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ABSTRACT

light-emitting diode (LED) based sensor system is developed for ex-situ placements at fluid-tanks to monitor the level of
fluids through level gauge displays. The sensor system is designed for remote monitoring of operational status of
industrial heavy equipment through a low-footprint internet of things (loT) approach without involving extensive
mechanical or electrical overhauling for sensor deployment. Sequential and non-sequential ray tracing simulation over
visible and near infrared spectrum were conducted for optical beam propagation through air-fluid, air-glass, and glass-
fluid interfaces. Fluid specific refractive index and propagation parameters were used in ray tracing simulation to design
the optical path and wavelength of operation that are specific to fluids and the fluid tank configurations. Our low-
footprint non-invasive approach of fluid level monitoring allows their deployment on industry installations with
minimum interruption of services.
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1. INTRODUCTION

Fluid-tanks in large industry automobile engines sometimes are designed for visual observation of fluid levels through
sight glasses. In large-scale industry operations involving numerous heavy equipment systems, monitoring of the status
of engine operations through manual inspection become resource extensive and may impact operators’ safety.
Incorporation of in-situ measurement systems (e.g., float or ultrasonic sensors, LiDAR, etc.) involve interruption of
system operations, and are incompatible in most cases for integration to a remote sensing network.

Reflection, refraction, and scattering of light propagation through typical fluids in automobile applications show strong
dependence of optical properties on fluid types.'? Light propagation through air, glass and liquid medium, and
interactions at solid-liquid interfaces can be used in detecting the presence of liquid at certain levels.® In this paper, we
report the development of an optical sensor system that can be deployed on sight-glasses of level gauge displays. An
optimized detection system was designed through non-sequential ray-tracing simulation. The developed sensor was
integrated through radio frequency communication for real-time remote monitoring of multiple fluid-tank status.

2. RAY TRACING ON LEVEL GAUGE DISPLAY GEOMETRY
2.1 Level gauge arrangement for fluid level display

A typical gauge display used for inspection of fluid level in large automobile systems is shown in Figure 1. The level of
fluid is indicated in the gauge through the site glass assembly shown in the left. Level of fluid in the region marked with
green background is desirable for regular operations of the automobile system. Fluid level in regions marked with red
backgrounds represent low or high levels of fluid that are not recommended for the machine operations. Non-invasive
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ex-situ monitoring requires a sensor mechanism where level of fluid is accurately determined with respect to the
designated safe level of equipment operations. Schematic arrangement of a sensor system for minimum level detection is
shown in the figure where the middle and the right-most schematics represent the fluid levels in red and green operations

conditions, respectively.
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Figure 1. Schematic diagram showing optical detection through sight glass of fluid gauge.

2.2 Non-sequential ray tracing

We used the Zemax* simulator for non-sequential ray tracing of an optical system for implementation of an ex-situ
monitoring system. Simulations for a simple system with point source of light are shown in Figure 2. Change of position
of light beam in image plane for absence (left) or presence (right) of fluid in the optical path can be observed in the
figure. A vertical displacement of several millimeters is shown by an arrow.

4] Glass

Fluid

b | W,

L e R

— Glass

Fluid

e e

30 Layout

30 Layout

5/23/2022 5/23/2022

Zemax
Zemax OpticStudio 21.3.2

siallair.zos
Configuration 1 of 1

Zemax
Zemax OpticStudio 21.3.2

s1_allair.zos
Configuration 1 of 1

5.0 Incoherent 5.0 Incoherent
Irradiance Irradiance

$ 248.8 E 486.9

® 223.9 ® 438.2

> 199.0 > 389.5

s 174.1 M 340.8

o 0 149.3 o 0 292.1

5 124.4 5 243.4

5 99.5 5 194.7

o 74.6 o 146.1

v 49.8 v 97.4

> 24.9 > 48.7

0.0 0.0
-5.0 -5.0
-5.0 0 5.0 -5.0 0 5.0
X coordinate value X coordinate value
Detector Image: Incoherent Irradiance Detector Image: Incoherent Irradiance

$/23/2022 Zemax .,,mzfs"fu*,m 21.3.2 s/23/2022 Zemax upnzcesmt;\:diu 21.3.2
SDVE;:(;SF‘J;() asgcnglééats !:;vaeters‘ Pixels 200 W X 200 H, Total Hits = 500000 SDVE;:(ESF‘J;Q f}scxéflgésts !%v:lhmeters‘ Pixels 200 W X 200 H, Total Hits = 500000
Peak Irradiance : 7.4878E+02 Watts/cmn2 Peak Irradiance : 4.8687E+02 Watts/cmn2
Total Power : 9.4601E-01 Watts sl_allair.zos Total Power : 1.0000E+00 Watts sl allair.zos

Configuration 1 of 1

Configuration 1 of 1

Figure 2. Light passing through sight glass and fluid. Displacement of beam in image plane shown by arrow.
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2.3 Source broadening effect with LED emissions

For using an off-the-shelf light emitting diode, broadening of light beam at the source needs to be incorporated in the
simulation. Effects are shown in Figure 3. It is apparent that the quality of light source in terms of beam divergence has
strong effect on the pattern in the image plane. Simulation on constant source power but with varying full width at half
maximum (FWHM) of beam divergence are shown in the figure. From design perspective, a well collimated beam,
preferably from a laser source provides maximum intensity of signal with a well-defined beam shape. However, for
practical applications on a low-footprint configurations with constraints on space, power consumption, specific
geometrical shape/volume, LEDs were the preferred source of light for this application. Almost an order of magnitude
difference in signal strength and selectivity can be obtained by LED specifications with appropriate FWHM as shown in
the figure.
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Figure 3. Simulation on optical signal pattern received in image plane for LED FWHM of 18, 10, and 5 degrees,
respectively (bottom images from left to right). The optical path is shown on top.

2.4 Design optimization

Several parameters were optimized in designing an LED based detection system that can be deployed in a real-world
scenario on automobile engine fluid-level detections. Some key design parameters were- light source, angle of incidence,
source location, detector location, and detector responsivity. Significance of optical path optimization is shown in Figure
4 and 5, where ray tracing on the same optical source power and fluid-gauge geometry are shown before and after
optimization, respectively. Light pattern on the image plane for an LED source with wider FWHM and a narrow
incidence angle, shown in Figure 4, represents highly scattered beam in image plane with or without the presence of
fluid. Sensitivity of detection system in terms of existence of fluid in the optical path is extremely low in this design.
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Figure 4. Simulation on optical signal pattern received in image plane for optical path through air (LHS) and fluid (RHS).
Beam attenuation effect during propagation was not included in the simulation.
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Figure 5. Simulation on optical signal pattern received in image plane for optical path through air (LHS) and fluid (RHS) for
an optimized design. The optical paths are shown at the top. Integrated signal shown in specified area by dashed box shows
strong selectivity in detecting the presence of fluid.
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Strong selectivity in detection can be achieved through optimization of design parameters, as shown in Figure 5.
Changes in beam pattern in the optical plane in presence of fluid in the optical path can be observed. Integrated detector
signal in specified area in the image plane shown by the box with dashed line has strong selectivity in terms of presence
or absence of fluid at a specific level of the fluid-gauge.

3. OPTICAL TRANSMISSION THROUGH FLUIDS

Table 1. Automotive fluids description.

Fluid Type
Specimen

1 Delvac
2 AST 20
3 AST

4 FDAO

Table 1 shows typical fluids used in automotive engine systems. Each fluid was tested through a spectrophotometer
(Optizen Single Beam Type) to find out the effects of fluid properties on beam propagation. Figure 6 shows the
transmission spectra for clean and aged samples. Significant difference in spectral response for different fluids can be
observed. Design of the sensor system thus, in many cases, would need to include fluid specific selection of wavelength
and optimization of system including beam propagation losses.
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Figure 6. Transmission of light through different automotive fluids for clean samples (left) and aged samples after being

deployed in engines for typical duration of recommended use.
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Figure 7. Transmission of light through different automotive fluids for clean samples and aged samples.

Status of optical transmission in aged fluids (i.e., fluids after their recommended period of use inside the engine) for
different fluids are shown in Figure 7. It is apparent that optical transmission properties deteriorate significantly in aged
fluids. Scattering and absorption of light in suspended particulates inside aged fluids as are likely to be the source of
enhancement in attenuation. This phenomenon may be used as an indicator of the status of fluid inside fluid-tanks in a

carefully designed optical system. Further work in this area is planned in future work.

4. SYSTEM INTEGRATION

The optical sensor system was integrated with a remote monitoring network through an Internet of things (loT) based
approach. Analog signals received by optical detector was transmitted through radio communication link using XBee
modules.® Data from multiple sensors were collected by a custom-built network coordinator module, which then
transferred the real-time information to a server where fluid-tank status can be observed through a user interface.

Components of an integrated system for visualization of real-time status are shown in Figure 8.
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Figure 8. Integrated system for remote sensing of liquid levels in fluid-tanks- sensor deployed on top of tank sight-glass
(left), network coordinator to collect data through radio transmission (middle), and user interface for visualization from
remote location (right).

5. SUMMARY

We have developed an LED-based optical sensor system that is presently being tested on automotive fluid tank sight-
glasses for ex-situ non-invasive monitoring of fluid levels. Optical path was designed through non-sequential ray tracing.
Effects of beam broadening and angle of incidence of flight source, light propagation through air-glass and glass-liquid
interfaces, and wavelength effects were studied in optimizing the system design. Variations in optical beam pattern in the
image plane produced consistent differences in detector signals in presence or absence of fluids. The analog voltage
from detectors were transmitted to remotely located server through radio frequency communications. User interface was
designed for real-time visualization of status of fluids in the fluid-tanks.
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