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work performed by the Chandler Evans Control Systems Division and reported herein 
is considered to be thorough and comprehensive. All three facets of this fuel control 
failure mode Investigetive effort ere considered to be successful. While the induced vibra- 
tion and contaminated fuel tests failed to establish these factors as failure inducements, 
they served to virtually eliminate them as significant contributors to the high percentage 
of control failures for unknown causes.  The seel endurance test phase was very thorough 
end quite successful in a more positive sense by establishing new seal compounds as very 
promising to eliminate wear-induced leakage modes. 

It should be noted that the vibrational and fuel contaminate test results are applicable 
only to the particular fuel control model evaluated, and they would not necessarily apply 
to control models with different functional mechanizations, materials, and/or fabrication 
tolerances.  However, the seal test results can have generic applications. 

The results of this effort can be used in the design review and optimization of future 
turbine fuel controls, end as a source of information for review of adequacy of specifica- 
tions governing fael seals. 

The U. S. Army technical monitor for this effort was Mr. R. L. Campbell, Sr., of the 
Military Operations Technology Division. 
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PREFACE 

•fliis  is  the final report covering work completed under con- 
tract DAAJ02-73-C-0104   (DA Task 1F162205A11902)   during the 
period June 30,   1973  to March 22,   1974. 

The program was conducted under the technical direction of 
Mr.   R.   L.   Campbell,   Sr.,   Eustis Directorate,   U.   S.  Army Air 
Mobility Research and Development Laboratory,   Fort Eustis, 
Virginia.     The work was conducted by Colt Industries,   Inc., 
Chandler Evans Control  System Division.    Mr.  A.   H.  White was 
program manager,   and Mr.   R.  M.   Lamart was the principal engi- 
neer.     Acknowledgment is given to the following seal manufac- 
turers  for their contributions to this program: 

Federal Mogul  Corp.,   Detroit,  MI 
Minnesota Rubber Co.,  Minneapolis,   MN 
Nichols Engineering,   Inc.,   Shelton,   CT 
Parker Seal  Co.,   NewJngton,   CT 
Royal  Industries,   El  Segundo,   CA 
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INTRODUCTION 

Reliability and maintainability  (R&M)   studies previously con- 
ducted under Arniy Contract DAAJ02-72-C-0110,   and reported  in 
Reference  1,   identified various R&M related problem areas on 
Army gas turbine engine fuel controls.     The objective of the 
work reported herein was to investigate potential solutions 
for three of these problem areas: 

1. Susceptibility to Vibration 
2. Fuel Contamination 
3. Fuel Leaks 

A significant finding of the study completed during the orig- 
inal contract was that the cause for approximately 25 percent 
of the justified removals could not be defined, from available 
data, in sufficient detail to establish the cause for removal 
for the given symptom.  It was noted that this class of remov- 
als was primarily on controls which were on an engine for a 
relatively short time.  Ihe one factor which is common to all 
controls and was thought could be responsible for the high 
rate of unscheduled removal is vibration.  Therefore, two fuel 
controls were subjected to a vibration spectrum based on en- 
gine vibration data taken from tests on a UH-lH helicopter. 
The objective of this testing was to determine the effects of 
vibration on fuel control performance before, during and after 
vibration. 

The previous study also showed that fuel and air contamination 
were responsible for about 10 percent of the justified fuel 
control removals. Furthermore, contamination accelerates the 
wear-out life of the fuel control, and 12 percent of the justi- 
fied removals were caused by excessive wear.  Hie only known 
solution to fuel and aii contamination is filtration, and re- 
cent reports in the literature based on service data indicate 
that a phenomenal increase in the wear-out life of hydraulic 
systems components is attributed to the use of ultrafine fil- 
tration.  The objective of the fuel filtration test reported 
herein vas to compare and evaluate the potential increase in 
the wear-out life and performance of fuel control components 
when operated with 25-micron versus 3-micron (absolute) bar- 
rier filters.  Each control was subjected to 70 hours (50 



hours room temperature,   20 hours cold  fuel)   of contaminated 
fuel operation. 

The previous  study further showed that both external and in- 
ternal  fuel  leaks at rotary power  lever shafts and transla- 
tional  piston and piston shafts are a problem common to all 
fuel controls.     Data indicated that approximately 15 percent 
of the  justified fuel control removals were due to fuel  leaks. 
The fuel leakage problem is basically a materials limitation. 
Therefore,   the seal  test program reported herein was undertaken 
to evaluate recently introduced seal materials and configura- 
tions.     Six each of  fifteen different seals were subjected to 
hot,   cold and room temperature and contaminated air cycling 
for 100,000  cycles.     For a design life of 5,000-hour for a 
control,   a dynamic seal would be subjected to an estimated 
five cycles per hour.     Therefore,   a 100,000-cycle test for 
each seal was  specified. 



VIBRATION TEST 

TVo overhauled Chandler Evans Model TA-2S fuel systems (S/N 
692AS8403 and 692AS7472) of the type used on the Lycoming 
T53-L-13 gas turbine engine were subjected to sinusoidal vi- 
bration during normal operating conditions.  The control is a 
unitized, hydromechanical design consisting of an integral 
dual element gear pump, gas producer control and power turbine 
governor, as shown schematically in Figure 1.  Metered fuel 
flow was continuously monitored during vibration tests in an 
effort to detect flow variations which could induce engine 
performance disturbances and thereby result in the rejection 
of a bench-tested and previously acceptable unit.  In over 10 
hours of testing on the two fuel systems, some fuel flow 
shifts and oscillations were observed.  However, the magnitude 
of flow variation was within the operating flow limits of the 
control. Furthermore, the largest steady metered flow shifts 
would yield only a +1.5-percent N2 and a ± 0.3-percent N^ 
variation when operating closed loop on the power turbine and 
gas producer governors, respectively.  These engine disturb- 
ances are relatively minor, and in all probability would not 
be cause for removing the fuel control. 

The following is a detailed account of the vibration test pro- 
gram and its derived findings. 

TEST DESCRIPTION 

A schematic of the test setup is shown in Figure 2.  The fuel 
control was supplied with relatively constant temperature 
(70o-100oF) JP-4 fuel.  Flexible shafts coupled fixed speed 
motors to the N^ and N2 drive splines of the control. High- 
speed pressure and fuel flow transducers, accelerometers, and 
a light beam strip-chart recorder monitored critical functional 
parameters, including fuel flow, metering head and discharge 
pressures, and structural accelerations at various locations. 

The fuel system was vibrated in each of three mutually per- 
pendicular planes as defined in Figure 3.  These planes were 
coincidental to the orthogonal planes in which frequency and 
g level measurements were made on a UH-1H helicopter by the 
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U, S. Army Aviation Systems Test Agency at Edwards Air Force 
Base, Lancaster, California. 

Input Vibration Spectrum 

The sinusoidal input excitation to the control was derived 
from data supplied by AAMRDL. This data consisted of frequen- 
cy and g level measurements recorded during various flight 
conditions at four engine locations in the vicinity of the 
fuel control.  Figure 4 shows an envelope of acceleration 
versus frequency which encompasses all of the data points for 
the seven engine operating conditions (takeoff, cruise, etc.) 
and three planes of vibration. Included in this envelope are 
the much higher vibration levels recorded at the power tur- 
bine tach generator location even though the power turbine 
governor on the TA-2S control is not hard mounted to the same 
gearbox as the tach generator. The vibration envelope for 
the other three locations is also shown in Figure 4. The vi- 
bration data from these locations showed close correlation in 
all three planes, and no one plane exhibited a vibration spec- 
trim substantially different from this envelope.  However, to 
insure that the test control would be subjected to the extreme 
vibration conditions, a composite vibration envelope which 
includes the data from the tach generator vibration pickup 
location was used in the test. 

The basic test cycle consisted of varying the input frequency 
from 10 to 2000 Hz in a time frame per Figure 5.  At 2000 Hz, 
the cycle was reset by reducing the input g level to zero 
and the frequency of oscillation back to 10 Hz. 

Operating Conditions 

The control was vibrated in each plane for at least a.00 min- 
utes. To simulate the duty cycle of a fuel control during a 
typical helicopter mission, the test time in each plane was 
further divided as outlined below. 

Seventy minutes of operation on the power turbine governor 
with the following conditions: 

N^ Power Lever Angle =      100° 
N^ Speed = 3600 rpm 
Nj Speed = 3600 rpm 

12 
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pjL Atmospheric pressure » Ambient 
TA Atmospheric Tenperature =   Ambient 
Fuel Temperature = 70° to 100 0F 
Fuel Flow - 550 ± 200 pph 
Control Outlet pressure = 205 ± 10 psig 

Ten minutes of operation on the N. governor under the follow- 
ing conditions: 

N2 Power Lever Angle = 60° 
NJL Speed = 3600 rpm 
Nj Speed = 3600 rpm 
P^ Atmospheric Pressure = Ambient 
TA Atmospheric Temperature ■ Ambient 
Fuel Temperature = 70° to 100 0F 
Fuel Flow " 550 ± 200 pph 
Control Outlet Pressure = 205 ± 10 psig 

Ten minutes of operation on the acceleration control mode 
under the following conditions: 

N^ Power Lever Angle « 100° 
Nj Power Lever Angle = 60° 
NJL Speed - 3600 rpm 
N2 Speed - 3600 rpm 
P^ Atmospheric Pressure = Ambient 
TA Atmospheric Temperature = Ambient 
Fuel Temperature = 70° to 100oF 
Fuel Flow = 650 ± 50 pph 
Control Outlet Pressure « 250 ± 10 psig 

Ten minutes of operation on the deceleration control mode 
under the following conditions: 

»o N2 Power Lever Angle =       60 
N^  Speed - 3600 rpm 
N2 Speed « 3600 rpm 
P, Atmospheric Pressure = Ambient 
TA Atmospheric Temperature » Ambient 
Fuel Flow = 220 ± 10 pph 
Fuel Temperature = 70° to 100 0F 
Control Outlet Pressure =    30 ± 5 psig 

15 



TEST RESULTS 

The vibration test was conducted to determine the magnitude 
of: 

1. Metered flow shift during vibration. 

2. Permanent calibration shift, calibration data taken 
before and after vibration. 

The results of 10 hours of testing on two fuel systems follow: 

Fuel Flow Shift During Vibration 

The 10 hours of testing yielded approximately 300 feet of 
strip chart recordings. A section from these recordings is 
included in Figure 6.  Considerable high-frequency noise is 
present in the fuel flow and pressure traces, which is probably 
induced by the gear pump.  However, the noise frequency is at 
least as fast as the input excitation (10 Hz minimum) and is 
beyond the response capabilities of the engine.  Therefore, 
variations in the average (rather than peak-to-peak value) of 
fuel flow was considered to be the item of interest since it 
could result in engine performance disturbances. 

Power Turbine Governor 

Table 1 contains a tabulation of the power turbine gover- 
nor performance of both control systems during vibration 
testing.  The major fuel flow deviations occurred at an 
excitation frequency of 400 Hz.  As is shown in Figure 4, 
the input vibration at this frequency level is at maximum 
amplitude, and fuel flow shifts of 55-70 pph out of 550 pph 
were experienced at this condition. A plot of a typical 
worst-case governor response is given in Figure 7.  Fuel 
flow excursions generally followed the magnitude of the 
power turbine governor housing acceleration and the peak 
fuel flow variations occurred at the two structural reso- 
nant frequencies of 230 and 400 Hz. The lower frequency 
structural resonant point was dominant; however, low g 
levels of excitation exist at this frequency which result 
in a maximum governor acceleration of 24 g's. 
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Figure 7.    Power Turbine Governor Performance 
During Vibration in Y Plane. 
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At 400 Hz, although the structural transmissibillty is 
significantly lower, the high level of input excitation 
resulted in accelerations of the PTG housing of approxi-, 
mately 50 g's. A plot of governor performance of both 
control systems at a constant, low level of excitation is 
given in Figure 8.  This figure shows operation at the 
two major structural resonant points and reveals their 
relative magnitudes and effect on metered flow. 

In addition to resonant fuel flow shifts as described 
above, the units exhibited some steady-state shifts be- 
tween vibration cycles. Fuel Control S/N 692AS7472 ex- 
hibited a 92-pph shift in Wf (initial) (see Table 1, test 
cycles 10-18). Also, 20 pph peak-to-peak fuel flow oscil- 
lations were induced on one occasion (see Table 1, test 
cycle 6). 

The above magnitude of fuel flow excursions can be put in 
perspective by referring to Figure 9, which shows the pro- 
duction acceptance limits for the control. A flow devi- 
ation of 80 pph is allowed at the operating condition of 
the vibration test. Thus, the resonant flow variation and 
random oscillations fall within limits and the steady-state 
flow shift is just outside the edge of the specified per- 
formance limits of the control.  Since field service 
limits normally allow some expansion of the acceptance 
limits, the above performance demonstrates that the fuel 
system remained within the operating limits of the device 
during vibration. Also, when operating closed loop with 
the engine and helicopter rotor system, a vibration in- 
duced fuel flow excursion of 92 pph would be reduced to 
18 pph by the loop gain.  Figure 10 demonstrates this 
closed-loop effect and shows that, at worst, a 1.5-percent 
N2 deviation would be the result.  This speed error is 
minor and, if detected, could be trimmed out along with 
other load variations such as wind gusts, helicopter air 
speed and altitude, etc., with the pilot's beeper trim 
control. 
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Figure 9.  TA-2S Fuel System Operating Limits. 
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Gas Producer Control 

Table 2 contains a tabulation of the gas producer control 
performance of both controls operating In the acceleration, 
deceleration and N, governing mode. 

Acceleration 

A maximum fuel flow resonant shift of 30 pph was re- 
corded.  Compared to the allowable production test 
limit of 60 pph, as shown in Figure 9, the unit per- 
formed satisfactorily. 

Deceleration 

The deceleration mode of control resulted in the 
steadiest metered flow of all operating conditions. 
Negligible fuel flow variations were observed in all 
test cycles except for one test (see Table II, test 
cycle 6).  In this test, the level of fuel flow was 
inadvertently mis-set to an abnormally high fuel flow 
level and a shift of 25 pph was recorded. At this 
condition, the unit was operating on the N^ governor 
and for this condition the flow shift is within oper- 
ating limits. 

N, Governor 

The  Nj^ governor of both control systems exhibited 
nervous behavior in all planes of vibration.  The 
governor speed sensor is a second-order hydromechani- 
cal servo system which has, on occasion, yielded open- 
loop fuel flow oscillations due to inherent low damp- 
ing.  Vibration seemed to excite the two units tested 
such that a maximum open-loop fuel flow oscillation 
of 60 pph peak-to-peak was observed.  This variation 
is within the acceptance limits of 110 pph as shown 
in Figure 9.  Furthermore, when operating closed loop 
through the engine, the steep N^ governor gain would 
reduce the 60-pph oscillation to about 16 pph peak-to- 
peak.  The resultant gas producer speed drift would be 
an acceptable ± 0.3-percent N^ as shown in Figure 10. 
Moreover, on the helicopter the control operates on 
the N^ governor only during idle and maximum power or 
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temperature limiting conditions.  These conditions 
occur during only a small percentage of the flight 
time; therefore the N^ governor vibration problem 
would be easily identified. 

Calibration Data 

The  two TA-2S fuel control systems were completely 
overhauled, inspected and bench calibrated prior to 
the vibration test.  Upon completion of the 5 hours of 
vibration testing on each unit, the controls were 
again bench tested to determine the extent of any cali- 
bration shifts.  Unit S/N 692AS7472 repeated its pre- 
test calibration with all check points falling within 
acceptance limits. However, control S/N 692AS8403 ex- 
hibited a rich fuel flow shift of between 4.5 and 7.8 
percent which fell outside the acceptance limits at 
four of the thirteen acceleration check points. This 
schedule shift was found to be caused by the improper 
assembly of the three-dimensional acceleration cam. A 
0.040-in. shim which locates the cam in relation to 
the speed computer actuator piston had been inadvert- 
ently left out. By replacing the missing shim, the 
unit fell within calibration limits. This  could have 
happened because the nonlinearities in the speed com- 
puter and the inherent variations in the performance 
of the fuel metering system and P^ multiplier make it 
possible to calibrate a single control to within limits 
with the cam shims missing. However, the control will 
not repeatedly meet acceptance limits, as was the case 
in this test. Moreover, there is no reason that vi- 
bration would cause a calibration shift with the shims 
missing because the assembly is just as secure as it 
is with the shims. Furthermore, at the conclusion of 
the post-test calibration, both controls were disassem- 
bled and inspected without detection of any damage or 
evidence of vibration-induced problems such as loose 
bolts, etc. 

Conclusions 

The  results of the analysis of vibration test and calibra- 
tion data indicate that vibration is not the underlying 
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cause of  the high percentage of justified control remov- 
als  for which  the causes are unknown. 

It is concluded that the effect of vibration on the re-' 
peatability of the control was negligible.     Neglecting the 
human error of improper assembly,   the two controls main- 
tained  their calibration settings within the operating 
limits of the device. 
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FUEL FILTER TEST 

Contaminated fuel limits the wear life of components by pro- 
ducing abrasive wear, and degrading the performance of the 
control. Reports from various sources indicate that benefits 
could be gained by using filtration finer than the 25|i absolute 
filter presently used in fuel controls. A 3M- absolute filter 
had been recommended based on experience gained from engine 
and commercial hydraulic systems. To determine the validity 
of this theory, the two TA-2S controls previously vibration- 
tested were disassembled and their critical parts were dimen- 
sionally inspected. The  two controls were subsequently preset 
and flow bench calibrated, and run on fuel contaminated per 
MIL-E-5007C as outlined in Table III. The  complete test for 
each control consisted of 50 hours with fuel at room tempera- 
ture and 20 hours with fuel at -650F. To eliminate double 
filtration, the control inlet screen and servo wash flow filter 
were removed, and thereby all filtration was by the single ex- 
ternal barrier filter.  One control was run with a 3|JL absolute 
filter, and the other control was run with a 25p. absolute fil- 
ter. Following the 70-hour test, each control was calibrated 
and disassembled for inspection. The critical parts were re- 
measured to establish the amount of wear. 

TEST DESCRIPTION 

A schematic and a photograph of the test setup are shown in 
Figures 11 and 12. The  contaminated fuel supply tank consisted 
of an outer shell with an internal conical shell perforated 
near its upper rim. The returning fuel entering the annulus 
between the shells spilled into the conical section through the 
perforations. The solid contaminant was distributed on a belt 
conveyor driven by a motor and speed reduction gearing. As 
the belt rotated, the contaminant fell into the conical sec- 
tion of the fuel tank.  The belt advanced at a speed such that 
specified contaminant fell evenly in the tank at a rate of 
40.1 grams of contaminant per 1000 gallons of fuel.  The aver- 
age fuel flow was used to calculate the weight of the contami- 
nant.  The crude naphtenic acid listed in Table III was added 
to the fuel tank at the start of each test based on the cap- 
acity of the tank including piping, heat exchanger, etc. 
Specification MIL-E-5007C lists salt water as one ingredient 
of the fuel contaminant to be added. Because of the -650F 
phase of testing, no salt water was added to the fuel. Past 
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experience dictated that the water would freeze in the heat 
exchanger and prevent testing. 

The controls were operated during the test in accordance with 
the test cycle shown in Figure 13.  This cycle exposes one 
rotating and one nonrotating servo valve to a constant 20 
cycles/minute throughout testing, to accelerate valve wear. 

Fifty hours, which is equivalent to twenty-five cycles, were 
accumulated on each control with the fuel at the inlet main- 
tained at room temperature.  Twenty hours corresponding to ten 
cycles were run on each control with fuel at the inlet to the 
filter at -650F ± 50F.  No attempt was made to control the am- 
bient temperature; however, the steady-state temperature at 
the control was noted at -550F when inlet was -650P.  Figure 14 
shov/S the control during -650F fuel testing. 

Following the 70-hour test, each control was run for at least 
one hour with clean fuel prior to being calibrated. 

TEST RESULTS 

Calibration 

Both controls were calibrated prior to and following the 
contamination testing. 

Fuel control S/N 692AS7472 was tested with the 3M. filter, 
and the S/N 692AS8402 control was tested with the 25^ 
filter. 

Calibration Data 

All pretest and post-test calibration points on S/N 
692AS7472 control were within acceptable limits. 
S/N 692A£'8403 control pretest data showed that all points 
were within the acceptable limits; the post-test data 
showed that two points on the -65 0F acceleration schedule 
were out of limits by a considerable value. An investiga- 
tion indicated a defective T-^ bellows assembly.  Further 
inspection determined that the liquid-filled motor bellows 
leaked at a brazed junction.  Because the T^ sensor was not 
supported during the vibration test, it was theorized that 
a fatigue crack started to develop during that test, and 
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eventually cracked from normal handling during the contam- 
ination testing.  However, this type of failure has not 
been reported from the field, and since it is so easily 
identified, it could not have been occurring without being 
detected.  Therefore, the failure is attributed to the 
test conditions. 

The pump in each control system was tested before and 
after contamination testing. The test results are shown 
plotted in Figures 15 and 16.  The results show that after 
the contamination test, fuel flow increases slightly at 
low discharge pressures and decreases at the high discharge 
pressure.  Tftiere is no clear explanation for the slight 
flow increase but it is probably due to test equipment in- 
accuracies, and operator-to-operator variations in setting 
and recording pressures, speeds and flows.  The decrease 
in fuel flow at high discharge pressure is of the order of 
100 pph.  This loss in performance can be attributed to 
normal wear and settling of the bearings resulting in addi- 
tional clearance between the gears and housing. 

Inspection 

Before and after the contamination tests were conducted, 
both controls were disassembled and critical parts, such 
as servo valves, pump gears and bearing, etc., were di- 
mensionally inspected. The results of the inspection on 
the fuel control components are summarized in Tables 4 
and 5, and the parts listed in these tables are designated 
on the fuel control schematic shown in Figure 1. The re- 
sults of the inspection of the pumping components for both 
controls are summarized in Tables 6 through 9. A review 
of the inspection data on both systems indicates that 
there was no significant wear of the control or the pump 
components in either system.  In some cases the dimen- 
sional data indicates that a part increased in size rather 
than decreased due to wear.  This is most likely due to 
measurement accuracy, but in any case the differences in 
dimensions are insignificant.  The pump bearing did show 
a slight wear; however, the bearings in the 25^. filter 
test showed less wear than the bearing in the 3\i.  filter 
test.  Therefore, this wear cannot be attributed to fuel 
contamination. 

35 



3500 

3000 

5000 
Nj   -   RPM 
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Figure 16.     Pump Performance,   S/N 692AS8403. 
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TABLE   <♦. DIMENSIONAL   INSPECTION   DATA-S/N:    692AS7'«72 
3u   FILTER 

OUAN 
PART 
NO. 

PART NAME 
MEASUREMENTS   IN. AMOUNT 

OF 
WEAR  IN. 

BEFORE 
TEST 

AFTER 
TEST 

81196 MAIM METERING VALVE n n    .31220 
0-D-   .31225 

.31219 

.31225 
0.00001 

71702 MAIN METERING SLEEVE T  n    -31261 
I•D•   .31264 

.31261 

.31264 
- 

76250 R.P.M.   SERVO VALVE 0.0.   .2496 .2496 - 

76249 R.P.M.  SERVO SLEEVE 
.25000 

I*D-   .25006 
.25000 
.25006 H 

76483 PLUNGER   (MAIN METERING VALVE) O.D.   .0925 .0925 - 

76129 GUIDE -  PLUNGER T   _     .09282 
1-D'   .09285 

.09282 

.09285 
- 

74963 Pj^   SERVO VALVE 
_  _     .24965 
0-D-   .24967 

.24965 

.24967 - 

71512 Pj^   INNER SLEEVE 

.40617 
I-D-   .40662 

„ _     .40590 
0-D-   .40595 

.40617 

.40622 

.40593« 

.40596 
0.00003 
0.00002 

76131 GOVERNOR  SERVO VALVE 
_  _     .24958 
0-D-   .2496 

.2496 - 

76133 GOVERNOR SERVO VALVE SLEEVE 
,  „    .24998 
1'D-  .25003 

.25004 

.25007 
0.00006 
0.00004 

75988 P.T.G.  GOVERNOR VALVE O.D.   .2497 .2497 - 

76236 P.T.G.   GOVERNOR VALVE SLEEVE 
.25004 

I,B*   .25007 
.25004 
.25007 

- 

82450 MAIN PRESSURE REGULATOR VALVE 
.  _     .31245 
0-D-   .31246 

.31244 

.31251 
0.00001 
0.00005 

83399 MAIN PRESSURE REGULATOR SLEEVE 
.31280 

I*D'   .31282 
.31280 
.31282 - 
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TABLE 5. DIMENSIONAL INSPECTION DATA-5/N: 692AS8'«03 
25w FILTER 

QOAN 
PART 
NO. 

PART NAME 
f" MEASUREMENTS IN. AMOUNT 

OF 
WEAR IN. 

BEFORE 
TEST 

AFTER 
TEST 

81196 MAIN METERING VALVE o rv  -31218 
0-D- .31225 

.31215 

.31223 
0.00003 
0.00002 

71702 MAIN METERING SLEEVE I.D. .31268 .31270 0.00002 

76250 R.P.M. SERVO VALVE 
. „  .24956 
0-D- .24958 

.24956 

.2496 0.00002 

76249 R.P.M. SERVO SLEEVE 
.25001 

i'D'   .25005 
.25001 
.25005 

- 

76483 PLUNGER (MAIN METERING VALVE) O.D. .09253 
.09253 
.09254 0.00001 

76129 GUIDE - PLUNGER 
.09280 

I-D* .09282 
.09280 
.09282 

- 

74963 Pj^ SERVO VALVE Ä „  .24957 
0-D- .24964 

.24957 

.24961 0.00003 

71512 Pj INNER SLEEVE 

.40620 
I*D- .40621 

„ „  .40586 
0-D- .40590 

.40620 

.40624 

.40586 

.40590 

0.00003 

76131 GOVERNOR SERVO VALVE 
„ ^  .24958 
0-D- .2496 

.24958 

.24961 
- 

76133 GOVERNOR SERVO VALVE SLEEVE 
.24995 

I*D* .25005 
.25000 
.25005 

0.00005 

75988 P.T.G. GOVERNOR VALVE O.D. .2497 
.24972 
.24973 

- 

76236 P.T.G. GOVERNOR VALVE SLEEVE 
.25001 

I,D* .25007 
.25001 
.25007 

- 

82450 MAIN PRESSURE REGULATOR VALVE n n     .31245 
0-D- .31246 

.31245 

.31248 
- 

83399 
1 

T 

MAIN PRESSURE REGULATOR SLEEVE  I.D. 'l^lll 
.31277 
.31282 0.00002 
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TABLE 6 DIMENSIONAL INSPECTION DATA 
5y FILTER 

PRIMARY PUMP ELEMENT-S/N: 692AS7'«72 
SHEET 1 OF 2 

CONFIGURATION PART 
DIMENSION IN. 

INITIAL FINAL WEAR 

DRIVE 
GEAR 

A 
.5008 
.5009 

.5008 

.5008 
- 

a 
.5006 
.5007 

.5006 

.5007 - 

c 

D 

.'♦503 

.'♦503 

1.0911 

.'♦502 

.«♦502 

1.0911 

- 

1 4- 1 Dr ive ' 
DRIVEN 
GEAR A 

B 

.5007 

.5006 

.5008 

.5007 

.5008 

.5006 

.5008 
- 

End A - 

C * 

C 
.'♦503 
.'♦50'« 

.^503 

.«♦503 - 

D 1.0911 1.0911 *       _ 

DRIVE 
BEARING A 

.2985 

.2995 
.298U 
.2995 

.0001 

f» -  C - « 1 
(PUMP 
BODY) B 

.503 5 

.5037 
.5032 
.5038 .0001 

i C 1.0927 1.0926 
1.0927 

.0001 

1   1  !  i J-4 
t DRIVEN 

BEARING A 
.2985 
.2989 

.2984 

.2988 
.0001 
.0001 

(PUMP 
BODY) B 

.5032 

.5035 
.5032 
.5035 - ■JB 1- — 

C 1.0928 1.0927 
1.0928 

.0001 
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TABLE   6. CONTINUED 

SHEET  J   OF   2 

CONFIGURATION 

-1 B 

PART 

DRIVE 
BEARING 

(PUMP 
COVER) 

DRIVEN 
BEARING 

(PUMP 
COVER) 

DIMENSION  IN. 

INITIAL 

2197 

.5032 

.5037 

1 
1 

.0927 

.0928 

.2200 

.2201« 

.5031 
5032 

1.0929 

FINAL 

.2195 

.2196 

.5031 
^O^O 

1.0927 
1.0928 

.2195 

.2200 

.5031 

.5032 

1.0927 
1.0928 

WEAR 

,0002 
,0001 

,0005 

.0005 
, 000"» 

.0002 

.0001 

BODY 
CORE 

1.0935 

1.09J5 

1.0931« 
1.0935 

l^S1« 
1.0935 
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TABLE   7.  DIMENSIONAL   INSPECTION   DATA 
IV   FILTER 

SECONDARY   PUMP   ELEMENT-S/N:   692AS7W2 

SHEET    1   OF   2 

CONFIGURATION PART 
DIMENSION    IN 

INITIAL FINAL WEAR 

DRIVE 
GEAR 

Drive ' 
End     A 

J 
4ll L—   Hi 

.5006 

.5007 

.5007 

.5008 

."♦503 

.«•503 

1.0911 

DRIVEN 
GEAR 

,5006 
,5007 

.5005 
,5007 

."♦503 

1.0911 

.5006 

.5007 

.5007 

.5008 

.'♦503 

.«4502 

1.0911 

.5006 

.5007 

.5006 

.5007 

.«4503 

1.0911 

,0001 

-1  B     \— 

DRIVE 
BEARING 

(PUMP 
BODY) 

.2911 

.2995 

.5031 

.5033 

1.0927 
1.0929 

DRIVEN 
BEARING 

(PUMP 
BODY) 

.2993 

.2995 

.5031 

.5033 

1.0927 
1.0929 

.2988 

.2995 

.5032 

.5035 

1.0927 
1.0928 

.2992 

.2995 

.5031 

.5033 

1.0927 
1.0928 

,0003 

,0001 
,0002 

0001 

,0001 

0001 
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TABLE   7.   CONTINUED 

SHEET   2   OF   2 

CONFIGURATION 

u 

1 B 

PART 

DRIVE 
BEARING 

(PUMP 
COVER) 

DRIVEN 
BEARING 

(PUMP 
COVER) 

DIMENSION   IN. 

INITIAL 

.2193 

.2203 

.5031 

.5052 

1.0928 
1.0930 

.2200 

.2205 

.5031 

.5032 

1.0928 

FINAL 

.2195 

.2200 

.5029 

.5033 

1.0927 
1.0928 

.2201 

.2207 

.5050 

.5035 

1.0927 
1.0928 

WEAR 

.0005 

,0001 

0001 
,0002 

,0003 

0001 

BODY 
BORE 

1.0933 
1.0937 

1.0935 
1.0957 

1.0956 
1.0957 

1.0957 
1.0958 

,0005 

.0002 

.0001 
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TABLE 8- DIMENSIONAL INSPECTION   DATA 
25M FILTER 

PRIMARY   PUMP  ELEMENT-S/N:   692AS8»»05 
SHEET   1   OF   2 

CONFIGURATION PART 
DIMENSION   IN. 

INITIAL FINAL WEAR 

DRIVE 
GEAR .5006 .5006 - 

A .5008 .5008 - 

.5007 .5007 - 
B .5008 .5009 - 

.'»503 .'♦503 _ 
C 

D 

.«♦50'» 

1.0910 

.'♦50'^ 

1.0910 _ t 1 
Drive ' 

End     A     - i— DRIVEN .5005 .5005 . 
GEAR A .5006 .5006 - 

«. C 
.5005 .5005 - 

B .5006 .5006 - 

.'♦503 .^503 - 
C .'♦50'» .^503 - 

D 1.0910 1.0910 - 

DRIVE 
BEARING A 

.2995 

.3000 
.2986 
.3000 

.0009 

H»     -       C       - -, •4 

(PUMP 
BODY) B 

.5033 

.som 
.5033 
.50^0 

- 

1     | 
1.0929 1.0927 ,0002 

1 C 1.0930 1.0928 .0002 

i     :    i A 

1 DRIVEN 
BEARING A 

.2993 

.3000 
.2993 
.3000 

- 

(PUMP 
BODY) .5033 

.5038 
.503^ 
.5038 

.0001 
-^B     1* B 

C 
1.0929 
1.0930 

1.0928 
1.0929 

1  1  
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TABLE 8. CONTINUED 

SHPET 2 OF 2 

CONFIGURATION 

*-—r 

J L 

A 

T 
J B 

PART 

DRIVE 
BEARING 

(PUMP 
COVER) 

DRIVEN 
BEARING 

("UMP 
COVER) 

DIMENSION IN. 

INITIAL 

.2193 

.2195 

.5035 

.50tl 

1.0926 
1.0927 

.2190 

.2195 

.5035 

.5037 

1.0927 
1.0928 

FINAL 

.2193 

.2195 

.5031« 

.5037 

1.0925 
1.0926 

.2190 

.2195 

.5035 
^O^O 

1.0927 
1.0928 

WEAR 

,0001 
,0001 

,0003 

BODY 
BORE 

1.0933 
1.0935 

1.0933 
1.0935 

1.0933 
1.0935 

1.0932 
1.0935 
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FIGU 

TABLE 9. DIMENSIONAL INSPECTION DATA 
25M  FILTER 

SECONDARY PUMP ELEMENT-S/N: 692AS8<«03 
SHEET 1 OF 2 

CON RATION PART 
DIMENSION IN. 

INITIAL FINAL WEAR 

DRIVE 
GEAR 

A 
.5007 
.5007 

.5006 

.5008 
.0001 

B 
.5006 
.5007 

.5006 

.5007 - 

C 

D 

.•♦503 

.«•503 

1.0912 

.«»503 

.«♦503 

1.0912 - 

C 

?.i * 4 
End A   ' DRIVEN 

GEAR A 

B 

.5006 

.5007 

.5006 

.5007 

.5006 

.5007 

.5006 

.5007 
- 

C .«♦503 .«»503 - 

Ü 
1.0912 1.0912 - 

DRIVE 
BEARING A 

.2993 

.3000 
.2990 
.2995 

.  .0003 
.0005 

— -  c  _. ml 

(PUMP 
BODY) B 

.5033 

.5039 
.5033 
.50«»1 .0002 

i C 
1.0929 
1.0930 

1.0928 
1.0929 

.0001 

.0001 
' A 

1 DRIVEN 
BEARING 

(PUMP 
BODY) 

A 

B 

.2995 

.3000 

.5031 

.5036 

.2995 

.3000 

.5033 

.5038 
.0002 
.0002 I i p 1 

^ 

C 1.0928 
1.0929 

1.0927 
1.0928 

.0001 

.0001 
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TABLE   9. CONTINUED 

SHEET   2   OF   2 

CONFIGURATION PART 
DIMENSION   IN. 

INITIAL FINAL WEAR 

1 
1         i 

DRIVE 
BEARING 

(PUMP 
COVER) 

A 

B 

C 

.2195 

.2201 

.5033 

.5038 

1.0928 

.2190 

.2200 

.5032 

.5038 

1.0927 
1.0928 

.0005 

.0001 

.0001 

LZ r       ; 

H-T- n^ DRIVEN 
BEARING 

CPUMP 
COVER) 

A 

B 

C 

.2195 

.2205 

.5032 

.5037 

1.0929 
1.0930 

.2195 

.2203 

.5031 

.5038 

1.0929 
1.0930 

.0002 

.0001 --€ ̂ B  h •  - - 

/Orive\ 

BODY 
BORE 

A 

B 

1,093'» 
1.0935 

1.0933 
1.0935 

1.093<» 
1.0936 

1.0931* 
1.0936 

.0001 

.0001 

.0001 
/Driven   \ 
m                       ..1 

VL^ 
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In addition to the dimensional inspections, visual inspec- 
tion of all parts of the controls did not show any signifi- 
cant signs of contaminant. The  only visible sign of con- 
taminant was found on the flyweight of the power turbine 
governor of the control used in the 25PL filter test. 

Conclusion 

The  results of the calibration testing for both tho controls 
and pumps did not reveal any indications of performance de- 
gradation that could be attributed to the contamination test. 
Moreover, there were no discernible differences in performance 
due to the levels of filtration. 
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FUEL SEAL TEST 

The  procurement of fuel seals for testing was initiated by 
contacting seal manufacturers and informing them of the test 
plan for environmental evaluation of rotary and translational 
fuel seals.  Each was asked to recommend a seal and describe 
its properties so that we could evaluate and select at least 
nine seals for environmental testing.  Of the 22 manufacturers 
contacted, eight did not reply, eight indicated that they did 
not have a seal that would meet the requirements, and six 
manufacturers made recommendations which offered for testing 
a total of ten different seals, six rotary and four transla- 
tional. All of these six manufacturers provided enough seal 
samples so that six of each type of the ten types of seals 
could be tested.  In actuality, three of these ten types of 
seals were of the same material and were selected for evalua- 
tion in both the rotary and translational configuration. 

the  material composition of the various seals that were tested 
was considered proprietary information by the manufacturers. 
Therefore, the seals are identified only by the commercial des- 
ignation . 

At the completion of testing these ten types of seals, a pro- 
gram extension was initiated primarily to test one of the more 
successful rotary seals as a translational seal. Four addi- 
tional rotary seals were included in this program extension 
for an overall total of 15 configurations of seals. 

DESCRIPTION OF TEST 

Figure 17 depicts the test setup used to conduct the seal test- 
ing.  Test fixture T-7971 provided the device for testing six 
sample rotary seals on three different shafts. Two of these 
fixtures were used in the test setup allowing 12 rotary seal 
samples to be tested simultaneously.  In addition, test fix- 
ture T-8222 provided the means for testing four translational 
seals.  All three fixtures mounted in the same environmental 
box. 

A complete test cycle consisted of 30,000 cycles at room tem- 
perature, 30,000 cycles at -650F ambient air and fuel tempera- 
tures, 30,000 cycles at 250oF ambient air and fuel temperatures, 
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Figure 18.  Seal Test Cycle. 
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and 10,000 cycles at room temperature in a sand and dust en- 
vironment. The mechanical cycle is illustrated in Figure 18 
and corresponds to a surface velocity of 6 ft/min., which is 
typical of actual operating velocities. The fuel pressure 
supply to the fixtures was held at 300 psig ± 10 psig. Fuel 
was MIL-J-5624, grade JP-4. 

Room temperature testing was done with the test fixtures at 
700F ± 100F, and fuel temperature was maintained at 700F ± 
10oF. 

Hot temperature testing was achieved by blowing hot air into 
the environmental box, thereby heating the test fixtuies as 
well as the fuel in contact with the seals. Fuel flow was 
calculated to be approximately 10 gal./hr. in the translation- 
al test fixture.  No fuel flow was required for the rotational 
fixtures. Because of the low fuel flow rate, it was not nec- 
essary to heat the fuel with a heat exchanger. Fuel and am- 
bient temperatures were maintained at 250 0F. Figure 19 shows 
the 2500F test setup. 

Cold temperature testing was achieved by cooling the fuel to 
-650F in heat exchangers located in an alcohol bath. Carbon 
dioxide was blown into the alcohol bath and into the environ- 
mental box to maintain the ambient and fuel temperatures at 
-650F. Figure 20 shows the environmental box at -650F. 

Sand and dust environment testing was achieved by closing the 
environmental box hermetically after introducing enough sand 
and dust to maintain a minimum concentration of 1.5 ± 0.4 gram 
of sand and dust per cubic foot of box volume.  The mixture of 
air and sand and dust was kept in continuous motion by blowing 
air intermittently inside the box. Figure 21 shows the sand 
and dust test setup.  The sand and dust mixture consisted of 
90 percent silicon dioxide, was angular in structure and 
screened as follows: 

100 mesh screen U.S. standard sieve series passing 100 percent 
140 "    "    "      "     "    "      "   98±2  " 
200  "    "    "      "     "    "      "   90±2  " 

■52^  "     ••     "       "      "     " " 75+2   " 
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Inspection 

One seal from each batch received from the manufacturers was 
inspected. The outside diameter of the seal was measured with 
a shadowgraph instrument. A microphotograph of that seal was 
taken showing the surface which would most likely wear during 
the test. Durometer hardness was measured as well as the 
specific gravity of the seal.  Each seal tested was weighed 
before and after the test. In some cases, however, the nature 
of the seal precluded its complete inspection.  For example, 
the combination seals tend to be too out-of-round for outside 
and inside diameter measurement and too thin for hardness 
measurement. 

Test seal leakage was recorded at least every 10,000 cycles 
during all phases of testing.  Because testing was stopped at 
least once every 24 hours, the test fixtures and the fuel were 
not kept at constant temperature during hot or cold testing 
while testing was stopped.  Leakage was, therefore, checked at 
room temperature as well as at the test temperature.  Rotary 
seal leakage was observed but not measured.  Paper-towel-wet- 
ting was judged to be sufficient cause for rejection of a 
leaking seal.  Translational seal leakage was measured in drops 
per minute by pressurizing one side of the piston and collect- 
ing fuel dripping at the other side independently of the other 
pistons. Leakage in excess of five drops per minute Was suf- 
ficient cause for rejection of the leaking seal. 

Upon completion of testing, all seal outside diameters were 
measured as before testing.  Some seals were cut when removed 
because of the tendency of those seals to harden during test- 
ing.  In these cases, measurements could not be taken. All 
seals were weighed, checked for hardness, and their specific 
gravity was measured.  One tested seal of each type was micro- 
photographed side by side with a new one.  Figures 22 through 
36 show these seals magnified 30 times. 

The surface finish of the shaft and piston grooves and of the 
fixture bores used for testing conformed to the surface finish 
recommended by seal manufacturers and specified in MIL-P-5514, 
General Requirements for Hydraulic Packings Gland Design. 
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TABLE   10. ROTARY   SEAL   PHYSICAL  PROPERTIES 

SEAL 
YO. 

CYCLES 
C1000'S) 

WElGMf 
CHANGE 

"SPEC.  GRAV. 

CHANGE 
HARDNESS 

CHANGE 
% 

OUTSIDE 
DIA. 

CHANGE   ' 

INSIDE 
CIA. 

CHANCE   % 

THICKNESS 
CHANGE 

% 
POLTUR- 
E TMANE 
A-1086 

u 9,im .J 
BIA 

0.6 
!0.5 
50.5 
0.8 
0. 8 
0.6 

-0.2".       S            n.7            | 
ALL   SEALS   FAILED   AT 

-1.5 
(OT   TEST 

ASSEMBLY 

SLE 

-1.95 ♦ 0.1 ♦ S.". 

f                         1 AfuH    FFI 1     APART    AT    . 

O.jbx 
~ DIA   ~^ 

NO   ME AS UREMENTS   POSS 

VI TON 
52}« 
gxin 

U   0'";       J 6.5 
20 
1 1 
6.5 
H.6 

15.5 

-5 
-9. 1 
-5.2 
-5.5 
-5.5 
-9.5 

♦ 0.77 

♦ 1.51. 
♦ 0.77 
♦ 0.77 
♦ 2.3 

♦ 7.7 
♦ 10.7 
♦ 10.7 
♦ 6.1 
♦ "..6 
♦ 18.0 

-1. J 

-t. 1 
-1.5 
-1.7 
-<>. 3 

-1.8 

-5.9 
-0.5 
-1.2 
-5.7 

-0.H9 
-1.17 
♦ 0.t9 
♦ 0.''9 
♦ 0.t9 
-2.5 

r DI*   1 
■             B 

J-i"?*.. 
TDIA   n 

TE TRALON 
720 
ANU 

FLUORU- 
SILICONE 
O-RING 

20 
20 
20 
2a 

-0.17 
-0.93 
-0.'.3 
-11.7 

-2.". 
-1.5 
-1.0 

0 

- 
- 

- 
♦ 1.1 

0 
♦ 9.1 

♦ 11.8 1« Oi 

BUNA   XN 
1996-2 
Wl TM 
ULTRA 
LUBE 

uo-W * 
D1A 

100 
100 
92 
92 

100 
100 
91 

-10 
-17.5 
-JO 
■31 
-22. •• 
-20 
-11 

♦ 2.3 
♦ 3. 1 
♦ 5 
♦ 1.5 

.1' 
♦ 1.5 

♦ 6.8 
♦ 5.9 
♦ 16,5 
♦ 15.7 
♦ 9.6 
♦ 2.7 
♦ 9.6 

-1.5 

-3 
-2.'. 
-2.'. 

-0.5 

♦ 0.2 
-1.1 
♦ 0.2 

-7.2 
-3.2 

-1J.5 
-10.« 
-13.7 
-6.5 
-3.6 

1                          a 

B.5bb 
DIA    —^ 

BUNA   N 
756-75 

wl Tn 
ULTRA 
LUBE 

L_  O-"??)         J 

j 

100 
100 
100 

10 
100 
100 
100 
90 

-16 
-IM 
-Ik 
■ 17 
-15 
-  H 
-15.5 
-16.5 

♦ ".. 1 
♦ ".. 1 
♦ u.l 
♦ 5.5 
♦ 9.9 
♦ 9. 1 
♦ 5.8 
♦ 5.0 

♦ 15 
♦ 17.5 
♦ 12 
♦ 9.5 
♦ i-h 
♦ t. 1 
♦ 15 
♦ 1» 

-2.5 

-1.5 

-5.1 

♦ 0.5 

-0. 5 

♦1.0 

-7 0 
-8.5 
-2.8 
-2.8 
-«.'i 
-7   0 
-3.5 
-I. 2 

"*     OIA 

a             B 

j.ni,    __ 
^ RIA       * 

NITRlLt 
C-69 

L 0.501.5       J IhO 
loo 
' ■•) .1 

loo 
;00 
100 

-16 
-15 
-15.8 
-16.7 
-16.3 
-13.5 

♦ it.6 
♦ L. 1 
♦ "4.9 
♦ "•^ 
♦ "t.O 
♦ "..9 

♦ 15 
♦ 19 
♦ 15 
♦ 12 
♦ 16 
♦ 12 

-5.2 
-5.9 
-5.6 
-I.J 
-5.9 

-1.0 
-1.0 
-1.0 
-1.0 
-1.0 

-5.5 
-2.1 
-3.5 
-3.5 
-3.5 
-0.7 

HA           "j 

i             a 
1 

TETRALON 
729 
AND 
BUNA   N9021 
O-RING 

"•8 
t8 
36 
hi 

- 1.1 

- 3.2 
- 1.5 

♦ 0.5 
♦ 0.5 
♦ 2.8 
♦ 2.5 

- 
- - 

♦ 5.7 
♦ 1.1 
♦ 5.7 
♦ 6.9 

i0 äi 

BUNA   N 
9021 

0.500 
.00 
00 
00 
00 
30 

100 

-52. 1 

-12.0 
-m.o 
-"tO. 0 
-21.0 

♦ 11.0 
♦ 7.7 
♦ 8.3 
♦ 10.1 
«10.9 
♦ 9.'« 

♦ 15.M 
♦ 1.5 
♦ 7.7 
♦ 21.5 
♦ 15.t 
♦ 15.1. 

-I't.O 
- M.8 
- 5.0 
- 7   7 

- 5.9 

-3. 1 
-2.5 
-0. 7 
-"♦.5 

-2.5 

-25.0 
- 1.9 
- J.<t 
- 2.9 
- ■•. 3 
♦   8.7 

DIA 

sa           E 

Lo-»o-j 
DIA 

BUNA   N 
9021 
IN   TFE- 
COATtO 
GROOVE 

0.566 

DIA 

a          B 
la.hl!     J 

DIA 

100 
7H 
36 

100 
100 
100 

-20.6 
NO   M 

-    5.9 
-15.■. 
-I"», "t 
-20.0 

♦ 1.6 
tASUREMENTb   P 

♦ 0.8 
♦ 1.6 
♦ 5.0 
♦ 5.0 

0 
DSSIBLE 

0 
0 
0 
0 

- 5.9 

- "..O 
- U.O 
- 5.5 

6.5 

-1.6 

-3.5 
-2. 3 
-1.8 
-2.6 

- '.1 

♦ I.* 
♦ l.t 
- !.<• 
- l.t 

BUNA   N 
9021   WITH 
BACK   UP 
RING 
MS   28771« 

0 . 500 

p—DTÄ  -*1 

8 8 

Blrt  

| 
20 

100 
100 

32 
J2 
20 

- 5.0 
-11.3 
-11.7 
- 8.6 
- t.O 

NOT 

♦ 8.3 
♦ 10.0 
♦ 11.2 
♦ 10. 1 
♦ 8.6 

AVAILABLE 

♦ 5.0 
♦ 7.7 
♦ 15.8 
♦ 6.1 

0 

- 1.9 
- 5.5 
- 6.0 
- 2.2 
-10.8 

- 2.2 
- H.b 

-<• . 7 
-2.2 
-1.3 

- l.t 
0 

- l.t 
- 2.8 
- l.t 
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TABLE 17 RtM TEST AND E VACUATI ON ROTARY SEAL PROGRAM 

C O N F I G U R A T I O N MATERIAL COMMENTS COLO ( - f c s « r ) ROOM TEMP 

TEST COMPLETED - NO LEAKAGE 
TEST COMPLETED - NO LEAKAGE 
SEAL CUT - POSSIBLE HUMAN FA I LURE 
REMOVED BECAUSE OP PA I LURE OP COMPLEMENTARY SEAL 
TEST C O A ' L E T E D - NO LEAKAGE 
TEST C O ^ L E T E D - NO LEAKAGE 
• ENOvr.D BECAUSE OF F A I L U R E OP COMPLEMENTARY SEAL 

TEST COMPLETED - NO LEAKAGE ~ 1 

TEST COMPLETED - NO LEAKAGE 
SEAL CUT - POSSIBLE HUMAN FA I LURE 
TEST COMPLETED - NO LEAKAGE 
TEST COMPLETED - NO LEAKAGE 
TEST COMPLETED - NO LEAKAGE 
TEST COMPLETED - NO LEAKAGE 
PAILED AT ROOM TEMPERATURE 

POL*URE TMANE 
COMPOUND 
A - 1 0 1 6 

ALL SI* SEALS FAILED AT HOT TEST AFTER 
FEWER THAN 1000 CYCLES EACH 

QuAO RING VI TON COMPOUNC rrr 
>2)A 4+r-
QMIJ 

FAILED AT COLD TEST 
FAILED AT COLD TEST 
FAILEO AT HOT TEST 
REMOVED BECAUSE OF FAILURE OP COMPLEMENTARY 
FAILED AT COLD TEST 
FAILED AT HOT TEST 

TETRALON 770 
• FtUORO-

S I L I CONE 
' O ' 0 ISG 

F A I L E D AT COLD TEST 
F A I L E D AT COLO TEST 
F A I L E D AT HOT TEST 
F A I L E D AT HOT TEST 

N I T R U E 
COMPOUND 
C 6 9 

TEST COMPLETEO 
TEST COMPLETEO 
TEST COMPLETED 
TEST COMPLETED 
TEST COMPLETED 
TEST COMPLETED 

NO LEAKAGE 
NO LEAKAGE 
NO LEAKAGE 
NO LEAKAGE 
NO LEAKAGE 
NO LEAKAGE 

TEST COMPLETED - NO LEAKAGE 
TEST COMPLETEO - NO LEAKAGE 
TEST COMPLETED - NO LEAKAGE 
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TEST RBSULT ANALYSIS 

Tables 10 and 11 list the physical properties of each type of 
seal as well as the changes that occurred in those properties 
during cycling. Tables 12 and 13 list the various types of 
seals and the performance of each seal. 

In general, all seals experienced loss of weight due to wear 
and drying up. However, this weight loss was not proportional 
to the number of cycles. Hie specific gravity of most seals 
increased, indicative of shrinkage and/or loss of lighter com- 
ponents of the seal material.  This is also accompanied by an 
increase in the hardness of the seals. It should be noted 
that Tetralon seals were not tested for hardness because of 
their thin wall, nor were their diameters measured because 
they are stretched out of round at disassembly. The  diameters 
of the other seals, both outside and inside, showed a decrease 
in dimension, except for one translational seal, Viton V-135, 
which appeared to be fairly stable.  Thickness of the seals 
decreased except for the Tetralon seal, which increased due to 
the flowing characteristic of the material. 

Rotary Seals 

The first seal listed in Table 10 is a polyurethane compound 
A-1086. All six seals of that type failed at hot test.  Two 
of them lasted 30,000 cycles at -650F but failed after only 
600 cycles at 2500F. All seals except one showed a severe 
breakdown of the material at disassembly. Figure 22 shows a 
new and a used seal side-by-side, magnified 30 times. Al- 
though not revealed by the photo, the used seal was consider- 
ably flattened at the outer circumference after only 600 
cycles, which is the reason it leaked. 

The next type of seal is a Viton, compound 523A Q4113.  All 
seals experienced excessive wear as shown by Figure 23.  It 
should be noted that the quad ring mounts in the bore and 
therefore seals on the inside rather than outside diameter. 
Minute circumferential wear lines are visible after only 
15,500 cycles, indicating the susceptibility of the seal ma- 
terial to tear and wear. It should be noted that most of these 
wear lines are located where the seal could have been caught 
in the clearance between the rotating shaft and the fixed 
sleeve.  The decrease in weight of all six seals appears to 
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Figure 23. Rotary Seal Viton 523A Q4113 



be proportional to the number of cycles run,   confirming the 
excessive wear,    the specific gravity did not change by a sig- 
nificant amount.    All seals hardened during cycling; however, 
this increase in hardness is unrelated to the number of cycles 
or the type of test.     Both inside and outside diameters of 
five seals showed a decrease due to shrinkage but the thick- 
ness did not vary appreciably. 

Four Tetralon 720 seals were run 20,000 cycles each.    The 
first two were assembled with a smaller size O-ring than rec- 
ommended by the manufacturer because of difficulties in assem- 
bling the seal on the test shaft.    After leakage developed at 
cold test,   the manufacturer suggested that a correct size 
O-ring be used as originally specified.     The next two seals 
were assembled with the specified O-ring and failed after 
20,000 cycles at 2500F.    At disassembly,   the fluorosilicone 
O-ring showed signs of being crushed,  pointing to excessive 
squeeze.     Unfortunately,  because of the thin wall of the Tetra- 
lon ring,   its hardness could not be measured.     It is expected 
that the hardness would be much higher than that of rubber 
O-rings.     Consequently,  leakage becomes a function of the 
finish of the seal and that of the sleeve bore.    Weight change 
for three seals was insignificant.     The fourth seal lost 11.7 
percent of its weight at the same time,   increasing its width 
by 14.8 percent.     This increase in width indicates an excessive 
squeeze caused by the O-ring which acts as a mechanica'l spring. 
The specific gravity tended to increase rather than decrease, 
pointing to the absorption characteristic of TFE.     Diameters 
were not measured.    Figure 24 shows a new seal next to a seal 
which ran for 20,000 cycles.     Ihe left side of the photo is 
out of focus,  which is the reason for the blur.     There is 
little evidence of wear; however,   the surface of the used seal 
seemed to be somewhat smoother than that of the new one. 

Four additional Tetralon 720 seals were tested during the seal 
test program extension.     These seals were assembled on the 
shaft with a  C-69 O-ring of the size called for by the manu- 
facturer.    However,  it 'vas impossible to insert the test shaft 
into its sleeve without damaging the Tetralon ring.    A smaller 
size Buna N 9021 ring was  tried because the C-69 seal was not 
available in  the smaller size.    Three seals failed at -650F 
and one failed at room temperature.     In all four cases,   fail- 
ure appeared  to be caused by damage to the O-ring.    A typical 
side view of  a damaged O-ring is shown in Figure 25.    The photo 
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Figure 25. Rotary Seal Buna N 9021 Used With Tetralon 720 



indicates that the corner of the Tetralon ring dug into the 
O-ring, leaving a step as well as minute lacerations. The 
configuration of that seal is such that the pressure forces 
the O-ring in the space left between the Tetralon ring and the 
bottom of the groove.  Possibly there is a relative motion be- 
tween the O-ring and the Tetralon ring causing the lacerations. 

Only four Tetralon seals were tested during each phase because 
the other seals supplied by the manufacturer were damaged at 
assembly. 

Four out of seven Buna XN 1996-2 seals completed 100,000 cycles, 
The  decrease in weight varied between 10 and 31 percent, indi- 
cating substantial wear not visible on the photograph. Figure 
26.  This wear was confirmed when measuring the change in 
thickness.  Specific gravity varied ± 3 percent .  This vari- 
ation did not indicate a trend leading to a conclusion.  Hard- 
ness increased up to 16.5 percent but the increase is not 
constant from one seal to another.  Three of the sevitn seals 
were cut when removed from the test shaft groove, indicating 
a loss of tensile strength which, when coupled with the in- 
crease in hardness, could lead to cracks while in operation, 
and eventually to leakage.  This Buna XL 1996-2 seal was 
treated with an ultralube process designed to reduce friction 
and ultimately reduce wear. There are no indications that 
this ultralube process accomplished the goal it was intended 
to do since weight loss was 10 to 31 percent. All seven seals 
of this type completed 89,000 cycles or better and yet the 
changes in mechanical characteristics of all seals are spread 
over a wide range, pointing to an unstable material requiring 
further refinement.  Figure 26 shows a new seal next to one 
that completed 100,000 cycles without leakage.  A slight cut 
is visible on the side of the test seal, on the right side of 
the photo.  This sliver, 0.002-inch wide, was most likely cut 
when the test pressure forced the seal in the clearance be- 
tween the test shaft- and the sleeve.  This clearance is, by 
design, 0.0005 to 0.0035 inch.  In addition, the photo shows 
the used seal outside diameter to reflect the light better 
than the new one, due to a smoother surface resulting from 
wear. 

The Buna N 756-75 seal (shown in Figure 27), contrary to the 
preceding Buna XN 1996-2 seal, did not exhibit circumference 
wear (as can be seen in the photograph), although xts weight 
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Figure 27. Rotary Seal Buna N 756-75. 



loss ranged from 14 to 17 percent. Examination of the tested 
seal shows the mold flash still visible after 100,000 cycles; 
however, shiny surfaces on either side of that flash indicate 
a smoother surface than the new seal, revealing some wear. 
Specific gravity increased from 3.3 to 9.9 percent, pointing 
to some material instability also confirmed by the range of 
hardness increase from 4.1 to 19 percent.  Six out of eight 
seals completed 100,000 cycles.  It should be noted that one 
seal completed only 8700 cycles because of a possible errone- 
ous assembly; it also experienced the highest weight loss of 
all the seals.  This would indicate that weight loss occurs 
during the early stage of testing. Five seals were cut at 
disassembly, thereby preventing diameter measurements and also 
indicating loss of tensile strength as with the Buna XN 1996-2 
seal. 

The Nitrile C-69 seal is shown in Figure 28.  Ihe circumfer- 
ential lines visible in the new seal are worn away in the 
100,000 cycle seal; however, this wear is minimal because the 
mold flash of the tested seal is still visible.  All six seals 
tested completed 100,000 cycles each without leaking.  The 
changes in properties are not too different from the two Buna 
N seals; however, the changes are more consistent, indicating 
a more stable material, thus a better seal.  This seal is 
qualified to MIL-P-5315.  Table 14 lists the properties of the 
C-69 seal as well as the specified limits.  Two properties 
stand out as being better in the C-69 seal;  First, the tensile 
strength is highest of the group at 1740 psi. this  explains 
why only one C-69 seal was cut at disassembly while being 
pulled out of its groove.  Obviously, the higher the tensile 
strength of the seal, the better the protection of that seal 
will be against tearing and possibly pinching.  Second, the 
compression set is the lowest of the group at 7 percent at 
1580F for 70 hours.  Note that 30,000 cycles at 2500F corres- 
ponds to 25 hours of testing. 

It should be noted that MIL-P-5315 specifies a compression set 
between 0 and 50 percent. However, each compound must be held 
within ± 5 percentage points of the value at which it was 
qualified. For example, C-69 compound compression set must be 
held between 2 and 12 percent.  Ideally, a seal with zero com- 
pression set maintains contact under all temperature conditions 
with the metallic surfaces it is being squeezed into, while a 
seal with a high compression set leaves a gap under cold 
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temperature after being subjected to high temperature.  This 
is caused by the expansion of the seal material with high tem- 
perature causing a set to a different shape and subsequent 
shrinkage at low temperature resulting in a gap.  The C-69 
seal has demonstrated its superiority over most of the other 
seals tested, due partly to this characteristic. 

Three Buna N 9021 O-rings were tested in three different con- 
figurations. Buna N 9021 is presently used in Chandler Evans 
MC-40 fuel control.  The first configuration is a standard 
0-ring.  Five out of six samples completed 100,000 cycles, and 
one failed after 30,000 cycles of room temperature testing. 
When removed from the fixture, the failed O-ring was found 
disintegrated and separated into two complete rings, which ex- 
plains the high weight loss listed in Table 10.  The other 
samples also experienced weight loss ranging from 12 to 32.1 
percent.  One sample which lost 32.1 percent weight also had a 
reduction in thickness of 25 percent, indicating excessive 
side wear, even though it completed 100,000 cycles without 
failure.  Specific gravity of all six samples increased be- 
tween 7.7 and 11 percent, indicating the loss of lighter com- 
ponents of the material.  Hardness also increased somewhat in 
relation to the specific gravity increase.  Figure 29 shows a 
new seal next to a seal tested for 100,000 cycles.  The latter 
exhibits a darker area representative of a compression set 
groove caused by the test pressure forcing the seal against 
the groove wall. Note that the mold flash is still visible in 
both seals. 

The second Buna N 9021 configuration is an O-ring assembled in 
a TFE-coated groove.  Four out of six samples completed 100,000 
cycles.  One failed after 74,000 cycles and was so badly dam- 
aged before disassembly that no measurements were possible. 
Another failed after 36,000 cycles with a weight loss of 5.9 
percent.  The other four samples experienced weight losses of 
14.4 to 20.6 percent, and one lost 7.3 percent of its thickness 
while the other three retained their thickness.  The signifi- 
cant fact is that none of the samples examined increased its 
hardness and at the same time none increased its specific 
gravity by more than 5 percent.  It can be theorized that the 
groove TFE coating transferred from the groove to the O-ring, 
thereby preventing the loss of lighter components as in other 
cases.  The tested seal shown in Figure 30 exhibits the same 
darker area as the one shown in Figure 29.  The object of a 
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R o t a r y Sea l Buna N 9021 i n TFE-Coated Groove. 



TFE-coated groove was to eliminate rubbing between the O-ring 
and the sleeve bore and to have rubbing occur instead between 
the O-ring and the shaft groove. However, this resulted in 
additional wear, although it is not clearly shown in the photo. 

The third Buna N 9021 configuration consists of an O-ring 
assembled with a TFE backup ring. Two samples completed 
100,000 cycles, two failed after 32,000 cycles, and two failed 
after 20,000 cycles.  Weight loss ranges from 4 to 11.7 per- 
cent, and is lower than that of the two previous Buna N 9021 
configurations.  The increase in specific gravity and in hard- 
ness is similar to that of the Buna N O-ring used without TFE 
coating.  The change in thickness is insignificant.  Test re- 
sults indicate that the TFE backup ring did not help in any 
way the performance of the O-ring.  Figure 31 shows the side 
of a tested O-ring. Minute flakes of material were gouged 
from the O-ring, and were found stuck to other sections of the 
O-ring.  It should be noted that the backup ring is split at 
an angle of 22° to permit assembly in the groove.  If this 
split is responsible for removing the particles from the O-ring, 
relative motion between the O-ring and the split ring had to 
take place. 

It appears that of the three Buna N 9021 configurations tested, 
the best one is the standard O-ring. 

Translational Seals 

The Viton 523A Q4113 is shown in Figure 32. Considerable wear 
is evident.  This seal is a four-lobe configuration seal where 
only the top of the lobes is in contact with the sleeve bore. 
Axial wear lines are visible on the tested seal lobe shown in 
the photo.  None of the six seals tested completed 100,000 
cycles.  Ihis seal is of the same material and configuration 
as the rotary listed in Table 10.  Weight loss varied between 
7.9 and 10.7 percent except for one seal, which failed after 
7000 cycles.  This weight loss is not related to the number of 
cycles run.  The specific gravity increased as well as the 
hardness.  The diameters, both inside and outside, decreased, 
thereby showing some shrinkage.  The thickness of most seals 
decreased.  Failure of all seals was due to the excessive 
circumferential wear coupled with some increase in hardness 
causing surface cracks. 
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Figure 31. Rotary Seal Buna N 9021 With Backup Ring. 
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Figure 32. Translational Seal Viton 523A Q4113. 
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Figure 33. Translational Seal Tetralon 720. 
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The Tetrelon 720 seals are of the same material as the rotary 
seal listed in Table 10 but of a different configuration.  Only 
one of the six seals completed 100,000 cycles and then a slight 
leakage occurred toward the end of testing (one drop/minute). 
Hardness and diameters could not be measured. The  only sig- 
nificant physical change is the increase in thickness due to 
the flowing characteristic of that material. Axial wear lines 
are shown in Figure 33.  Tlie dark circumferential lines shown 
on the tested seal are grooves which are filled with aluminum 
oxide.  As jn the case of the rotary seal of the same material, 
leakage is a function of the seal and sleeve bore finishes. 

Four of »IK Euna N 756-75 seals tested completed 100,000 
cycles; two of these four had a slight leakage at the end of 
testing (2 and 4 drops/minute).  Figure 34 shows two of these 
seals side-by-side.  Axial wear lines are visible on the seal 
which completed 100,000 cycles.  Confirming this wear is the 
weight loss shown in Table 11.  It should be noted that, al- 
though the tested seal shown in Figure 34 appears to have 
flattened out, none of the seals tested took a compression set. 
This seal was treated with an ultralube process designed to 
reduce friction and wear.  As in the case of the rotary seal 
Buna XN 1996-2, this process failed to reduce the wear.  Hard- 
ness increased as a function of the rumber of cycles completed 
to a maximum of 18.5 percent.  Specific gravity also increased 
up to 5.8 percent and physical measurements tended to de- 
crease, indicating shrinkage of  the seals.  Hardness increase 
is related to the increase in specific gravity which is due to 
compression set.  This loss leads to a denser material which 
is harder to compress.  It is interesting to note that rotary 
seals of the same material were fairly successful and did not 
show any wear, as can be seen in Figure 27.  This leads to the 
conclusion that rolling motion of the seal tends to accelerate 
wear. 

Three of six Viton V-135 translational seals tested completed 
100,000 cycles without leakage.  Figure 35 shows no wear at 
the seal which completed 100,000 cycles.  Both seals, new and 
used, exhibit the mold flash, and the same surface finish. 
It should be noted that this seal has a cross-section width of 
0.100 inch compared to 0.070 inch for most of the other seals. 
Table 11 shows that this seal experienced little weight change. 
Most of the physical changes were insignificant, indicating a 
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Figure 35. Translational Seal Viton V-135. 
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very stable material. The  measurement which showed the great- 
est variation is the outside diameter.  This varied from -4.6 
to +3.3 percent.  After making allowance for measuring errors, 
this small change in diameter confirms the lack of wear'and 
indicates a low compression set of the material, which, as in 
the case of the C-69 rotary seal, results in a superior seal. 

The last seal listed in Table 11 was a nitrile compound C-69. 
This is the same type of seal as the rotary listed in Table 10, 
although a different size was used.  In each case, all six 
samples completed 100,000 cycles without leakage.  This seal 
was reviewed as a rotary seal.  The analysis of the rotary 
type applies as well to the translational type.  Comparing the 
changes in physical properties listed in Tables 10 and 11, it 
is obvious that these changes were consistent, indicating again 
a stable material.  More significant is the fact that the 
majority of the samples tested experienced changes contained 
within a very narrow band, further confirming the consistent 
quality from one seal to another.  Figure 36 shows two seeds 
side-by-side; one new, the other after 100,000 cycles. Axial 
wear lines are visible on the tested seal.  These wear lines 
are less than 0.0005 inch wide and do not appear to be very 
deep.  The mold flashes are visible in both seals, indicating 
little wear in the tested seal.  There is no evidence of flat- 
ness or deformation. 

Conclusion 

Tables 10 and 11 list the 15 seals tested.  In both cases, 
-rotary and translational, the best seals were standard 0-rings. 
The only seal to complete 100,000 cycles as a rotary and trans- 
lational seal was the nitrile C-69, which is a Buna N.  Other 
Buna N seals had good results; however, their physical proper- 
ties had wide variations.  It appears that Buna N 0-rings are 
the best seals available.  Additional development is required, 
however, to arrive at a Buna N material which will give con- 
sistently good performance.  This performance can be achieved 
only if the physical properties do not vary from one seal to 
the next and if the limits of such properties as tensile 
strength and compression set are tightened. 
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SUMMARY AND CONCLUSIONS 

Vibration Test 

Metered fuel flow was continuously monitored during vibration 
tests on two Chandler Evans Model TA-2S fuel controls to de- 
tect flow variations which could induce flight disturbances 
and thereby cause a control rejection.  Also, bench calibra- 
tions were performed before and after the vibration test to 
detect any permanent shifts caused by the vibration testing. 
A complete disassembly and inspection of hardware was under- 
taken following the completion of all testing.  Ihe results 
of the above program follow. 

During vibration, some fuel flow shifts and oscillations were 
detected; however, their magnitude remained within the oper- 
ating limits of the control.  Furthermore, the largest metered 
flow shifts should yield only a 1.5-percent N2 and ± 0.3-per- 
cent N^ variation when operating closed loop on the power tur- 
bine and gas producer governors. 

The bench calibrations of the two controls were performed be- 
fore and after 5 hours of vibration testing on each unit. 
These tests showed one unit to repeat its calibration within 
acceptance limits; however, an acceleration schedule flow 
shift of between 4.5 and 7.8 percent, which fell outside of 
bench acceptance limits at 4 of the 13 check points, was de- 
tected on the other fuel control. This calibration shift was 
explained when a teardown of the unit revealed an assembly 
error causing the control to be unrepeatable. 

Detailed inspection of the disassembled controls gave no evi- 
dence of any hardware deterioration or damage,  therefore, the 
conclusion reached from the vibration test program is that the 
controls perform within their design limits and should not in- 
duce engine malperformance or shift their calibrations due to 
engine or airframe induced vibration so as to cause control 
rejections. 
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Fuel Filter Teat 

the  two Chandler Evans Model TA-2S controls previously vibra- 
tion-tested were run with fuel contaminated to MIL-E-5007C 
levels. One control was run with fuel filtered by a 25|i abso- 
lute filter; the other control was run with fuel filtered by a 
3|x absolute filter.  Testing consisted of 50 hours at room 
temperature and 20 hours with fuel at -650F.  Both controls 
were cycled to accelerate wear. The controls were calibrated 
before and after the contamination tests, and several control 
and fuel pump components were detail-inspected to obtain 
measures of wear. 

Based on calibration test results, no evidence of any degrada- 
tion in performance was determined for either control system. 
The amount of measured wear in both cases was negligible. 
Therefore, on the basis of these results, it is concluded that 
there is no justification for using filtration finer them the 
presently used 25-micron absolute filter. 

Fuel Seal Test 

A total of 15 seal types were supplied for environmental test- 
ing by various manufacturers.  Ten seal types were cycled in a 
rotary oscillating motion, and five were cycled in a transla- 
tional motion.  Test cycling simulated extreme cold, hot, and 
dusty environmental conditions commensurate with Army aircraft 
operations. Various physical properties of each seal were 
measured before and after the cycling tests. 

Only one rotary seal out of ten types tested and one transla- 
tional seal out of five types tested, were successful in 
having all six samples complete 100,000 cycles without leakage 
or failure. Both of these seals were the same type and made 
from nitrile C-69 compound.  However, different sizes were 
used for rotary and translational testing. 

A second rotary seal, which was a Buna N compound with an 
ultralube additive, had six out of eight seals successfully 
complete 100,000 cycles. A standard Buna N compound rotary 
seal had four out of six seals complete 100,000 cycles. None 
of the other seals were successful; in most cases, the seals 
were structurally destroyed and/or sprung a severe leak. 
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In general,  test results  indicated that seal configurations 
composed of a single O-ring are better than seals composed of 
an O-ring and a TFE cap or backup ring.     The TFE ring has 
better wear characteristics than the rubber O-ring; however, 
it tends to cut the O-ring.    When the physical properties of 
other Buna N O-rings are compared to Nitrile C-69,   the major 
difference is the lack of consistency in changes  in physical 
properties experienced by other Buna N O-rings.     These changes 
are spread over such a wide range that it indicates either 
better quality control or additional material development is 
necessary to arrive at a more  stable material.     Also,   the 
Nitrile C-69 compound has  the highest tensile strength and the 
lowest compression set of all  the seals tested.     These are 
judged to be desirable  in an O-ring.    Material development 
efforts should concentrate on raising the tensile  strength and 
further lowering the compression set,  while at the same time 
tightening the tolerance  limits of these properties. 
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LIST OF SYMBOLS 

Brg bearing 

D, Dia diameter 

AP metering head differential pressure 

F resonant frequency 

2 
g gravitational acceleration - 32 ft/sec 

g/in gravitational acceleration per inch 

GPC gas producer control (also, N. governor) 

HP horsepower 

Hz frequency, cycles per second 

I„D. inside diameter 

MC main control 

N. gas producer control speed 

N power turbine governor speed 

0UD. outside diameter 

P. atmospheric pressure 

P control discharge pressure 

P air pressure 

P blower air pressure 

P fuel pump pressure 

PJA power lever angle, deg 
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LIST OF SYMBOLS (Cont) 

pph pounds per hour 

psi pounds per square inch 

PTG power turbine governor 

rpm revolutions per minute 

SLSD sea level, standard day 

S/N serial number 

T temperature, 0F 

T ambient temperature, 0F 

T fuel temperature, 0F 

TFE tetrafluoroethylene 

W metered fuel flow, pph 

M- micron 

'.5.   i.uverfwnt   IriiillnK  Otftc«:      l'^/'. —bJh-'^ft/i?  Kcglun  No.   J-U 
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