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Abstract— Senior design project 13452 is comprised of three main objectives, all of which pertain to the Dresser-Rand
reciprocating compressor located in the RIT ME machine shop. The three objectives are to reduce the compressor’s vibration by
50% while operating, to characterize and improve upon the passive thermosyphoning unit, and to install instrumentation to monitor
the compressor’s internal rider-ring wear.
I.
VIBRATION REDUCTION BACKGROUND
The Dresser-Rand compressor has been the subject of several senior design projects over the past few years. When the
compressor was first obtained by RIT, it was given to team P11452 to install and initially setup for operation. The circumstances for
installation were not typical for a single piston dual acting compressor, in that the installation location was on the second floor of a
building. The typical location for such a compressor would be a bottom floor where a cement pad could be utilized as an anchoring
point. This is not possible on the second floor, so team P11452 utilized ten elastomeric LORD lattice mounts. The LORD lattice
mounts were used in an effort to reduce the transmissibility of forces from the compressor to the building. The forces created by the
compressor are due to unbalanced inertial operating forces, which are inherent to a single piston reciprocating design. The
unbalanced forces subject the LORD lattice mounts to substantial longitudinal forces, causing the entire structure to oscillate in the
X direction 5 mm peak to peak. Team P12452 was given the objective to reduce this oscillatory vibration by 50%. With the use of
MR shocks, they were unable to achieve this goal, so team P13452 has again been given the task to reduce the vibration.
A. REDUCTION PROCESS/METHODOLOGY
To reduce the vibration of the compressor by 50%, a
function decomposition flow chart is used to generate methods
of reducing vibration. Figure 1.1 shows that to reduce
vibration, energy must be dissipated or opposed actively. A
Pugh matrix is used to compare concepts and eventually make
a selection. The criteria for the Pugh matrices are critical to
defining which concept is optimal. Passive systems, safe
systems, and systems transmitting the least energy to the floor
are favored.
FIGURE 1.1: Vibrations Functional Decomposition
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B. VIBRATION REDUCTION DESIGN
Tuned mass dampers (TMD) are primarily used to keep structures, such as skyscrapers, from vibrating at their natural
frequency. This works by tuning a mass and spring system to the natural frequency of the structure and letting the structure’s
displacement force the TMD. As a result, the TMD cancels the resonant frequency and creates a new, higher frequency with much
lower amplitude. The scenario referenced above is not for continuous steady state use, but for periodic episodes of resonant
excitations. However, the Dresser-Rand compressor is forced steadily at a frequency of 6.4 Hz as a result of the reciprocating
piston’s inertial force, while operating at approximately 360 RPM. In the scenario of a fixed frequency excitation, a TMD is utilized
by tuning the TMD mass and spring system’s natural frequency to the forcing frequency. This sets the compressor and tuned mass
in motion 180 degrees out of phase, cancelling a percentage of the compressor’s oscillatory amplitude. To determine the TMD
parameters and effectiveness, a systems level model of the compressor is used to simulate the dynamic motion of the compressor.
The model is made with the assumptions that the
compressor is a rigid body, each elastomeric lattice
mount acts as a spring and dashpot in parallel, and the
system is at equilibrium so no gravity effects are
considered. Figure 1.2 shows the parameters which are
used to create the 2D planar system model, which is
governed by three coupled equations. Motion in the x
direction, motion in the y direction, and the rotation
about the CG are the model states. The model is
implemented in MATLAB Simulink and solved with a
fixed time step of 0.001 seconds. Simulations are run
FIGURE 1.2: System Model FBD
from 0 seconds to 20 seconds to see the transient
response of the system and the steady state result. Figure
1.3 shows the simulated motion of the compressor plotted over empirical
data from accelerometers mounted to the compressor skid.
Parameters of the elastomeric lattice mounts are difficult to obtain, so
impulse testing is done with the use of accelerometers. The natural
frequencies of the entire system in the X and Y direction are revealed by FFT
outputs, figure 1.4 shows this. Natural frequency is used to find longitudinal
and vertical stiffness values. Equation 1.1 relates stiffness and mass to
natural frequency.
(1.1)

FIGURE 1.3: Simulation Plot Fit

Adjusting damping coefficients of the system to fit empirical
accelerometer data at steady state reveals the damping coefficients of the
dashpots. To implement the TMD in the model, another mass and spring
system is added in the longitudinal direction. The model with the TMD is
comprised of four coupled differential equations. It is assumed that the TMD
acts purely in the X direction. Any effect it has on the motion in the Y
direction is due to the coupled nature of the system. Figure 1.5 shows the
simulated compressor motion in the x direction after the TMD is
implemented.
Figure 1.4 also reveals that the compressor’s isolation system’s natural
frequency in the X direction is approximately 7 Hz. This being so close to
the piston’s forcing frequency of 6.4 Hz explains the system’s violent
oscillations. Figure 1.6 shows how the LORD isolator system is amplifying
the inertial force being transmitted to the floor by a factor of approximately
FIGURE 1.4: Simulation Plot Fit

FIGURE 1.5: Predicted X Position
w/ TMD Acting

FIGURE 1.6: Transmissibility Plot Showing Input Force
Amplification

3.8. Equation 1.2 relates damping ratio, natural frequency and forcing frequency to transmitted forces. This realization is key to
understanding why the system behaves so sporadically and previous attempts to reduce vibration have failed.

C. VIBRATION SIMULATION STUDY
Utilizing the system model, the TMD mass parameter is varied to simulate the potential vibration reduction effectiveness. As
the mass is varied in the mass, it is clear that once the mass surpassed 80 kg the law of diminishing return starts to apply to the
TMD’s ability to cancel compressor oscillation. However, a key design parameter is the TMD’s stroke. There is an inverse
relationship between the mass magnitude and the stroke length. Therefore the greater the mass, the less stroke is needed. This is
desirable, for the design then requires less space. A final mass value of 100 kg is chosen.

FIGURE 1.7: TMD Pre-Fabrication Design

FIGURE 1.8: TMD Prototype

D. VIBRATION REDUCTION MACHINE DESIGN
All modeling and stress analysis of the structure is done in PTC Creo. Components are designed to a safety factor of 10. All
bolts analyzed and designed to a minimum safety factor of 6. For safety reasons a cylindrical linear guide is implemented inside a
surrounding steel chassis. This design eliminates any chance of flying projectiles upon potential spring failure. Figure 1.7 shows the
pre-fabrication TMD design. This prototype is designed with the intention of majority of the parts being fabricated with CNC
WaterJet equipment. Figure 1.8 shows the final TMD. Its construction is simplified using sheared steel components, which are more
readily available given time constraints and a $500 budget.
E. EMPIRICAL DATA AND RESULTS
Using accelerometer data the TMD is tuned by monitoring compressor motion as mass plates are added or removed from the
TMD. The system is sensitive to mass changes in increments as small at 1kg. Due to the stiffness tolerance of the TMD spring, the

final mass is not 100kg but 116kg. Accelerometers are attached to the TMD mass to monitor the forces being produced by the
TMD. The TMD mass accelerates at a peak of approximately 35m/s^2, which indicates that the forces generated by the TMD are
approximately 4000N. Dresser-Rand has defined the inertial forces generated by the piston to be approximately 5000 N. This
suggests that 80% of the force generated from inertial effects is being opposed. Accelerometer data being acquired from the
compressor skid correlates with this assertion. Figure 1.9 and figure 1.10 show the reduction in compressor motion in the XZ global
coordinate system. A 82.5% reduction in X direction motion is observed as well as an 87% reduction in the Y direction. It is
conclusive that the TMD is a very efficient and simple solution to the compressor vibration.

FIGURE 1.9: TMD Effectiveness Over Time

F. IMPROVEMENTS AND CONCERNS
Performance of the TMD surpasses the initial
goal of 50% reduction. However fatigue life and TMD
system health is a concern. The system is oscillates at
a frequency of 6.4Hz, which equates to a fully
reversing load on the single coil spring of 4000N six
times a second. Millions of cycles will be accumulated
relatively quickly to other spring applications. Due to
the budget an oil tempered compression spring was
used due to its geometric and stiffness parameters. The
fatigue life of this type of spring is very poor, so it is
suggested that a custom spring constructed of high
strength piano wire is purchased. Other considerations
are to redesign the extension juncture to be used with
multiple springs to lower stress levels within the
spring elements. The TMD will fail at the spring
juncture, which makes this TMD a temporary success,
but the concept has been proven. With more invested
into a proper spring, the TMD will be a true solution
to the compressor’s oscillatory behavior.
FIGURE 1.10: TMD Effectiveness Motion Path

II. THERMOSYPHONING CHARACTERIZATION
Thermosyphoning is a process occurring in a system in which a coolant is circulated by free convection and buoyancy induced
flow, due to some temperature differential [1]. This technique is widely employed in industry for any number of applications,
among them cooling of nuclear reactors, solar water heater circulation, and cooling of components such as Dresser-Rand
reciprocating compressors. In an attempt to quantify the amount of cooling and flow occurring through the previously designed
thermosyphoning system, and develop an estimating tool for industry application, the arrangement designed by our predecessors
was analyzed. This system incorporated a finned cylindrical radiator as a passive cooling system, depicted in Figure 2.1, and a
series of pipes and fittings.

FIGURE 2.1: The flanged heat exchanger section
applied to the compressor by the previous group.

A. STEADY STATE FLOW IN SINGLE-PHASE NATURAL CIRCULATION LOOPS
When driving buoyancy pressure differentials are balanced by inhibiting viscous or frictional pressure losses in a single-phase
natural circulation loop, steady state flow prevails [1]. For an incompressible fluid with negligible viscous dissipation and uniform
thermal-fluid properties in closed, constant diameter natural circulation loop with fully-developed flow and a uniform heat flux
supplied at the heat source and sink, a generalized equation for steady state flow can be derived using principles of heat transfer and
thermal physics.
B. CALCULATING HEAT TRANSFER COEFFICIENT
As was previously stated, flow associated with free convection is induced by a temperature difference within a system creating
unbalanced buoyant and viscous forces. Ultimately, the gravitational force on the denser of fluid—the cooler fluid—overcomes the
retarding viscous forces and descends, warming as it falls, pushing the column of less dense fluid upward, cooling as it ascends,
creating continuous fluid movement [2].
This principle of density differentials challenges the aforementioned assumption of an incompressible fluid, illustrating the one
exception to that simplification: since this difference induces flow; variable density is accounted for in the buoyancy force through
the volumetric thermal expansion coefficient. This fluid property, denoted with a β, has units

and is expressed in Eqn. 1.1 [2].
(2.1)

Using a simplification known as the Boussinesq approximation, Eqn. 1.1 becomes
(2.2)

where ρ is the average density in (kg/m3), g is the gravitational constant, 9.81 m/s2, and the temperature difference is between the
mean surface and bulk ambient temperature in (K).
(2.3)
Plugging this simplification into the x-momentum equation from Navier-Stokes and nondimensionalizing this equation yields
the dimensionless parameter of free convection that is a direct result of the buoyancy force, the Grashof number, Gr.
(2.4)
where D is the pipe diameter in (m), and ν is the kinematic viscosity in (m 2/s). As a ratio of the buoyancy to viscous effects in a
system, the Grashof number fills the same role as the Reynolds number in forced convection.
Next, the Prandtl number , Pr, is used to introduce a ratio of momentum diffusivity to thermal diffusivity:
(2.5)
where α is thermal diffusivity in (m2/s), Cp is the specific heat at constant pressure in (J/kg*K), μ is dynamic viscosity in (kg/m*s),
and kf is the conductivity coefficient of air at 68°F in (W/m*K). Combining Eqns. 1.4 and 1.5 yields the dimensionless correlation
parameter, the Rayleigh number. Flow occurs at some critical value of Ra. Additionally, this parameter can be related to the Nusselt
number, NuD, with correction factors specific to system geometry and parameters. For each existing system geometry there exists a
unique boundary layer related to how the dynamic fluid interacts with the surrounding quiescent fluid. The case most closely related
to the system being analyzed, and those in use, is modeled as a vertical tube. For this reason, the analytical model considers the
system undergoing analysis to be a vertical tube experiencing internal flow, subject to a constant ambient temperature, T ∞, of 68°F,
and a uniformly distributed, average coefficient of convective heat transfer and thermal conductivity [2].
(2.6)
(2.7)
where h is the average convection coefficient in (W/m2K), and C and n are constants for a given flow situation. Since flow is
considered laminar in a system where the product GrPr of working fluid is greater than 104 but less than 109, and the system under
analysis yields a value on the order of 105, the system can reasonably be assumed laminar. For this case, in an assumed vertical tube
with laminar motion, C=0.55, and n=0.25 [3].
Equations 1.6 and 1.7 are combined and used to solve for the heat transfer coefficient, h.

(2.8)
C. CALCULATING HEAT TRANSFER
From this point, now that the heat transfer coefficient has been computed, analysis using heat transfer from extended surfaces is
utilized to derive a formula for the specific geometries of the cooling system, and to quantify the amount of cooling occurring
within the system.

FIGURE 2.2: The cross section of the flanged heat exchanger
applied to the compressor by the previous group.

A cross-section, shown in Figure 2.2, is used to model the system for this case. As was discussed previously, in this analysis the
system is assumed to be one, long, vertical pipe, under steady-state conditions with one-dimensional radial conduction through the
fins and negligible radiation exchange with the surroundings, so H is the total length of pipe in the system in (m), t, L and w are the
thickness, length and width of a fin in (m), respectively, and r 1 is the radius of the pipe in (m).
The total cooling from this system is expressed in the governing equation, Eqn. 2.1
(3.1)
where N is the number of fins, ηf is the fin efficiency, assumed in this case to be 80%, At and Af are the total exposed area and total
fin area, respectively, and are calculated in Eqns. 2.2 and 2.3 [2].
(3.2)
(3.3)
D. CALCULATING FLOW RATE
After the heat rate, qt has been determined using the extended surface analysis, mass flow rate can be calculated using the
following expression:
(4.1)
Rearranging Eqn. 3.1 to solve for mass flow rate, the following results:
(4.2)
From mass flow rate, volumetric flow rate can be found by dividing by the density in (kg/m 3) of the “cold” fluid—since the
flow rate in the system was measured at the bottom of the rig, the density at the point of measurement will be the more dense of the
system densities—this is found using in Eqn. 3.3, generated from a polynomial line of best fit of temperature dependent density data
[4].
(4.3)
where Ts is in °C.

(4.4)
Note: A conversion factor of 60 million is applied to the flow rate to convert (m3/s) to (mL/min).
E. DEVELOPMENT OF USER INTERFACE
To provide an estimating tool for use in industry, a macro-enabled Microsoft Excel spreadsheet was developed and coded using
Visual Basic (VBA) programming, using the user interface (UI), displayed in Figure 3. This code can be found in its completion in
Appendix A of this report.

FIGURE 2.3: The user interface developed in Microsoft Excel VBA for use
in industry to optimize and characterize existing thermosyphoning systems

In VBA, inputs were called, calculations were performed, and results were output behind the scenes, and the user has but to click a
button on the UI.
III. THERMOSYPHONING EXPERIMENTATION
The effectiveness of the thermosyphoning system implemented by P12452 is unverified by the current instrumentation
implemented on the compressor. The thermosyphoning flow meter outputs a flow of zero ml/min while system is attempting to
reject the systems heat. This implies the system is not flowing, thereby not effectively transferring energy from the cylinder head to
the atmosphere. To verify the thermosyphing system is producing no flow, the pre-existing flow meter is verified through
experimentation.
A. FLOW METER CALIBRATION
The flow meter is removed from the compressor system and assembled in line with a submergible water pump wired directly to
a DC power supply. The pump runs at a steady state condition so a volumetric flow rate is attainable by filling a known volume
over a given time. Forcing the flow meter with the DC pump generates an output signal, which is acquired by the preexisting
National Instruments DAQ. The data collected is compared to the experimentally measured volumetric flow rate to verify accuracy.
Each flow rate experiment shows the flow meter to be accurate within 2% error.
All testing is done with clean water, however the operating condition of the compressor’s coolant is very contaminated due to
sediment. Therefore, a dark liquid test is conducted to confirm the flow meter operation with opaque fluid. Black coffee is used to
replicate the contaminated water. The resulting flow rate given by the flow meter is accurate, so the flow meter is not sensitive to
opaque fluids.

Under all conditions the flow meter provides an accurate flow rate, which indicates there is no flow within the
thermosyphoning unit warranting further investigation into thermosyphing system.
Suspecting the flow meter was choking flow, a clear sight tube is installed in place of the flow meter. To force fluid flow the
system is ran for two hours, and the site tube is monitored. There is no visible flow and the operating temperatures become too high
at the cylinder. The high temperature measures are due to a lack of water flowing through the cooling jackets. It is clear that the
system’s flow is insufficient. To improve flow conditions and to generate design improvements a bench thermosyphoning unit is
constructed.
B. THERMOSYPHONING BENCH EXPERIMENT DESIGN AND CONSTRUCT
Using the heat exchanger elements from the compressor a bench thermosyphing unit is fabricated. To replicate the heat source
an OMEGA heat element wrap is used. The heating element is capable of regulating temperature through the use of a built in
thermostat. This is used in different experiments to see the heat rejection response of the system. The system is constructed of black
iron NPT pipe and consists of 4 thermocouples strategically placed. Figure 3.1 shows the location of the thermocouples, which are
read through an OMEGA thermometer. The system layout is flexible with the heat source able to be moved easily. The hand held
thermometer data is captured in real-time by the OMEGA SE374 program.

Figure 3.1: Views of thermosyphoning test rig
components.

with labeled areas and

C. THERMOSYPHONING BENCH EXPERIMENT RESULTS
The heat wrap was set to 400 degrees Fahrenheit and the system was fully purged with water. As the SE374 program captured
the temperatures rising from room temperature to more than 200 degrees over a time period of 16 minutes. As the thermosyphoning
system was under testing, the paddle of the flow meter was not rotating. The flow was not strong enough to generate movement of
the paddle wheel.
For experiment two, a .5 inch tube clear tube was placed inline of the thermosyphoning test rig, similar to the previous clear
tube compressor experiment. The heat wrap was set to 400 degrees Fahrenheit and the experiment began.
Dr. Day donated a turbine flow meter with similar sensitivity ranges to that of the paddle wheel, but due to the geometry of the
turbine, the likelihood of it spinning would be greater than that of the paddle wheel. Once hardwired correctly into the data
acquisition (DAQ) system, experiment three was prepared to begin. Throughout the dynamic transition of thermosyphoning, no
flow was observed on the DAQ.
The next option to measure flow would be to borrow an ultrasonic flow meter from Dr. Day, and attempt to observe an output
frequency. At first the heat wrap was on the top of the left column, which generated the following results, shown in Figure 3.2. As

seen, the upper left temperature, where the heat wrap was located, had no significant cooling throughout the entire experiment,
which means in a real scenario, the cylinder would over heat. The flow rate was negligible as well.

Figure 3.2: Plot of thermosyphoning test rig results
with heat wrap at the top of the left column.
After researching thermosyphoning more in depth, a decision was made to place the heat wrap on the lower left corner of the
system and as a result, Figure 3.3 was generated. This displays the transient performance of both the temperature and the flow rate
as steady state is reached. 45 minutes into the test, the thermostat was reduced to 250 degrees Fahrenheit. As seen in the figure, the
flow correlates appropriately with the heat generation temperature. The flow decreases from approximately 280 ml/min to 260
ml/min while the temperature of the heat wrap goes from 140 degrees Fahrenheit to 125 degrees Fahrenheit. The plot also
demonstrates the system under shut down. About 65 minutes into the test, after steady state at 150 degrees Fahrenheit was reached,
the thermostat was turned off. Once again the flow correlates appropriately with the shutdown trend temperatures of the test rig.

Figure 3.3: Plot of thermosyphoning test rig
transient results with heat wrap at the bottom
of the left column.

Figure 3.4: Plot of thermosyphoning test rig steady state results
with heat wrap at the bottom of the left column.
Figure 3.4 represents the identical test setup as previously stated, except this time temperature and flow were varied from a
preexisting steady state temperature of the heat wrap being set at 400 degrees Fahrenheit. The temperatures and flow rate decrease
appropriately when the heat wrap thermostat is adjusted to 250 degrees Fahrenheit, after 45 minutes, and 150 degrees Fahrenheit,
after 70 minutes. After 105 minutes, the thermostat was adjusted back to 400 degrees Fahrenheit where steady state was reached
and held until 180 minutes. At 180 minutes, flow was purposely restricted, consequently observing a decrease in flow and a spike in
all of the temperatures. After 20 minutes of restricting flow, the restriction was free and flow was attained throughout the system,
ultimately returning the temperatures back down to steady state. It is easily observed that the bench experiment is a true functioning
thermosyphoning system, and cools the heat source well.
D. EMPIRICAL VS. ANALYTICAL
To confirm correlation between the model and empirical results, 3 cases from the actual data was analyzed and compared to
theoretical results generated in the model, using temperature dependent variable values computed with reference [5]. In case 1,
TH=115.8°F, Tc=99.9°F, and the flow rate is ~290 mL/min, case 2, TH=111.3°F, Tc=98.0°F, and the flow rate is ~264.8 mL/min,
and in case 3, TH=118.0°F, Tc=102.0°F, and the flow rate is ~217 mL/min. For these values of temperature, the model yielded flow
rates of 271.89, 263.38, and 276.65 mL/min respectively. That is an average relative percent error of only 6.303%. For this low
margin of error, this model is deemed successful. Likely sources of error are outlined below.
E. SOURCES OF ERROR
The slight variations in flow rate between theoretical and empirical values can be attributed to a number of factors. First,
several assumptions are made in the analysis that are vastly untrue. Notably, the system is not composed of entirely vertical piping.
Not only would the gravitational effects differ, but also some minor head losses are associated with the changes in geometry due to
entrance flow, fittings and reductions or expansions in flow path. Additionally, the possibility of transition or turbulent flow at areas
of impulse, such as the heat flux at the heat source, may occur altering actual values. Approximate averages were used in
comparison of results, so some human error may be attributed when reading the graph. Finally, the model uses the full length of
pipe in the extended surface portion of the model versus the length of actual finned tubing. This discrepancy should have negligible
effect since, ultimately, it just assumes the fins are extremely generously spaced; however some error could result from this.
F.

COMPRESSOR THERMOSYPHONING REBUILD

From the empirical results stated previously, an understanding of how the thermosyphoning system should work was revealed.
The heat source must be below the finned heat exchanger to perform correctly. As a result, a quick and inexpensive redesign of the
system on the compressor was necessary. With the spare heat exchangers from the group that had built the previous
thermosyphoning system, the construction of a new system on the compressor began. The new thermosyphoning system replicated
the ideal scenario with the heat exchanger above the true heat source, the cylinder. The thermosyphoning can be seen in Figure 3.8.
Figure 3.9 displays an eight hour experiment with the compressor running under 100 percent load. The system was restricted of
flow around 350 minutes and as a result, a spike in cylinder head temperature and cylinder temperature were observed. After about
15 minutes the system restriction was removed and the temperatures returned to steady state. Overall the new thermosyphoning
system was a success in cooling the cylinder and cylinder head to the appropriate temperatures.

Figure 3.8: Updated thermsyphoning
system on the compressor

Figure 3.9: Eight Hour Test w/
Updated Thermosyphoning System on
Compressor

IV. CONTINUOUS RIDER RING HEALTH MONITORING
The customer requested a system in which the piston rider rings could be continuously monitored throughout the operating
lifespan. A system with this requirement must be very robust.
A. CONCEPT GENERATION
Concept generation provides several solution paths which are analyzed and compared against one another. Possible solutions
are determined using very basic criteria. First, any type of monitoring system used in industry is considered. This provides
monitoring choices originating from a wide variety of applications. Possible solutions include laser sensing equipment, friction fuse
blocks, and proximity proves. Some systems are eliminated due to their non-continuous nature of health monitoring.
Wear blocks are often used in industry as a safety in reciprocating compressors. They function by being positioned a
predetermined distance from the piston rod; when the piston rider ring has worn within a certain tolerance of failure, the rod
contacts the wear block causing heat to generate, setting off an alarm which shuts off the compressor. At this point, the ring must be
changed and the block replaced along with the rider ring.

Laser sensing is a type of sensor often used in sterile environments in which the upmost precision is needed to monitor a certain
task or operation. The laser functions by emitting a beam which is then reflected back and the laser measures how much of the beam
is reflected. As the rod drops, more of the gate beam is reflected back to the sensor, until it has changed by an allotted magnitude of
wear. This type of sensor requires a very clean surface for reflection. The compressor environment often has oil within the cavity,
which will affect the function of the laser. However, the price of this option is very desirable, with a total installed cost of less than
$1,500.
The third, most commonly used and robust solution, is the proximity sensor. The proximity sensor functions through the use of
an electromagnetic field. Much like the laser, this device is able to sense without making contact with the item being monitored.
The type of proximity sensor considered for this application was an inductive proximity sensor, which must have a metal target.
Each sensor is designed for a specific type of metal and is made to monitor within a specified range. For this compressor
application, a proximity sensor with a linear range of .030 inches would be required. This type of device is used to sense shaft
location and displacement in many applications, including but not limited to, pumps, compressors, and turbines.
B. CONCEPT SELECTION
Comparing all the possible solutions allowed for a determination that the proximity sensor was the best choice. The wear ring
was eliminated due to the lack of ability to continuously monitor the shaft location. It is excellent as a failsafe, but would be
ineffective as a monitoring system. The proximity sensor and laser were very similar in terms of feasibility. The proximity sensor
was chosen for distinct reasons, including the ability to operate in an oily environment, whereas the laser would not have this
ability, and a Bentley Nevada offer to donate an entire proximity sensing system RIT. This system would include dual sensors and
function generators which directly wired into the RIT DAQ system with an easy analog voltage output.
C. IMPLEMENTATION
Bentley Nevada provided RIT with dual 3300XL NSv Proximity sensors. These sensors have a linear range on flat surfaces of
0 to .080 inches. They were specifically programmed to read a shaft diameter of 1.5inches with the shaft properties of ASTM A193
alloy steel in a hardened state of approx 50 Rockwell C. Power to the sensors was run through a +24V source. The proximity
sensors required a -24V source, so the common ground of the function generator was run to the positive on the power source and
the positive of the function generator to the common ground of the power source. The next step was wiring the function generator to
the RITDAQ system. This required wiring the system into analog hookups, which were then plugged into the data acquisition
system. This included both a signal and a common ground.
A mount was machined from aluminum for the dual axis monitoring system—shown in Figure 4.1. This gave an easily
removed, yet robust rig to mount the sensors in.

Figure 4.1: Drawing of proximity probe mount.

D. PROXIMITY CALIBRATION
When LabView began reading a voltage signal from the Bentley Nevada function generator in the DAQ test mode, a test was
setup to determine the relationship between the voltage and the distance from the proximity sensor to the outside of the shaft. This
test revealed that the voltage should be corrected using a voltage to displacement correction factor of -.005 inches in order to
account for the linear distance. It was also determined that the sensor had a working range on the shaft of 0 to .060 inches. Bentley
Nevada had specified the sensor at .010 inches to 0.070 inches; however, the results were no longer linear at around .070 inches.
The only usable range was ten to sixty mils due to the fact the shaft cannot make contact with the sensor. The issue with this was
that the distance of the proximity sensor to the shaft is not ideal. The desired value is the magnitude that the rider ring has worn.
This means that correction factors must be used. This gave a range of measurement on the rider ring of over .100 inches which is
much more than required. Accuracy of the probe was specified at ±0.0001inches and this was found to be appropriate from our
testing.
E. PROXIMITY PROBE EXPERIMENTATION
The first task was to analyze the wear on the rider ring prior to the monitoring sensor installation. To do this, the shaft was
moved from all the way forward to all the way backward to determine if the distance of the shaft to the sensor changed on either the
horizontal or vertical axis. This test revealed no change. If there had been a change, the shaft would have been sitting at an angle
indicating wear on the rider ring. Upon determination that the shaft had not worn it was necessary to apply a linear adjustment ratio
to the -5 voltage to displacement correction factor discussed above. This ratio was necessary to demonstrate the displacement of the
piston relative to the displacement of the rod shaft. The ratio to relate drop at the point of measurement to wear at the piston is
0.408. This was applied to the -5 voltage to displacement correction factor to give the full monitoring correction factor for the
voltage analog input. After the signal had been multiplied by the final correction factor, an additional correction factor was
subtracted from the resultant measurement in .0001 inches, which resulted in an initial value of zero inches. The reason for this is
that the number that is truly desired is the displacement of the shaft from its original position. The sensors were each initially set at
the recommended gap of .035 inches from the shaft. As the rider ring wears, the displacement reading will change with the amount
of wear that the rider ring is experiencing. The rider ring has a total allowable wear of .049 inches.

F. RESULTS
The results display how the piston moves within the clearance of the compression cylinder. The minimum allowable clearance
with a new ring is .017 inches. This is verified in the accompanying figures. Data found during loaded and unloaded operation is
depicted in Figures 4.2 and 4.3.

Figure 4.2: Data recorded during unloaded operation

Figure 4.3: Data recorded during loaded operation
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Appendix A: Microsoft Excel VBA Code

Sub Test()
'calculate temperature data
'define variables
Sheets("User Interface").Select
Range("D5").Select
Tfinf = ActiveCell.Value
Range("D6").Select
Tfh = ActiveCell.Value
Range("D7").Select
Tfc = ActiveCell.Value
'perform calculations
Tcc = (Tfc - 32) * (5 / 9)
Tch = (Tfh - 32) * (5 / 9)
Tcinf = (Tfinf - 32) * (5 / 9)
Tm = (Tcc + Tch) / 2
dT = Tm - Tcinf
pc = 1006.68 - (20.7 * (Tcc / 100)) - (25.15 * ((Tcc) / 100) ^ 2)
'Output results
Range("D8").Select
ActiveCell.Value = Tm
Range("D9").Select
ActiveCell.Value = dT
Range("D15").Select
ActiveCell.Value = pc
'--------------------------------------------'calculate geometric info
'input value
Range("H5").Select

Ltot = ActiveCell.Value
Range("H6").Select
D = ActiveCell.Value
Range("H9").Select
N = ActiveCell.Value
Range("H10").Select
w = ActiveCell.Value
Range("H11").Select
t = ActiveCell.Value
Range("H12").Select
L = ActiveCell.Value
'perform calculation
Dm = D / 39.37
r1 = Dm / 2
Ax = 3.14159 * (Dm ^ 2) / 4
wm = w / 39.37
ti = t / 39.37
Lm = L / 39.37
Af = (wm * Lm) - (3.14159 * (r1) ^ (2))
At = (N * Af) + (2 * 3.14159 * r1 * (Ltot - (N * t)))
'Output results
Range("H7").Select
ActiveCell.Value = r1
Range("H8").Select
ActiveCell.Value = Ax
Range("H13").Select
ActiveCell.Value = Af
Range("H14").Select
ActiveCell.Value = At
'--------------------------------------------'calculate nondimensional numbers, h, qt, flow rate and velocity
'input value
Range("D13").Select
beta = ActiveCell.Value
Range("D16").Select
mu = ActiveCell.Value
Range("D17").Select
nu = ActiveCell.Value
Range("D14").Select
alpha = ActiveCell.Value
Range("D26").Select
Qffact = ActiveCell.Value
Range("D23").Select
eff = ActiveCell.Value
Range("D18").Select
Cp = ActiveCell.Value
Range("D12").Select
kf = ActiveCell.Value
'perform calculation
Gr = (9.81 * beta * dT * (Dm) ^ (3)) / (nu) ^ (2)
Pr = (nu / alpha)
Ra = Gr * Pr
hra = (0.55 * kf / Dm) * (Ra ^ 0.25)
qt = hra * (1 - N * (Af / At) * (eff)) * dT
Wht = qt / (Cp * dT)
Qff = (Wht / pc) * 60000000
Vel = Qff / (Ax * 1000 * 1000 * 60)
rho = 1006.68 - (20.7 * (Tm / 100)) - (25.15 * ((Tm) / 100) ^ 2)
Velact = Qffact / (Ax * 1000 * 1000 * 60)
qtact = rho * Velact * Ax * Cp * dT
'Output results
Range("D19").Select

ActiveCell.Value = Gr
Range("D20").Select
ActiveCell.Value = Pr
Range("D21").Select
ActiveCell.Value = Ra
Range("D11").Select
ActiveCell.Value = hra
Range("D29").Select
ActiveCell.Value = qt
Range("D25").Select
ActiveCell.Value = Qff
Range("D22").Select
ActiveCell.Value = Vel
Range("D30").Select
ActiveCell.Value = qtact
Range("D37").Select
ActiveCell.Value = Wht
'--------------------------------------------'calculate percent error
'perform calculation
pctq = (Abs((Qffact - Qff) / Qffact) * 100)
pctqt = (Abs((qtact - qt) / qtact) * 100)
'Output results
Range("D27").Select
ActiveCell.Value = pctq
Range("D31").Select
ActiveCell.Value = pctqt
'--------------------------------------------'calculate minor head loss
'input value
Range("G17").Select
n6 = ActiveCell.Value
Range("G18").Select
n7 = ActiveCell.Value
Range("G19").Select
n8 = ActiveCell.Value
Range("G20").Select
n9 = ActiveCell.Value
Range("G21").Select
n10 = ActiveCell.Value
Range("G22").Select
n11 = ActiveCell.Value
Range("H17").Select
m6 = ActiveCell.Value
Range("H18").Select
m7 = ActiveCell.Value
Range("H19").Select
m8 = ActiveCell.Value
Range("H20").Select
m9 = ActiveCell.Value
Range("H21").Select
m10 = ActiveCell.Value
Range("H22").Select
m11 = ActiveCell.Value
'perform calculation
k1 = n6 * m6
k2 = n7 * m7
k3 = n8 * m8
k4 = n9 * m9
k5 = n10 * m10
k6 = n11 * m11
ktot = k1 + k2 + k3 + k4 + k5 + k6

Hltot = ktot * ((Vel) ^ 2) / 2
'Output results
Range("I17").Select
ActiveCell.Value = k1
Range("I18").Select
ActiveCell.Value = k2
Range("I19").Select
ActiveCell.Value = k3
Range("I20").Select
ActiveCell.Value = k4
Range("I21").Select
ActiveCell.Value = k5
Range("I22").Select
ActiveCell.Value = k6
Range("H24").Select
ActiveCell.Value = Hltot
Range("I23").Select
ActiveCell.Value = ktot
End Sub

