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ABSTRACT 

Any supplied gearbox performing below a user's clearly 
defined expectations can be viewed as a failure. This case study 
involves consistent lubricant leakage starting almost 
immediately after installation. Through various field 
inspections, modifications and a factory rebuild, the problem 
was not resolved to the owner’s satisfaction until replaced by 
(2) new units. This paper documents the factual elements of an 
engineering evaluation of a gearbox removed from an aerator 
drive at a wastewater treatment facility, using FMEA [Failure 
Modes and Effects Analysis] over FTA [Fault Tree Analysis]. 
The gearbox supplier chose FMEA because it considers the 
importance of the gearbox components, weighting them to the 
application, where FTA is often a pure top-down analytical 
engineering approach without consideration for external 
factors. The gearbox supplier performed a detailed disassembly 
of the gearbox under controlled conditions and inspected each 
gearbox component to identify any faults in material or designs 
focusing on those that affect the user. The goal of this analysis 
is to provide a technical understanding of the cause(s) of 
failure, its consequences, and a means to correct any problems 
with the gearbox, real or perceived. 

 
INTRODUCTION 

Aerators are essential in the efficient treatment of 
wastewater. The basic function of an aerator is to increase 
oxygen transfer so that beneficial bacteria can break down 
biological pollutants in the water. The increasing world 
populations and demands for responsible ecological actions to 
safeguard our increasing water supply requirements can only 
emphasize the growing importance of aerators as they return 
wastewater to nature without any harmful chemicals or 
biological elements. Aerators can account for a quarter of 
wastewater plant total energy costs.[1] The gearbox supplier’s  

experience indicates aerators account for the largest single 
application source of wastewater plant total energy costs. There 
are many types of aerator drives. This paper refers to a vertical, 
impeller driven oxidation ditch, as shown in Figure 1, where 
the gearbox supports the weight and thrust load of the impeller.  
In these types of applications, the selection of the gearbox is 
critical to withstand the aerator impeller thrust and radial loads 
– as the long impeller shaft creates a large bending moment on 
the gearbox low speed shaft. The low speed bearings need to be 
adequately sized to accommodate these loads to provide the 
required long term bearing life. This paper is valuable for 
wastewater treatment plant personnel, aerator suppliers, and 
power transmission suppliers wanting to supply new or 
replacement equipment and maintaining equipment to provide 
long-term, trouble free operation of the mechanical components 
of aerator drive equipment. This example might be useful for 
students to understand the importance of ‘real world’ 
conditions as they apply to the design, selection and supply of 
mechanical equipment. 

  

Figure 1. Reducer Supported Oxidation Ditch Aerator Drive 
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BACKGROUND 
Wastewater needs to be treated so that it is returned as 

clean as when it was originally taken from the water supply. 
Mineral or synthetic based lubricants harm the beneficial 
bacteria, which is used in the aeration process. Seal leakage on 
the vertical down low speed shaft (LSS) is of paramount 
concern to wastewater treatment personnel. The original 
specification for the supply of mechanical components 
identifies this need to prevent lubricant leakage into the water 
supply. Typically a ‘drywell’ design –Figure 2, is supplied 
isolating the LSS from the gearbox oil sump. The lower bearing 
(shaft projection side) is then required to be grease lubricated. 

 

Figure 2. Drywell Schematic 

In the gearbox supplier’s particular instance, 2 identically 
specified and sized gearboxes were installed in a Wisconsin 
municipal wastewater treatment facility.  

 
Motor: 56kW [75Hp], 1785rpm (900rpm constant torque) 
Axial Load: Fa = 13.8kN upward [3,103lbf] 
Radial Load: Fr = 1.83kN at 1830mm from gearbox mounting 

surface [900lbf at 6ft] 
 
The only differences between the 2 installations are 

application related: the direction of rotation. Aerator 1 (Left-
Figure 3) is clockwise and Aerator 2 (Right–Figure 3) is 
counterclockwise, when looking down through the gearbox. 
The gearbox is of a standard design, modified for vertical 
aerator operation. Modifications include: immersion oil heater, 
LSS drywell construction, shaft driven pump (to lubricate the 
upper bearings) and flow switch (for low flow indication of 
bearing lubrication). 

 
Figure 3. Aerator 1 (Original − Left),  Aerator 2 (Replacement

 − Right) 

The original units were supplied in 2002 to the aerator 
Original Equipment Manufacturer (OEM) for installation. 
Operation of the equipment began in 2003. Within months of 
continuous operation the user complained of intermittent 
lubricant leakage from the low speed seals on both aerator 
drives. On two separate occasions during 2003 and 2004, site 
visits were performed by the gearbox supplier to inspect, clean, 
and assess the leaking problem. During the visits, gearbox 
supplier personnel cleaned the grease leakage from the low 
speed seal and removed and cleaned the grease relief lines. 
There was some concern during the original installation, as the 
customer commented that they were re-greasing as they felt 
was necessary to replace the leaking lubricant. The supplied 
requirement was every 1,500 hours (two months for 24/7 
operation). The user was advised to reduce the re-grease 
interval to 6 months. The gearbox supplier assumed the 
maintenance personnel was applying too much grease to the 
lower bearing. 

 
In Jan 2005, the gearbox supplier determined that the best 

course of action would be to remove the units from service and 
return them to the assembly plant for warranty inspection and 
repair, even though the gearboxes had no other noticeable 
problems or concerns during operation. The ensuing factory 
inspection determined that the grease was being contaminated 
by oil ingression into the drywell. Oil path was through the 
gear keyway. The solution was to prevent oil ingression past 
the key with a spacer that was significantly wider than 
standard, effectively blocking the oil path to the keyseat. See 
Annex E for factory inspection reports. 

 
Aerator 1 gearbox was returned to service in October of 

2005 and within 1 year of continuous operation, sporadic LSS 
seal leakage was observed by on -site personnel. 
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In May 2007, factory engineers returned to the site for 
inspection and application observation. All operating 
temperatures were found to be well within acceptable norms. 
Excessive low speed shaft deflection was observed. Dial 
indicator readouts conducted over a 4-hour period indicated a 
maximum runout of 5mm, taken at the top of the low speed 
coupling on Aerator 1. The rust proof coating and the surface 
of the low speed coupling are assumed to account for 
approximately 0.1-0.5mm, resulting in what was thought to be 
4.5-4.9mm runout. Aerator 2 did not show any abnormal 
leakage at the low speed shaft and operation noise and 
vibrations were within norms. No shaft runout was measured 
on Aerator 2. Discussions with seal manufacturers recommend 
a maximum 0.5mm runout [2] for standard nitrile rubber seal 
engagement. 

 
The OEM and end-user were advised to reduce the internal 

grease chamber pressure by installing an expansion chamber. It 
was recommended the user also consider a drop-bearing design 
to accommodate excessive shaft loads. This design replaces the 
standard low speed shaft assembly with a longer shaft having a 
significantly longer bearing span, (Figure 4). It was assumed 
that the longer bearing span would reduce the shaft deflection 
and provide excessive service factor to the bearing life, 
accommodating any aerator loads above the calculated thrust 
and radial loads. 

 

Figure 4. Standard (Left) and Drop Bearing Designs  

 
At this point the seal leakage had reached its climax. The 

end user and OEM had perceived the seal leakage to be a unit 
failure and requested that the units be replaced. 

 
The gearbox supplier checked the project application 

information again and reconfirmed that the gearbox was 
adequately sized for the aerating application – based on the 
input requirements of speed, Hp and aerator radial and axial 
forces. Their review of the application input requirements and 

industry experience led them to believe that the potential cause 
of failure was related to the application.  
       The calculated service factor (SF) on Bending Fatigue was 
5.8 for the worst-case direction of rotation (equating to Aerator 
2 – which did not maintain the grease leakage problem after the 
1st rebuild). The gearbox supplier suspected that the aerator had 
somehow exceeded its calculated design parameters.  On 
agreement between the OEM and end-user, they agreed to 
supply two new replacement gearboxes for both aerators. Two 
units were supplied on request and management agreed that 
both units should remain identical. 
 

The same size gearcase and gearing were supplied, as the 
Hp requirements were not in question. The new unit aerator 
modifications did include a heavy-duty drop bearing design.  

 
In August 2008, Aerator 2 was replaced with the new 

heavy-duty drop bearing design. A condition of the replacement 
included the Aerator OEM to check the runout and balance of 
the aerator impeller.  The impeller was removed from the tank 
and checked on-site and found to be well balanced and within 
design dimensional tolerances. A visual inspection of the tank 
showed a build-up of sediment. No other abnormalities were 
found. The original unit was returned to the assembly plant for 
failure analysis.  

 
In October 2008, Aerator 1 was replaced with the new heavy-
duty drop bearing design. A visual inspection of the tank 
showed a build up of sediment. Refer to Annex D Figure 6-7 
for Photos. The sediment was found to be different than  in 
Aerator 2 tank. This sediment appeared to be mixed with a 
fibrous textured debris in approximately 20% of the sediment. 
Again, the impeller was checked for runout and balance. The 
impeller inspection revealed an imbalance and fractured bade 
tips. Annex D, Figure 8. A counter weight was added to one of 
the blades to bring the impeller into balance. Annex D, Figure 
9. During the same trip, the gearbox supplier inspected Aerator 
2 unit, which had been operating continuously for 2.5 months. 
The unit temperatures and operation were all found to be within 
normal parameters. No seal leakage was observed. Aerator 1 
unit was returned to the assembly plant for failure analysis. 

FMEA ANALYSIS 
 
The reliability technique, Failure Modes and Effect 

Analysis can often help identify potential design weaknesses 
for both product and application. FMEA provides a detailed 
way of examining the various modes of system failure, the 
likely effects of those failures, and the severity of the effects. 
[3,4] This technique was chosen over alternative methods 
because we felt it was important to consider the application and 
manufacturing and assembly processes. Fault Tree Analysis 
(FTA) is a pure top-down analytical approach where 
application is not usually considered. Equation (1) was used to 
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determine the Risk Priority Number (RPN) as detailed in Table 
1 [5] of the Annex B. 

RPN = Frequency 
Rating x Severity 

Rating x Probability of 
Detection Eq. (1) 

 
The calculation of the RPN ‘weighs’ the components in 

such a way as to identify critical components. In the gearbox 
supplier’s analysis, the Grease Lube Line, LSS Drywell and 
LSS Internal Oil Seal would be the top three as detailed in 
Chart 1. 

 
Chart  1. Risk Priority Number (RPN) 

INSPECTION RESULTS 
The inspection results are tabularized in Annex C – 

General Condition Assessment. Refer to Annex A - General 
Gearbox Schematic and Annex D – Photos, for reference to 
gearbox components.  

EXTERNAL VISUAL INSPECTION 
The remaining oil was drained from the gearbox, then 

nameplate information, low speed seal area and input shaft seal 
area were inspected. There was heavy grease leakage from the 
low speed shaft seal. The grease was discolored to black from 
the light green that was the original color. There was some rust 
on both low speed and input speed shaft but no significant 
damage was found. The shaft run-out and also endplay were 
within the specification. The shaft run-out on low speed shaft 
was actually 0.100mm and the shaft run-out on input shaft was 
0.010mm. 

INTERNAL VISUAL INSPECTION 
After the external visual inspection, all external parts such 

as pump and piping were removed and the housing was 
disassembled for internal visual inspection. There was some 
slight wear on the gears, but all looked to be in good condition 
and no significant damage was observed. All bearings were 
found to be in good condition. After the internal visual 
inspection of the gears and input/intermediate bearings, the low 
speed shaft portion was disassembled in order to see the LSS 

surface, LSS bearing, LSS oil seal and drywell baffle. The LSS 
had up to 5mm wear marks from the inner seal. The seal 
grooves, caused by seal wear on the LSS, were found to be 
acceptable.  There was no other significant wear on the LSS at 
the bearing mounting. The QC Department independently 
inspected the shaft. All dimensions including runout were 
found to be within tolerance. The LSS oil seal where the grease 
came out did not have any significant damage such as softening 
or brittleness on the OD and lip. The OD of the seal had a dry 
‘ring’, which is assumed to mean that no grease penetrated the 
seal OD. The QC Department also inspected the welding of the 
drywell baffle. No irregularities were reported. 

OIL AND GREASE ANALYSIS 
Samples of oil (from the sump) and grease (from the LSS 

bearing cavity) were sent to an independent laboratory for 
analysis. The oil and grease used for the gearboxes were of 
recommended viscosity and the condition was normal. See 
Annex F for Oil Sample Reports. 

GREASE LUBE LINE INSPECTION 
The piping for grease inlet and outlet was removed from 

the gearbox for the inspection. Upon removal, it was 
determined that the supply line was holding pressure (after 5 
months of inside storage). A pressure test was conducted of 
grease supply and relief lines to determine if the lube lines had 
any blockages. Slow & steady pressure was applied up to 100 
psi, failing to expel any grease. The piping surface was heated 
to 162 deg F by a gas burner and the grease exited with some 
force. The resulting grease composition was solid and pliable. 
Approximately 8-10 oz of the oil had totally separated from the 
soap, which had acted as a thick plug in the grease line. A 
further inspection of the grease lines for aerator 2 gearbox did 
not exhibit the same conditions. The grease was significantly 
less viscous. 

POSSIBLE FAILURE MODE(S) 
The position of the lube access points were requested by 

the aerator OEM in the original specification. The supply and 
relief line lengths were constructed to provide ease of access 
for routine maintenance. Based on the grease piping inspection, 
the oil separation from the grease could build a high pressure 
inside of the gearbox. The gearbox was operating in a cold 
location during an extended winter season. Under normal 
operation, the housing and bearing covers are warmed by 
friction from gears, bearing rollers and oil churning. There is 
some concern that the NLGI #2EP grease required for normal 
bearing lubrication which was in the external piping may not 
have benefitted from radiant heat of the gearbox or the 
immersion oil heater. Discussing the conditions with lubricant 
suppliers, the grease can separate the oil from soap base when 
it is subject to the cycle of hot and cold temperatures. From the 
application point of view, it was verified that there was 
excessive operating runout on the gearbox low speed shaft. It is 
assumed from previous inspection, that excessive shaft loads 
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are responsible for shaft movement. If the shaft movement is 
greater than the allowable deflection of the oil seal, the grease 
could seep out between the seal lip and shaft. Since there is no 
other quality and design concerns found except the grease lube 
line, the possible cause of grease leakage from the seal is 
mainly the excessive overhung load on the gearbox and less 
likely the build up of internal pressure due to grease property 
changes in cyclical temperature conditions. The gearbox 
supplier has assumed the shaft deflection also caused the wide 
seal mark on the LSS, from the inner seal, causing the seal to 
‘wobble’ over a wide area. Annex D, Fig. 14. This is further 
confirmed by Aerator 2 gearbox which is an identical unit 
mounted in the same environmental conditions. No lubrication 
degradation, leakage or wide seal groove area has been 
discovered after the initial rebuild in Jan 2005. 

 
In this case, no quality and assembly problems were found 

on the LSS Drywell and LSS Internal Oil Seal, however this 
FMEA tells the gearbox supplier that they have to be careful 
not only for manufacture and assembly, but also for application 
effects. Relatively simple clogs and/or grease separation could 
cause a failure, like the potential in our referenced issue. 
Extreme cold and warm temperature cycles may have 
detrimental effect on the lubricating grease. Providing 
consistent temperatures to the lubricant should eliminate this 
potential problem. FMEA has highlighted how each gearbox 
part could be a candidate for failure and provides us the 
opportunity to determine the root causes. The pressure test of 
the lube line may have never occurred if the application 
conditions were not considered in designing the Priority 
Assessment. 

CONCLUSIONS 
Through the inspection and failure analysis, the gearbox 

supplier has concluded the following: 
 
No quality problems were found on the gearbox parts. 
 
No assembly problems were found. 
 
The cause of failure is likely application related. 
 
The design and regrease intervals of the lubrication lines 

should be reevaluated for environmental considerations. 
 
The evidence leads the gearbox supplier to conclude that 

the most likely root cause of failure was excessive over hung 
load on the gearbox low speed shaft which caused the shaft 
deflection and grease leakage at the low speed seal. 

LESSONS LEARNED 
FMEA tells the gearbox supplier that A) all the gearbox 

parts could be a candidate for the cause of failure and B) design 
is limited to clearly defined application information.  

 

Normally the viscosity grade for gear oil is selected based 
on an ambient temperature but for the grease lube, it may not 
be selected as careful as gear oil. Lube system and the 
environment need to be considered thoroughly during lubricant 
selection. 

 
A minimum bearing span specification has been instituted 

for aerator applications to provide a significantly larger margin 
of safety to accommodate unforeseen and unpredicted 
application variables.  From this application and previous 
situations, a maximum 5:1 ratio of reducer bearing span to 
impeller length will be allowed with the standard bearing 
configuration. A ratio larger than 5:1 indicates that a drop 
bearing design is required. 

 
Figure 5. Bearing Span to Aerator Length  
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ANNEX A 

GENERAL GEARBOX SCHEMATIC 
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ANNEX B 

TABLE 1. FMEA RISK PRIORITY ASSESSMENT 
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ANNEX C 

TABLE 2. GENERAL CONDITION ASSESMENT REPORT 
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ANNEX D 

PHOTOS 
 

 
Figure 6.  Aerator 1 Basin Sediment 

 

 
Figure 7. Detail of Fibrous Debris in Aerator 1 Basin 

 

 
Figure 8. Example of Broken Impeller tip for Aerator 1  

 
Figure 9. Added Weight to Re−Balanace Aerator 1  

 

 
Figure 10. Low Speed Seal Area at Factory Inspection 

 

 
Figure 11. Input Shaft Seal Area at Initial Inspection  
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ANNEX D  

PHOTOS CONTINUED
 

 
Figure 12. Low Speed Gear  

 

 
Figure 13. Low Speed Shaft Assembly  

 

 
Figure 14. Low Speed Shaft Seal Contact Area  

 

 
Figure 15. Low Speed Bearing  

Normal (thin) Seal Groove Wear

Unusual (wide) Seal Groove Wear 
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ANNEX D  

PHOTOS CONTINUED 
 
 

 
Figure 16. Low Speed Seal and Bearing Cover  

 

 
Figure 17. Drywell Chamber  

 

 
 

 
Figure 18. Low Speed Grease Supply Line  

 

 
Figure 19. Low Speed Grease Relief Line 
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ANNEX E  

INITIAL FACTORY INSPECTION REPORT (FIRST PAGES ONLY) 
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ANNEX F 

OIL AND GREASE TRIBOLOGY REPORTS FOR AERATOR 1 GEARBOX 
Test Results show no abnormalities of Grease or Oil Samples taken for final FMEA inspection. 
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