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ABSTRACT

DESIGN, CONSTRUCTION AND EVALUATION OF THE

CSU OPTICAL FOG DETECTOR

The goal of this project was to develop an inexpensive cloud/fog detector that
could be used to automate sampling equipment at remote (unmanned) cloud/fog research
sites. A secondary objective was to test the ability of this sensor to measure/track trends
in fog/cloud liquid water content (LWC). This characteristic is important because LWC
is a significant indicator of a cloud’s ability to process aerosols and gases and changes in
LWC often correspond to changes in fog/cloud solute concentration. The following
actions were taken to help realize these objectives.

An evaluation of the use of commercially available optical components for fog
detection has been performed. The research reinforced the need to have an inexpensive
cloud/fog detector that could be used to automate sampling equipment at remote
(unmanned) cloud/fog research sites. No such instrument is currently available
commercially.

Requirements for components of the CSU Optical Fog Detector (OFD) were
defined. Important factors included transmitter wavelength and rpodulation
characteristics, detector sensitivity, and component stability/durability over a range of
environmental conditions. Readily available commercial components were utilized to
ensure the sensor could be built economically.
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Laboratory tests in a glove box filled with artificially generated fog proved that
optical components purchased from Banner Engineering were capable of monitoring
changes in fog liquid water content (LWC) when operated in a light attenuation mode.
After an initial calibration, the signal from the CSU OFD was found to correlate strongly
with LWC measured by a Gerber Scientific Particulate Volume Monitor (PVM-100).

Theoretical calculations of attenuation of 880 nm light passing through a
population of fog drops were completed. The results indicated extinction decreases as the
drops are shifted to larger sizes (with a fixed LWC and lognormal distribution breadth).
Accordingly, the response of the CSU OFD is expected to vary with mean fog/cloud drop
size.

Numerous fog detector design configurations were tested and the current
attenuation design of the CSU optical fog detector was deemed successful in that it
provides, at a minimum, an inexpensive switch capable of automating remote fog sensing
equipment. It also provides useful information concerning fog LWC.

Two calibrated OFD’s were compared to PVM LWC measurements during initial
field tests of orographic clouds at Storm Peak Laboratory (SPL) in Steamboat Springs,
Colorado. The combined results from both OFD’s over all time periods yield a
regression equation of LWCopp = 0.99 * LWCpywm with a correlation coefficient of 0.92.

Tests performed in the absence of fog on top of our laboratory in Fort Collins
provided a measure of OFD baseline noise. Analysis of the observed noise yielded a
minimum detection limit of 4.4 mg m™ for the OFD and a comparable value (5.6 mg m™)

for the PVM.
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The OFD was incorporated in several automated fog sampling systems
deployed in California’s San Joaquin Valley as part of the California Regional Particulate
Air Quality Study (CRPAQS). The OFD performed well as a fog detector and provided
some insight into fog LWC. LWC measurements by a PVM and a co-located OFD
showed good correlation (R*= 0.91) and only modest bias (LWCopp = 1.16 LWCpynm)

during an extended radiation fog episode.
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1 Introduction

| Background

The goal of this research was to develop an inexpensive, reliable sensor for ground-
based detection of fog and clouds. The research was motivated by the need to have an
inexpensive cloud/fog detector that could be used to automate sampling equipment at
remote (unmanned) cloud/fog research sites. No such instrument is available
commercially. A secondary objective was to test the ability of this sensor to
measure/track trends in fog/cloud liquid water content (LWC). This characteristic is
important because LWC is a significant indicator of a cloud’s ability to process aerosols
and gases and changes in LWC often correspond to changes in fog/cloud solute
concentration.

We begin here with a brief review of some of the instruments previously used for
measuring the drop size distribution and/or LWC of ground-based fogs and clouds. We
discuss several fog sensors’ abilities to measure fog, discuss their general operating
principles and their possible uses as a LWC monitor. In subsequent chapters, we outline
the strategy for developing a new fog/cloud sensor, describe laboratory and field tests
made comparing the new sensor to an existing sensor, and discuss application of the

sensor in a radiation fog field experiment.



1.2 Liquid water content (LWC) measurement methods

The liquid water contents of fogs and clouds are currently measured optically,
thermally or by direct sampling. According to Arends (1992), most methods are not very
reliable, resulting in errors of 50% or more. Accurate LWC measurements are important
for the calculation of the mass balance of the compounds between gas and water phases.

The Integrated Particle Volume or LWC [g/m’] for water droplets is defined as

LWC = (4/3)7p | n(r)rBdr (Eq’n.1.1)

(Gerber, 1993) where p is the drop density [g/cm3], r is the drop radius [cm], and n(r)

[no./m3 ] is the droplet size distribution.

There are numerous LWC measurement sensors. However, there currently is not
a continuously sampling sensor that is considered a standard for LWC measurement. The
gravimetric filter sampling method (mass of droplets collected on a filter’s surface and
the volume of air drawn through the filter can be used to calculate LWC) can be
considered as an absolute measuring technique for LWC but it does not provide a
continuous measure. This method of LWC measurement produces an error below 10
mg/m’ while continuous LWC measurement sensors can have large errors (greater than
50%) depending on sampling conditions (Arends et al., 1992).

Different sensors employ different methods to measure LWC. The predominant
technique for ground-based instruments is to illuminate the fog/cloud droplets with a
laser and measure forward scattering. The scattered light is collected by an optical

detector and converted to an analog voltage output. Some instruments measure scattering



by a population of drops and relate the intensity of scattered light to the fog/cloud LWC
while others measure scattering by individual drops. In the latter design, the scattering
intensity is related to the individual drop size. By measuring large numbers of drops, a

drop size distribution can be constructed and integrated to determine the LWC.

Another approach to measure LWC is to monitor the energy required to evaporate
droplets collected by inertial impaction and interception on a heated cylinder. This hot
wire probe technique is most commonly utilized on aircraft where the aircraft flight speed
is fast enough to provide efficient drop collection. The system electronics maintain the
hot wire sensor at a constant temperature and monitor the power required to regulate the
temperature as droplets vaporize (Korolev et al., 1998). This power is directly related to
the amount of heat taken away by convection plus the heat of vaporization. The
convective heat losses are known empirically and vary with airspeed, temperature and
pressure. The liquid water content is calculated from the power loss found from the

difference between the total and convective power losses.

1.3 Commercial optical probes for fog/cloud characterization

Two optical instruments have been widely accepted for use in the ground-based
characterization of fogs and clouds: the Gerber Scientific Particulate Volume Monitor
(PVM-100) and the Particle Measurement Systems Classical Scattering Aerosol
Spectrometer Probe (CSASP-100-HV). The PVM provides information about fog/cloud
LWC and particle surface areas (PSA) while the CSASP is designed to measure the drop

size distribution.



The PVM-100 (see Figure 1.1) is a forward scattering instrument used to measure
particle volume and surface area. Light from a 0.780 um laser diode scattered by
droplets or other particles in the forward direction is collected by receiving optics. The
laser diode beam has a pathlength of 42 cm with an optical probing volume of 3 cm’.
Scattered light is collected over a small forward angle (0.32°-3.58°) (Arends et al., 1992).
A dump spot prevents direct reception of light emittéd by the laser diode. The receiving
optics (see Figure 1.2) consist of a lens and beam splitter which collect the scattered light
and splits it into two beams which are directed toward independent detectors for LWC
and PSA. Each detector consists of a circular spatial filter/sensor combination. The two
detector filters have variable transmission in their radial direction. One filter weights the
scattered light to produce an output of LWC. The second filter weights the forward
scattered light to produce an output of PSA. The instrument is calibrated on-site using a
manufacturer-supplied, light-diffusing disk. The manufacturer claims the relationship
between scattering intensity and LWC is linear for drop diameters from 3-45 um (Gerber,

1993) and states an instrument accuracy of +/- 10% and a precision of +/- 0.002 g/m3 *



Figure 1.1  Gerber PVM-100.
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Fig 1.2 Optical configuration for the PYM-100 (Gerber, 1993).

The PMS CSASP-100-HV (see Figure 1.3) is a ground-based water droplet
spectrometer used to measure cloud/fog drop size distributions. It is designed to operate

under a wide range of environmental conditions. The general principle of the CSASP is



that the light scattered by a particle of known refractive index within a high intensity

laser beam (5 mW Helium Neon) is related to its size.

Figure 1.3  CSASP.

The CSASP’s laser beam is focused down to a diameter of approximately 250
um. This is accomplished by the use of a 60 mm focal length condensing lens, which is
mounted between the laser source and the sample volume (see Figure 1.4). This laser
beam is blocked on the opposite side of the inlet with an optical stop, a "dump spot" to
prevent the beam from entering the collection optics (see Figure 1.5). Particles that
encounter this beam scatter light in all directions and some of that scattered in the

forward direction is directed by a prism though a condensing lens and onto a beam



splitter. The "dump spot" on the prism and aperture of the condensing lens define a

collection angle from about 4° - 12°.
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Figure 1.4  CSASP Optics (PMS Tech note, 1989).
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The particles passing through the laser beam in the sampling aperture produce
pulses of radiant energy that are sensed by the detectors and read into two peak readers.
One detector looks at all the energy scattered into its collecting aperture. This detector
performs the sizing. The other detector has its center obscured by a mask aperture (1 mm
dump spot), thus only collecting the energy outside of this mask. This collector receives
its energy from diffuse images that are out of focus and which correspond to particles out
o—f thé depth-of-field. By using a high performance, high magnification imaging system
and applying differing gain ratios while comparing pulse height measurements, a depth-
of-field of small dimensions is defined (PMS Technical Note, 1989). This allows the
CSASP-100 a means of resolving and sizing particles in an in situ mode. The pulses
from the unmasked detector are sized with a pulse height analyzer. The size of the
particle is determined by measuring the light scattering intensity and using Mie scattering
theory to relate this intensity to the particle size. The size is categorized into one of 16
channels (channel limits are set based upon manufacturer calibration of the instrument)
and this information sent to the data system where the number of particles in each

channel is accumulated over a pre-selected time period.

1.4  Alternative fog/cloud sensors

Both the PVM and the CSASP are expensive instruments, costing well in excess
of $25,000 per unit. This high cost often precludes use of these instruments in large
fog/cloud sampling networks. In addition, the commercial availability of these
instruments has at times been limited. Over the past two decades a number of approaches

have been taken to find or design less expensive instruments suitable for use as fog/cloud



detectors. The main approaches have involved construction of simple optical detectors or
testing of the suitability of commercially available visibility sensors. In addition, there
has been at least one case where a miniature version of an active cloudwater collector

was operated continuously to detect the presence of fogs and intercepted clouds.

1.4.1 Scattering fog sensors

The Caltech fog detector is a backscattering type fog detector. It is comprised of
an infrared LED light source, a filtered photodetector, an electronic control module,
calibration relay, an air pump and a shielded housing (Collett et al., 1990).

Light is emitted by the LED over a narrow range of wavelengths. The peak
spectral emissions occur at 940 nm while the photodetector’s peak response occurs at 910
nm. The photodetector’s peak spectral response is less than 5% at wavelengths below
750 nm thus reducing the sensitivity to ambient light. To further reduce the ambient light
sensitivities, the LED source is modulated at 1 kHz and the photodetector is coupled to
the source modulation so only light from the source is detected.

While this helps to minimize the effects of ambient light, it has not been totally
eliminated and the sensor has some variation in output due to sunlight. The typical
diurnal fluctuation of the detector signal can be seen in Figure 1.6

(Hoffmann et al., 1989).
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Figure 1.6  Diurnal effects on CALTECH visibility sensor
(Hoffmann et al., 1989).

The output from the control module is an analog DC voltage, which ranges from
0.0 to 3.0 volts. Under this setup, as backscattering increases the output voltage
Increases.

The sight tubes of the housing (see Figure 1.7) contain the source and detector.
They are aligned with a 5-degree offset with respect to each other. In this configuration,
the detector optical paths intersect about 0.75 m from the sensor. Hoffmann et al. (1989)

determined this experimentally yielded the maximum detector output when fog is present.
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Figure 1.7  Schematic of CALTECH visibility sensor
(Hoffmann et al., 1989).

An air pump located in the main housing supplies air to the sight tubes. The
airflow is designed to keep the lenses free from condensation and discourages insects
from nesting in the tubes.

Hoffmann et al. (1989) state it is evident that the relative backscattering intensity
1s non-unique, and highly variable, which makes it difficult to determine the true causes
of variation in the backscattering output during a fog event. The Caltech sensor works as
a presence-of-fog detector but its ability to measure LWC has not been demonstrated.

The Poor man's optical fog detector (see Figure 1.8) is an optical fog detector
(OFD) developed at the Netherlands Energy Research Foundation (ECN). The detector,
described by Mallant (1990), responds to light that is near-forward-scattered by fog

droplets. Mie theory predicts that near infra-red light scattered by fog drops at angles
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smaller than 5° will be much more intense than light scattered at larger angles. The ECN
OFD’s near-forward scattered light configuration was chosen so that the use of highly

collimated optics would not be needed.

Poor Man’s Optical Fog Detector

=~

< 85 cm >

L | 59

Ll

source Beam stopper or dump spot  receiver
O m———

Figure 1.8 ECN’s OFD (Mallant, 1990).

The ECN OFD uses a low-cost, commercially available source-receiver
combination (manufacturer not identified). A dump spot or beam stopper prevents
activation of the detector in the absence of fog because it blocks out the beams source and
the sensor is only activated when there is fog present to scatter the light around the dump
spot. The sides of the stopper have slots to prevent erroneous signals by particles
deposited on the stopper.

The light source is a pulsed IR LED (880 nm). Thus, the receiver’s electronics
respond to pulsed signals only, limiting the influence of stray light. It was designed to be
used as a switching device, with an adjustable threshold and the results were promising,
especially for droplets in the 2 —20 um range. However, Mallant (1990) states the ECN

OFD has poor qualities as a LWC indicator.
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1.4.2 Commercial visibility sensors

During a number of fog sampling field campaigns the fog chemistry team at CSU
deployed visibility sensors to evaluate their suitability as fog/cloud presence detectors.
The two sensors evaluated were a Belfort Model 6100 Visibility Sensor and a Jaycor
Model 1200-A visibility sensoi‘. "A description of the study and results of the tests are

described in an unpublished report by Andrews et al. (1997).

The Belfort Model 6100 Visibility Sensor (see Figure 1.9) is designed to monitor
visibility conditions over a range of 6.1 m to 16.1 km (Belfort, 2001). The Model 6100
sensor has a digital output signal capable of indicating the present visibility. It also
includes alarm outputs which can be adjusted by the user to preset visibility thresholds.

That makes it possible to indicate Good/Medium/Poor visibility.

Fig 1.9 Belfort Model 6100 visibility sensor.
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The instrument is designed to measure near forward scattering of an infrared
source beam. The greater the forward scatter intensity, the worse the atmospheric
visibility. A high output infrared (880 nm) LED transmitter projects light into a sample
volume. Light scattered in the near forward direction is collected by the receiver. The
light source is modulated to permit rejection of background noise and natural variations
in background light intensity. The optical path length of the instrument is 64 cm and the
sensing volume is estimated as ~ 2500 cm’®. The visibility output from the instrument is

estimated to have an uncertainty of 10%.

The Jaycor model 1200A visibility sensor (see Figure 1.10) emits infrared pulses
(880 nm) at preprogrammed intervals while the optical detector on the sensor measures
the fraction of emitted light, which is scattered back into the sensor field of view (Jaycor,

2001).

Figure 1.10 Jaycor 1200A visibility sensor.

The backscattered signal is processed by the sensor processor and an alarm is sent
when a preset level is detected. The criteria are determined by the number and amplitude
threshold of the backscatter pulses, which sets a poor visibility alarm. Both of these
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variables are programmable. Once the poor visibility alarm is set, it stays set until
visibility improves beyond a programmable threshold and time period. This avoids
repetitious or frequent alarms when visibility changes rapidly over time.

The measurement of the backscattered light is related to visibility. The visibility
range of the instrument is specified as 23-610 m with an uncertainty of 5%. Poor
visibility may be the result of fog, smog, dust, rain, snow, or a combination of these. The
volume sampled by the sensor for visibility is in excess of 1.5 x 10’ cm® while the path
length is greater than 360 cm. A one-time calibration procedure in clear air compensates
for objects in the field of view after installation. The manufacturer claims the calibration
is stable over temperature and power input variations.

Andrews et al. (1997) demonstrated that it is possible to determine the presence of
fog or clouds with these two commercially available visibility sensors. They also
indicate that the visibility signals can be used to identify trends in LWC. In non-
precipitating clouds, Andrews et al. (1997) claim it should be possible to quantify LWC
within an uncertainty of approximately 20% if the drop effective radius can be estimated
within 10%.

Another interesting sensor worth mentioning is the mini-Caltech Active Strand
Cloud Collector (mini-CASCC) (Collett et al., 1990). It is a scaled down version of the
CASCC and was used as a fog/cloud presence detector to activate the CASCC. It works
on the same principle as the CASCC and when operated in a cloud with a LWC of
0.1 g/m3 , the calculated collection rate is 0.1 g/min (Collett et al., 1990). The collected
water from the strands drains onto an electrical resistance grid. When the grid is bridged

by a water droplet, the system is activated.
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The system worked fairly well when the ambient temperatures were above 0°C
however, it was not functional below that. The main disadvantage occurred due to riming
of the collection surfaces when temperatures went below freezing. The inability of this
instrument to detect the presence of supercooled fogs and clouds led to the development
of the Caltech backscatter sensor.

Due to the cost associated with commercially available optical probes and the
limitations of commercial visibility sensors, we decided to design and build our own
optical fog detector. This course was necessary because we required a sensor that would
allow automation of remote cloud sampling sites and allow us to track trends in LWC. |

See Table 1.1 for information concerning sensors discussed in this section.
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Gerber Scientific

CrElE T Cost

Provides information

Forward scattered

Particulate Volume a::?(‘;tp?rgt/izllzl;grl;‘;t]ec 0.780 pm laser. $25,000
Monitor (PVM)-100 area (PSA). Utilizes dump spot
Particle Measurement |Ground-based water
Systems Classical droplet spectrometer | Forward scattered
Scattering Aerosol used to measure 0.780 pm laser. $25,000
Spectrometer Probe cloud/fog drop size | Utilizes dump spot
(CSASP-100-HYV) distributions.
Works as a presence-| Backscattering
of-fog detector but its| infrared LED light
Caltech fog detector ability to measure source (peak $1,000
LWC has not been | spectral emissions
demonstrated. occur at 940 nm )
' . Designed to be used | Near-forward-
Poor man's optical fog o 1 .
as a switching device.|scattered pulsed IR
detector - Unknown
(ENC) OFD Has poor qualities as| LED (880 nm).
a LWC indicator. | Utilizes dump spot
Indicates present
Belfort Model 6100 VlSlbll.lt.y.. ¥ncludes Near fog‘ward
Visibility Sensor poor visibility alarm | scattered infrared $7,200
outputs. No direct (880 nm) LED
LWC information.
Indicates present
visibility. Has a poor| Backscattered
Jaiicsoi;;l?:)d::;:oﬂr()A visibility alarm. No | infrared (880 nm) $3,000
y direct LWC LED
information.
Table 1.1 Sensor attributes.
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2 Design, Construction and Initial Testing

2.1 Requirements

In defining requirements for the components to be used in this sensor, we first
looked at various other fog/visibility sensors. Then, component characteristics were
identified from those sensors that worked well. We also tried to identify some of the
problems encountered with other sensors and eliminated those components that might
have contributed to the problem.

We examined what environmental conditions the sensor would be exposed to and
came up with our desired requirements. One of the goals was to utilize readily available
commercial components. This would allow us to get the components in a timely manner
and would help to ensure the sensor could be built economically.

The following sensor requirements were established.

1. Temperature Stable. The sensor had to be able to be used over a wide
environmental temperature range (-5°C to 30°C) with very little drift or
hysteresis.

1. The sensor had to be built for outdoor conditions. It had to be National
Electrical Manufacturers Association (NEMA) certified since it would

have to be operated in all kinds of weather conditions.
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iii. The sensor should operate in the infrared range. This would allow us to
better be able to detect the cloud droplets as well as provide an eye-safe
light source for field application.

iv. Analog output (0-5v preferred). This would allow us to easily incorporate
its use with our existing Campbell data loggers.

v. We also were looking for components that had a modulated light source.
This would help reject background noise and natural variations in

background light intensity.

2.1.1 Component Search
We contacted numerous optics and electronics companies giving them our
requirements and describing our preliminary plans to build a fog detector. Many of the
industrial engineers at these companies said that they had nothing that would work and
they thougat it was not realistic for a sensor in the infrared range to detect water droplets.
The components that matched our requirements the best came from the
Photoelectric Sensor department at Banner Engineering. We ordered the following
components:
1. OASBFX Analog OMNI-BEAM Infrared (880nm) high power sensor (see
Figure 2.1). The sensor consists of the infrared light-emitting-diode (LED)
modulated light source we required and a photoelectric detector designed to
detect light only from the modulated light source (Banner, 2001). Itis

reported to be temperature stable with a maximum drift equal to £ 10mV.
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Detector

Source

Figure 2.1  Banner OASBFX Analog IR sensor head.

ii. OPBA3 Power block. The power block has a 0 to 10V dc analog output and
when properly assembled with the OASBFX sensor, it meets NEMA
standards.

iii. Two each IT2.53S, opposed mode glass fiber optic cables.

2.2 Theoretical calculations

The theoretical extinction efficiency (Q.) versus particle size for spheres can be
seen in Figure 2.2. The performance of sensors that depend on light scattering by
particles is related to the dimensionless size parameter (« ). The size parameter & is

related to the particle diameter by the following equation,
az%d (Eq’n. 2.1)

where d = diameter of the scattering particle and 4 = wavelength of the light source

illuminating the particle. In the example figure a wavelength of 0.52 pm has been
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chosen. The wavelength for our sensor is 0.88 pm. Figure 2.2 (Hinds, 1999) shows the
dependence on particle size becomes less important as the particle becomes larger.

Therefore, as @ becomes large, Q. approaches a large particle scattering limit of 2.
In our case, a size parameter value of 20 corresponds to a particle diameter of 5.6

um. From this, we expect particles with diameters larger than several um will have an

extinction efficiency approximately equal to 2.

Extinction efficiency, Q,

| | ] | ] | 1 | |
2 4 6 8 10 12 14 18 18 20
Size parameter, a
N NN NN NN U N (N S SN SR SNNNN N S SR S
0 1 2 3

Particle diameter for A = 0.52 um (um)

Figure 2.2  Extinction efficiency versus particle size for spheres.
(Hinds, 1999)

To understand how our sensor components should theoretically operate in the
presence of different fog drop size distributions theoretical scattering calculations were
undertaken. The fog extinction coefficient was evaluated-while varying drop mean size,
LWC (volume) and the breadth of distribution (as expressed by the geometric standard

deviation, c¢ ). This was done utilizing a Fortran program originally written by Bohren
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and Huffman (1983). The modified program we used and the numerical results can be
found in appendices A and B respectively. The program calculates the extinction
coefficient associated with a log normal distribution of particles with a specified

refractive index.

The extinction coefficient ( ¢z ) is the fractional loss in intensity per unit path

length associated with an elemental thickness, dL (Hinds, 1999).

In Figure 2.3, the fog LWC was varied while holding constant the mean size and

breadth ( oz ) of the distribution. The extinction coefficient increases when LWC

increases or mean drop size decreases.

Varying LWC
Holding volume geometric mean size (Dpgv) and breadth of distribution constant .
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Figure 2.3  Dependence of extinction coefficient on fog LWC and volume
geometric mean drop size. :

Figure 2.4 shows that as the breadth of the distribution increases the extinction

coefficient decreases slightly, if LWC and mean size are held constant.
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Figure 2.4  Effects of the breadth of distribution on the extinction

coefficient when LWC and mean size are fixed.

Next, mean size was varied while holding the LWC and the breadth of
distribution constant. As the mean drop size increases the extinction coefficient
decreases. This relationship, which is already seen in Figure 2.3, becomes apparent when

the relevant equations are considered.
Attenuation (1— ) 1s the ratio of light intensity traversing the fog to that incident
0

on the fog (see Figure 2.5) and is described mathematically by the following equation

known as Bouguer’s law (or the Beer-Lambert Law),

Lo el ' (Eq'n. 2.2)

where, o= extinction coefficient and L = path length through the fog.
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Figure 2.5  Schematic showing light attenuation.
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To understand why the extinction decreases as mean particle size increases it is
helpful to assume a monodisperse drop distribution. The extinction coefficient for a
monodisperse drop distribution containing N particles per unit volume can be written as

(Hinds, 1999)

(Eq’n. 2.3)

"~
s |£Q

where d = drop diameter, N = particles per unit volume and Q.= drop extinction

efficiency (~2 for water drop diameters over 5 pm when £ = .88.m).

It is useful to express the transmission efficiency (given by Eq’n. 2.2) in terms of the
mass concentration of a hypothetical monodisperse drop distribution. The mass

concentration of drops (or LWC) can be written as

c =2~ (Eq’n 2.4)

where Cp, is the particle mass concentration (LWC), N is the total number concentration

and p,is the density of the particle.
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Combining equations 2.2, 2.3 and 2.4 we find that

/ 3C.OL
— = —_ —— e E ’ 25 s
I xp(-o,L) = exp( > pd ) (Eq'n 2.5)

If we hold the fog liquid water content (Cp,) constant and vary the monodisperse
fog drop size we can readily see that the extinction coefficient decreases with increasing
drop size (as long as Q. is ~ constant).

Relaxing the assumption that the drop size be monodisperse and using the Bohren
and Huffman model to calculate transmission of the IR source beam through fogs with
fixed LWC and a lognormal distribution breadth, reveals a similar result: extinction

decreases (transmission increases) as the drops are shifted to larger sizes (see Figure 2.6).

Varying Mean Size (Dpgv)
Fixed LWC = 0.2 (g/m>) and breadth of distribution = 1.5
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Figure 2.6  Effects of mean size on the extinction coefficient and
transmission efficiency when LWC and breadth of distribution are fixed.
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Accordingly, it is expected that the response of the CSU OFD will vary with

mean fog/cloud drop size.

2.3 Glove box setup and testing

In order to test the sensor components we had to develop a method to create a
simulated fog. The first method tried included dropping dry ice into a pan of warm water
enclosed by a glove box (see Figure 2.7). This created a shallow, dense fog. The dry ice
induced fog was hard to control (e.g., it was difficult to vary LWC). Therefore, it was

decided to develop another method to generate fog.

Figure 2.7  Glove box used for fog generation during Sim Lab tests.
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For the next attempt at fog generation, an ultrasonic spray-type humidifier was
modified to pump its output into the glove box. The humidifier would create fog but it
took a long time for the humidifier to raise the LWC above 100 mg/m’. Therefore, we
added a port on the bottom of the humidifier where we could introduce compressed air,
thus increasing the generation of fog. This greatly increased our ability to generate fog
quickly. However, we were unable to keep the fog at a near constant LWC.
Consequently, an additional port for dry compressed air was added. This port allowed us
to adjust the flow of dry air into the fog stream to keep the LWC at a more constant rate.

See Figure 2.8 for the final fog generation setup.

Compressed air
port to control
LWC

:'-Compressed air
ort for faster fog

Figure 2.8  Humidifier setup for fog generation during Sim Lab tests.
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After being satisfied with the fog generation, we proceeded to test the sensor in a
variety of different configurations. The response of the sensor to simulated fog was
examined by measuring attenuation, backscattered light, and different setups for forward-

scattered light (see Figure 2.9).

Backscattered @) 0 O Forward-scattered
—— P, 200 O%oo ligh

—pp O O OOOO %O <E
Incident light OOQ%Q)OSO Q0 2

OOOO Cng
?

Fog volume sample

Figure 2.9  Schematic of backscattered and forward-scattered light.

The sensor response was calibrated prior to each configuration test as follows (see
Appendix C for diagrams and foi more in-depth calibration procedures). First, the null
screw is adjusted just until the detector output LED’s go out and only the power light
remains on. Then, if needed we adjusted the null screw just until we got a zero reading
on a voltmeter attached to the detector’s analog output port. Next, fog was produced in
the glove box (we consistently attempted to calibrate the sensor when the LWC was
approximately 200 mg/m’, as measured by the PVM ) and adjusted the detector span
setting until the reading matched the reading of the PVM. We then dried out the glove
box, rechecked the zero adjustment, and if necessary repeated the entire procedure. The
result of this calibration procedure was to calibrate each configuration of the CSU OFD at

two points: a zero (no fog) and a span value corresponding to ~ 200 mg/m’ LWC.
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2.3.1 Backscatter configuration

The first test tried in the glove box was with the Banner components arranged in a
backscatter configuration. This is the measurement configuration used by the Caltech IR
fog sensor and promised to provide a very compact instrument configuration. For this
test, the fiber optic cables were mounted on a single flat piece of metal (see Figure 2.10).
The fiber optics were mounted approximately 1.3 centimeters apart. They were then
placed inside the glove box with the PVM and the humidifier was activated. In this
configuration the sensor was not sensitive enough to receive backscattered light from the
fog; thus it was impossible to calibrate the sensor.

This configuration was tried a second time after it was calibrated in the
attenuation mode. We still could not get a significant reading on the sensor even though
the PVM was reading a LWC of over 500 mg/m’. We concluded that the receiver was

not sensitive enough to be used in this configuration.

Sending lens

1 Receiving lens

Figure 2.10 Schematic of optics setup for backscattering test.
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especially up to the 200 mg/m’ reading that was initially used to calibrate the sensor.

However, it still did not track as well as desired at LWC values greater than 200 mg/m".
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Figure 2.14a Dump spot test results with dump spot placed a few cm
directly in front of receiving lens.
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Figure 2.14b  Comparison of PVM and CSU OFD LWC during the dump
spot test with the dump spot placed a few cm directly in front of receiving lens.
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2.3.4 Attenuation

For this test, the lenses were positioned 53.3 cm apart and opposed to each other

with a 0° offset. This configuration would show full signal strength reaching the receiver

in the absence of any obstructions. To make the voltage reading easier to read and to

match the PVM reading more closely, the power setting was inverted on the OASBFX

Analog OMNI-BEAM sensor. This would make full signal strength register as zero volts

on the analog output. The output of this set up is an analog signal that appears to be

proportional to LWC. The result of this test was very promising (see Figures 2.15a and

2.15b).
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Figure 2.15a. Results of first attenuation test.
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Attenuation Test
PVM vs CSU OFD
14 June 2000
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Figure 2.15b. One to one results from first attenuation test shows a very high

linear correlation between the CSU OFD and the PVM.

The results show that the CSU OFD tracked exceptionally well with PVM, having
an R? value (coefficient of determination) greater than 0.99 and a slope close to 1.0.

Next, we tested how the CSU OFD in its attenuation configuration would react
when started in heavy fog with the fog quickly dissipating (see Figures 2.16a and 2.16b).
The results again were very promising with the CSU OFD closely tracking the PVM until
the fog dried out to approximately 10 mg/m’. The linear correlation again was very good

with an R? value greater than 0.99 and a slope of 1.01.
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Figure 2.16a. Attenuation results starting in fog and drying out rapidly.
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Figure 2.16b. One to one relationship of attenuation results starting in fog
and drying out rapidly.
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2.4.4.1 Attenuation test with focusing lenses

The results of the attenuation test were so promising it was decided that using the
sensor in this mode was probably the best option. We decided to do another test in this
mode utilizing focusing lenses that were attached (screwed on) to the sensing and
receiving ends of the fiber optic cables. We thought this would possibly yield even better
results (see Figures 2.17a and 2.17b). The configuration did produce results that showed

the CSU OFD tracking reasonably well with the PVM but not as well as it did without the

lenses.
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Figure 2.17a. Attenuation results with focusing lenses.
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Figure 2.17b. One to one plot of attenuation results with lenses.

2.3.5 Design of CSU OFD for Storm Peak Lab tests

Storm Peak Lab (SPL) is located at 10,560 ft (3220 m) on Mt. Werner near
Steamboat Springs, CO (see Figure 2.18). SPL is a high elevation, mountaintop
atmospheric research facility readily accessible under all weather conditions. It is
operated by the Desert Research Institute (DRI) Atmospheric Sciences Center (DRI,

2001). SPL maintains various meteorological sensors at the site.
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Figure 2.18 Storm Peak Lab, mountaintop atmospheric research
facility, Steamboat Springs, CO.

For the SPL field test, we used the attenuation setup without lenses. Three CSU
OFD’s were installed at SPL to verify whether the measurements of the CSU OFD were

repeatable with multiple sensors.

2.4 Calibration tests and procedures

Before going to SPL, we developed a method for calibrating the sensors in the
field. Up until this point, the sensors were calibrated using the PVM while they were
both in the glove box. The initial OFD calibration procedixre and its adaptation for field

calibration are described below.
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The following procedures were developed to initially calibrate a new sensor. The
first adjustment to a new sensor, with no obstructions between the lenses, calls for turning
the null screw just until the output LED’s go out and only the power light remains on.
Continue to slowly turn the null screw just until you get a near zero (+ 5m}") reading on
an attached voltmeter. If you cannot get it to this value, you may have to adjust the span
screw until you get a near zero reading.

Now you need to produce fog and adjust the span setting until the reading
matches the reading of the PVM (see Appendix C for current, more in-depth calibration
procedures). Then dry out the glove box, recheck the zero adjustment, and if needed,
repeat the entire procedure. The calibration of the CSU OFD is an iterative process.

Once we felt confident that one of the CSU OFDs was calibrated within
reasonable limits (+ 5 mg/m’) to the PVM, we developed a method to calibrate the other
sensors without the use of the glove box. This procedure was required since it would not
be feasible to take the glove box into the field.

Our first thought was to try to use the light diffusing calibration disk provided
with the PVM. This disk was designed to work with the 780nm laser in the PVM. When
it was placed in the path of the CSU OFD’s 880nm infrared beam it would not allow any
detectable light to pass through. Next, various plastic and glass lenses were tested to see
what type of reading they would produce. We also had to ensure that the reading could
be repeatably produced. We wanted something that could be easily replaced if broken or
lost. It was discovered that an Avery 5177 Ink Jet Transp?rency consistently produced a
reading of 330 mV on a voltmeter when placed in front of the receiving lens of the pre-

calibrated CSU OFD (330 mV corresponds to 330 mg/m® when referring to LWC).
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Several sheets of Avery 5177 Ink Jet Transparencies were tested and all produced similar
results.

The other CSU OFDs were calibrated using the Avery transparency. All 3 CSU
OFDs tracked very close to the PVM (in additional glove box testing). Therefore, a field

calibration disk was made by placing a piece of transparency paper in a metal holder.

2.5 Storm Peak Lab experiment

The SPL experiment was scheduled when frequent cloud interception could be
expected at ‘the facility. August was chosen because climatologically, August has
numerous cloud intercept days due to monsoonal flow and we hoped to test the CSU

OFD in the presence of actual clouds.

2.5.1 Equipment setup

The equipment was set up on the roof of SPL (see Figure 2.19) and included three
CSU OFDs, the PVM and a Campbell CR10X data logger. Unfortunately, data-logger
problems precluded logging the particle surface area channe!l from the PVM.

The sensors were mounted on a railing and were set up virtually at the same
height. This was done because small vertical position variations in a fog or cloud can

yield large differences in LWC.
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Figure 2.19. Equipment setup on SPL rooftop.

2.5.2 SPL test results

Overall, the results from the SPL experiment were excellent. However, it was
discovered that one of the CSU OFDs was missing the O-ring that holds the fiber optics
firmly in place. Since the optics were not held firmly in place, the sensor’s readings
tended to drift. Therefore, the data from that sensor (CSU OFD 1) were not reliable and
were excluded from the comparisons.

There were three distinct cloud intercepts during the 4 weeks the sensors operated
at SPL. The first event occurred on August 16-17, 2000 (see Figure 2.20) and lasted for
15 hours and 35 minutes. Both CSU OFDs tracked well with the PVM with the lowest
linear correlation coefficient greater than 0.95 and slopes between 0.995 and 1.088. CSU
OFD 2 slightly over-measured the LWC compared to the PVM while the CSU OFD 3
slightly under-measured it. The PVM measured a mean LWC, over the event, of 97
mg/m’ with a maximum LWC of 608 mg/m’.
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SPL Cloud Intercept Test
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Figure 2.20. Relationship of CSU OFD versus PVM during the 16-17 Aug

event.

The second cloud interception event occurred on August 20, 2000 (see Figure
2.21) and lasted for 4 hours and 20 minutes. The R* of CSU OFD 2 was 0.95 while CSU
OFD 3 had an R” of 0.97, both showing a very high linear correlation for this event.
During this event, CSU OFD 3 slightly over-measured the LWC (slope = 1.007) while
CSU OFD 2 slightly under-measured it (slope = 0.955). The mean LWC reading from

the PVM was 451 mg/m’ with a wide range extending from near 0 to almost 1100 mg/m’.
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SPL Cloud Intercept Test
20 Aug 2000
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Figure 2.21. Relationship of CSU OFD versus PVM during the 20 Aug
event.

The final event occurred on August 24-25, 2000 (see Figure 2.22) and lasted for
21 hours and 50 minutes. The linear correlation of both CSU OFDs fell off dramatically
with CSU OFD 3 having the better R, which was only 0.84 (slope = 0.91). The slope
and correlation coefficient for CSU OFD 2 were 1.03 and 0.81, respectively. The mean
LWC reading from the PVM was 71 mg/m’; the maximum LWC during the event was

443 mg/m3 .
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Figure 2.22. Relationship of CSU OFD versus PVM during the 24 — 25 Aug
event.

The lower correlation during this event may be in part due to the accumulation of
dirt on the optics over the 3 weeks that the sensors were installed. It is also possible that
changes in the cloud drop size distribution during the event, and associated changes in
OFD response, may have reduced the correlation in response between the OFD’s and the
PVM. Accumulation of water on the OFD sensor optics could also have affected the
measured attenuation.

Changes in OFD response as the optics become dirty can be seen in figures 2.23a
and 2.23b which depict results from a 12 day test done on the Sim Lab roof. For this test
the sensors were all calibrated on September 8 then checked every few days to see how

well the calibration held. The calibration held well the first few days but then began to



drift upward. We attributed this to dirt accumulating on the optics since after they were
cleaned the readings went back to acceptable standards.

The dirt accumulation on the optics would cause the sensor to give false readings
both in and out of cloud. Due to this, in the final design a filtered air pump was
incorporated to blow clean air across the optics. We also decided to require the optics to

be manually cleaned weekly.
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Figure 2.23a Calibration results from Sim Lab tests (zero calibration value
should be 5+ 3 mV). Increase in zero calibration value is attributed to
accumulation of dirt on its optics.
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Figure 2.23b Calibration results from Sim Lab tests (calibration results
should be 330 = 3 mV). Increase in calibration value is attributed to
accumulation of dirt on its optics.

Measurements from all three SPL cloud interception events are plotted in figure

2.24. A summary of linear regression results (OFD vs. PVM) is provided in Table 2.1.

The CSU OFD’s worked fairly well and neither sensor consistently gave high or low

LWC readings. Combining results from both OFD’s for all tests gave a regression

equation of LWCopp = 0.99 * LWCpywm with a correlation coefficient of 0.92.
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Figure 2.24. Relationship of CSU OFD versus PVM during all SPL events.
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Table 2.1.

Table of CSU OFD results from all SPL events.

We also wanted to see if the CSU OFDs exhibited any noticeable diurnal effects
(see Figure 2.25), so a 3-day span was examined when there was not any fog/cloud
detected at SPL. During this timeframe there does not seem to be a very noticeable
diurnal effect. Measurement variability is within +/- 10 mg/m’ for all three instruments,

with the PVM showing the largest fluctuations.
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Diurnal Variation
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Figure 2.25. Diurnal variation test.

2.5.3 Lessons learned, precipitation effects, and minimum detection limit

The experimental results from SPL were very promising. We learned that the
CSU OFD could definitely be used as a fog presence detector and, at least in the clouds at
SPL, be used as an instrument capable of measuring LWC. We did discover that we_
needed to develop a method to help keep the optics clean.

We also wanted to see the effects that precipitation would have on the current
configuration. Three CSU OFD’s were again prepared for testing. Two of the sensors
were modified by putting a roof over them to shield them from precipitation. The roof
was made of metal and extended the entire length of the sensor. The long sides of the

roof were bent at an approximate 30° angle to help shield the optics and sensing volume
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from wind blown rain. The 30° angle brought the roofline down below the vertical
position of the optics.

We also installed a filtered air pump to one of the modified, roofed sensors and
the remaining unmodified CSU OFD and mounted resistors above the lenses (see Figure
2.26) on the roofed CSU OFDs to keep them from freezing and help to eliminate the

accumulation of condensation.

Figure 2.26 Heated and aspirated OFD receiver with cover removed.

The three sensors were mounted on the roof of the Sim Lab (see Figure 2.27).
During the test period (2 — 6 Oct, 2000), we experienced a freezing precipitation event
that caused the unshielded/unheated CSU OFD optics holders to freeze over (see Figure
2.27b), thus rendering this sensor incapable of an accurate measurement.

The sensor that was roofed and heated appeared to-have had periods when
precipitation was blown into the optics cover while the sensor that was roofed, aspirated,

and heated showed no negative effects during the freezing precipitation event.
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Figure 2.27a. Shielded and heated CSU OFD on Sim Lab roof during an
October freezing precipitation event.

Figure 2.27b. Unshielded/heated CSU OFD on Sim Lab roof during an
October freezing precipitation event.
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Using data from the Sim Lab roof testing, the CSU OFD minimum detection limit
(MDL) was determined by taking the mean signal and adding it to three times the
standard deviation of the signal. The MDL was calculated based on a 24 hour time
period (6 October, 2000) with the signal being recorded every 60 seconds. The results of
the detection lim:t calculation are shown in Figure 2.28. The CSU OFDs have a
theoretical MDL of 4.4 mg/m® compared to the PVM’s MDL of 5.6 mg/m3 (calculated by

the same approach).

Detection Limit of Detectors
from 6 Oct 00 Roof Test

B Detection Limit of PVM

°] 56 B Detection Limit of CSU OFD 2
- 1333 Detection Limit of CSU OFD 3
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Figure 2.28. Calculated detection limit (signal to noise ratio) of PVM and
the CSU OFD.

2.5.4 Final design of CSU OFD
The final design for the CSU OFD was based on the roofed, heated design
including the filtered air. We had to make a few other minor modifications. The chief

modification was turning the OFD upside-down in order to keep birds from possibly
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perching on the metal bracket and setting off the sensor (see figure 2.29 for view from

underside of CSU OFD).

Figure 2.29. View from below CSU OFD. Inverting the sensor eliminated

the possibility of birds perching below sensor and activating it.

We encased all the electrical components in a NEMA box (see Figures 2.30a and
2.30b). This alteration allowed for easy mounting while in the field, to limit the sensor’s
exposure to the environment, and to keep the design more compact (a list of major

components can be found in appendix D).

Figure 2.30a. Wiring schematic and assembly of CSU OFD.

52



Figure 2.30b. Assembled electronic operating board of CSU OFD mounted in
NEMA box.

The final design of the CSU OFD used for CRPAQS can be seen in figure 2.31.

Figure 2.31. Completed model of the CSU OFD used for CRPAQS.



After the final design was decided, 8 CSU OFDs were built to be used during the
California Regional Particulate Air Quality Study (CRPAQS). The sensors were all built,
calibrated, and system checked before shipment to California. They were designed to be
installed with minimal effort (e.g., plug in the power, attach cable to data logger and affix

the sensor to the mounting pole with 2 clamps).
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3 CRPAQS Experimental Approach

3.1 Overview

The main focus of this research was to develop a fog sensor that could be used
during the California Regional Particulate Air Quality Study (CRPAQS). . During
CRPAQS, we evaluated how the CSU OFD worked as an inexpensive on/off switch to
activate cloud/fog sampling devices. The results from the study also provided a method

for evaluating the use of the sensor to measure/track LWC.

3.2 Equipment setup

The experimental setup for CRPAQS required the use of seven CSU Optical Fog
Detectors (see Figure 3.1), most of which were used to activate various cloud/fog
collectors. A method to test the accuracy and reliability of the CSU Optical Fog Detector
also was needed. For this test, one CSU OFD was co-located with a PVM on a 3-meter
pole at the main experiment site near Angiola, California. We also installed 3 CSU
OFD’s at different levels on a 100 meter tower at the same site and 3 at other San Joaquin
Valley locations: McKittrick, Bakersfield and Helm. Results are presented here for

Angiola and Helm as little or no fog formed at the other sites.
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Figure 3.1  CSU Optical Fog Detector shown in the laboratory mounted on a 3-
meter pole.

3.2.1 Remote setup at Helm

The experimental setup at Helm required erecting a 3-meter pole. A Caltech
Active Strand Cloudwater Collector 2 (CASCC2, see Demoz et al., 1996) was mounted
on the top of the pole to collect fogwater (see Figure 3.2). Underneath the CASCC2, a
CSU Optical Fog Detector was mounted in addition to a relative humidity/temperature
sensor (not seen in photo). The setup also included a Campbell CR10X data logger that

was programmed to record the data every minute.
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Figure 3.2  Setup of CSU Optical Detector and CASCC2
at Helm, CA.

This collection system is designed to function automatically in the presence of a
fog that exceeds a specified liquid water content threshold value as measured by the CSU
OFD. Each site utilized its own specific data logger program. This was done because
some sites had modems (programmed to call and notify of fog conditions) while other
sites had differing versions of the data logger that required different programming. The
program for Helm can be found in Appendix E. A brief description of the program
functions will be given here.

The collector is triggered to sample by the CSU OFD fog monitor. The program
sets a threshold reading from the CSU OFD that will open the collector doors and start
the fan. This liquid water content threshold value was initially set to 30 mg/m’, but it

could be easily changed. We suggested the value stay in the 30 — 50 mg/m’ range.
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Once the CSU OFD measures a liquid water content of greater than or equal to 30
mg/m’ for a specified amount of time, sample collection will begin. The threshold time
was set to 5 minutes. After the threshold values have been reached the fan on the
CASCC?2 is turned on and its doors are opened.

Once the CSU OFD detects a liquid water content of less than the threshold value
for 150 seconds the collector is considered to be ‘OUT OF FOG’ and the doors of the
CASCC2 collector will close. If the CSU OFD again detects a LWC of greater than or
equal to 30mg/m’ for more than five minutes within the next 1 hour, sampling will
resume on the same 1 liter bottle. This process of going in and out of fog on the same
bottle will continue until the sampler has been ‘OUT OF FOG’ for more than one hour.
At this point a solenoid valve will turn, switching to a new bottle.

If the collector then goes back IN FOG before it has been serviced, it will sample
on the second bottle. The program will perform the same operations with the second
bottle sampling. Again, this bottle will be used until the collector goes OUT OF FOG for
more than an hour. At this point both bottles have been used for sampling and the
program will not allow the collector to sample again until the site has been serviced and a

program flag has been reset.

3.2.1.1 Sample retrieval

Upon arrival at the site, the operator must take note of how many 1 liter bottles
were used to sample. He should then remove the bottles, cap them and place them in a
cooler. (All weighing, pH measurement and testing was done-at the sample processing

trailer in Angiola).
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Once the samples have been taken care of, the collector must be cleaned. To do
this the collector does not need to be removed from the pole. Using a ladder and a
backpack sprayer the collectors can be adequately cleaned. The operator must manually
open the collector doors using the manual switch in the control box (down position).
With the doors open the sprayer is used to thoroughly rinse the inside of the collector
with deionized (DI) water, paying special attention to all collection surfaces. This
procedure is done with one of the 1 liter bottles attached to catch all of the DI water.

Once the collector has been cleaned, a blank needs to be taken. To take the blank,
a small spray bottle is used to spray a few hundred milliliters of Nanopure DI water onto
the collection strands in the collector. The 1 liter bottle is emptied and reattached and
additional water is sprayed onto the collection surfaces. Once there is enough DI water
collected in the 1 liter bottle (about 50 — 100ml) this blank is transferred into a labeled

100ml bottle.

3.2.2 Tower setup

Three CSU Optical Fog Detectors were attached to a 100 meter tower (see Figure
3.3) at different heights. They were all installed with a new Teflon coated Aluminum
CASCC2, featuring an automated cover (see Figure 3.4), a carousel collection system and
a Campbell CR10X data logger (see Figure 3.5). The sensors were placed at 8, 23, and

91 meters above the ground.
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Figure 3.5  Setup of tower sampling system
(Lower level).

3.2.3 Main site (base) setup

The Angiola main site setup (see Appendix F) was designed to be the control for

the experiment. The CSU Optical Fog Detector was mounted on a 3-meter pole with the

Gerber PVM-100. The setup had the PVM mounted at the top of the pole and the CSU

detector mounted about 1 meter below the PVM (see Figure 3.6). This configuration was

chosen in order to have both sensors sample approximately the same segment of the fog
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since small spatial differences in fog, both in the vertical and horizontal, might produce
large differences in LWC and PSA.

A Caltech Active Strand Cloudwater Collector (CASCC) and a size-fractionating
CASCC (see Demoz et al., 1996) were also located at the main site atop 3 m poles.

Fogwater volumes collected from these instrument were measured at 1-2 hr intervals.

Figure 3.6  Gerber Scientific PVM 100 and CSU Optical Fog Detector at main
site in Angiola, CA.

3.3 Calibration and field maintenance
Correct calibration of the CSU Optical Fog Detector is required to get accurate
results. To calibrate the CSU Optical Fog Detector in the field a flathead screwdriver,

phillips screwdriver, small flathead screwdriver, calibration disc, and either a laptop
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loaded with Campbell Data Logger software or a voltmeter are required (see Appendix C
for in-depth details).

The calibration process is an iterative process. The goal for the initial setting is to
try to get the reading within 0 + 5 to 10 millivolts by adjusting only the NULL
adjustment screw. After this is achieved a SPAN calibration is performed. To check the
span value, a calibration disk (see Figure 3.7) is attached to the receiving terminal with

the film side facing the lens (see Figure 3.8).

y . . . Figure 3.8 . Proper
Figure 3.7 Calibration disk. placement of calibration

disk for SPAN adjustment.
The calibration disk should give a reading of 330mv. The calibration screw
labeled SPAN must be adjusted to get the reading on the control panel within + 5 to 10
mv of the desired 330 mv.
The disk is then removed and the operator must wait for the readings to fall back
down to near zero. This is because adjusting the SPAN value may have affected the

NULL or ZERO value (the reverse is also true - that is, adjusting the NULL value has an
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effect on the SPAN), so the NULL (ZERO) value may require further adjustment using
the NULL calibration screw and then the SPAN may require further adjustment using the
SPAN screw. The calibration process is repeated until the values are within = 1.5 mv of
the calibration value. Once these values have been obtained the CSU Optical Fog
Detector calibration is done.

Field maintenance requires weekly calibration checks and cleaning of the fiber
optics. Occasionally the optics housing will attract insects like spiders, which can
interfere with the proper operation of the sensor. The optics also tend to get dirty after 7
to 10 days of operation, depending on the area where the sensors are placed. To clean the
optics the operator will need Q-tips and isopropyl alcohol. The operator must dip a Q-tip
into the alcohol and gently rub on each fiber optic lens followed by rubbing with a dry Q-
tip. Repeating process until it comes out clean.

3.4 Experimental procedure

The experimental procedures varied for each location. At the Angiola site the
ground based CSU OFD was to be compared directly to the PVM. The CSU sensor that
was co-located with the PVM had a broken connection inside the control box.
Unfortunately, this was not fixed until the study was almost over. The sensor was
shipped back to CSU where it was repaired and returned. After it was returned to the
field, it was remounted and we were able to capture one useful event.

The experimental procedure for the CSU Optical Fog Detectors on the tower was
designed to compare the actual amount of cloudwater collected to the theoretical
collection rate and secondly to the PVM’s LWC reading. At Helm, the CSU Optical Fog

Detector was the only sensor used to measure the fog, and thus was used to activate the
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CASCC2. The CASCC2 fogwater collection rate was compared to the theoretical

collection rate based on the CSU OFD estimated LWC.

3.4.1 Theoretical cloud LWC collection rate calculations

The fog sample collection rate by a CASCC2 fog collector, Cr, is dependent on
the liquid water content and the drop size distribution of fog being sampled. It also
depends on the flow rate, O, of air through the CASCC2 (m’/min), the fraction of air that

1s actually sampled (7, ), and the volume fraction of the initial (ambient) drop distribution

collected (7, ). It is expressed in—m,i . From Demoz et al. (1996), the collection rate may
min

be written as
Cr = (m)(72)Q(LWC) (Eq’n3.1)

According to this equation, Cr and LWC are related if 7,, 77, and Q are known

(for the CASCC2 used at Helm, Q = 5.84 m3/min) The fraction of air sampled is

calculated using the equation from Demoz et al, (1996)
. de.” ,
7, =11-(1 —;) h (Eq’n 3.2)

where d. 1s the strand diameter, r is the number of rows, and x is the strand spacing.

From Demoz et al. (1996), 7: for the CASCC2 is 86%.
In order to calculate 71, information about the shape of the drop size distribution

1s needed. In most field situations, drop size distributions are not known. In this absence,
one can utilize parameterizations of cloud drop size distributions as a function of liquid

water content. Demoz et al. (1996) calculated drop size distributions for various LWC
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values, based on the parameterization according to Best, as referenced in Demoz et al.
(1996). They discovered a linear relationship between 71 and LWC for LWC values
above 0.175 g/m’. Therefore, for values of LWC > 0.175 g/m’, m can be assumed to be

linearly dependent on LWC and substituted in equation 3.1 to yield
Cr=0.493 x (LWC)? +4.73 x (LWC) for 0.175 <LWC < 0.5 gm’. (Eq’'n3.3)

For LWC values below 0.175 g/m’, 7 can be expressed by a 5™ order polynomial

(Demoz et al., 1996) and substituted into Eq’'n 3.1 to yield

Cr=1318 x (LWC)® - 1957 x (LWC)® + 1102 x (LWC)* - 293 x (LWC)’ +

37.2 x (LWC)* +2.97 x (LWC) for 0.025 < LWC < 0.175 ml/m’. (Eq’n 3.4)

The collection rate as a function of LWC for the CASCC2, calculated from Eq'n

3.3 and 3.4, can be found in Appendix G.

3.5 Results

Experimental results for the CSU Optical Fog Detector look very promising.
When comparing the theoretical collection rates with the actual collection rates we see
how the CSU OFD may function as a LWC sensor. However, there are some
uncertainties with this comparison. Some uncertainty is due to the lack of knowledge of
how some collectors were oriented to the wind. Depending upon their orientation, the
drop size distribution and the ambient wind speed, we could have many factors that affect
the collector's overall sampling efficiency. If the wind speeds were always low
(e.g. <2 m/s as is typical in these fog episodes) this probably would not matter too much

but if the wind speeds were higher the larger droplets might not be able to make the turn
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into the collector. More uncertainties are introduced by uncertainty in the flow rate of air

through the CASCC2 and the shape of the drop size distribution. Therefore, the

theoretical collection rate should only be used as an approximate surrogate for the actual

fog LWC.

351

Helm results

The results from Helm were very encouraging with numerous samples collected

(see Table 3.2).

Sampling Time Period CSU Fog Sensor

Sample Sampling Time (i) (Mean) Retrieval ~ Sample
No. Number Date On Off C5l Fog LWCs Date  Volume (g)
Sensor mg/m
1 RiP 511353 12/17/00 2:30 9:35  425.0 211.0 12/18/00  284.0
, RPESS 121900 455600 650 1252 1220000 375
, R 123100 7:509:40 1100 88.6 01/01/01 279
, % on0101 a0 400 140 62 01/01/01  98.2
280
RIPC1002 01/02/01 4:10 9:10 *Collector off 89.7 01/02/01  90.0
5 01 for 20 min
o TP 0110001 5:00 7:00 120 120 01/12/01  43.0

Table 3.1 Selected Events from Helm, CA.

The December 17, 2000 event (see Figure 3.9) lasted 425 minutes and had an

average collection rate of 40.1 ml/hr. Comparing this to the theoretical collection

efficiency of the CASCC?2 as a function of drop diameter, the theoretical collection
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should be 1.02 ml/min while the actual amount collected was 0.67 ml/min. This suggests

that the CSU OFD may have overestimated the LWC.

Helm, CA
17 Dec 00
400.0 S T
350.0 - ’,-'r- - 1
%001
HE | ',f' g ‘
S 2500, [
E 14 . -L
2] > b
ES
2 2000 - —
o CSU Fog Detector |
c ' an/S e RH 1
a 150.0 <
o

100.0 -

Total Collected 284g
Avg Collection Rate = £0.1 ml/hr

0.0

a1

2:30 3:00 3:30 4:00 4:30 5:00 5:30 6:00 6:30 7:00 7:30 8:00 8:30 9:00 9:30

Time

Figure 3.9 Event from Helm, CA. December 17, 2000.

The December 19, 2000 event (see Figure 3.10) lasted 65 minutes and had an
average collection rate of 34.6 ml/hr. The theoretical collection should be 0.6 ml/min
while the actual amount collected was 0.6 ml/min. For this event the CSU OFD appears
to have done an excellent job of measuring the LWC. It would have been very

instructive to examine the drop size distribution for these events if it were available.
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Helm, CA
19 Dec 00

180.0

160.0 -

|——CSU OFD LWC |

140.0 -

|
120.0 -
100.0 -
80.0 -

60.0 -

Total Collected 37.5g
Avg Collection Rate = 34.6 mi/hr

CSU OFD LWC mg/m®

40.0

20.0 -

0.0

TIME
Figure 3.10 Event from Helm, CA. December 19, 2000.
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The December 31, 2000 event (see Figure 3.11) lasted 110 minutes and had an

average collection rate of 27.9 ml/hr. The theoretical CASCC?2 collection rate is 0.40

ml/min while the actual amount collected was 0.25 ml/min.

Helm

| CSU OFD LWC |
31 Dec 00 f ;
140.0 - i RH ; -2
— — —TempC | set
130.0 - #7115
’/ |
120.0 - o 1
| //’/ T
i 110.0 4 P ) | Tos
a §§100,01,.......... O N T i TR =1t M o =R B
L o [ S A L 1
S E® g0+ SR LT PP A P
29T
S c
© 3 & 800 - A
70.0 4 -1.5
| 1L
60.0 //’ Total Collcted 27.9g r-2
50.0 - _ - Avg Collection Rate = 15.2 ml/hr 125
! - !
400 = ol ; , ; : - <3
7:50 800 8:10 8:20 8:30 8:40 8:50 9:00 9:10 9:20 9:30 9:40
Time

Figure 3.11 Event from Helm, CA. December 31, 2000.
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The January 1, 2001 event (see Figure 3.12) lasted 140 minutes and had an
average collection rate of 42.1 ml/hr. The theoretical CASCC2 collection rate is 0.27

ml/min while the actual amount collected was 0.70 ml/min.

Helm
1 Jan 01
100.0 T : S : . 1
|
| ......-.......---------~----..-.-0-0--~-.-----—--—-------...__..... —C.8
90.0 4 :
; CSU OFD LWC -~ 0.6

CSU OFD

| =

Total Collected 98.2g +-0.8
Avg Collection Rate =<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>