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Figure 1 - Analcg Cevices ADXL1002 Evaluation Board Figure 2 — PCB 603C01 Accel=rometer

The spectral noise is still slightly higher than the PCB accelerometer. However, if the MEMS accelerometer
may be proven effective for CBM purpoeses, there is a significant cost savings ove- traditional piezo
accelerometers. Traditional piezo devices require charge amplifiers, which increase the cost of each
vibration channel. However, MEMS acczlerometers are low impedance devices that need a simple power
supply and analog data acquisition hardware. The cost savings for a single accelerome=er application can
be as much as 50% and the savings only increases as the number of sensors increases, because the data
acquisition and power supply hardware typically provide capability for more than one sensor.

2.2.1.2 Low Cost MEMS Microphones

Microphones have been demonstrated for various engine monitoring techniques[12]-[12]. Similar to
accelerometers, MEMS microphones nave the same benefits of decreased cost per channel being
collected and simplicity of integration and monitoring. A comparison of a laboratory grade, free-field
microphone (shown in Figure 3) and a MEMS omnidirectional microphone (shown in Figure 4) is provided
below in Table 2. Similar to accelerometers, the effectiveness of MEMS microphones fcr CBM needs to be
demonstrated.

Table 2. Comparison of Two MEMS Microphones

TDK Invensense 1C5-40618 PCB 130A23
Frequency Response (Hz) 50 to 20,000 20 to 20,000
Sensitivity m/r'a) 12.59 14
Dynamic Range (dB) 140 150
Dynamic Range, 3% distortion limit (dB) 132 >143
Temperature Range (°C) -40 to 85 -10 to 50
Temperature effect on output, in range (dB) N/A <0.7
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Cuo = Mission flight hours * Hourly Rate » Number of failures = 1.13 % $4,798 (23)
*0.8169 = $4,429

The cost of the recovery of the helicopter can vary greatly, from no cost due to failure occurring over the
base, to extremely expensive and hazardous when the vehicle fails on a combat mission in hostile
territory. For the purpose of this exercise, let’s assume that 50% of failures occur outside of the range of
the base. Additionally, the cost to recover the helicopter can be assumed to include a truck with crane
capabilities and a number of hours to travel to the site, load the helicopter, secure the helicopter, return
to base and unload the helicopter. Assuming the need for a heavy equipment transporter and a crew of
2 to 3 people, and a roughly 10 hour recovery time (driving, load and unload). That is 30 man hours, plus
the truck operating costs. Assume the truck costs (fuel, mzintenance, etc.) are approximately $300/hr.

The total cost of recovery is assumed to be:
Cr = (personnel hours * pay rate + truck hours = truck rate) * number of failures (24)

Cr = (30 *$50 + 10 = $300) * 0.8169 = $4,500 = 0.8169 = $3,676

The cost of loss of life and vehicle will be assumed to occur if the platform fails to detect the failure, and
the crew does not notice a problem in time to land the aircraft. This estimation is performed with the
following assumptions: 1) the CBM+ system captures 95% of the potential failures and 2) only 20% of the
remaining failures would result in the loss of an aircraft and crew. Based on the earlier equation:

HR 550 = failure rate = P¢ (8)
Where:
P. = CBM Miss Rate « Rate of loss (25)
Therefore:
HRj ot = 0.8169 * 0.05 0.2 = 0.008169

This is the rate at which the aircraft may be lost, which can be applied to the cost of the helicopter and
crew. The cost of the loss of crew include death gratuity, survivor benefits, insurance (service members
group life insurance maximum assumed), and the cost of training new personnel[53][54]{61]. The survivor
benefits are based on 55% of expected retirement salary with an estimated 20 year payout. That is crew
pay * 50% retirement income * 55% survivor benefit * 20 years, which is $97,644[62] * 50% * 55% * 20
years = $537, 042.

Cc = (death gratuity + life insurance + survivor benefit plan + Cost of training) (26)
* HRAsset

Cc = (2+($12,410 + $400,000) + $537,042 + $1,100,000) * 0.008169

Cc = $20,111
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CEHM o cPHM — Acq®BM 4 (1 4+ FRga)+ Additional engineering effort (33)

Furthermore, assuming reliability of the vibration monitoring system similar to the IMD-HUMS results in
80% of the system being replaced duri : the course of the platform service life. This would equate to
replacing some sensors, 1 to 2 harnesses, and the data acquisition unit. So the equation above becomes:

ChoM + cPHEM =$1,010 = (1.8) + $55 = $1,873

For the infrastructure costs to maintain the data warehouse, continuously evaluate and update CBM
algorithms, etc., the costs are estimate based on commercial rates for data storage and two engineers
working halftime to support the CBM program. We are assuming the same numbers as the helicopter
example because although there are more platforms, there are fewer sensors and fewer critical failures.
In order to estimate costs, the data was assumed to include the entire fieet of FMTV vehicles
{(approximately 96,100), averaging 30 operating hours per month, and collecting data at a rate of 1/3 GB
per hour. Further, it was assumed that data would be kept for no more than 5 years. Therefore, the
necessary storage requirement was calculated to be approximately 52 Petabytes (PB) of data. Utilizing
published rates for the Amazon S3 storage[63], the average monthly cost for 52 PB of storage is
approximately $25,582/month. Therefore, for a single vehicle, across 30 years, the cost equates to $96.
Assuming reports are run once daily on the previous days data and it takes roughly 3 10ours on a virtual
machine with 1 Nvidia Tesla V100 GPU, and SMEs run other reports and analysis for another 3 hours per
day, then the total usage is 6 hours per day for 21 work days in the month. An Amazon EC2 P3 instance
with the single Nvidia Tesla GPU would cost $3.06 per hour[64]. Therefore, processing would add another
$386 per month for all vehicles, which breaks down to an added lifetime cost of $2. Trerefore, the total
lifetime infrastructure costs for a single platform is $98. The total investment costs for the FMTV
transmission CBM system are shown in Table 12.

Table 12 - FMTV Transmission CBM Investment Costs

Investment Cost Component | Abbreviation | Cost Notes

Combined recurring and non- | CEEY + CEEM | $1,873 | Estimated from hardware and

recurring costs engineering costs

Infrastructure costs chim $98 Estimated based on commercial storage
and processing costs

Vibration Monitoring Estimated ROI
Utilizing the above estimates of cost avoidance and Investment costs, the overall ROl of the IMD-HUMS
system may be estimated as follows:

AC 3
ROI = —2 )
i
$505

ROl = ———=
$1,873 + $98

0.256
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With a positive ROI, this states that the system provides a positive return on investment across the life of
the platform. This application of vibration monitoring has shown that adding vibration data capture and
processing capability to an existing vehicle CBM system provides a positive benefit. However, the negative
ROI from Section 2.2.4.4.2 shows that the burden of cost cf an entire CBM system cannot be justified by
evaluating the potential to detect transmission failures only.

2.3 Potential Future Research

The utilization of low cost sensors and GPUs for vibration monitoring in mobile ground assets has been
shown to have significant potential to CBM+. The majcr next step in the technology is the further
demonstration of an integrated system on a piatform. The ntegration of the data acquisition system with
a GPU for vibration monitoring of multiple vehicular system, such as engine, transmission, alternator, or
hydraulic systems would significantly increase the amount of data available for CBM analysis. Of
significant interest are rotational systems that currently lack any significant data for analysis (e.g.
alternator, hydraulic pumps) on the existing vehicle databts.

2.4  Training Opportunities

RCM is a process for developing maintenance practices to raduce costs and increase uptime. Multiple RIT
personnel were involved in the RCM process for the Cummins engine, which was facilitated by a trained
RCM professional. Personnel learned how to properly zpply RCM principles to a system, specifically
targeting condition monitoring outcomes.

Significant progress has been made in understanding the technigues for the application of autoencoders.
The proper design and application of autoencoders is sometimes referenced as an art form that requires
significant experience to master, which this project has prcvided.

2.5 Results Dissemination

RIT is presenting two papers at the 14" Annual Conference of the Prognostics and Health Management
Society. The papers are titled, “Feasibility of Low-cost Vibration Monitoring for Ground Vehicles” and
“Evaluation of NVIDIA Jetson System for Vibration HUMS,” and cover the utilization of new technolgoies
in vibration montioring for CBM+.

3 Gear Prognostics Research

3.1 Research Goals and Objectives

The Gear Prognostics subproject is focused on the fusion of vibration and oil quality monitoring data to
enhance the detection horizon of existing gear prognostics. The subproject seeks to improve anomaly
detection by exploiting advances in deep learning, while leveraging emerging, sophisticated, state-of-the
art frameworks. This Gear Prognostics subproject has three major objectives:

1) Extend data-driven anomaly detection based on representation learning to more complex
gearboxes, such as planetary systems;

2) Further enhance vibration based data-driven approaches with gearbox oil analysis data and pave
the way to the subsequent layers of PHM capability, viz. diagnostics and prognostics;
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where V is the supply voltage set at 5 VDC in this application. R.p is a function of wire resistance of a
single wire R, and the number of unbroken wires m ’

R
Rep = —
m (35)
where
m=10—-DL (36)
Inserting Eq. (35) into Eq. (34) vields
! V
Vep = —m—————
7 14+mR,/R, * (37)

which can be solved for m

Vcp (38)
and expressed directly as DL using Eq. (36)
R, ( V.
DL = 10——‘”(—5— 1)
o \Vcp (39)

Eq. (39) was used for a regression of the damage levels given measured v.p and V;. It often produced
good results, as illustrated in Figure 12.
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no actual meaning. Zero for one data capture could be 50 “or another, and 180 for the next. As such, the
values are just a continuous stream that wrap back around to zero, and shifting the datasets to set
min/max as the first value is a valid transformation to make learning a representation of a healthy TSA
easier (the compressed representation then does not have to learn where to place the min/max value if
you are learning via autoencoding).

timestamp: 2000-01-05 04:48:37.179000

tnmue- T= 204

TSA

-20

=40 A

Figure 17: A representative TSA

Figure 17 shows a representative TSA, computed by averzging 200 revolutions {in contrast with the RIT
test stand that averaged 24 revolutions), torque is expressed as a percentage. The observed pulsing across
the 360 degree revolution is due to interaction between the planet and sub gears in the gearbox.

The goal was to be able to identify which TSA captures correspond to known planetary ring gear faults
within the dataset by identifying outliers. All gear/shaft Cls are generated from the TSA, which represents
the raw form of the complex gearbox data for modeling gear/shaft health.

Figure 18 summarizes data captures across the gearboxes over a period of time. The numbers indicates
the total number of test runs.
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Functional Faiiure ] "g zZ| & 8| = 8| 3| & E & | Task 2 | 2 CBM Sensor
System | Function Failure Mode T|oWwo z=E0o waox r Description Frequency | 2| ?| Comment |Notes
C: Maintain Replace engine
adequate and send to
7: Engine | compression 1: Loss of depot for
Block within engine Cylinder 3.3, Damaged 1 RT | inspection and
Assembly | cylinders Pressure Valve Seat Y Y|{? 11 7] 0] 70]F rebuild Upon failure 3 |N|[N
C: Maintain
adequate
7: Engine | compression 1: Loss of
Block within engine Cylinder 4, Worn Vehicle
Assembly | cylinders Pressure Cylinder Wall Y|? 3] 4! 5]60]| SR | Overhaul 6 yrs. 5 |N|[N
C: Maintain
adequate ,
7: Engine | compression 1: Loss of Sleeve
Block within engine Cylinder 4, Worn RT | replacement on
Assembly | cylinders Pressure Cylinder Wall Y[ ? 3| 4] 5|/60|F [failure on failure 3 N[N
C: Maintain
adequate
7: Engine | compression 1: Loss of
Block within engine Cylinder 5, Worn Piston Acoustic acoustic
Assembly | cylinders Pressure Ring Y7 3] 4| 5]60]|0OC | monitoring continuous N[N microphone
C: Maintain
adequate
7: Engine | compression 1: Loss of Continuous or
Block within engine Cylinder 5, Worn Piston sampling every
"~~embly | cylinders Pressure Ring Y|[? 3] 4] 5/60]|0OC [ Oil monitoring X month 3 ]1]Y[N Oil Monitoring
C: Maintain
adequate
7: Engine | compression 1: Loss of
Block within engine Cylinder 5, Worn Piston Vehicle
Assembly | cylinders Pressure Ring Y|[? 3] 4| 5]60]| SR | Overhaul 6 yrs. 5 IN|N
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The goal of this work was to apply a DED process in a representative remanufacturing application of
industrial components using tool steel materials that have not been studied intensively in academic
laboratory settings. Testing was performed to evaluate thre material properties created in this cladding
process compared to the original substrate material properties. The main testing methods were abrasion
wear testing and bend testing. Abrasion testing was done on flat, surface-clad parts, while bend testing
was done on both flat-clad and crack fill cladding configurations that are discussed later. Post-clad heat
treatment (PCHT) was also experimented with during the bend testing in order to examine the effects of
internal stresses on the bending strength of the cladding.

9.1.3 MA RIALS AND METHODS

The DED system used to clad the samples discussed in this work
was a modified version of a LENS® Print Engine from Optonrec. This
system was integrated into a vertical CNC mill, refer to

The DED system consisted of a Fraunhofer COAX14 laser head, IPG
optics, a 1000W IPG Photonics laser controller (Model YLR-1000-
MM-W C-Y11), an Optomec SteadyFlow™ dual powder feeder, and
the associated motion control and tool path software. The cladding
powder materials evaluated were 420 stainless steel[6], H13 tool
steel [7], and M2 tool steel. The 420 stainless steel by Reade
Advanced Materials had a powder size distribution of 22-53 pum.
The H13 powder and M2 powders were both of size -75+20 pm and
supplied by Sandvik Osprey. The base metal for final testing
included both 4140 [8] in the annealed condition and a version
tempered to ~43 Rockwell C Hardness (245 Vickers). This material
was supplied by EMJ Metals in 5 x 1 x 0.25 inch blanks. In order to
test a representative crack-fill configuration, a U-shaped groove
was milled into a number of the 4140 blanks. Refer to Figure 40 for
a model of the blank dimensions and alloy compositions for all
materials used.
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