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Abstract

After a period of operation high speed turbo gears may exhibit a change in the longitudinal tooth contact
pattern reducing full face width contact and thereby increasing the risk of tooth distress due to the decreased
loaded area of the teeth.

The phenomena may or may not occur. In some units the shift is more severe than others and has been
observed in cases where there is as little as 16,000 hours of operation. In other cases there is no evidence of
any change for units in operation for more than 170,000 hours. This condition has been observed primarily in
helical gears. All recorded observations have been with case carburized hardened and ground gear sets.

This document describes the phenomena observed among some of many installed high speed gear units in
field operation which have been inspected. The authors have not found any written material describing this
behavior and upon further investigation suggest a possible cause. Left unchecked and without corrective
action, this occurrence may result in tooth breakage.
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Longitudinal Tooth Contact Pattern Shift
John B. Amendola, John B. Amendola lll, and Dereck Yatzook, Artec Machine Systems

Introduction

Field inspection of high speed turbo gears after an undefined period of operation may exhibit a change in the
mating contact pattern of the gear mesh.

This has been observed on gear rotors with the following characteristics:

e Gear elements which are case carburized and ground

¢ Relatively large face widths (greater than 300 mm)

« Pitch line velocities greater than 100 m/s

e Modified leads accounting for both mechanical deflections and thermal deformation
e Operating hours with as little as 16,000 hrs and as much as 170,000 hrs.

Lead corrections for high speed gearsets

Every gearset is subject to torque, resulting in elastic deflection of the gear tooth parts as well as the entire
rotor body. Individual teeth bend, the pinion and wheel bodies twist, bend, and expand under the effect of the
torque, load, and centrifugal forces; see Figure 1.

For high speed gear sets the mechanical deflections described herein are compounded with additional factors
which result in further deformation of the gear teeth:

- Churning of the lube oil and frictional losses in the bearings cause the rotor bodies to heat up and
consequently expand.

- Pumping action of the oil and air entering the gear mesh produces an increased asymmetrical
temperature gradient of the gear tooth along the length of the tooth flank resulting in added deformation.

Special consideration must be given to compensate for these mechanical deflections and thermal distortions

so that the load across the gear face is uniformly distributed under normal operating conditions.

Toothing modification for gear sets with pitch line velocities greater than 100 m/s require careful consideration
of thermal distortion. The resulting thermal deformation, in addition to the mechanical deflections, requires a
composite profile and longitudinal modification to achieve proper load distribution under operating conditions;
see Figure 2 and Figure 3.

Figure 1. Tooth contact patterns of a spur toothed pinion without longitudinal correction at rest
(top) and with load with load (bottom) applied
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Figure 2. Schematic of single helical toothing deflection with added parameter for thermal
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Figure 3. Schematic of double helical toothing deflection with added parameter for thermal
deformation and the associated lead correction
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Investigations by Martinaglia were performed to accurately determine temperature conditions in a high speed
pinion, see Figure 4.

The dimensional parameters of the rotor configuration define how the lead is modified. Its derivation is
specific for a continuous single or double helix. Therefore, this dimension is largely dependent on the
experience gained by years of observation of the tooth bearing patterns at nominal loads leading to accumu-
lated empirical values.

Early observations

Evidence of a longitudinal tooth contact shift was first observed by Artec in the early 1990’s. When first
observed, it was initially thought to be the result of changes in the foundation or other external influences of the
gear unit inducing a small misalignment in the mesh. However subsequent inspection(s) of the same and /or
other installation(s) revealed a curious shift of the contact pattern. Since this observation did not consistently
manifest itself when inspecting other installations, the cause of the phenomena remained questionable for a
number of years. When a contact shift was observed, oftentimes heavy varnishing of the lubricant on the gear
teethinthe vicinity of the contact face was noted in the area of the highest temperature gradient; see Figure 5.
This is also the area where the deepest correction is required; see Figure 6. The phenomena had been
observed in both gear sets where the thermal corrections were nearly negligible as well as units with
significant thermal corrections.
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Topographical lead modification
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Figure 5. Varnish deposits on gear teeth
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Figure 6. Original toothing modification plan
(Ordinate values intentionally omitted for proprietary reasons)
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Phenomena

In all cases upon inspection, the contact pattern on both the loaded and non-loaded flank exhibited a contact
shift deviating from the originally designed tooth contact pattern. In some units the contact shift is more
severe than others. Ifleft unattended, this contact shift of the intended designed contact pattern may progress
resulting in ever increasing locally high loaded segments of the rotor flanks which may eventually resultin gear
failure.

Case study - example installation verifying longitudinal contact shift

Application:  Driving: gas turbine (4,670 rpm)
Driven: centrifugal compressor (2,926.5 rpm)

c-Cc center distance = 580 mm (22.853 in)

B face width = 500 mm (19.764 in)

§ helix angle = 10° (single helical)

o pressure angle = 20°

- rotor material = carburizing alloy steel
P power = 37,285 kW (50,000 hp)
PLV  pitch line velocity = 109 m/s

m module = 9.25

Observations in the field: Inspection after 12 years and 105,000 hours of continuous
operation:

Dynamic:

After 105,000 hours the gearset showed no signs of tooth surface distress; i.e., scuffing, micropitting and
virtually no signs of pitting (a few pits were found on the dedendum of the pinion). Varnishing (on both pinion
and wheel) was noted to be heaviest in the flank section with the deepest lead correction. However under
observation it was readily noted that the “dynamic” load clearly favored the turbine end, little or no load
appeared to have been transmitted over the first ~150 mm of tooth face nearest the compressor end.

The tooth contact pattern of the old rotors prior to removal was found to be in very poor condition and was notin
accordance with the original manufacturer’s protocol. The tooth contact was found to be heavy in the central
left portion of the tooth flank in a centralized area 100 — 175 mm from the pinion drive end of the flank. In this
region contact was found to be symmetrical to the pitch line (that is, distributed evenly along the profile) with
equal load sharing along the addendum and dedendum.

Attempt to correct in the field

In this case the unloaded static tooth contact pattern of the drive flank was originally designed to be at the
(NDE) compressor side of the mesh. After 12 years of continuous operation this static pattern shifted toward
the (DE) gas turbine side. Subsequently, the non-loaded tooth flank (originally designed with a unmodified
straight contact pattern) shifted toward the (NDE) compressor side.

An attempt was made to correct the no load static tooth contact in the field by shifting the static contact toward
the NDE of the pinion. Only a fractional improvement was realized even with a relatively large adjustment.
Improved contact is only possible if the longitudinal correction was no longer in accordance with the original
specification. This had confirmed that the tooth form had become distorted with time.

On this basis a decision was made to replace the rotor set with an unused spare set of rotors. The new rotors
were installed and the no load tooth contact was recorded, and confirmed to be according to the original
configured protocol. An operational check of new spare rotors (dynamic tooth contact) via the inspection
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cover revealed full load tooth contact after the operation reached steady state conditions. The observed
contact was 100% consistent across the entire tooth flank.

Confirmation of hypothesis

The old pinion and gear which were taken out of service were placed on a lead and profile checking machine to
determine the as found lead and profile measurements. Figure 6 describes the original corrective values as
made on the gearset loaded tooth flanks prior to operation. Figure 7 describes the as found loaded tooth flank
measured values. Comparison of these figures demonstrates tooth flank expansion which shifted the original
no load static contact pattern and provided obvious evidence of permanent deformation of the gear teeth.

Permanent deformation was also evident on the non-loaded tooth flanks (back side). Figure 8 and Figure 9
provide a graphical comparison of each rotor non-loaded tooth flanks showing the amount of change that took
place for both the pinion and wheel.
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Figure 7. Loaded flank - design and as found
(Ordinate values intentionally omitted for proprietary reasons)
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Figure 9. Wheel unloaded flank - design versus actual

The expansion is remarkable insofar as it has a magnitude nearly 75% of the amount of the design lead
modification.

Theory as to cause

During gear unit operation there is a high velocity axial flow of lube, oil and air across the helix(s) of the mesh.
Through mesh engagement, oil and air are mixed and compressed resulting in an asymmetrical (uneven)
tooth flank temperature gradient; see Figure 4.

Inthe case study highly localized temperatures had reached levels that caused a metallurgical transformation
wherein entrained austenite was transformed to martensite. This transformation resulted in an expansion of
the case material thereby affecting the tooth thickness which resulted in a contact pattern change on both the
loaded and non-loaded flanks. The mechanism of expansion is due to the density difference between
austenite and martensite. As noted from Figure 9 this expansion does not occur in a uniform manner since the
temperature rise from the meshing action is asymmetrical over the tooth length.

Dudley’s Handbook of Gear Design states: “After quenching, steels are usually tempered or stress-relieved.
The tempering operation may be used to reduce the hardness of a part and increase the toughness. By
properly adjusting the tempering temperature hardness values can be obtained over a wide range. Even
when no reduction in hardness is desired a low-temperature (250to 350°F) tempering operationis desirable to
reduce stresses in the steel and produce a kind of martensite that is tougher than the kind produced
immediately upon quenching.” This temperature range may be achievable in the operational environment of
some running gear units.

Load conditions, partial loads vs. full load, tooth module, level of operating stress numbers relative to gear
tooth design may also have contributing influences. Animproper design lead correction and/or manufacturing
errors of the unit, or an improperly set up gear tooth contact pattern during the original installation, or changes
due to uneven bearing wear or soft foot may also contribute to the described phenomena.

Considering the successful length of service in the noted example it can be determined with certainty that the
gearset was furnished with an optimized lead and at the outset of service the unit operated with uniform con-
tact across the entire full face width of the toothing. As service time was accumulated a segment of the tooth
flank increased in temperature and reached the tempering temperature range. This most likely was the result
of accumulated varnish staining of the gear teeth. Transformation occurred slowly at first and then increased
at a faster rate reducing flank contact over time. The appearance of significant varnishing of the gear teeth
was the cause of this rise in tooth temperature.
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Varnishing does two bad things:

e Varnish is an insulator on the gear teeth thereby reducing the efficiency of the lube oil to cool the gear
teeth. As the varnish builds up a worsening condition develops. As aresult, the gear teeth will get hotter
thereby encouraging tempering of the gear teeth in that regime of the flank.

e Varnishing increases the frictional affects of the compressed lube oil and air as it travels longitudinally
across the flank thereby adding additional heat to the tooth flanks.

Regardless of the means of entrainment, the action that leads to varnish is in place. From here, the failure can
proceed with adiabatic compression in the load zone of a lubrication system. Adiabatic compression occurs
when air bubbles travel from low pressure to high pressure. The air bubble compresses rapidly (implosion)
resulting in intense entrapment of the heat and extreme rise in temperature.

In this example during the earlier years of service prior to the slow development tooth varnishing, the
maximum temperature along the tooth length was most likely below the tempering temperature range. As
varnish began to deposit on the gear teeth, the temperature gradient increased and gradually entered the
tempering temperature range beginning the process of transforming retained austenite to martensite and
thereby began its expansion. What was discovered finally was the result of what may have occurred over a
period of operation not consistent in a linear sense with the running life of the gearset. In fact, the major
transformation period likely started quite sometime after the start of service and then changed rapidly, most
likely in the last few years of service. So while there has not been a failure, evidence of surface distress was
beginning to develop with small pitting located on the dedendum of the pinion, a failure may have been
imminent and was caught in time. Inspection of the rotors revealed an increase in surface hardness of
3 — 4 Rc (original 58 - 59 Rc now 61- 62 Rc) as measured at various points on several gear teeth. This is the
result of untempered martensite transformed from retained austenite. While the transformed surface is
harder than the earlier starting condition it could not possibly sustain the load over such a narrow portion of the
face for very much longer. Considering the locally high loads no additional surface distress was observed
such as more pitting or scuffing. We attributed this to the improved surface condition over running time.

It was reported to us a smallincrease in hardness has been observed on many high speed gear sets inspected
after years of running without any measured shift in the contact pattern (hence no expansion of the gear set
teeth). We conclude such gears were at the early stages of transformation and/or the retained austenite was
less than the reported case study.

It has been observed even with properly applied design corrections, (i.e., correctly designed and
manufactured tooth lead, as well proper alignment in the field) which result in more uniform and distributed
longitudinal load it is not enough to assure this phenomena can be avoided. From all indications, it would
appear this application had an effective lead correction based on the dynamic tooth contact check after com-
missioning. It is the thought that this gear did not varnish or temper for some time considering the number of
load cycles (operating hours). Rather, the high temperature gradient segment of the gear tooth inclined to
reach the highest operating temperatures was mostly responsible for inducing the highest stress on the lube
oil film. This in turn began the varnish deposit on the gear flanks inducing the material transformation.

Solutions based on presented theory
Consideration is given as follows:

1. Provide sufficient lubrication for mesh cooling as this is essential to avoid the tempering effect.

2. Utilize lube oil with a high resistance against oxidizing under load and if possible change routinely; i.e.,
every 25,000 hours.

3. Installimprovedfiltration systems that reduce or even eliminate varnish deposits. Electrostatic filtration is
reputedly a method of treating the problem. With oils of relatively low viscosities a considerable amount of
the submicron resinous material can be stripped out of the oil using charged-particle separators. Also
known as electrostatic filters or precipitators, these units separate carbon and oxidized particles by
field-induced electromechanical forces (charges) on polar carbon and oxide insolubles. The charged
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suspensions precipitate to the collection media or plates of the opposite charge, to which they adhere
tightly.

Avoid too much retained austenite in the rotors in heat treat at the time of manufacture. There is a
diminishing set of return in transformation of austenite to martensite. Rotors with 30% retained austenite
should be re-tempered. Sufficient iterations of tempering maybe required. While care is needed to avoid
too much loss in hardness, cold treatment may provide a suitable method after temper and quenching.

Some retained austenite is desirable for good gearing. A recommended target of maximum 20% is
advised to minimize the transformation effects during operation. With routine inspections small amounts
of operational transformation can be addressed in the field by small adjustments in the tooth contact.
(Many of the gear units inspected with high operational hours but without evidence of tooth pattern creep
are cresiited with gear rotors where retrained austenite had been properly controlled to lower percent
levels.)

Deepen the lead correction in the region of the highest temperature gradient particularly for wide face
width gears and gears with high PLV’s (pitch line velocities). While this may not be the optimum lead
correction it eases the stress on the lube oil film as it is squeezed through the mesh in the hottest section of
the flank thereby reducing the tendency of varnished particles adhering to the gear teeth in that regime. It
will not however appreciably change the heat gradient or shift the hot section. For existing gear sets in
operation where the tooth expansion has occurred and regrinding is possible, it is reported a deeper cor-
rection may benefit potential continued expansion of the gearset rotor over time. Added life expectancy,
rotor condition and the operating environment need to be evaluated in determining needed corrective
action.

Superfinishing reputedly can significantly reduce the quenching losses in the mesh by reducing the coeffi-
cient of friction along the line of contact. In the convergent zone ahead of the contact area, the sliding
component wipes the lubricant sideways over the tooth flanks as the lube oil rapidly travels longitudinally
across the tooth flanks.

Encourage periodic shutdown inspections allowing the gear teeth to be cleaned of any varnish deposits
according to the manufacturer’s recommendations.
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1

This document is written to report longitudinal tooth contact pattern shift of high speed gears caused by an

asymmetrical expansion of the rotor teeth width. It reports the mechanical consequences of such a phenomena and
measures that ifimplemented may preventthe phenomena. Itis nota metallurgical report and therefore does not explain
how to effectively limit the amount of retained austenite in carburized rotor forgings.
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