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1. Introduction

The objectives of this research were as follows:

a. Development, design and manufacture of a high speed, high
temperature back-to-back gear test rig based on the
FZG-Ryder Rig.

b. Define correlation between standard U.S. Ryder and
FZ2G-Ryder results by the evaluation of the scoring load
capacity of 5 different 1lubricants acc. to Standard
FZG-Ryder Method.

c. Comparative testing of different lubricants acc. to the
Standard F2ZG-Ryder Method in the Standard and the High
Temperature FZG-Ryder Rig.

d. Evaluation of the scoring 1load capacity of different
lubricants wunder high speed and high temperature
conditions on the FZG-Ryder rig.

e. Preparation of Operating and Repair Manuals.

f. Installation of the High Temperature F2G-Ryder Rig at
Wright Patterson Air Force Base, Ohio.

2. Test Equipment
2.1 Test Rig
2.1.1 standard FZG-Ryder Rig

The Standard F2G-Ryder Gear Test Rig operates on the so called
"four square" principle. As shown in Fig. 1 the test gears and
the slave gears are connected by two parallel shafts. The load
clutch divides one shaft into two halves that can be twisted
against each other by means of a spindle device. The applied
torgque can be determined from a dial gauge in the measuring
clutch that measures the deflection of a calibrated torsional
shaft. After fastening the load clutch a static torque is




introduced in the mechanical power circuit of the rig. The
driving motor has only to compensate for the frictional losses
in gears and bearings. The system is driven by a two-speed
AC-motor and for adjusting the high speed a speed up gear is
coupled between motor and slave gears.

The test rig is a modified FZG machine as it is used for the
Standard F2G 0Oil Test A/8.3/90 acc. DIN 51 354 [1]
respectively CEC L-07-A-85 [2]. It was developed under the
sponsorship of the German Ministry of Defence as an
alternative test method to the Original Ryder Gear Test acc.
FTM 6508 [3] respectively ASTM-D 1947 [4]. A comparison of the
main data of the original Ryder test and the FZG-Ryder test is
given in Table 1 [5]. It can easily be seen that the main data
of the two methods do not differ very much. The biggest
difference is in the load application. While in the original
Ryder test the load is applied by an axial displacement of the
helical slave gears by means of hydraulic pressure during the
rig is running in the FZG-Ryder test the load is applied while
the rig is out of operation. In the original Ryder machine the
journal bearings of the test gears are lubricated separately
while in the F2G-Ryder rig the anti-friction bearings have to
be lubricated by the jet o0il sprayed on the gears. Therefore
the oil flow rate was increased for the F2G-Ryder Method.

Two separate oil supply systems are used for the 1lubrication
of the test gear box and the slave and speed-up gear boxes.
The test o0il supply system uses 6-8 1 test lubricant while the
slave oil supply system uses 30 1 of a standard low viscosity
lubricant. A heating and cooling system in the oil tanks
maintains an oil temperature of Jzil = 74 + 2°C. The principle
of the oil supply system is shown in Fig. 2. A gear pump sucks
the o0il from the reservoir tank and presses it through a water
operated heat exchanger and filter into the gear mesh. The oil
quantity can be adjusted by opening or closing the bypass-
valve. An electric heater of low heat transferred per unit
surface to avoid overheating of the lubricant (= 0.7 W/cm?) is
pPlaced in the o0il tank. Heating or cooling is controlled by a
thermometer with electrical contacts to switch the heater on
or off respectively to open or close a solenoid valve for the
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water flow to the heat exchanger. A pressure gauge with
minimum and maximum electric contacts controls the oil flow.
The test rig is switched off when either minimum pressure
(e.g. 0il hose disconnected) or the maximum pressure (e.g.
blocked nozzle) is exceeded.

| For the evaluation of the scored area on the flanks a
microscope can be placed over the test gear box (Fig. 3).

2.1.2 High Temperature F2G-Ryder Rig

For the required evaluation of the scoring load capacity of
aircraft lubricants at high speeds and high temperatures the
standard F2G-Ryder rig was modified to allow for o0il inlet
temperatures of at least 200°C. Additionally, the necessary

test o0il quantity should be reduced to approx. 3 liters.

The following main modifications were made:

1. The test gear box was thermally insulated from the bed
plate by means of an air gap.

2. A double-walled cover was placed over the test gear box
to reduce radiation and convection and to provide a
certain contact protection of very hot parts.

3. Additional heating elements were installed in the test
gear box.
4. A completely new test oil supply system was developed,

designed and built to meet the high temperature and the
low volume requirements.

Additionally, all parts including the bearings were annealed
to temperatures up to 250°C to avoid temperature distortion.

. Fig. 4 shows the H.T. oil supply system. The test gear box
bottom is used as oil tank. Four heating elements 500 W each
. are placed in the front cover and the rear wall of the test
gear box. Another 8x90 W plus 17x90 W heating elements are
placed in an external heat exchanger. The o©il inlet
temperature is controlled by two thermometers at the oil inlet
and the o0il outlet with four electric contacts switching the
heaters on and off. The inlet oil quantity is controlled with

e




a flow meter changing the speed of the variable speed drive of
the oil pump. A mean value for the o0il quantity to maintain a
minimum o0il pump speed is set with the by-pass value. The
system can be drained by means of a drain valve and at the
filter as the lowest 1level point of the system. The total
amount of o0il in the system is approx. 3 liters.

A cooling system was not installed because of

o) problems with a water cooling system at high temperature
(200°C) operation and

o problems with an air cooling system with size and thus
oil quantity.

An assembly drawing of the mechanical part of the High
Temperature F2G-Ryder Rig is shown in Appendix A.

2.2 Test Gears

Due to the almost same center distance of the Standard Ryder
Rig and the FZG-Ryder Rig very similar gears could be designed
for the FZ2G-Ryder Method. A comparison of Original Ryder and
FZG-Ryder test gears is shown in Table 2.

For simple manufacture in Germany a standardized metric module
was chosen and a standard German steel which is very similar
to the U.S. AMS 6260 steel which is used for the original
Ryder aears. A comparison of the material's analysis is given
in Table 3. A profile modification (tip relief) was applied to
the wider gear = gear) of Ca = 15 um to meet the absolute
values of the original Ryder results.

Fig. 5 shows the load and speed distribution for the FZG-Ryder
gears type R along the path of contact. Fig. 6 shows the
manufacturing drawings of the narrow (= pinion) and the wide
(= gear) gear.

The test gears for this project were taken from a batch of 60
gear pairs manufactured by Zahnradfabrik Friedrichshafen (ZF).
A sample of 10 test gear pairs was measured for quality
control. One test gear pair was cut into pieces for
metallurgical investigation.
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2.2.1 Geometrical Measurements
2.2.1.1 Measuring Devices and Measured Values

Roughness values were measured on a "Perthometer S5" using a
digital evaluation unit "u-tip" (Fa. Manner). The measured
values and a profile diagram were printed with a HP plotter.

Profile errors and lead errors were measured on a "Klingeln-
berg PFSU 1200".

Additionally the tooth to tooth pitch error was evaluated on a
- "Hoflexr UP 400",

2.2.1.2 Roughness Measurement

Three teeth equally distributed around the circumference of
the gear were measured on both flanks. The flanks were
measured in involute direction using a trace length of 1.25 mm
and a cut-off of 0.25 mm.

The following values were measured:

- center line average height (CLA)

- total height (peak to valley PTV)

- roughness height over 10 points (mean value PTV)
An example is shown in Fig. 7.

2.2.1.3 Measuring of Profile and Lead

From a profile and a lead diagram of three teeth of every gear
on both flanks the following values were graphically

evaluated:
R - total profile error Ff

- total alignment error FB
. - tip relief of gear Ca2

The total length of the path of contact (approx. 14 mm from
tooth tip) was used for the evaluation of the total profile
error of the pinion (narrow gear) while for the evaluation at
the gear (wide gear) the region of the tip relief was not




taken into account. The profile error of the gear was taken
from the path of contact between approx. 3 mm and 14 mm from
the tooth tip.

The aligoment error was evaluated from the whole tooth width
of +'.e pinion and only from the active part of the gear, i.e.
approx. 8 mm in the center of the gear.

Fig. 8 shows as an example a diagram of the pinion, Fig. 9 of
the gear.

2.2.1.4 Measuring of Pitch Error

From the diagrams the tooth-to-tooth pitch error fu was

evaluated. Examples are shown in Fig. 8 and 9.
2.2.2 Results of the Measures

The results for the 10 gear pairs can be taken from table 4.
The total alignment error FB is not included in the table
because all measured values were below 2.5 um, what is the
permissible value for best quality DIN 1 (AGMA = 17-DIN).

The DIN quality was correlated to the worst value out of total
profile error or tooth-to-tooth pitch error. The values of
roughness height over 10 points and tip relief included in the
table are mean values out of the three measures on one flank
side.

2.2.3 Conclusions of the Geometrical Quality
The gear quality of DIN 5 acc. to the drawings is in 18 cases
out of 20 within the demanded limits. In two cases DIN quality

6 is reached due to the pitch error.

The roughness height over 10 points is in all cases far below
the tolerated value acc. to the drawings of Rz = 3 um.

The tip relief is in many cases somewhat smaller (9 - 10 wum)
than the tolerances given on the drawings (12 - 18 um).




In spite of minor deviations of the gear quality compared to
the stated quality in the drawings, the gears are to be used
for correlation tests.

2.2.4 Metallurgical Investigation

One pinion and gear was checked for

- burnishing from grinding process
- material structure and retained austenite
- case and core hardness and case depth

2.2.4.1 Burnishing

A microscopical investigation on the flanks of pinion and gear
showed no evidence of burnishing from the grinding process.
The machining of the flanks is in accordance with the demands
on the drawings.

2.2.4.2 Materlal Structure and Retained Austenite

A ground and polished section of one pinion and gear tooth was
prepared. Fig. 10 shows the material structure of the pinion,
Fig. 11 of the gear. In both cases tempered martensite with
approx. 9% retained austenite is present.

The retained austenite was evaluated graphically after the
sections were colour-etched acc. to Klemm.

The material structure shows no irregularities. The content of
retained austenite is low and in accordance with the demands
on the drawings.

2.2.4.3 Hardness Measurements

Fig. 12 shows the hardness as a function of the depth for the
pinion, Fig. 13 for the gear. The surface hardness of 686 HV
10 for the pinion and 693 HV 0 for the gear is in accordance
with the drawings. The case depth of the pinion of 0.8 mm and
of the gear of 0.67 mm is somewhat higher as regquired. The
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ultimate strength in the core is with approx. 1400 N/mm? for
the pinion and approx. 1300 N/mm2 for the gear also higher

than the required value of 1000 - 1200 N/mm2.

as 1long as the material structure near the

20%.

2.2.4.4 Conclusions of the Metallurgical Quality

grinding cracks.

As scuffing failure is concentrated at the very surface of the
tooth flanks these differences in case depth and core hardness
have no influence. Also surface hardness is of minor influence

adequate. A steep decrease in scuffing load capacity can be
observed for retained austenite contents of more than approx.

The gears do not show any grinding defects like burnishing or

The structure in the case is normal with tempered martensite

and a low content of 9% retained austenite.

The surface hardness is of the magnitude as required. The case

depth and the core hardness are somewhat higher than required

which 1is assumed to have no influence on the

behavior.

2.2.5 Concluslons

scuffing

The test gears are of good and uniform quality.

deviations from the demands on the drawings will not affect

the expected scuffing results in a way that the gears have to

be rejected. The somewhat to small values of tip relief can

lead to somewhat lower scuffing load capacity as compared to

earlier results. This takes only influence on the absolute

rating but not on a relative rating comparing scuffing load of

a cA Yidate oil with that of a reference oil.

The gears can be used for the test program.




2.3 Test Lubricants

The lubricants used in this project are listed in Table 5
together with their typical values in the original Ryder test.
Lubricants numbers. 1, 3, 4 and 5 were provided by Mr. H.
Jones, WPAFB, USAF, lubricants 2 and 6 by Mr. A. Kling, WIM,
German Army.

3. Test Method

The standard F2G-Ryder Method was established close to the
original Ryder Method [3, 4]. The High Temperature FZG-Ryder
Method was chosen accordingly except the higher o0il inlet
temperature.

In the following the Standard Method is described. Differences
to the H.T. Method are marked when necessary. For details of
test rig operation, gauge setting, and test gear mounting and
dismounting see also "Operating and Repair Manual".

3.1 Preparation of the Test Equipment

All test gears should be numbered on one of their gear faces.
Looking on the numbered face the left flank is defined as side
A the right flank as side B. Tooth no. 1 (e.g. the tooth
nearest to the key) on the pinion is marked on the outsid-
diameter. The narrow gear (called "pinion") is mounted on the
right shaft (looking from the test head in direction of the
motor; the shaft carrying the load clutch) the wide gear
(called "gear") on the 1left shaft (carrying the measuring
clutch) with the numbered face pointing to the front cover.
The left hand flank or side A will be operating. During
mounting the gears it has to be observed to position the two
grooves of the 1load clutch relatively to the holder of the
dial gauge on the measuring clutch so that with the spindle
device mounted on the load clutch the dial gauge is positioned
approx. horizontal.
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support bearing.

pPlaced over the test gear box.

figures can be used as a guidance.

For ;roil = 74°C (Standard Test Method):

Test Gear 0il Temperature:

Outlet: green: 20°C (no heating of test gear
red: 110°C (max. oil temperature in

Inlet: green: 69°C (switch off of 8x90 W)
red: 72°C (switch off of 17x90 X)

Slave Gear 0il Temperature:

0Oil tank: green: 30°C (start of oil pump)
red: 110°C (max. oil temperature in
Inlet: green: 70°C (switch off of 1400 W)
red: 75°C (switch off of 700 W)

For ﬁzil = 200°C (High Temperature Test):
Test Gear 0il Temperature:
Outlet: green 190°C (switch off of 4x500 W)

red: 210°C (max. oil temperature in
Inlet: green: 195°C (switch off of 8x90 W)
red: 200°C (switch off of 17x90 W)

Slave Gear 0il Temperature:

Oil tank: green: 30°C (start of oil pump)
red: 110°C (max. o0il temperature in
Inlet: green: 90°C (switch off of 1400 W)
red: 95°C (switch off of 700 W)
- 10 -

Then the microscope is positioned over tooth no.
pinion and the position is marked on the load clutch and the

The pinion tooth width is centered within the gear tooth
width. The front cover 1is closed, and 3 1liters of test
lubricant are filled into the gear box. Then the top cover is
closed and the o0il supply system prepared for operation.
high temperature operation the insulation cover has to be

Depending on the desired test oil temperature the electric
contacts of the thermometers are adjusted. The following

box)
the system)

the system)

the system)

the system)

1 of the

For

>




The two lube systems and their heaters are switched on with
the gears unloaded and the motor switched off. After the
desired temperatures are reached (after approx. 1 hour) the
0il level in the test gear box is controlled. The o0il level
must be within 35 (min.) and 40 mm (max.) over the test gear
box ground. For higher o0il 1levels the gears dip into the
lubricant and high churning losses occur, for lower oil levels
the gear box is overheated by the 4 x 500 W heaters. To take
account of the thermal expansion of the oil the o0il level has
to be adjusted at operating temperature. For too low o0il level
pour some more lubricant into the rig, for too high level
drain some 1lubricant at the drain wvalve using protective
gloves against high temperatures.

The oil flow in the slave gear box and the speed up gear box
is adjusted to approx. 3 - 4 1l/min by closing the by-pass
valve. The o0il amount has to be determined once for the
lubricant used at operating temperature by means of volume and
time measurement. For the same 1lubricant at the same
temperatures the oil pressure reading is proportional to the
oil flow rate. For further testing the once calibrated oil
pressure level has simply to be readjusted. An optimum setting
of the by-pass valve is reached when the gear oil pump
operates at medium speed (Flow Rate Setting approx. 5).

Too low flow rate in the slave and speed up gear box can cause
cooling problems and at the worst 1lubricant starvation
conditions with heavy scoring in the slave and speed up gear.
Too high flow rate can cause problems in oil draining from the
two gear boxes back to the o0il tank and thus dipping of the
gears into an oil sump thus foaming of the oil in the gear
boxes and an overflow of the lubricant.

Test lubricant supply is adjusted to the flow rate of 1 1l/min
with the by-pass valve opened that far that the flow rate
setting operates at a value of approx. 5 on the scale. In this
case an optimum range of regulation of the flow rate is
achieved and the o0il pump operates at medium speed.

- 11 -
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The revolution counter and switch is set to 970 what is equal
to 97 000 revolutions (preset factor 100 x) corresponding to
, = 9700 min~L.
Due to slight differences in the speed of an AC motor as a
function of load slight deviations from 10 min running time

10 minutes running time at nominal speed of n

can occur.

3.2 Running of the Test at Stepwise Increased Load

For load application the left half of the load clutch is fixed
to the support bearing with the locking pin in position that
the grooves on the two halves of the 1load clutch are
approximately vertical and the holder of the dial gauge on the
measuring clutch is approximately horizontal. Then install the
dial gauge in its holder. Before the application of the first

load stage the test rig should be overloaded statically for
one minute at load stage 10 to avoid gradual load decrease
during running at low load stages due to backlash and play in
the system especially in the keys.

Then the zero point is adjusted on the dial gauge. The next
load stage is applied acc. to the values given in Table 6. The
given gauge settings only apply for the torsional shaft No.
S18/23 with diameter 18 mm as it is delivered with the rig. In
case that a new torsional shaft is mounted this shaft has to
be calibrated separately. The low loads can be applied by hand
with the delivered lever the high loads by using the delivered
spindle device. The load application must be in a direction
that the pinion drives the wheel in the test gear box, i.e. a
weight loading on the lever respectively a "closing of the
scissors" of the spindle device. When the adequate 1load is
applied and controlled with the dial gauge the units of the
load clutch are tightened, the spindle device, the dial gauge
and the locking pin are removed. Make sure by turning the
shafts by hand that all blockings have been removed and close
the protecting cover before operation.

Now the motor can be switched on. After the completion of the
preset number of revolutions the rig shuts down automatically.
For further safety regulations see Operating and Repair
Manual.

- 12 -
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After every load stage the load is removed from the gears by
untightening the bolts of the load clutch. For the evaluation
of the failures on the gears and the application of the next
load stage a maximum time of 10 minutes must not be exceeded.

3.3 Evaluation of the Test Result

After every load stage the active flanks of the pinion are
inspected for scuffing failures. The inspection is performed
by use of the microscope with the evaluating grid in the
ocular. The inspection hole in the top cover is opened and the
microscope is positioned above. During the inspection the oil
supply is still in operation. Make sure that the exhaust fan
is also working. Then position tooth no. 1 into the microscope
by matching the marks on the load clutch and the supporting
bearing. Evaluate the area scuffed using the grid in the
microscope and mark it in a diagram as shown in Fig. 14. Then
turn the pinion shaft counter clockwise (looking from the test
head in direction of the motor) to the next tooth and repeat
the evaluation. After completion of the failure reading either
stop the test in case that the damaged area exceeds approx.
30% of the total active area of the pinion; otherwise apply
the next load stage as described in clause 3.2.

The exact scuffed area in % of the active flank area can be
estimated by summing up the scuffed parts of the grid of every
tooth and dividing it by the total amount of active "grid"”
areas (= 30 x 20 = 600).

The total relative scuffed flank area is plotted against the
load stage in a half-logarithmic chart as shown in Fig. 15.
The scuffing load is defined as interpolated normal tooth load
where 22.5% of the active flank area are scuffed. The
interpolation can be done graphically as shown in Fig. 15 or
according to the algorithm using the following terms:

- 13 -




S1 - load stage (integer) prior to 22.5% scuffed area

s, - load stage (integer) over 22.5% scuffed area

ss - load stage (decimals) where exactly 22,5% are
scuffed

Al % percent scuffed area in load stage S1

A2 % percent scuffed area in load stage S2

F 1b/in scuffing load per face width (for 22.5%

scuffed area)

log 22.5 - log Al
S. = + S
log A2 - log Al

1

Fg

375-SS
with S = 375 1b/in per load stage

One lubricant is at least tested on the two flanks of one gear
pair. The results of every tooth side (A and B) and the mean
value are reported.

A brief summary of the Standard FZG-Ryder Method can be taken
from Fig. 16.

3.4 Relative Rating of Test Results

Every new test rig and every new test gear batch have to be
rated against a reference lubricant. For aircraft 1lubricant
application it is recommended to use an ester-based reference
lubricant of approximately same viscosity as the lubricants to
be tested, e.g. Hercolube A. With a high viscosity, miner
based reference 1lubricant 1like Reference ©0il C major
deviations in the original Ryder and the F2G-Ryder results
were found (see Chapter 4).

The result of the 1load carrying ability of a candidate
lubricant can then also be expressed in % of the reference
lubricant:

Fs (Candidate)
Fs% (Candidate) = 100%
FS (Reference 0il)
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To check the rig it is recommended to run duplicate tests on
the reference oil after every e.g. 20 candidate lube tests.

4. Results of the F2G-Ryder Tests

The different tests were performed on the test rig built under
this contract for the USAF. For the first series of Standard
FZG-Ryder tests a standard oil supply system (see clause
2.1.1) was wused. Then the rig was modified for high
temperature application and the new high temperature oil
supply system was installed. In the second series of standard
FZG-Ryder test the high temperature o0il supply system was used
at nominal 74°C inlet temperature and in the third series of
high temperature FZG-Ryder tests the h.t. o0il supply system
was used at 200°C inlet temperature.

All tests were performed using the actual driving motor of the
USAF~rig at German power supply conditions, i.e. 380 V and
50 Hertz. This was possible because the motor is of the
multi-voltage and multi-cycles type. To arrive at the same
pinion speed a different gear set in the speed up gear was
used for testing in Germany. The gear ratio for 50 Hz (used
for the tests) was zz/z1 = 3.3. The delivered gear ratio for
60 Hz is zz/z1 = 2.7 what compensates for the higher nominal
motor speed at 60 cycles.

Tables containing all test results as well as diagrams of the
failure development are given in Appendix B. The results are
summarized in Table 7.

The results were statistically evaluated acc. [7, 8]. The
values in Table 7 are determined as follows:

ie3

. F..
Mean M: m = +—1 Si

- 15 -
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Standard Deviation S.D.:
1 n
s =J~— ¥ (F.. - m)2
n-1 i=1 >t

From these results the repeatability r (one lab, one machine,
one operator etc.) can be calculated:

r = 2.8s

All data were checked acc. to the Cochran-Test, there were no
outliers.

4.1 sStandard F2G-Ryder Tests Using Standard 0Oil Supply System

The tests were performed for lubricants numbers 1 through 5
(Table 5).

Due to problems with the oil flow rate measurement tests nos.
1l - 8 with Hercolube A (0il 2) were run at an oil flow rate of
approx. 4 1/min and test nos. 9 - 12 with TEL 7038 (o0il 3) at
an oil flow rate of approx. 2.5 l/min instead of 1 1/min. The
results were considerably higher than expected. After reducing
the o0il flow rate to 1 1l/min tests nos. 13 - 40 showed
consistent results (see Table 7). A comparison of the original
Ryder and the F2G-Ryder Results can be taken from Fig. 17.
Following tests nos. 41 - 48 with Reference 0il C (oil 1)
showed divergent results. While Refoil C was supposed to show
the highest scuffing load acc. to the original Ryder results
the FZG-Ryder tests gave the lowest results of the five tested
oils.

An explanation could not be found. Refoil C is a mineral based
lubricant of completely different viscosity grade as compared
to the other ester type oils.

Exept of the unexpected behavior of oil 2 the other lubricants
showed absolutely higher scuffing ratings in FZ2G-Ryder Test as
compared to the original Ryder test. This could be adjusted in
further investigations by either reducing the o0il flow rate
(see clause 4.2) or manufacture of test gears without tip
relief.

- 16 -
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4.2 standard F2Z2G-Ryder Tests Using High Temperature 0il
Supply System

After modification of the test rig and the manufacture of the
h.t. oil supply system with an o0il quantity of 3 1 comparative
tests at standard inlet o0il temperature of &Lil = 74°C were
run with oils nos. 1 and 2. Additionally, the oil flow rate
was changed to 0.5 1l/min. The test results of tests nos. 49 -
56 are summarized in Table 7, details can be taken from
Appendix B. Due to lack of test gears only two test runs were
performed for one parameter combination. In the higher 1loads
starting approx. with 1load stage 7 the standard oil
temperature of oil = 74°C could no longer be held constant.
The temperature rises to approx. 85°C in load stage 10. The
problem could not be solved because the addition of a water
cooler would cause extreme problems at '3Lil = 200°C and an
alr cooler would increase the necessary o0il volume
considerably.

At 1 1l/min o0il flow rate the scuffing load capacity of
Hercolube A (oil 1) lay in the same scattering range as the
results obtained with the standard oil supply system. The
results at 1 1/min o0il flow rate of the Refoil C were now
considerably higher. The relative rating was now 112% of
Hercolube A compared to 131% in the original Ryder tests. This
is still somewhat too low but compared to former results
(clause 4.1) at least in the right order of magnitude. An
explanation could not be found.

The results at different oil flow rate of different tests in
clause 4.1 and 4.2 at standard inlet temperature ;:il = 74°C
are compared in Fig. 18. Although there are only a few test
results available the following tendency seems to be clear:

For the low viscosity ester based lubricants (oil 1 and 3) the
scuffing load increases slightly with increasing o0il flow
rate. There is hardly a difference between o0il flow rate of
0.5 and 1.0 1/min for these lubricants. In contrary to that
the decrease of the oil flow rate from 1 1/min to 0.5 1l/min
causes a drastic drop in the scuffing load capacity for the

- 17 =~




-

Refoil C (o0il 2). This might be due to the high viscosity
level of this lubricant and thus completely different flow
characteristic and heat transfer ability.

Further tests to clarify the situation were not possible
because of a lack of test gears.

4.3 High Temperature FZG-Ryder Tests

High temperature test with an o0il inlet temperature of JZil =
200°C were run with o0ils nos. 2, 5 and 6. The results can be

taken from Table 7 and Appendix B. They are summarized in Fig.
19.

The absolute scuffing load capacity of the non EP reference
0il Hercolube A (o0il 1) as well as for the EP containing
lubricants TEL-7040 (oil 5) and Shell Asto 555 (0il 6) dropped
to quite an extent as compared to the results at ;Zil = 74°C
(see Pig. 19, a and b). The ranking of the different
lubricants at low temperature (Fig. 19a) and high temperature
(Fig. 19¢) did not change but the relative load carry capacity
is somewhat different at high temperatures. A general tendency
cannot be derived from the few tests performed. Nevertheless
it is obvious from Fig. 19 (a and c) that the relative load
carrying capacity at 1low temperatures cannot simply be
correlated to high temperature performance.

5. Remaining Problems

5.1 The o0il inlet temperature of Azil = 74°C cannot be kept
constant in higher load stages due to the small amount of

test lubricant.

Addition of a water cooler would result in somewhat
higher test o0il volume and would cause considerable
problems at high temperature operation {vapourt!t).
Addition of an air cooler would result in considerably
higher test oil volume.
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5.2

5.3

5.4

The measurement of the oil flow rate is only excact for
lubricants of operating viscosities less than 15 mm2/s.
This is no problem with all aircraft lubricants at 74°C
or 200°C but it is not exact for Refoil C at 74°C. For
Refoil € and oil = 74°C a reading of 1.5 1/min
corresponds to an actual oil flow rate of 1 1/min as
required. If necessary the o0il flow meter must be
calibrated for higher viscosity grades.

In high temperature tests at ’?oil = 200°C 1lubricant
filters of nominal grade of filtration between 5 um and
25 um had to be replaced continously due to Dblocking
(decrease in o0il flow rate!). There were no problems at
74°C with these filter elements.

For further testing filter elements with a nominal grade
of filtration of 50 um were used.

There is only one test gear pair left.

Summary

6.1

6.2

6.3

A modified FZG-Ryder Gear Machine was developed, designed
and manufactured with the capability to run F2G-Ryder

Scuffing Tests at high speed (n; = 9700 min~!) and
standard (A_ ) = 74°C) or high (., = 200°C) oil inlet

temperatures. The oil volume required is approx. 3 1.
Comparative tests at Standard F2G-Ryder Conditions with
aircraft ester 1lubricants gave good correlation with
original Ryder results of the same lubricants. There was
only very poor correlation using the high viscosity
mineral based Reference 0il C. An explanation could not
be found. It 1is recommended to use an ester type
lubricant like Hercolube A as a reference lube.

Tests with three 1lubricants at high temperature
conditions ('a.oil = 200°C) showed considerably 1lower
scuffing load capacity as compared to '\7’011 = 74°C. The
ranking of the 1lubes does not change but the relative
load capacity is different at the different temperatures.
That means that results at low oil temperatures cannot
easily be correlated with high temperature conditions.
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Table 1: Comparison of Machines and Operating Conditions of
Original Ryder and FZG~-Ryder Test.

Original Ryder FZ2G-Ryder Units
load application axial displacement torque
load measurement recalculated from distortion of
hydraulic pressure calibrated shaft
center distance 88.9 91.5 mm
pinion speed 10 000 9706 rpm
pitch line velocity 46.5 46.5 m/s
spray lubrication:
oil flow rate
0il temperature




Table 2: Comparison of Original Ryder and F2G-Ryder Gears.

!
Original Ryder

center distance a
number of teeth zl/z2
module m

working pressure

angle et
tooth width bl/bZ
tip relief Ca2
relative sliding

speed ngax/v
material:

case carburized

surface hardness HRC

surface roughness CLA

88.9
28/28
3.175

22.5
6.35/26
0

0.28
AMS 6260

60-62
0.3-0.5

FZG-Rydey] Units
91.5 mm
30/30 -

3.0 mm
22.5 °
6.35/26 Imm / mm
15 um

0.28
14NiCri4 -
60-62 -
0.3-0.5 um

Table 3: Comparison of Gear Materials of Original Ryder
and FZG-Ryder Gears

mean content
of AMS 6260 14 NicCr 14
C 0.11 % 0,15 %
Si 0.27 % 0.25 %
Mn 0.55 % 0.40 %
»Pmax 0.025 % 0.035 %
Smax 0.025 % 0.035 %
Cx 1.2 % 0.80 %
Mo 0.12 % -
Ni 3.25 % 3.5 %
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Table 4: Survey on measured values (pinion: without tip

relief, gear: with tip relief).

Gear no. Ff max fu max DIN qual. [ reason f. qual.|mean value | mean value PTV
in ym | in um Ff fu tip relief in um
CaZ Rz
25046 1i 2,5 5 4 X 11,5 0,94
25046 re 3,5 5,5 5 X 14 0,77
24986 1li 5 2,5 5 X 0,83
24986 re 4 1,5 4 X 0,89
25078 1li 2,5 3,5 3 X 12 0,89
25078 re 3 5,5 5 X 12,5 1,63
25018 1li 4,5 1,5 5 X 1,0
25018 re 4 2 4 X 0,93
25053 1i 3 6,5 6 X 11 1,25
25053 re 3 2 3 X 13 0,9%
24993 1i 3,5 2 4 b4 0,93
24993 re 4,5 2,5 5 X 1,13
25067 1i 2,5 5,5 5 X 10 1,43
25067 re 3 3 3 X X 12,5 0,85
25007 1li 4 2,5 4 x 0,84
25007 re 5,5 1,5 5 X 1,08
25034 1i 2 6 5 X 10,5 1,71
25034 re 2,5 3 3 X 11,5 0,77
24974 1i 4,5 2 5 X 0,89
24974 re 3 1,5 3 X 0,85
25041 1i 2 4 4 X 9,5 1,36
25041 re 2,5 2 3 x 12 0,74
24981 1i S 2,5 5 X 0,98
24981 re 3,5 2,5 4 X 0,91
25051 1i 2 5,5 5 b4 9,5 1,1
25051 re 2,5 4,5 4 X 13 0,76
24991 1i 4 2 4 X 0,69
24991 re 3 3 3 X X 1,0
25033 1i 2,5 4 4 X 10 1,47
25033 re 2 1,5 2 X 12 0,95
24973 1i 4 1,5 4 X 0,77
24973 re 3,5 1,5 4 X 0,97
25082 1i 2 4,5 4 X 10,5 2,11
25082 re 2 3 3 X 13 0,94
25022 1li 4 2 4 X 13 1,08
25022 re 3,5 2 4 X 0,93
25059 1i 2 3 3 b 10 1,2
25059 re 3 6,5 6 X 9,5 1,46
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Table 5: Main Data of Test Lubricants.
kin. Viscosity| typical Ryder
No.] Code No. Nato Code Brand Name QPL. No.| Specification at 100°C Gear Result
in mm2/s in ppi
1 TEL-7041 0-117 Reference 0il C - - 18 2960*
2 - - Hercolube A - - 5 2260°
3 TEL-7038 0-148 Mobil RM-248A 15F-1 MIL-L-7808H 3 2500"
4 TEL-7039 0-148 Exxon T.0.2389 M-1 MIL-L-7808H 3 2490
5 TEL-7040 0-156 Mobil Jet RM-139A 0-1A MIL-L-23699B 5 2800"
6 - 0-160 Shell Asto 555 8/83E DERD 2497 5 4400°
* reported from H. Jones, WPAFB, USAF
° reported from A. Kling, WIM, German Army
Table 6: Load Stages of the FZG Ryder Test
* calibrated shaft No. S18/23 diameter 18 mm
Load Stage | Torgque Tooth Load Gauge
in Nm in N/mm in 1b/in Setting*
in mm
1 17.5 66 375 0.33
2 35.0 131 750 0.66
3 52.5 197 1125 0.99
4 70.0 263 1500 1.32
5 87.5 329 1875 1.66
6 105.0 394 1250 1.99
7 122.5 460 2625 2.32
8 140.0 526 3000 2.65
9 157.5 591 3375 2.98
10 175.0 657 3750 3.31
11 192.5 723 4125 3.64
12 210.0 788 4500 3.97
13 227.5 854 4875 4.31
14 245.0 920 5250 4.64
15 262.5 985 5625 4.97
16 280.0 1051 6000 5.30
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Torsionswelle / Torsional Shaft Ubersetzungsgetriebe

Ubertragungsgetriebe Speed Up Gear
Slave Gears

kleines Olaggregat
Oil Supply Test Gear

Y
Mefkupplung groNes Olaggregat
Measuring Clutch Oil Supply Slave Gear
¢ ” Motor
Welle 2 u
Shaft 2 | Tl — ===
Shaft 1
Prufritzel Verspannkupplung Eupex - Kupplung
i} Test Pinion | oad Clutch Flexible Coupling
Priufrad/ Test Gear
Fig. 1: FZG-Ryder Gear Test Rig [ Schematic View)
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Filter
/
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Cooler
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X—' By - Pass
/ y

é |-o o~ Heater
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Fig. 2: Standard Oil Supply System ( Schematic View)
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Fig. 3: Photo of the Standard FZG-Ryder Gear Test Rig
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Fig. &: High Temperature Test Oil Supply System
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Fig. 5: Load and Speed Distribution (Gear Type R)
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Test Gears Type R
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Fig. 10: Material Structure of Test Pinion Type R
( Example)
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Fig. 11: Material Structure of Test Gear Type R
( Example)
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Fig. 12 Hardness Pattern of Test Pinion Type R ( Example)
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Fig. 13: Hardness Pattern of Test Gear Type R (Example)
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Fig. 14. Test Diagram for the Evaluation of the
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Scuffed Flank Area
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Percent of Scuffed Tooth Area in °/e —®

Test Plot FZG-Ryder Test
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Fig. 15: Evaluation of Scuffing Load
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GEAR TyPe R

SPRAY LUBRICATION WITH CONSTANT OIL TEMPERATURE
OF 74°C, Q1L FLow V= 1,0 L/MIN,

u6,5 M/s
10 MIN

PiTcH LINE VELOCITY v
DURATION PER LOAD STEP T

LOAD STEPWISE INCREASED UNTIL SCORED
AREA ON THE PINION FLANK EXCEEDS APPR, 30%
OF ACTIVE FLANK

FAILURE CRITERION:
MORE THAN 22.5% oOF ACTIVE FLANK AREA SCORED,
SCORING LoAD DETERMINED BY LINEAR INTERPOLATION

Fig. 16 : FZG-Ryder Test
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Fig. 17: Comparison of FZG-Ryder and Original Ryder
Results for Standard Conditions
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% former test results
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Appendix A

F2G-Ryder Gear Test Rig Schematic
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Appendix B

F2G-Ryder Test Results

(for english translation of graphs see Fig. 15)
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FZG-Ryder Tests with Hercolube A
0Oil Supply System: Standard
Lubricant Temperature: 74°C

Test Date Code Code Flow Rate Scoring Load
No. Pinion Gear in 1/min Fbt/b in 1b/in

1 13.7.87 24 964 25 024 ND 4 3375
2 8.9.87 24 964 25 024 NM 4 2710
3 9.9.87 24 986 25 046 ND 4 3769
4 10.9.87 24 986 25 046 NM 4 3855
5 11.9.87 24 974 25 034 ND 4 3927
6 14.9.87 24 998 25 058 ND 4 4399
i 15.9.87 24 998 25 058 NM 4 3991
8 15.9.87 24 980 25 040 ND 4 3825

Tests No. 1 - 8: Mean M = 3731 ppi

Standard Deviation S.D. = 500 ppi
19 25.9.87 24 993 25 053 ND 1 2769
20 28.9.87 24 993 25 053 NM 1 2865
21 28.9.87 25 000 25 060 ND 1 3237
22 29.9.87 25 000 25 060 NM 1 3223
23 29.9.87 24 971 25 031 ND 1 3C-9
24 30.9.87 24 971 25 031 NM 1 2652

Tests No. 19 - 24: M= 2968 ppi

sS.D. = 243 ppi
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Versuchsprotokoll FZG -Ryder-Test
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Versuchsprotokoll FZG - Ryder -Test
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‘ FZG-Ryder Tests with TEL 7038 0-148 Mobil
| Oil supply System: Standard
i Lubricant Temperature: 74°C

| Test Date Code Code Flow Rate Scoring Load
5 . No. Pinion Gear in 1/min F, /b in 1b/in
|
9 16.9.87 24 991 25 051 ND 2,5 2916
10 17.9.87 24 991 25 051 NM 2,5 2619
11 17.9.87 24 972 25 032 ND 2,5 3159
12 18.9.87 24 972 25 032 NM 2,5 3213
Tests No. 9 - 12: M= 2977 ppi
S.D. = 271 ppi
13 21.9.87 24 973 25 033 ND 1 2453
14 21.9.87 24 973 25 033 NM 1 2621
15 22.9.87 24 968 25 028 ND 1 2782
16 22.9.87 24 968 25 028 NM 1 2943
17 23.9.87 24 963 25 023 ND 1 3053
18 23.9.87 24 963 25 023 NM 1 2808
Tests No. 13 - 18: M= 2777 ppi
S.D. = 216 ppi
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Versuchsprotokoll FZG - Ryder -Test
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Versuchsprotokoll FZG - Ryder-Test
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Test
No.

33
34
35
36
37
38
39
40

FZ2G-Ryder Tests with TEL 7039
0Oil Supply System: Standard
Lubricant Temperature: 74°C

Date

8.10.87

9.10.87
12.10.87
12.10.87
13.10.87
13.10.87
14.10.87
14.10.87

Code
Pinion

24
24
24
24
24
24
24
24

078
078
996
996
985
985
995
995

Code
Gear

25
25
25
25
24
24
25
25

038
038
056
056
045
045
055
055

-55

2828

ND

ND

Flow

0-148 Exxon

Rate

in 1/min

A e R = I S Sy

Scoring Load
Fbt/b in 1b/in

2733
3101
3194
2882
3246
2936
2943
3207
3030 ppi
184 ppi
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Test
No.

25
26
27
28
29
30
31
32

F2G-Ryder Tests with TEL 7040
0il Supply System: Standard

Date

1.10.87
1.10.87
2.10.87
5.10.87
5.10.87
6.10.87
6.10.87
7.10.87

0-156 Mobil

Lubricant Temperature: 74°C

Code
Pinion

24
24
24
24
24
24
24
24

977
977
994
994
997
997
999
999

Code
Gear

25
25
25
25
25
25
25
25

037
037
054
054
057
057
059
059

- 58

ND

ND

ND

ND

Flow

Rate

in 1/min

N 2P = PR

Scoring
Fbt/b in

3466
3294
3257
3378
3368
3307
3039
3412
3315

130

Load
1b/in

ppi
ppi
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Versuchsprotokoll FZG - Ryder -Test
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Test
No.

41
42
43
44
45
46
47
48

FZG-Ryder Tests with TEL 7041
0Oil Supply System: Standard

Date

16.10.87
19.10.87
19.10.87
20.10.87
20.10.87
21.10.87
21.10.87
22.10.87

Refoll C

Lubricant Temperature: 74°C

Code
Pinion

24
24
24
24
24
24
24
24

976
976
967
967
987
987
984
984

Code
Gear

25
25
25
25
25
25
25
25

036
036
027
027
047
047
044
044

-61

ND

ND

ND

ND

Flow

Rate

in 1/min

7, B S T o o S e

Scoring Load
Fbt/b in 1lb/in
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2521
2308
2431
2211
2465
2063
2218
2329 ppi
156 ppi
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Gesamtschadensfldche in Y% —»
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Test
No.

49
50

51
52

FZG-Ryder Tests with TEL 7041 Refoil C
0Oil Supply System: High Temperature

Date

1.8.88
2.8.88
Tests No.

2.8.88
3.8.88
Tests No.

Lubricant Temperature: 74°C

Code Code Flow Rate
Pinion Gear in 1/min
25 001 25 061 ND 1
25 001 25 061 NM 1

49 -50: M=

S.D. =
24 970 25 030 ND 0,5
24 970 25 030 NM 0,5
51 - 52: M =
S.D. =

Scoring
Fbt/b in

3366
3444
3405

55

2900
2960
2930

42

Load
1b/in

ppi
ppi

pPPi
ppi

k4

’




Versuchsprotokoll
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Test
No.

53
54

56

F2G-Ryder Tests with Hercolube A
0il Supply System: High Temperature

Date

29.8.88
30.8.88
Tests No.

30.8.88
31.8.88
Tests No.

Lubricant Temperature: 74°C

Code
Pinion

24
24
53

24
24
55

965
965
- 54;

990
990
- 56:

Code
Gear

25 025 ND
25 025 NM

25 050 ND
25 050 NM

-66 -

. 0 )

Flow Rate
in 1/min

1
1
M
S
0,
0
M
S

LU

14

.D

Scoring Load
Fbt/b in 1b/in

3110
3514
3312 ppi
286 ppi
3004
3130
3067 ppi
89 ppi




Versuchsprotokoll FZG - Ryder-Test
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F2G-Ryder Tests with Hercolube A
0il Supply System: High Temperature
Lubricant Temperature: 200°C

Test Date Code Code Flow Rate Scoring Load

No. Pinion Gear in 1/min Fbt/b in 1b/in

57 2.9.88 24 966 25 026 ND 1 1124

58 5.9.88 24 966 25 026 NM 1 2010

59 6.9.88 24 981 25 041 ND 1 1904

60 7.9.88 24 981 25 041 NM 1 1947

61 7.9.88 24 969 25 029 ND 1 1493 Filter

62 14.9.88 24 969 25 029 NM 1 1744

63 14.9.88 24 975 25 035 ND 1 1630

64 15.9.88 24 975 25 035 NM 1 2285
Tests No. 57 - 64: M= 1767 ppi

S.D. = 356 ppi
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Test

66
67
68
69
70
71
12

FZG-Ryder Tests with TEL 7040 0-156 Mobil
0il Supply System: High Temperature

Date

20.9.88
21.9.88
22.9.88
23.9.88
6.10.88
7..9.88
10.10.88
11.10.88
Tests No.

Lubricant Temperature: 200°C

Code Code Flow Rate Scoring Load
Pinion Gear in 1/min Fbt/b in 1b/in
24 979 25 039 ND 1 1999
24 979 25 039 NM 1 1946
24 982 25 042 D 1 2016
24 982 25 042 WM 1 2426
24 983 25 043 ND 1 2420
24 983 25 043 NM 1 1752
24 988 25 048 ND 1 2491
24 988 25 048 NM 1 2413

65 - 72: M= 2183 ppi
sS.D. = 285 ppi
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Test
No.

73
74
75
76
77
78

F2G-Ryder Tests with 0-160 Shell Asto 555

0il Supply System: High Temperature

Date

13.10.88
14.10.88
17.10.88
18.10.88
19.10.88
20.10.88
Tests No.

Lubricant Temperature: 200°C

Code Code Flow Rate
Pinion Gear in 1/min

24 989 25 049
24 989 25 049
24 992 25 052
24 992 25 052
25 002 25 062 ND
25 002 25 062 NM
73 - 78:
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Scoring Load
Fbt/b in 1b/in
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