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ABSTRACT

Bleed air is brought into aircraft cabins in order to maintain
the quality of the air for passenger and crew health and comfort.
The bleed air can be contaminated by oil due to oil seal leaks in
the compressor which have been reported randomly and
generated significant public interest. Previous studies have
measured the particulate size distribution in the bleed air
entering the cabin, but never distinguished the type and material
of the particulate matter (PM). The particulates could be
potentially hazardous oil droplets from the oil seal leaks, water
droplets due the presence of fog generated by the cooling system,
and so on. In this study we propose a novel technique using light
scattering technology to distinguish between contaminant types.
This technique uses size and complex index of refraction as the
measure. Since each material has a distinct index of refraction,
by determining the index of refraction, our proposed low-cost
detector could distinguish the compound in the aerosol as well
as determine the particle size simultaneously.

Keywords: Particulate, Particle Size, Index of refraction,
Bleed air, Light scattering

NOMENCLATURE
The following parameters/symbols are used in this paper:
I(r) intensity as a function of radius
Io peak intensity at the center of the beam
T radius of the beam
w beam waist
Prot total power in the beam
o scattering angle
AQ solid angle
Picat scattered power on the photodiode
dc/da differential scattering cross-section
Vi output voltage of the photodiode at position i
R(V) responsivity of the photodiode
A wavelength
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K conversion factor of the photodiode

di cord length

v velocity of the particle

d maximum length at the center of diamond

RS

Xi horizontal position along the beam radius
Q. solid angle at the center of the beam
Qi solid angle at any X; position

1. INTRODUCTION

Bleed air is introduced in commercial aircraft cabins to
provide ventilation air for the passengers and crew health and
comfort. The most common method of conditioning aircraft
cabins has been through the use of bleed air from the aircraft jet
engine compressor [1]. However, the drawback for this method
is that bleed air can be contaminated by lubricating oil due to
bearing seal leakage or other fluids ingested into engine air
intake, which is then introduced into the cabin as potentially
hazardous oil mist. Health effects for passengers and crew during
these incidents are diverse, ranging from eye and throat irritation
and blurred vision to disorientation, nausea, vomiting, dizziness,
or even loss of consciousness [2]. When the contamination is
high, it creates fume event that shows an obvious odor or
sometimes visible smoke or mist in the aircraft [3]. In the case of
visible smoke, and if the source of the smoke is unidentified, the
crew members may decide for an emergency landing.

To provide air representative of oil contaminated bleed air,
a bleed air simulator was developed to show what would be
expected in the case of aircraft cabin contamination [4]. To
analyze and characterize the contaminants that would likely be
present in the bleed air during an incident, multiple papers have
been published identifying chemicals present in the oil and
discussing their health risks and effects [5-7]. Moreover, volatile
organic compounds (VOC) generated by the pyrolysis of the
lubricating oil at high temperatures expected in the bleed air
system have been studied and identified as well [8-10].
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While considerable work has been done to improve the air
quality in aircraft cabins by identifying and characterizing the
contaminants that would be present in the bleed air as mentioned
above, real-time detecting, sizing, and distinguishing the type
and material of single particles in bleed air is still missing from
the bulk of research.

To determine the size and index of refraction, twin-angle
optical particle counters (OPCs) that measured the scattered light
at two angles, i.e., 40° and 74°; 60° and 90° were developed [11,
12]. These OPCs could measure the average refractive index and
size distribution of aerosol particles. However, in order to
distinguish the contaminant material in bleed air, it is important
to measure the refractive index of each single particle as opposed
to the average value of the refractive index.

In this study, we propose a novel technique using light
scattering technology to distinguish between contaminant types.
This technique uses size and complex index of refraction as the
measure. Since each material has a distinct index of refraction,
by determining the index of refraction, our proposed low-cost
detector could distinguish the compound in the aerosol as well
as determine the particle size simultaneously. Once the
compound in the bleed air has been identified, considering its
health effects to the passengers, it will help the cabin crew
members get the right decision whether or not an emergency
landing is required.

The majority of the optical particle detectors use laser as the
light source. An important aspect of any optical detector is to
know the incident intensity on the particle. Most light sources, a
laser beam for example, have an intensity profile across the
beam. For many laser sources, the profile is Gaussian. Thus the
position of the particle in that profile must be known and
controlled in order to accurately size the particle and distinguish
its type and material. Most of the low-cost optical devices
assume that the particles are passing through the center of the
sensing volume, but the light scattered intensity of a particle can
be significantly different if it passes through the very center or
off-center which will lead to inaccurate determination of the size,
type, and material of the particle. To control the precise position
of'the particle, and record the precise intensity, a diamond shaped
beam aperture has been used to make a correction for the
Gaussian beam [13]. In this paper, we have considered the same
correction.

2. MATERIALS AND METHODS

A diamond-shaped beam aperture has been used to make a
correction for the Gaussian intensity distribution of a typical
laser [13] as shown in Figure 1.

With the diamond shape centered on the Gaussian profile,
the time of fight of a particle through the beam is related to where
the particle’s path is positioned relative to the Gaussian center.
Thus by measuring the time of flight, the incident intensity for
the scattering is determined regardless of where the particle
passes through the beam, and the particle can be sized accurately.
In addition, it was shown that at an optimum scattering angle of
37°, particles can be sized independent of the real part of the
refractive index; however, it still depends on the imaginary part.

Photodiode positioned at +37° scattering angle was used to
record the scattered light intensity of the particle instantaneously
for as long as the particle was inside the beam. Then total time
of flight and scattered light-peak intensity were used to predict
particle size.
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FIGURE 1: GAUSSIAN BEAM CORRECTION, DIMENSIONS
(mm) [13]

Figure 2 shows the details of the diamond-shaped aperture.
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FIGURE 2: DIAMOND-SHAPED BEAM APERTURE [13]

In practical light-scattering systems, only a portion of the
scattered light is gathered by a photodiode, which rests at a given
angle. Such measurements are related to the differential
scattering cross-section of the particle. The functional
relationship of the differential scattering cross-section averaged
over 10° range with scattering angle for different refractive
indices is shown in Figure 3. In this figure we can see that at a
scattering angle of 37+5°, the differential scattering cross-
section shows relative independent of the real part of the
refractive indices for 10 pm particles and above; however, as the
particles get smaller, the independence gets reduced. Therefore,
particles of 10 um in diameter and above can be sized regardless
of what their real refractive indices are. To determine the
refractive index, it is instructive to detect the scattered light at a
second angle where the differential scattering cross-section
varies more consistently compared to the other angles. By
measuring the scattered light intensity at two angles
simultaneously, we can determine the two unknowns, i.e.,
particle diameter and the refractive index. For particle detection
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applications, the refractive index is not known ahead of time, but
the particles being present in the bleed air would most likely be
due to fog, engine oil, or lubricating oil with known refractive
indices. Once our detector determines the refractive index, the
type and material of the particulates in the bleed air can be
identified as well.

2.1 Experimental Setup

The instantaneous scattered light intensity of single particles
at +37° scattering angle for the particles passing through a
diamond-shaped beam is shown in Figure 1. The 37° can be used
to only determine the particle size with no refractive index
information. To determine the refractive index, we would like to
propose that the light scattered intensity be detected
simultaneously at 90° scattering angle which depends on both
size and refractive index, as we can see in Figure 3.

To include the 90°, we have modified Figure 2 for our new
experimental setup as we can see in Figure 4. The experimental
setup uses a Laserglow BDGO05XXX, 5-mW, 532-nm
wavelength laser; a collimating lens; an aperture to make a
diamond-shaped beam profile with dimensions of Smm x S5mm;
a focusing lens which focuses the diamond shaped beam; and
two Thorlabs SMO5PD1A photodiodes with a responsivity of R
(532 nm) =0.32 A/W positioned at 37° and 90° scattering angles.
A Thorlabs PDA200C photodiode amplifier with a conversion
coefficient of 1 x 107 V/4 is used to display the scattered-light
signal detected by the photodiodes. A National Instruments (NI)
data acquisition system is connected to the photodiode amplifier
and LabVIEW program to record the data. This experimental
setup can be used to determine the size, and index of refraction
of particles simultaneously.
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FIGURE 4: EXPERIMENTAL SETUP, DIMENSIONS (mm)

3. THEORETICAL ANALYSIS

A theoretical model has been developed to determine the
particle diameter independent of the real part of the refractive
index [13]. This model considers the Gaussian beam equation to
relate the beam geometry to the parameters related to the laser,
photodiode, photodiode amplifier and so on. For a Gaussian
beam,

1(r) = I, e~ (*/w?) (1)

where I (r) is the intensity as a function of the beam radius, I, is
the peak intensity at the center of the beam, r is the radial
distance from the beam center, and w is the beam waist. The
radial distance in rectangular coordinates is

r=4x%+ y? (2)

To find the total power in the beam, Eq. (1) can be integrated.
N 2 /2

Proe = Ioj ] e~ (/W) rdrdg = T/yIw? (3)
0 0

Since Py,; is generally a known parameter, Eq. (3) can be solved
for I,. The scattered power on the photodiode can be found by
multiplying Eq. (1) by the differential scattering cross-section
and a solid angle, Af2 that the photodiode makes with the particle
position in the beam.

— —(2r?/w?
Pscat - IO e ( W ) dC/dQA'Q (4')
The output voltage of the photodiode can be obtained by
Vi = Pscar * R(D) * K (5)
Where R(A) is the photodiode responsivity and K is the
conversion factor of the photodiode amplifier. Considering the
beam geometry in Figure 2, the beam parameters can be related

as

di=v*ti=d3—2xi (6)

In Eq. (6), v is the average velocity of the particle and ¢;is the
time of flight of a particle passing through any x; position in the
beam.

We need the peak-scattered intensity for a given velocity
and time of flight, and the peak-scattered intensity can be either
on the x axis or on the y axis depending on the orientation of the
sensor and the direction of motion of the particles, i.e., vertical
or horizontal. If we assume the particles are dropped vertically
through the sensing volume, the y component of r in Eq. (2)
would be zero. Thus, only the x component of  can play a role
in that equation. Solving Eq. (6) for x;, and substituting it for
into Eq. (4), Eq. (7) can be obtained.

—(d3—vt;)?
Prcar = I el Jow) Ul % O

Actual differential scattering cross-sections for each
particle diameter and four different refractive indices were
obtained using an online program [14]. Using actual values of
dC/df, an equation was fitted to relate dC/dQ to particle
diameter [13].

¢/ = 0.18d? (8)

Combining Egs. (3), (5), (7), and (8), we get

2 0.5
| ) ©

Eq. (9) can be used to determine the diameter of the particle.
In this equation, (2, and {2; are the solid angles the photodiode
makes with the center “c” of the beam and any x; position in the
beam, respectively.

d(ti, v, Vl', .Q)
B {2.78 * 10 Tw?2V;
PtotR(/l)K

4. RESULTS AND DISCUSSION

The mathematical model, i.e. Eq. (9), determines the particle
diameter independent of the refractive index. This means that at
3745° scattering angle, particulate matter of any type and
material can be sized. To distinguish the type and material of the
particle being detected by the photodiode, it is important to
determine its refractive index. This can be done by measuring
the scattered light intensity of the particle passing through the
beam at a second scattering angle simultaneously. We have
proposed the second scattering angle to be 90°. The scattered
light measured at 90° can be used to develop another
mathematical model which can be dependent on both size and
refractive index. Hence, using the first model and the second
model, particle diameter and refractive index can be determined
simultaneously.
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Since the refractive indices of the expected particles to be
present in bleed air are known ahead of time; for example,
refractive indices of water, benzene, diesel soot, propane soot,
and engine oil are, 1.33, 1.4769, 1.8537, 1.7766, and 1.505
respectively, once our device determines the refractive index, the
aerosol compound in bleed air can be retrieved accordingly.

As part of our future research plan, we will develop the
second model for the 90° scattering angle. Although measuring
the scattered light intensity at two angles is good enough to
determine the particulate matter size and compound in bleed air,
we are still interested to consider a third angle measurement so
that we can determine the imaginary part of the refractive index
as well.

As we can see in Figure 3, the independence of the
differential scattering cross-section to the real part of the
refractive index at 37° scattering angle gets weaker as the particle
size is smaller than 10 um. This research will be further extended
to take the smaller particles into consideration as well.

5. Conclusion
We have proposed a novel technique using light scattering

technology to distinguish between contaminant types in bleed
air. This technique uses size and index of refraction as the
measure. A mathematical model has been developed to
determine the particle size independent of refractive index at 37°
scattering angle. In addition to the 37°, we proposed that the
scattered light intensity be measured at 90° angle to depend on
both size and refractive index, and then the size and refractive
index can be determined simultaneously.
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