 
for piE) 0.25 _J 0 

,?. 
h (corrected = r 0.1823 - 0.2019]0(12 8 - 8) + 0.115 0.107 0 for piE, L 16 - 4 . . 

0 

\ SiR) 

h (corrected r 
0.1846]0(18.7XlO-7 _ 5xlO-7) + 0.107 i 0.2099 

0 
for piE, L2xlO-6 5xlO-7 . 0 

SiR, U) 

For the hard seal, the calculations process is similar and produces 
h (corrected for p IE, SiR, U) = 0.119. 

o 0 

Using the above corrected values of ho' ho 'for the soft and hard 

seal are, respectively, 2.4 ~m (96.2 ~in.) and 1.6 ~m (62 ~in). 
These are to be compared with the values of approximately 2.1 ~m 

0.130 

(82 ~in.) and 1 ~m (40 ~in.), respectively, obtained from Figures 11 
and 12. Using the measured values as the reference values, the 
difference is 17% for the soft seal and 55% for the hard seal. 

A comparison of oil film thickness profiles is also of interest. 
This comparison is provided by Figures 13 and 14. On these figures 
are reproduced the measured oil film thicknesses of Figures 11 and 
12. Also included on each plot is the film thickness profile from 
run 53 of [4]. For the analytical profiles, 'the above values of h 

o 
(i.e., 2.4 ~m and 1.6 ~m for the soft and hard seals, respectively) 
are used. 
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Discussion 

The results in Table I show that the durometer of the seal has 
the most significant effect on seal friction. Parameters having 
a lesser effect are cyclic frequency, preload, and cylinder 
surface finish. Cyclic frequency has the most important effect 
on leakage. Seal design is less important. Having even less 
effect on leakage is seal hardness and cylinder surface finish. 

Regarding oil film thickness, only the effect on seal behavior 
of seal hardness (durometer) was measured. The effect of hard
ness was considerable -- the film thickness was doubled by decreas
ing the hardness of the seal from 90 to 70 durometer. 

The experimental-analytical comparison for friction force shows 
that the agreement is not particularly close. Several factors 
could account for the measured force being greater than that pro
duced by viscous shear effects (Equation (4». One such factor 
could be the circumferential variation in the film thickness. 
The film thickness was measured at only one spot on the seal, 
and from the photographs in Figure 9, the film thickness distri
bution is not axisymmetric. The distribution is more axisymmetric 
for the hard seal case, Figure 8. Correlation of measured and 
computed forces for the hard seal, therefore, should be and is 
somewhat better than for the soft seal. However, the improvement 
in correlation is not sufficient to conclude that circumferential 
variations in film thickness account for the differences between 
computed and measured friction force. In fact, for such variations 
,to have produced the lack of correlation would require circumfer
ential oil film thickness variations on the order of 4 to 1. 
This is highly unlikely. 

More likely causes for the lack of correlation include the axial 
oil film thickness profile (the film does not have a constant 
thickness as per Equation (4», dynamic effects due to seal shear 
deformation and due to oil sloshing outside the contact zone, an 
error in the flash setting at 30° BTDC, more cyclic film thick
ness variations than those given by run 53 in [4], force-cell 
calibration errors, and the actual oil viscosity being different 
from the nominal in the contact zone. 

It is significant that the measured forces are higher than those 
computed from Equation (4). This suggests that the measured film 
thickness is unlikely to be greater than those plotted in Figures 
11 and 12. Consequently, the use of i = 1 for both figures is 
supported by the above, fric tion force comparison. 

Regarding the measured and computed oil film thickness distribution, 
Figures 13 and 14, .only qualitative experimental-analytical agreement 
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'1( 
exists. The soft seal comparison is better, especially in the 
leading edge region. For neither seal is the trailing edge profile 
spike observed, although this may well be due to the optical tech
nique being unable to show such a rapidly varying oil film profile. 

The separation distance between the seal and cylinder differs, for 
most of the contact zone, between the analytical and experimental 
results. This difference was noted above for the center of the con
tact zone, at which the film thickness h exists. Nevertheless, for 

o 
both seals, there is at least one point in the vicinity of the leading 
edge where experimental-analytical agreement occurs. This point is 
at the intersection of the plotted curves. 

Many reasons can exist for the differences between the experimental 
and analytical results for oil film thickness. Some experimental 
sources of error were discussed above. Analytically, the most likely 
source is the use of the Hertzian contact pressure profile in the 
computation of the oil film thickness profile. It is unlikely that 
this Hertzian profile is appropriate, especially when values of p IE 
in the neighborhood of 0.4 are encountered. Another analytical 0 

source is the modeling of the rubber as an elastic material -- in 
actuality the rubber may exhibit viscoelasticity andlor hysteresis. 
Such properties, if present in the rubber material, could suppress 
the existence of the trailing edge oil film spike and reduce sig
nificantly the rather abrupt change in oil film thickness that is 
predicted at the leading edge. Finally, the analysis does not include 
shear deformation or inertial effects for the elastomeric seal. It 
is possible that these influences had some effect on the observed 
oil film thickness. 

The experimental-analytical comparisons of the elastomeric seal indi
cated the need for more work in order to obtain satisfactory agree
ment between analysis and experiment. Analytically, one major 
ingredient of this additional work should be to employ a non-Hertz ian 
contact pressure profile in the elastic body portion of the analysis. 
Another major ingredient is to include viscoelastic effects for the 
deformation about the preloaded state. Both extensions of the 
analysis could lead to suppression of the spike in the film thickness 
profile. 

>~ 
It should be noted that, in the analytical profiles, only h is 

o 
corrected for p IE, SiR, and U. The profiles (i.e., the values of 

o 
oil film thickness not at the center of the contact zone) are not 
corrected for differences between the values of p IE, SiR, and U 

o 
used in run 53 of [4] and the values that existed experimentally. 
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Experimentally, additional work should be done to improve the quantity 
and quality of the interferometric photographs. In the course of the 
present program, insufficient time was available to perfect the opti
cal procedure, especially as regards seal preparation and production 
of proper exposures. In addition, insufficient time was available 
to obtain a large number of photographs, even for the limited number 
of test conditions that existed. The improvements obtained in photo
graphic quantity and quality would allow more comprehensive and more 
reliable comparisons with the analysis to be made. 

One test condition not treated in the present work is that produced 
by a non-zero axial pressure gradient across the seal. The present 
experimental apparatus has the capability for a 690 kPa (100 psi) 
pressure gradient. Inclusion of this parameter in the analysis and 
in an associated experimental program would help reveal the nature 
of seal behavior under conditions more representative of typical 
elastomeric seal operation. 

Since the experimental apparatus, photographic procedure, and analysis 
are readily applicable to other seal types and materials, such use 
of these already-developed tools is desirable. One such application 
is to the scraper seal. This scraper seal has recently become a 
leading contender in Stirling engine applications despite a lack 
of fundamental knowledge of its operation. The tools produced in 
the present program would be very suitable in developing that know
ledge. For example, the experimental apparatus, with relatively 
few modifications, can be employed to obtain interferometric photo
graphs (i.e., oil film thickness measurements) for this seal and to 
apply a large axial pressure gradient across the seal. 
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SUMMARY OF RESULTS 

This report has presented the results of an experimental-analytical 
program concerned with the elastohydrodynamic behavior of sliding 
elastomeric seals for the Stirling engine. During the program, an 
experimental apparatus was designed and built and a detailed analysis 
was developed. The analysis determines the instantaneous oil film 
thickness throughout the cyclic reciprocating motion. The experi
mental apparatus allows seal leakage, seal friction, and oil film 
thickness measurements. To obtain the oil film thickness measure
ment, an optical interferometric procedure was developed. 

Tests were run using a fluroelastomeric "T" seal and an "0" ring. 
Test parameters included cylinder material, cylinder surface finish, 
seal hardness, cyclic frequency, seal preload, and the time period 
of the test. The results showed that the durometer of the seal 
has the most significant effect on seal friction. Other parameters 
having a measurable effect on seal friction are cyclic frequency, 
preload, and cylinder surface finish. Cyclic frequency has the 
most important effect on leakage, with seal configuration having 
the second most important effect. Of less importance concerning 
leakage are seal hardness and cylinder surface finish. 

Regarding oil film thickness, only' the effect of seal hardness 
(durometer) was measured. The effect· of hardness was found to be 
considerable -- the film thickness was doubled by decreasing the 
hardness from 90 to 70 durometer. 

Experimental/analytical comparisons were made for friction force 
and oil film thickness. While qualitative agreement was obtained, 
significant differences exist. The-se differences include a higher 
measured friction force and a lower measured oil film thickness 
than predicted analytically. Differences between the analytical 
and experimental oil film thickness profiles were also found. 
Causes for these experimental/analytical differences include the 
experimental procedure and assumptions in the analytical model 
the most important being the assumed Hertzian contact pressure 
distribution. 

Concluding Remarks 

The work has produced a first-time comparison between analytical 
and experimental oil film profiles for an elastomeric seal in a 
reciprocating environment. This comparison shows an overall 
qualitative agreement but indicates that some improvement in the 
analytical model and in the experimental technique is warranted. 
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APPENDIX A 

BASIC Program for Computing the Oil Film 
Thickness at the Fringe Overlap Point 

10 INPUT "HARD COPY (:I. OR 0)", H Paper p:i:-;i.nt selection 
20 SELECT PRINT OO!?:.: IF H=O THEN 30: GELECT PRINT 2:1:::.( :1.32) 
30 SELECT D 
40 READ N,Pl,S: P=ARCSIN(SIN(Pl/N»: P=COS(P) 
50 DATA L4f..OS,30!,lOO Index of refraction of oil, ind'dence angle, scaling 
f.·O PLOT <O!, 0, R> factor for plot 
70 FOr< 1<=:1. TO 4 
80 PI.OT <,=:>50!,O!,D>, <0,10,0>, <0, '-:10,0>-
90 NEXT 1-( 
:100 PLOT <O,O,R> 
110 FOR K=l TO 10 
120 PI ... OT <0, :lOO,D>, <10,0,D>, <'-10,0,[1>-
130 NEXT 1< 
140 FOR . .1::::(>" 4!:..0 TO On (,50 STEP On 050 Filter frequencies: O.45-0.65~m in 
150 F::::.J 
lE.O PRINTIJSJNG :170, "FREGUENCY FREG .. OIFFn 

steps of O.05~m 
DISTAN 

CEil 
170%############################################################ 
### 
180 PR INTUSING 170!," (MXCFlOI~1ETRES) (MICROME'TFlES) (MICHOMETRES) 

(MXCROXNCHES)" 
j '30 PFlINT 
200 FOR I=On 4!?0 TO O. f,~.O STEP 0.050 
210 F~.=I 
220 IF (Fl-F)<1nOE-10 THEN 290 
230 D=(F/(2*N»*P*(F/(Fl-F)+1) 
240 PRINT!.JSING 250,F,F~."-F,0,D*39n~H 

Filter frequencies: O.45-0.65~m in 
steps of O.05~m 

250%##,. #### ##n #### ##n #### ####.#### 
260 IF Fl···F=n2 THEN 270~ 1=0 
270 7.=,·,1 
280 PLOT <0,0, R>, <: ( (Fl'-F) 10 .. 200)*1000+1, (0*3'3n 37/S) *:1.000, U>, <0,0 
,D>, <O!,O,U> 
28:1 PL.OT <::1 O!: 0, D>, < ···20!, 0, U>, <: 1.0,0, D> 
28i?' PL.OT <0, :10,0>, <0, ···20,U>, <0, 10,D>, <O!,O,U> 
290 NEXT I 
300 D=On5*(F/N)*P 
310 PRINT "FILM THICI<NESS CHANGE PER FRINGE ",nTH THE" 
320 PRINT F;; "MICRCllrIETRE FH.TER IS" ;;D; "MICROMETRES" 
325 PRINT" OR";;D*39n37;"MICROINCHES" 
330 PRINT :PRINT :PRINT 
340 NEXT .J 



Output of Computer Program 

FREGUFNCY FREG. D I FF • D If3H1NCF 
(MJ:CROMETRES) (MJCROMETRFS) (MICRDMETRES) (MICRDINCHES) 

0.4500 O.OSOO L 4426 5f .• 7'3f.,0 
0.4500 0.1000 0.7'334 31.2378 
0.4500 O.l~.OO 0.5770 22 .. 7184 
0.4500 0.2000 0.4688 18.4587 

FILM THJCI<NESS CHANGE PER FRINGE "'.lITH THE 
.45 MJ:CRDMETRE FIL.TER IS • 144,?E.F'1 mn~. 74 MJ:CROMFTRFS 

OR S. E.7'3602?IS40SE. MICROINCHES 

FRE(~UFNCY FREe.). [lIFF n DISTANCE 
(MJCROMETRFS) (MICRDMETRFS) (MJ:CROMETREG) (MICRDINCHES) 

On ::.000 On 0500 L 7E.32 E/j.4173 
o. !::.OOO O. :1000 O. "E.j 7 37. 8EAO 
0.5000 On 1 !::.OO 0.6945 27 n 34E.2 

FIL.M THJ:CI{NESS CHAI'.IGE PEI~ FR JNGE \.InTH THE 
.~. MJ:CROMETFIE FJL.TFR IS .. j 60291 320352E. MICRDMETRES 

OR E..3l0E.f.928,?282 MICROINCHES 

FREGUFNCY FREGL DJFF n DISTANCE 
(MJ:CROMETRFS) (MICRDMETRFfj) (MJ:CRDI'lJETRES) (MICROINCHES) 

0.5::,00 O.OSOO 2.11 ::.8 83.3008 
0.5500 0.10.00 1. 1460 45. 11?:lE~ 

FILM THICI<NESS CHANGE PER FRINGE (.laTH THE 
• !;S MJ:CRottlETF:F: FIL.TER IS ,,176320452:1879 MICROMETI~EEi 

DR €"-. 94:17362:1 OS:I.2 MICROINCHES 

FREGUENCY FREG.. DIFF. DISTANCE 
(MJCROMETRFS) (MICROMETr~FfD (MICROI'IJETRFS) (MICROIl'·.ICHES) 

0.6000 0.0500 2.5005 '38.4464 
FILM THICI{NESS CHANGE PFH FRJ:NGE \.I.lITH THE 

• E. MICROMETRE FILTEH IS .. 19.:?3495R44232 MJ:CRDMETRES 
OR 7.572803:13874:1 MICROINCHES 

FRFGUFNCY . FREG.. DIFF n DISTANCE 
( M J: C!~OMETF!FS ) eM I CROI~1ETF:ES ) ( M J CROMETRES ) ( MICRO INCHES) 

FIL.M THICI{NESfi CHANGE PEF! FRINGE \.IHTH THE 
• €"-5 M:rC!~OMETRF FILTER If; • E'0837871EA584 tr1JCROMETRES 

OR 8.20J8700f.,E.9E.7 trlICRDINCHEEi 
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APPENDIX B 

Outline of Test Procedure 

1. Install appropriate seal and cylinder as required by the Test 
Matrix table. 

2. Carefully fill the cylinder with Mobil Oil XRL 1032 AR·.,.l to 
the designated fill level. 

3. Turn on the constant light source (incandescent source). 

4. Adjust the microscope. and light source to provide a clear, 
bright image of the seal surface as viewed in the stereo 
microscope. Focus. 

5. Turn on the hydrostatic bearing pump motor. 

6. Carefully measure the line width of the seal contact zone, and 
the width of the groove on the seal holder. Record both measure
ments. 

7. Rotate the flywheel by hand while observing the oil film surface 
through the microscope. 

8. Observe the formation of light fringe patterns as a result of 
the oil film between the seal and inner cylinder wall surface. 

9. If no fringe patterns are observable, repeat procedure from 
step 4 and refer to optical requirements in Interim Report [1] 
and in the section entitled Experimental Conditions and Pro
cedures in the present report. 

10. Install the desired optical filters (one in front of the front 
1ense on each side of the stereo microscope). 

11. Install the microscope camera focusing tube and refocus the 
images in each eyepiece viewing through the focusing tube •. 

12. When a satisfactory focus is achieved remove the focusing tube. 

13. Load the microscope cameras (2) with Polaroid type 667 coater
less film. 

14. Install one of the cameras onto one of the microscope eyepieces 
taking care not to disturb the position of the eyepiece camera 
adapter. 



15. Suspe.rid the camera by the back clamp from one of the two over
head camera suspension springs. Center the camera by position
ing the spring along the back clamp to achieve proper balance 
of the camera. 

16. Install the second camera repeating steps 14 and 15. 

17. Switch the constant light'source to flash. 

18. Adjust the position of the proximity sensors located at the end 
of the drive shaft ,to trigger the flash unit at the desired 
position of the cylinder stroke. 

19. Measure oil level. 

20. Push the start button. Record start time. 

21. Adjust the speed of the motor to the desired frequency for the 
cylinder. 

22. Photograph force gage output from oscilloscope. Record all 
settings. 

23. Open both microscope camera shutters. 

24. Push pulse button on the encoder box to trigger the flash. 
Repeat according to number of flashes desired for proper film 
exposure. 

25. Close microscope camera shutters. 

26. Push rig stop button. Record stop time. 

27. Remove microscope cameras and extract photographic plates. 

28. Measure oil level. 

29. Verify that both microscope photographs are acceptable from 
the standpoints of: 

a. Focus 
b. Exposure 
c. Discernible fringe information 

30. If microscope photographs do not meet the desired criteria, 
repeat steps 3 through 29. 

31. Annotate photographs identifying the following: 

a. date, 
b. run number 
c. microscope side (left or right) 
d. cyclic position of flash 



e. filter used 
f. cylinder frequency 

32. Repeat all steps for the runs in the Test Matrix table. Elimi
nate steps 3,4,7-18,23-25,27,29-31, for columns 5 through 
10 of that table. 
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