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1.0 Program Summary

In 1973, the U. S. Coast Guard's Office of Marine Environment
and Systems and the Office of Engineering requested development of
an oil-in-water content monitor suitable for use with oil/water
separators aboard USCG vessels. Requirements for these devices are
established in the Federal Water Pollution Control Act (as amended),
the ratified 1969 amendments to the International Convention for the
Prevention of Pollution of the Sea by 0il in 1954, and the anticipated
U. S. policy at the 1973 IMCO Conference (prohibiting the willful
discharges of 0il into any waters). The Office of Research and
Development subsequently released a request for proposals for feasibility
studies, for which twenty-six proposals were submitted. The three
concepts thought to have the highest potential for success were chosen
to pursue their concept of oil monitoring, as follows:

a. Baird-Atomic -~ 0il fluorescence synchronous scanning.

b. Enviro Control - Tight scattering at ninety degrees ratioed
against light transmission.

c. General Electric - small angle forward light scattering
ratioed against light transmission.

PHASE 1

The purpose of the Phase I feasibility studies was to demonstrate
the ability of each concept to accurately monitor a separator effluent
stream containing from 0-100 ppm o0il, despite the following interferences:
change in 0il specie, particulate matter (rust, paint chips, dirt, plankton,
etc.), water conditions (pH, salinity, temperature), detergents, air
bubbles, and electrical or mechanical operational characteristics.

During the course of the Phase I studies the Office of Engineering
purchased off-the-shelf separating and monitoring systems for installation
aboard USCG vessels, and in effect ended the requirements for the
feasibility studies. llowever, the program manager redirected the monitor
research program to include the needs of the merchant marine industry.
Consequently, the feasibility studies were expanded to investigate the
wide variety of oils which might be found in both bilge and cargo
applications.

The Phase I feasibility studies, completed in February 1975, yielded
the following results:

a. All three techniques were able to monitor a known o0il linearly
over the range of 0 to 100 ppm with a maximum error of + 15%. This
error includes the error associated with the analytical technique
(soTvent extraction-infrared absorption) used to determine the actual
0oil concentration being monitored.

b. HMNone of the techniques were 0il specie independent. Every
0il and o1l mixture sampled had a unique response curve.




c. A1l three of the breadboard devices were affected by
particulate matter, changes in the water conditions (temperature,
pH, salinity), and detergents.

d. A universal instrument that did not have to be calibrated
for 0il type was not available.

e. A monitor that could operate properly for bilge applications as
well as for tanker deballasting and cleaning was not considered practical.
Each operaticn had its own particular controlling parameters, and hence,
the problems should be handled separately.

The Phase I program, including concept descriptions and test program
results, is discussed in Section 2.0.

Phase II

For the above reasons prototype development was postponed and a
second phase feasibility program was initiated with each of the three
vendors. The decision to proceed with these concepts alone, was made
for the following reasons: 1) Phase I monitor accuracy and reliability
results were quite similar for all three contractors, with none of them
having a distinct advantage; 2) there were significant areas of investigation
under each of the techniques that showed promise for improvement in response
or for reduction in the variation of response due to oil specie; 3) no new
concepts were thought to have more chance for success than the original
three concepts; and 4) insufficient standardization of the Phase I monitor
testing program was thought to have biased performance data on the monitors.
As a result, a specific test program was developed to adequately compare
monitor test data. Additionally, the program was altered to address the
bilge water application only, thus reducing the variety of oils tested.

The second feasibility phase was completed in February 1976, and
yielded the following results:

a. Linear monitor response to a known o0il mixture was demonstrated
over the range of 0-400 ppm with a maximum error of + 15% (excluding
BUNKER "C").

b. All three techniques remained o0il specie dependent. However,
if individual oils or oil mixtures are predictable, deviation of monitor
response can be reduced (i.e., optical masking; electronic compensation
techniques).

c. Interferences caused by particulates, detergents or water
conditions (temperature, pH, salinity) have decreased; particulate
interference may be further reduced electronically. Detergents, if
predictable, may also be compensated for by means such as optical masking.

d. Design capabilities demonstrated in this phase were considered
sufficient to eliminate the need to calibrate a prototype monitor for oil

type.

The Phase II program, including concept modifications, test matrix,
and test program results, is discussed in Section 3.0.




Gl

Section 4.0 updates the developments in the USCG monitor research
program since the completion of Phase II, and discusses anticipated
USN Tlaboratory tests of the three breadboard monitors.




2. PHASE I FEASIBILITY

The main goal of this phase of the program was to demonstrate the
feasibility of concepts for measuring oil dispersed in water, independent
of 0il type. Many problems were identified during this program which
will have to be solved prior to the development of a useful shipboard
instrument. Part of the goal, however, was obtained in that all three
methods were able to measure 0il linearly over the range of 0 to 100 ppm
when oil type was known. All three showed dependency upon o0il type, and
methods of reducing this dependency or its effects are being investigated
and are discussed later. The following sections briefly describe the
concepts, the breadboard system developed, the results obtained, and the
level and directions of future development.

2.1 Concepts and Developmental Status

2.1.1 Light Scattering -~ Enviro Control

The basic concept of Enviro Control's phase I breadboard was
light scattering of oil droplets at a right angle to the incident Tight
beam. To make a first-order correction for color and particulate matter
interference, the transmitted beam was monitored and proportioned against
the scattered light. ODuring the developmental work it was shown that the
ratio of scattered to transmitted 1ight was a poor correction for parti-
culate interference, therefore, some other method had to be employed to
remove the effects of it. The most direct method was to remove the
particulates prior to analyzing the sample stream for oil.

The overall layout of Enviro Control's phase I breadboard oil content
monitor is shown in Figure 2-1 with an actual photograph in Figure 2-2.
The breadboard consisted of a turbine pump, hydrocyclone separator,
homogenizer, flow-through sensor assembly, and electronics for signal
conditioning of photomultiplier outputs and auto-calibrations. The
turbine sampling pump delivered an 8.2 liter per minute flow to the
breadboard and provided a system pressure of 30 psi for proper operation
of the hydrocyclone. The hydrocyclone was added to the breadboard in
an attempt to remove particulate matter from the sample stream. The
sample flow was split at this point with approximately half the sample
stream (cyclone overflow-oil but no dirt) continuing to the homogenizer
and the other half (cyclone underflow-dirt but no o0il) being discarded.
To condition the sample stream (provide an homogenous oil-water mix)
prior to entering the sensor cell, an off-the-shelf Tekmar homogenizer
was selected and modified for installation. The sample stream then
passed through the sensor cell where Tight scatter at 90 degrees and
Tight transmission was measured. These measurements were processed
electronically to determine o0il content.

.
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Figure 2-2 (Part 1 of 2: see part 2 for key)
Breadboard Oil-in-Water Content Monitor - Phase I
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A more detailed description of the sensor cell is presented in
Figure 2-3. White Tight from a tungsten Tamp (peak energy in infrared
region) is collimated with a 29 millimeter focal length lens, and
passed through a long band-pass filter (780 to 1050 nanometers), a
window, and an air barrier chamber. This air barrier prevented the
sample stream from contacting and fouling the optic windows, and each
air chamber was supplied by a constant volume air compressor. From this
chamber the Tight passed through the air-water interface and into the
sample stream perpendicular to the flow direction. A portion of the
resultant light scattered (90°) from the transmitted beam was passed
through a second air-water interface, entered a second air barrier
chamber, and passed through a window to the cathode of the scattered
light photomultiplier tube. An RCA C31004 tube was selected for its
greater range in the infrared portion of the spectrum. The remaining
transmitted 1ight was passed throug a third air-water interface, air
barrier channel, window, and a neutral density filter to the cathode of
the transmission photomultiplier tube. The neutral density filter
actually consisted of several layers of filters placed in the optical
path ahead of the transmission detector to reduce the intensity of the
light so that maximum recommended anode current denisty of the tube
was not exceeded. A neutral density filter was not used in front of
the scattered light detector since the scattered light density is
typically 1/1000th of the transmitted light density.

The low level signals from the photomultiplier tubes were pro-
cessed electronically to produce a high level output porportional to
the oil concentration of the sample stream. This output was a ratio
of the scattered light to the transmitted Tight, multiplied by a
controllable gain constant.

The fourth channel in the sensor cell pictured in Figure 2-3 was
originally designed for an automatic calibration system which compensated
for drift effects, including photomultiplier tube leakage (dark) current
changes due to aging and temperature variations, and changes in tube
response. This calibration was to compensate for the effects of dirty
windows. Compensation was made by controlling amplifier gain and biases
in the signal conditioning circuitry with an automatically sequenced
servo system which would balance the actual signal level against a pre-
set level. During auto-calibration process the signal offset associated
with photomultiplier tubes would be biased to zero and the amplifier
gain adjusted to a span corresponding to the 0il selected as a standard.

The above system was used throughout the phase I test program with
the exception of the auto-calibration system (problems in maintaining
the responsivity of the photomultiplier precluded its use).

2.1.2 Light Scattering - General Electric

General Electric's concept for an oil-in-water content monitor uti-
lized spatial filtering of small-angle forward scattering light allowing
discrimination of oil droplets from other scattering material. In parti-
cular, this technique determined the ratio of the forward scattered signal
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to the transmitted signal of a 1 milliwatt helium-neon laser. This ratio
was an attempt to eliminate any window deterioration effect on monitor
reponse. The premise in using forward scattering is that there is grea-
ter scattering in the forward direction by materials (oils) whose refrac-
tive index is close to that of water. Solid particles, however, having

a refractive index appreciably different than water, tend to either

absorb the exciting light or scatter more to the sides and back. With this
light scattering discrimination technique and the addition of a solids
separation process, normal errors caused by solids, air, and plankton were
thought to be minimized. Prior to determining the ratio, the two signals
themselves were compared to the laser output signal to remove any effect
of laser output intensity fluctuations.

A flow diagram of the phase I test loop and breadboard oil content
monitor is presented in Figure 2-4 with a photograph of the laboratory
arrangement in Figure 2-5. The breadboard monitor included a sampling
flow pump, hydrocyclone separator, static mixer, optical sensor cell,
and all necessary electronics for proper readout. A constant volume
Moyno pump was used to deliver a 1.5 gallons per minute (GPM) flow to
the hydrocyclone. As with Enviro, General Electric used a hydrocyclone
for particle removal prior to analysis by the monitor. The cyclone over-
flow (0.75 GPM) was then passed through a static mixer. It was felt
that the action of the hydrocyclone actually caused oil to centrifugally
coalesce out of the sample stream such that the overflow was poorly
homogenized. The mixer was installed in an attempt to re-disperse the
0oil. There was no homogenizer in this breaboard system. The breadboard
optics were designed to monitor oil droplets from 2 to 25 microns in
diameter. This was the range of droplet sizes expected to be seen in
the effluent stream of an oil-water separator. (In retrospect, it would
have been better to have designed an homogenizer since there was no way
of generating the proper mix to test the monitor. Work under phase II
revealed that the heavy types of oils produced many droplets which were
actually Tlarger than 25 microns, thus accounting for lower monitor
response. )

From the static mixer, the flow passed through the optical test cell.
This cell was designed to provide laminar flow pas the cell windows. The
laser beam, 632 nanometer red light, passed through the sample stream
where scattering would occur. The foward scattered 1ight was then moni-
tored by a spatial filter which blanked the transmitted beam and was
adjusted to collect the forward scattered light from 1/2° to 1°. The
forward scattered Tight signal, the transmitted signal, and the laser out-
put signal were processed electronically to yield oil content. It should
be noted that the spatial filter used in the breadboard represented a
compromise between sensitivity, particulate discrimination, and particle
size range to be expected. This spatially filtered angle of 1/2 to 1°
allowed the monitoring of oil droplets in the range of 2 to 25 microns.

10
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A schematic of the optical detector as constructed for use in the
breadboard monitor is presented in Figure 2-6. A 1 milliwatt He/Ne laser
generates a visibile red light beam (632 nm) which passes through a pola-
rizer and a 1 mm aperture to a cube beam-splitter where part of the laser
energy is monitored by a silicon photodiode detector. The rest of the
beam energy passes through the optical test cell containing quartz win-
dows. Approximately 40 centimeters from the cell a right angle prism
removes the remaining beam (transmitted light) which is monitored by a
second photodiode detector. A lens behind this prism focuses the scat-
tered beam around the prism and onto a third diode. The annulus spatial
filter is formed by the dimension of the prism and the lens diameter,
giving the desired aperture of 1/2 to 1°. The three signals from the
diodes are then mathematically compared and the o0il content calculated.

2.1.3 0il Fluorescence - Baird Atomic

A1l petroleum products are known to fluoresce because of the pres-
ence of aromatic compounds. The fluorescence varies in wavelength, line
width, and intensity, depending on oil density, geographic orgin, and
state of solution, and depending on whether it is mexed with other oils.
The high inherent sensitivity of fluorescence methods and the universal
fluorescence of all natural oils suggested that fluorescence could be
made the basis of an oil-in-water content monitor. Since fluorescence
varies depending on o0il type, much of this feasibility program was
devoted to documentation of the Juminescent characteristics of various
oils and mixtures in order to design an instrument which would sum
fluorescence at various wavelengths (when excited at several wavelengths).
It was hoped that this summing would have obviated this problem of varia-
tions in fluorescent emission.

The maximum fluorescence information available for a given oil-in-
water sample would relate the emission at all wavelengths as a function
of all possible excitation wavelengths. This might have been displayed
as a plot presented in Figure 2-7. The x and y axes are the emission
and excitation wavelengths respectively. The contours express equal
intensity of emission. Since emission always occurs at wavelengths
longer than excitation, there would be no fluorescence observed in the
upper cross-hatched triangle. Each 0il or mixtures of oils will have
contours similar to the example in Figure 2-7; however, their peaks would
vary in intensity and location. Therefore, a bilge 0il content monitor
based on normal excitation or emission scans, Figure 2-8, would not
be necessary. A single oil could be detected with either normal scan;
however, if another o0il were present, it could be missed entirely, if its
peak emission was too far from the scan wavelength. An instrument based
on this type of scanning would be satisfactory if the instrument could be
calibrated for each 0il mix such as an o0il tanker deballasting monitor.
If both the excitation and emission monochromators were scanned simultane-
ously, separated by a fixed wavelength interval (A), a scan parallel to
and at the A distance from the diagonal scatter Tine would be generated.
This was the basis for Baird Atomic's phase I breadboard o0il content meter.
The rationale for the use of this synchronous scan was that small aromatic

14
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molecules have their principal emission in the ultraviolet region, whereas
larger molecule emission is shifted to much longer wavelengths. Thus, a
synchornous scan with a properly chosen A would have picked up the emis-
sion of more components of an oil, as long as they are independent.

An overall view of the laboratory setup of Baird Atomic's breadboard
is presented in Figures 2-9 and 2-10. A 1.0 liter per minute (1/m) deion-
ized water stream was pumped through an air bubble trap to the emulsi-
fier unit. This emulsifier was an in-house design featuring a five-stage
assembly of slotted stators and rotors powered by a 1/2 horsepower motor
operated at 3000 RPM. 0il was injected upstream of the emulsifier with
a syringe injection pump. From the emulsifier the sample flowed straight
into the optical sensor unit where the fluorescence output was monitored
with a picoammeter and recorded on a strip chart.

The excitation and emission polychromators of the sensor unit are
shown in Figure 2-11 A and B respectively. These polychromators were
actually modified monochromators. The exit slit of the excitation mono-
chromator was removed and replaced with a slotted mask. This mask was
designed to allow only the portions of the light spectrum of interest
to reach the flowstream. These bandwidths were determined with the aid
of a computer from preliminary results of synchronous scans performed on
each oil of interest. In this case, three (3) slits were designed into
the mask to allow excitation at 295, 475, and 505 nanometers. As for the
emission monochromator, the entrance slit was replaced with an identical
mask. This allowed only the fluorescent emissions of interest to be col-
lected. From preliminary tests, it appeared that a A of 75 nanometers
would yield the best results. Thus, the excitation polychromator was
tuned to a center wavelength of 385 nm which allowed the three excitation
wavelengths to penetrate the flow cell. The emission polychromator, how-
ever, was tuned to 460 nm (385 + 75) which allowed emissions of 370, 550,
and 580 nm to be monitored.

A schematic of the Tight path through this sensor assembly is pre-
sented in Figures 2-12 and 2-13. The white light from a focused xenon
source passes through the entrance slit of the excitation polychromator
and onto a collimating mirror. The collimated beam is reflected off a
plane mirror and onto the grating where the light is dispersed. The
first order dispersed light is then focused onto a short vertical sec-
tion of the quartz sample tube. The center wavelength, 385 nm, is adjusted
by a control governing the grating angle. The slotted mask in front of
the sample allows only the proper wavelengths of light to reach the
sample. The corresponding part of the breadboard used to collect and
measure oil emission is optically very similar to the excitation side.

An identical slotted mask positioned near the sample tube and at a right
angle to the excitation mask permits only the fluorescent emission from

the water volume being excited to reach the detection polychromator. The
grating in this polychromator is then tuned to pass only the fluorescent
emission at wavelengths greater, by the amount & , than the corresponding

16
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FIGURE 2-11A EXCITATION POLYCHROMATOR (COVER REMOVED) .

FIGURE 2-11B EMISSION POLYCHROMATOR (COVER REMOVED) .
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excitation wavelengths. The emission wavelengths are then collected
and focused onto a RCA 1P28 photomultiplier tube, producing a photo-
current proportional to the combined spectral energy of the different
wavelengths. This summing action of the emission polychromator is
equivalent to summing sections of a synchronous scan without any
mechanical motion.

2.2 Test Program Results

Each of the three breadboard oil content monitors was tested by
the vendors against a variety of parameters and conditions with a
large volume of data being generated. Unfortunately, there was very
little uniformity or statistical control maintained among the three
test matrices. Each test program, including the test loop, was designed
by the vendor for their own breadboard. Thus the comparison of monitor
response based upon the test data had to be made very carefully so that
variations in testing, and errors associated with it, were not mistaken
for variations in monitor response. Since the main objective of these
feasibility studies was to determine if 0il could be continuously mea-
sured (independent of oil type with + 5 percent error) in a flowing
sample stream, the monitor responses to oil types will be discussed in
detail, with only a few comments offered for the remaining parameters.
If more detail is desired, the individual reports should be consulted.

Prior to discussing oil response, it is important that the effects
of the vendors' test loops on monitor response be examined. In order
to make a completely fair comparison, it is important to understand ex-
actly what each monitor was subjected to: The purpose of the test Toop
was to supply a uniform oil-water mix to the breadboard monitors with a
method of controlling the oil concentration. Also, the particle size
distribution of an oil mix generated in one test loop should be similar
to that generated by another. If they are strikingly different, then
there is a good chance that the breadboard monitors will respond differently.
Thus, a monitor's response may appear better, but actualiy this improved
response could be because the monitor is viewing a different distribution
of 0il particles. Unfortunately, part of the variations observed among
the three monitors were due to this condition. Since no particle size
distribution data was taken prior to injection of the oil-water samples
into the monitors, there is no way to be sure that the monitors are
seeing similar distributions. In addition, each vendor constructed a
test Toop with no uniform specifications and each loop had a different
method of 0il injection, so there is some degree of uncertainty in
comparing the monitors' responses.

Another factor that must be taken into account when comparing the
data is the error associated with the method for determing the actual
0il content. The solvent extraction-infrared absorption analysis
method is known to have an error that can be as high as +10 percent.
This error is dependent upon many factors including the particular proce-
dures used, the level of training, etc.
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For comparison, the 9250 Lube 0il used by Baird Atomic was assumed
to be similar to that used by G. E. and Enviro. At this point in develop-
ment, it would have been better if all three breadboards were tested with
0ils from the same batch to eliminate any variation in product.

Tacle 2-1 gives an analysis of the data from the oils tested while
Figures 2-14, 2-15, and 2-16 present the visual plots of the oil re-
sponse curves for each breadboard. Linear regression analysis was
performed on the data of each oil with a corresponding correlation
coefficient calculated. An additional regression analysis and cor-
relation coefficient was calculated using the data point from all the
oils listed in Table 2-1 to determine an average response independent
of oil type for each monitor. A1l calculations were made utilizing a
Texas Instrument SR51 calculator.

As can be seen from Table 2-1, all three of the monitors were able
to measure 0il linearly. This is evidenced by comparing the equations
generated to the correlation coefficients. A correlation coefficient
of one (1) would mean that the data was a perfect fit to the regression
line. With this data, all of the monitor responses for the individual
oils gave a correlation coefficient of .99 or higher. This indicated
that there was a very strong relationship between the data points and
the generated curves or that the monitor readings versus the oil con-
tent correlated extremely well when the oil type was known. This
indicates that part of our goal, i.e. to measure oil linearly over the
range of 0 to 100 ppm, was obtained. The problem of the variation in
response to oil types, however, still persists. Each of the three
regression curves generated from all oils seen by a particular monitor
has a much poorer fit. This is indicated by the lower correlation
coefficients which do not exceed .87. Thus, the relationship between
monitor response versus oil content, independent of oil type, was not
as strong for any of the three units.

The problem of variation in response due to 0il type can be further
analyzed by considering the slopes of the different curves for different
oil types for each monitor. This is also presented in Table 2-1. The
absolute values of the slopes and intercepts can not be compared from
one monitor tc another since each monitor has an arbitary response scale.
The important thing to consider is the relative changes that occur in
one monitor's response compared to another. The percent change of the
upper and Tower slope Timits relative to the mean slope ranges from 40
to 88 percent for all three breadboards. Also, the standard deviations
as a percentage of the mean slope range from 29 to 53 percent. These
figures support the lower correlation coefficients calculated for each
of the breadboard monitors when determining 0il type dependency.

Information is also presented concerning the intercepts of the
curves in Table 2-1; however, very poor control of the bias point was
exercised in the test programs making the data inconclusive. For
example, the bias level was not corrected to zero during Enviro Control's
test program. Most of the bias level was caused by the dark current of
the photomultiplier and could have been subtracted from the data by the
use of the auto-calibrate system; however, this system was not used
during the test program.

23




%Z'ZE %1962 %E6ZS (U) % (NVIW/'A3Q ‘ALS)
9569 90410 £1200 95%00°0- 9987 9960 (U) "A3Q QLS
6E8 | 16200 ¥5v000°0 80200000 128 860 (U) 3ONVIHVA
%88LL %EL OV %9281 %L8'6E |  %Sv'90L | %6v8s NV3IW MO138 %V
5568 v1E0 £L10°0- 126000 5z0- 1z'0 LIAIT H3IMOT
%ZZ2z | %6v6v %Z1 962 %SL9b %vSEL | %68°'GL NV3IW IA08Y %V
98'85 2640 L1500 92200 716 1z°€ 1117 H3ddn
9L'8y | 86250 62100 Y5100 vi8'E 5z8'L ((3AV) NVIW
(q) (w) () (w) (9) (w)
1430H3INI | 3dO1S 1d3DHILNI 3d01S 1d30HIINI | 34OS
PP8'0 | 628V +X96V°0 =A | OLL8'0 | G990°0 + XZLLO0=A | Z869°0| PG+ X00'L = A $110 17V
686610 | 628V + XYLED = A | £6660 | ZE9000 + XLZ600°0 = A .., 4DINNG
GS66'0| G20 - Xov0 = A (DINIHLHJVN) 97
916610 2ZL'6+X05Z =A (DINIFdVHVd) b=
986610 LLE+XLZE=A (DINTHLHAVN) v+ 5
olego | L1S00+X0e00=A ool oo+ xemy A (JINIHLHAVN) Z#
91 LVINOHY
€8660 | ELLO0-X1ZL00=A | 0866'0| SO'L+XLz0=-A AVI03dS AAVN
£666'0 | S8'6E + XOLS0=A | OV6610 | 6LL00+ XELLO0=A | 25660| €99+ X20Z - A 710 38N 0526
18660 | ¥6'GY + XE0S0=A | £86610 | S8E000°0 + X85L00 = A | ¥G86°0]| 98'L + X0L'L = A 110 38N 431 0612
86660 | 988G + XZ6L°0 = A G8660| 25V + X85z A 135310 INIHVI
, | ts1am ! (S1dS) . | (s1dzu)
g q+ xw=A . G+ xw=A E q+xw=A
i NOISSIHDIY m_m%% NOISSIHOIY .mm__%% NOISSIHOIY
HVINIT HVINIT HVINIT
OHIANT 91419313 TVHINID JINOLY aYIvE 110

3ISNOdS3H HOLINOW 710 Q4v08av3IYHa 40 SISATVYNVY L-Z 3718Vl




MONITOR RESPONSE (MV)

150

140

130

120

110

100

90

80

70

50

40

30

20

10

| | | 1 | I

1

1

”

MARINE DIESEL

MEAN
2190 TEP

9250 LUBE

BUNKER “C"

| N |

10

20

30 40 50 60 70 80
OIL CONTENT (PPM)

90

100

110 120 130

FIGURE 2-14 MONITOR RESPONSE(ENVIRO CONTROL)

25

140




24

2.2

2.0

1.8

1.6

1.4

1.2

1.0

MONITOR RESPONSE

0.8

0.6

0.4

0.2

CH—— o ——

7

i ] ok | I l | — | 1

#2 FUEL OIL

(NAPHTHENIC)

9250 LUBE

2190 TEP
MEAN

NAVY SPECIAL

BUNKER ““C”

l {

1

10 20 30 40 50 60 70 80 90 100
OIL CONTENT (PPM)

FIGURE 2-15 MONITOR RESPONSE(G.E.)

26

110 120

130

140




MONITOR RESPONSE X 10°'° AMPS

40

20

300

80

20

200

80

60

40

20

100

80

40

20

#4 (NAPHTHENIC)

-
r—

MARINE DIESEL
— #4 (PARAFFINIC)

9250 LUBE
-

#2 (NAPHTHENIC)
L %, MEAN

% °, 2190 TEP
/7
= /
7/
| /
/7
- /
/
/s
Pl /s
7,
/S
= 7
o
7,
™ 7,
7,
7
3 4
£6 (NAPHTHENIC)
- 7
Y
7 NAVY SPECIAL
v
4
o i e L | | ] Sl Y
10 20 30 40 50 60 70 8 90 100 110 120 130 140

OIL CONTENT (PPM)

FIGURE 2-16 MONITOR RESPONSE(BAIRD ATOMIC)

2

-

/




From the data presented it has been shown that none of the monitors
at this stage of development could serve as a universal instrument
independent of oil type. However, if the o0il type is known then each
of these instruments could possibly be used. A bilge application would
fall somewhere between these two extremes. Since there would normally
be only two major 0il types in the bilgewater (fuel oil and lube 0il), the
response should also fall somehwere between the response of a single oil
and that of the group presented here.

As for other parameters, such as temperature, pH, salinity, dirt,
detergents, etc., all effect monitor response to some degree and
will have to be investigated further before a useful instrument can be
developed.

2.3 Conclusions - Phase I

Figures 2-17 shows the desired monitor response for a bilge
application and the proposed Coast Guard error band of + 5 ppm or + 10%,
whichever is greater. This single curve would be the calibration curve
set by the manufacturer into an installed bilge monitor. Comparing
Figure 2-17 with the response curves from the three breadboard monitors,
it is apparent that they did not meet this accuracy requirement. Never-
theless, because of the inconclusive Phase I results, the non-uniformity
of contractor testing, and the Timited range of oils tested, it could not
be assumed that these three techniques lacked the potential to function
satisfactorily as a bilge monitor. The three breadboards were able to
measure oil Tinearly when the o0il types were known, however variation in
monitor response between 0il1 types was a problem. Phase I test results
indicate that insufficient homogenization of the influent oil/water
sample was primarily responsible for this variation.

[t was the goal of this program to enter into a prototype development
stage upon completion of the feasibility stage; Unfortunately, the feasibility
studies were not conclusive enough to warrant selection of any single device
for prototype development. It was therefore decided to conduct a second
phase feasibility program with each of ithe three contractors. The follow-on
work conducted by the three vendors included: 1) modification of the monitors
to improve their sensitivity and selectivity to oil, 2) reduction of the
envelope of curves (monitor response data) caused by different linear
monitor response to various oil types, 3) reduction of background bias due
to particulates or varying water conditions, 4) resolution of various areas
of uncertainty that camq to 1ight in Phase I, and 5) demonstration of each
instrument's capabilitied and limitations in monitoring the effluent from
an oil water separator. \This work is discussed in Section 3.0.

3.0 PHASE II FEASIBILITY

Due to the inconclusive results of the first feasibility phase, and
the possibility that modifications might improve monitor operation, a
second feasibility progran was contracted with each of three vendors.
This phase was geared solely to the solution of the bilge water monitor
application in that only dils and conditions relating to bilge conditions
were utilized as test matrix parameters.
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In an attempt to reduce any variation in the test parameters among
the monitors, a uniform test matrix, shown in Table 3-1, was developed.
Consequently, monitor response to identical oil mixtures, detergents,
particulate matter and water conditions could be obtained. Additionally,
attempts were made to ensure that the three test loops were as similar
as possible, so that input oil particle size distributions to the monitor
would be in the same range and of the same magnitude. Figure 3-1
illustrates the typical test loop components used by each of the three
contractors for this test program. It should also be noted that the method
of 0il injection was similar in all three test loops, and that the test
0ils utilized in Phase II were obtained from a Navy source to ensure
similarity of oil species being sampled. The above mentioned constraints
enabled a more concise comparison of monitor output responses.

One of the main problems associated with all three of the breadboards
in the first phase feasibility study, was the homogenization of the influent
sample. Most all monitors to date, both under development and off-the-shelf,
are either directly or indirectly dependent on particle size. In order
to eliminate this effect, a sample conditioning component was needed in
the secaond phase monitors, which would generate the same particle size
distribution mix independent of o0il type. The three vendors thus attempted
to improve emulsifier designs in the phase two development, although
complete resolution of this problem was not anticipated. Future approaches
may require a private research project directed at solving the homogenization
problem exclusively.

Section 3.1 and 3.2 describe the concept modifications, current
development levels and test results of the second phase. Section 3.3
presents conclusions on the Phase II program.

3.1 Concept Modifications

3.1.1 Light Scattering - ENVIRO CONTROL

The basic concept of Enviro Control's Phase II breadboard monitor was
light scattering (scattered light intensity) at 45°, 90° and 135° and
turbidity (Togarithm of the transmitted-light intensity) at 0°.

Instrument response was "normalized" to standard response, even though
different particle size distributions were generated during hmmogenization,
by an electronic dissymmetry compensation function. (Dissymmetry is defined
as the ratio of the forward scattered light, 145, to the back scattered
1ight, 1135).

The major design objectives of Enviro Control's Phase II breadboard
were as follows:

a. Self-calibrating and non-fouling operation of the optical system.

b. Sensitivity and reliability; mecharical, optical, and electronic
ruggedness.

c. Low sample residence time.

d. Low shock and flammability risks or hazards.
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e. Easy conversion from right angle to dissymmetry modes of operation
(scatter at 45° to scatter at 135°).

f. Low voltage operation.
g. FHomogenizer improvement.

. long wavelenath for optimum sensitivity to ojl particles in a

background of smaller particles.
The major operational objectives of the Phase II effort were:
a. Reduced deviation of response to different o0jl1 types.

b. Accuracy and discrimination of response in the presence of
background solids.

c. Stability of indication for different environmental conditions.

Enviro proceeded with two major approaches in an attempt to reduce the
variations of response to different o0ils and to improve the discrimination
against particulate matter. The first approach was directed toward designing
a low residence time homogenizer assembly which would produce more uniform
0il particle size dispersions at optimized oil-scattered light to non-o0il-
scattered light ratios. Early Phase II efforts with a two-stage, Tow-speed
homogenizer design proved ineffective, and troublesome in operation. Tests
utilizing a static mixer were abandoned when this design was unable to
homogenize 9250 Tube 0il to colloidal-sized particles. Finally, an
industrial grade Waring Blender TM was used to obtain design information
for an improved flow-through homogenizer. The homogenizer shown in Figure
3-2, was designed from this information and utilized in the Phase II
breadboard.

The second approach was the processing of additional size and shape
dependent information by monitoring not only the Rayleigh scattering at 90°,
but also the forward scattering (45 degrees), back scattering (135°) and
the transmission level (turbidity at 0°). To reduce voltage requirements
and to eliminate the high voltage requirements of the photomultipler
tubes utilized in Phase I, ECI investigated the use of pulsating 1light
emitting diodes (LED's) as light sources, and photodiodes as detectors.
Figure 3-3 shows the sensor head design schematic and Figure 3-4 is a
photograph of the sensor. Each of the four identical source assemblies
(an infrared (900nm) 1light emitting diode (ME-5) passed at 1.0 ampere
using a 50% duty cycle factor, a heat sink and triplet collimating lens)
and the four identical detector assemblies (double (achromat) lens focusing
a collimated beam onto a silicon photodiode operated in a photovoltic mode,
matched to an operational amplifier in a sigle 10-pin can) and positioned
at 45° intervals. The cluster of four sources is positioned opposite
the cluster of four detectors. As each source was pulsed, a reading was
taken from each of the four EG&G-HAV-100A silicon photodiode detectors, and
the information stored, as follows: 1) transmitted light, 10°, 2) forward -
scattered Tight, 145°, 3) right-angle scattered light, I90° and 4) back-
scattered Tight, I135°. Electronic design and signal processing circuits
record this data on the order of milliseconds. Fouling, responsivity
and emissivity are compensated for electronically. After one cycie (4 pulses),
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FIGURE 3-2 ENVIRO CONTROL HOMOGENIZER - PHASE II
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FIGURE 3-4 PHOTOGRAPH OF ECI SENSOR HEAD - PHASE II




the stored information (16 light level signals) was processed, generating

3 or 4 response curves. Each curve provided some different combination of
detector response information. Following the test program, the combination
of sources and detectors that yielded the curves with the least deviation
to 0il type and highest discrimination against particulate matter, were
recommended for prototype design. This sensor assembly design, for the
right angle scattering and dissymmetry scattering, was desired for operation
in a pulsed, self-calibrating mode, utilizing solid state sources and
detectors. Further sensor design constraints included optimization of
light distribution of the sensor and elimination of all window condensation
(sealed optics).

Another modification of the Phase II monitor, was the elimination of
the auto-calibrate system utilized in Phase I. Pulsing the light sources,
and measuring various angles of light scattering using the four detectors,
allowed for electronic compensation for the effects of fouling and detector
and light source drift. Even with this capability, there remained the need
for some fixed internal electronic signal to maintain the zero level and
gain of the output signal. Additional electronic modifications pursued
in Phase II included the selection of a lamp source power supply, the
selection and design of the preamplifiers for the solid state detectors,
and the modification of circuitry to accomodate pulsing and synchronizing
of solid state detectors. As a result of some of these modifications,
the Phase II monitor provided optical window compensation for fouling
from its ratio and pulsing techniques. This compensation was shown to
be adequate up to the point where light is attenuated beyond the detection
limits of the diodes, at which point some form of mechanical cleaning
would be required. ionetheless, this was an improvement from Phase I,
where an air barrier system was used to eliminate window fouling. The
previous system required maintenance, and also a clean air supply,
which would be difficult in an engine room environment without the
addition of an air filtration system.

Additional modifications were performed during the Phase II program.
In an effort to reduce sample residence time, the Phase I turbine pump was
replaced by a MOYNO constant volume, once-through, high pressure pump.
Also, the Phase I hydrocyclone was removed, due to poor reliability and
an adverse effect on homogenization, to further improve monitor performance.

3.1.2 Light Scattering - GENERAL ELECTRIC

The results of the Phase I monitor program indicated that the concept
of spatially-filtered, small angle forward light scattering for oil-in-water
content monitoring was feasible. Concurrently, several areas of technical
uncertainty were discovered, and efforts to optimize monitor discrimination
revealed the potential for further improvement. Consequently, General
Electric investigated the following areas in the Phase II program:

a. Validation of monitor response and linearity in Phase I, and,
examination of 0il droplet size (particle size distribution) effects, as
a function of oil type and concentration, on monitor response variations.

b. Breadboard monitor design nodifications to optimize discrimination,
response and accuracy characteristics.
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C. Homogenization techniques.

d. Optimized spatial filter optics.

e. Modification of the monitor laboratory verification test loop
and program to assure known and controllable conditions.

f. Optical hardening of the breadboard to eliminate interference
of outside parameters on monitor response

g. Determination of the effects of low temperature on monitor response
(eliminate condensation if required).

h. Improvement of monitor o0il sensitivity, reduction of response
variations to oil types, sensitivity, reduction of response variations and
reduction of background light caused by particulate matter and water
conditions.

i. Determination of the effect of cell orientation (horizontal
or vertical flow and gravity effects) on monitor response.

The first task of the Phase II program was to conduct verification
tests on the Phase I data to determine the cause of the variation in
monitor response. Phase I program results had indicated that the breadboard
monitor was capable of measuring oil linearly, however, variation due to
oil specie was a problen. In the original design of the breadboard, the
spatial filter optics were set to read oil particles between 2-25 microns.
Theoretically, monitor response to any oil mixture within this size
distribution, should be 0il specie dependent, excluding some variation due
to the differences in refractive indices among the oils. Phase II
verification tests, however, revealed that droplets greater than 25 microns
were present in the sample stream (as determined by HIAC TM particle counter).
Thus, the problem of variation of response appeared to be partially
caused by homogenization. Consequently, Phase Il efforts included an
investigation of techniques designed to provide an influent oil sample
droplet size distribution of between 2-25 microns, for the operational
0il types and concentrations being tested.

Initial Phase Il homogenization studies concentrated on "active"
homogenization devices (mixers) which produced better dispersion, but
also introduced undesirable response lag times. Additionally, passive,
Tow-volume devices were investigated. Among those concepts and devices
tested were 1) high velocity turbulent flow, 2) a high-shear micro-pump,
3) a high-shear, high-volume centrifugal pump and 4) a small bore static
mixer. The static mixing approach was considered the most successful
and was utilized for the test programs following the homogenization evaluation.
The hydrocyclone utilized in the Phase I monitor was eliminated since
solids removal was considered inadequate and homogenization capabilities
were poor.

The interface of the selected homogenizer with the spatial filter optics
was considered a critical point, since selection of an optimized homogenizer,
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capable of producing 2-25 micron sized droplets for "viewing" in the sensor
cell, would eliminate the need for adjustments to the spatial filter. The
spatial filter optimization task required that consideration not only be
given to the homogenizer utilized, but also to air/solids discrimination
constraints. Addition of the homogenizer was considered a realistic
approach, however, if the homogenizer produced droplets in excess of 25
microns, the spatial filter would have to be opened to include larger
droplets. This would have resulted in a trade-gff between homogenization
and solid particle discrimination (increasing the optics angle by opening the
spatial filter, results in a decrease in sensitivity to oil and an increase
1n particulate matter interference.) As a result of these tasks, a 3mm
spatial filter was used, in conjunction with the small bore static mixer.

Efforts to optically harden the device for resistance to shock and
vibration continued parallel to the homogenization studies. Appropriate
mounts for all optics were fabricated, and steel channels were used to
stiffen the monitor's aluminum structure. Further modifications included
optical window redesign, installation of flow distributors, addition of a
new laser source and flow rate adjustment. Figure 3-5 shows a schematic
of the monitor, and Figure 3-6 is a photograph of the device. The redesigned
monitor featured two folding prisms, designed to fold the optical path into
two levels to reduce overall monitor size. Light from a laser source was
first focused upon a beam splitter. At 90° to the beam splitter, part
of the laser energy was monitored by a silicon photodiode detector (Io).

The remaining energy from the laser was then folded, utilizing two folding
prisms, such that the upper light path was 180° from the original laser beam.
The laser beam was then directed into the sample cell. Light existing the
sample cell passed through a spatial filter, and the remaining beam was
removed by a right angle prism and monitored by a second silicon photodiode
(It). A lens behind the prism focused the scattered beam around the prism,
onto a third silicon photodiode detector (Is). The laser intensity (Io),
transmitted signal (It) and scattered signal (Is) were ratioed electronically.

Monitor performance verification concluded that response characteristics
were comparable to the original bench model. Particle size distribution
studies confirmed the monitor's dependency on sample size (2-25 microns)
for acceptable response.

Additional studies undertaken in Phase II revealed the following results:

1) Gravity Effects Study - Highly emulsified oil is uneffected by
gravity. However, oil droplets larger than 25 microns in size contributed
a 15% deviation in monitor response between horizontal and vertical
sample cell positions.

2) Low Temperature Effect Study - Ho significant effects were attributed
to sample temperature changes. Condensation effects caused significant
interference in monitor response, but were successfully eliminated using
desiccants.
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3.1.3 FLUORESCENCE - BAIRD ATOMIC

Results of the Phase I test program confirmed expectations that
the Baird Atomic breadboard monitor would exhibit the widest variation
in response between the o0il types tested, because of the differences
between the fluorescent components of these oils. The device was
however, the least effected by other parameters such as pH, salinity and
particulate matter.

The monitor performance in Phase I and subsequently, in Phase II,
was predictable because of the nature of the concept of oil fluorescence,
itself. The level of fluorescence of particulate matter was low as
compared to monitor signal recovered, due to the light scattering
characteristics of the particulate matter. On the other hand, the
addition of detergents to the sample stream, and the increase in influent
sample teniperature increased the fluorescent signal, because those
variables increased the level of emulsification of the influent sample.
Increased emulsification resulted in a greater number of smaller oil
droplets, each with a reduced optical density to the excitation light.
The reduction in optical density allowed a greater proportional volume of
those o0il droplets to fluoresce, and resulted in an increased monitor output
signal. Obviously, emulsification of the influent sample had to be optimized
in Phase II to improve monitor performance.

Another problem encountered during Phase I had been the problem of
energy transfer. It had been possible to satisfactorily measure both
a heavy 0il (Bunker "C") and a light oil (Marine Diesel) separately,
however mixing the two 0ils resulted in a transfer of the energy of the
light o0il to the wavelengths of the heavy oil. Fluorescence was no longer
observed at the lower wavelengths for the lighter o0il, and the fluorescence
level at the higher wavelengths increased, yet the energy transfer
and fluorescence levels of the two wavelengths were not additive. Part of
this non-linear increase in signal was thought to be caused by gquenching - the
lighter 0il cutting the heavier o0il - allowing better homogenization and
a decrease in optical density.

Baird Atomic approached the problems of emulsification, energy
transfer and quenching in the Phase II effort by investigating the following:

a. Improved emulsifier design.

b. Synchronous scan mask optimization.

c. Total Tuminescence modification.

d. Transmission and right angle scatter channels.

By increasing emulsification, Baird Atomic hoped to reduce the
variations in monitor response caused by temperature, detergents (non-
fluorescent) and optical density. The improved emulsifier design was a

high-speed (10,000 rpm), motor-driven Tekmar Model 456 generator. The
einulsifier was redesigned as a two-stage device, with stainless steel ball




bearings. Although emulsification was not considered optimum, significant
improvement was noted over Phase I results. In addition, by USCG request,
a FLOTEC Model R251-1104V circulating pump was added at the influent end
of the breadboard monitor to wake the device independent of the positive
pressures which might exist in the oil/water sample.

The Phase I breadboard mask design was cptimized with the aid of a
computer, for 30 oils and mixtures which included oil types (crudes) not
applicable to the bilge environment. Phase Il synchronous scan mask
optimization utilized only oil mixtures that were specified by the final
test program, which were representative of bilge environments (marine diesel,
9250 Tube 011, 2190 TEP Tube oil, Navy distillate and Bunker "C"). As
before, this optimization was done with the aid of a computer program,
nowever it was more refined and included mask slit height information.

The purpose of the transmission and scatter channel task was to
investigate a first-order correction to changes in instrument response
due to deterioration of the light source, fouling of the flow cell, and
scattering due to air bubbles and particulates. The transmission
channel, operated at a long wavelength where most o0ils do not absorb
appreciably, was designed to ratio the oil fluorescence signal to the
transmission signal, thus monitoring all effects related to fluorescence
except scattering. Monitoring of the same wavelength at right angles to
the transmission channel, allowed a first-order correction for scatter.
Plastic fiber light pipes, photomultiplier tubes and filters were the
significant components utilized in this design effort. Sequential recording
of fluorescence, transmission and scatter signals was conducted, and the
data was analized to derive an algorithm allowing for compensation of
monitor response.

In a parallel effort, Baird Atomic investigated the use of total
Tuminescence scanning (TLS), in lieu of synchronous scanning, for the
Phase II breadboard oil content monitor. A second optical unit was
constructed and tested. The unit, TLS or synchronous scan, that appeared
to give the most accurate response with the least variation due to oil
type was to be used in the final breadboard. The earlier instrument made
use of the emission confined to a selected synchronous scan, whereas the
total luminescence unit considered emission over the entire excitation/
emission plane. This instrument was similar in size, complexity and cost
to tne previous Uieadboard, and used the same general corponents, however,
it required a different configuration of the polychromators and placed a
higher priority on minimizing scatter. The TLS breadboard used two high
quality commercial monochromators modified for polychromatic use, which
were coupled to the sample cell in a manner similar to that of Phase I.
The Tight from the light source, passed through the excitation polychromator
onto the sample tube. A lens system then imaged the luminescent sample
tube onto the entrance slit of the emission polychromator. A second lens
system imaged the total luminescence pattern (emission polychromator turned
90° in reference to excitation polychromator to disperse the fluorescent
light into a two dimensional field) on the final mask located at the
photomultiplier tube detector. A two dimensional raster-scanning accessory
was fabricated to allow accumulation of the necessary basis data on the
0il mixtures specified in the final test program. The basis data along with
a computer program was used to determine final exit mask design.
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Figure 3-7 is a schematic of the sensor assembly, while Figure 3-8
is a photograph of the monitor.

Additional efforts conducted under Phase Il included 1) modification
of the sample tube and 2) replacement of the light source. The sample tube
modification task investigated square sample tubes to determine whether
there was a significant decrease in scatter or increase in optical
efficiency over the original round sample tube. Also investigated was
the dependence of luminescence on mask slit height and the effect, if any,
of condensation (moisture) on signal scatter. As a result of this task,
the square sampie tube was utilized to complete the monitor development
program, and the optical mask was modified under the assumption that the
slit height function was purely quadratic. Under normal conditions,
moisture was not considered a problem, and no corrective measures were
necessary.

The new lamp utilized in the monitor was a Varian model 6207-UV Tamp
(now designated as VIX-150-UV) with a 3.5 inch focal length quartz lens.
This lamp utilizes an aluminized parabolic reflector which produces
parallel light, subsequently focused by the lens. The original lamp, a
Varian model 6242-UV, with a ellipsoidal reflector produced a focused beam
without the aid of a lens, however, it is no longer in production. The
new lamp was considered optically equivalent, and was therefore incorporated
into the Phase II device.

3.2 Test Program Resuits - Phase II

Performance verification tests on the three breadboard monitors were
conducted at the respective contractor's laboratories in accordance with
the test matrix shown in Table 3.1. This standardized matrix was established
prior to Phase II to preclude the possibility of bias in nionitor test
performance results due to variance in test conditions. The only noted
exceptions to the matrix were as follows:

a. DETERGENTS -~ General Electric, Co. and Baird Atomic, Inc. used
general purpose detergent, non-ionic type, MIL-D-16791EAM3 Type 1 in lieu
of MIL-C-2230A, used by Enviro Control, Inc.

b. TAP CONDITIONS - pH Temp
General Electric, Co. 5-6 64-71°F
Enviro Control, Inc. 7 60-75°F
Baird Atomic, Inc. 5-6 64-71°F

¢. TEMPERATURE
General Electric, Co. : 35°F, 60°F, 100°F
Enviro Control, Inc. : 35°F, 60°F, 100°F
Baird Atomic, Inc. ¢ 34°F, 56°F, 102°F

d. DATA POINTS -

General Electric, Co. : 236
Baird Atomic, Inc. : 286
Enviro Control, Inc. : 398 (conducted an additional 112 test

runs at the 0 ppm level)
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Based on previous test results, the only exception which might be
significant is the difference in detergents tested by the contractors.
Additional monitor testing would be required to determine how significantly
this detergent substitution effected monitor performance results.

One additional difficulty in the analysis of the Phase II performance
test results was the manner of data presentation exercised by the
contractors, however the degree of uniformity and control in the Phase II §
program was considered sufficient to allow for an adequate evaluation of
the devic2s. As was the case in the Phase I program, the errors associated
with the method for determining the actual oil content (solvent extraction - i
infrared analysis method) must be taken into account when analyzing the
performance results of the monitors.

Section 3.2.1 - 3.2.9 summarize the results of the Phase II
feasibility program. Additional details concerning either the Phase II
monitor development program or the results of the test programs can be
obtained by consulting the individual contractor final reports listed in
the reference section of this report. i

3.2.1 Linearity of Response

The primary means of analyzing Phase I monitor response data was
by comparing linear regression analysis of the data, as presented in
Table 2-1. A similar analysis of the Phase II monitor 0il response tests
is given in Table 3-2. The monitors developed during Phase Il demonstrated
nearly the same linearity as in Phase I, which is significant since Phase I
results are for monitor response to individual oils, and Phase II results
reflect monitor response to various oil mixtures, the more difficult case.
The results presented in Table 3-2, specifically the "all oils w/o
Bunker C" and "all oils and mixtures" linear regression curves, indicate
that the Phase II breadboard monitor response was much less dependent
upon oil type. The data for oil mixtures containing Bunker "C" may be
somewhat biased due to handling and injection problems experienced during
the test program. Insufficient mixing and the inability to adequately
control concentrations of the Bunker "C" 0il is believed responsible, in part,
for notable decreases in correlation coefficients for these mixtures.

It should further be noted that the correlation coefficeints for the
Enviro Control, Inc. monitor response are lower in most cases than the
otner contractors. This may be attributed to the fact that not all of the
available data provided by the monitor's output was utilized by this author
to develop the linear regression curves presented in Table 3-2. (The ECI
device features an electornic signal processing unit which converts the normal
monitor output signal (Table 4-1 data) into a "dysymmetry compensated" signal.
(see reference 5). The resulting monitor response is essentially a hybrid
function of the data normally obtained, which would exhibit higher
correlation coefficients and a smaller deviation of response.) In an effort
to reduce the volume of data presented in the Enviro Control, Inc. final
report, the computation of the linear regression curves was omitted, and only
the curves were presented. The data in Table 4-1, unprocessed monitor
response data, was utilized in an effort to provide some means of assessing
overall monitor performance.
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TABLE 3—2 ANALYSIS OF PHASE 1l BREADBOARD 0IL MONITOR RESPONSE

oiL BAIRD ATOMIC GENERAL ELECTRIC ENVIRO CONTROL *
nsléw EE SAS?ON CC:;F'. nsthl: EE sAs?on gt?:é. aE(L;': sEsAs?ou cc(?gr'
y=mx+b y=mx+b y=mx+b i

(2 RUNS OF 4 PTS) £ (2RUNS OF 4 PTS) f (2RUNS OF 5 PTS) i

FB y =3.38x-0.9 995 |y =0.0050x + 0.0037 978 |y = .00049x - .00538 959

FEB y =4.25x-12 1.000 |y = 0.0057x-0.0012 982 |y = .00026x + .00045 873

FEC y = 4.30x-0.4 1.000 |y =0.0064x-0.0130 969 |y = .00020x + .00039 958

FC y = 3.68x-0.2 995 |y =0.0051x + 0.0710 947

Fr y = 639-4.1 995 |y =0.0022x + 0.0040 995

3FB y =285 + 2.1 985 |y = 0.0052x + 0.0079 998 |y = .00028x - .00016 979

F28B y=2 69% + 1.0 995 |y = 0.0058x + 0.0054 985 |y = 00058 - .00094 976

FE2C y=267x + 3.6 975 |y = 0.0059x + 0.0920 979 |y = 00030x - .00017 909

F2c y=342+03 990 [y = 0.0053x + 0.0566 936

3FEB y =372+ 0.1 995 |y = 0.0054x - 0.0040 970 |y = .00018x - .00158 950

F3EB y = 4.90x + 0.1 995 |y = 0.0053x + 0.0040 968 |y = .00018x - .00134 969

FE2B y=382x-1.3 1.000 |y = 0.0059x + 0.0090 989 |y = .00035x - 00314 958

3FEC y=383x+03 995 |y = 0.0047x + 0.0210 946 |y = .00019x - .00221 947

F3EC y=343x +04 1.000 |y =0.0058x + 0.1030 970 [y = .00017x + .00036 973

3FC y =3.08x+ 10 985 |y = 0.0049x + 0.0430 930

F2r y =17.25x-11.9 980 |y = 0.0021x + 0.0060 958

3Fr y=1328x-03 995 (y = 0.0029x + 0.0290 929

ALL OILS w/0 BUNKER C| y =331x + 1.9 975
ALL OILS AND MIXTURES [ y = 3.30x + 5.2 933
KEY: B — MARINE DIESEL MIL-F-16884 F — LUBE OIL MIL-L-9000

C — NAVY DISTILLATE MiL-F-24397

r — BUNKER 'C"

* SEE TEXT FOR EXPLANATION OF DATA

E — TURBUNE LUBE OIL MIL-F-17331
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Linearity of response tests were conducted by each of the contractors
to determine the upper limit of linearity. Notable problems
experienced in this test were slippage of the infusion pump mechanism at
high pumping speeds and limitation of meters and electronics to the 125 ppm
concentration level (the approximate scale of similar shipboard devices).
Despite these problems, monitor response in all cases was demonstrated up
to 400 ppm. Results for the individual contractors are presented in
Table 3-3.

TABLE 3-3 UPPER LIMIT OF LINEARITY OF MONITOR RESPONSE - PHASE II
CONTRACTOR UPPER LIMIT
ENVIRO CONTROL 400~500 ppm
GENERAL ELECTRIC 500-1000 ppm
BAIRD ATOMIC 1000 ppm

3.2.2 Homogenization & Particle Size Distribution Studies

In the Phase I feasibility studies, the problem of insufficient
homogenization of the influent sample was believed to be responsible for
much of the deviation of monitor response between various oils. As
previously indicated, each of the contractors attempted to improve their
homogenization techniques during the Phase II effort, which may explain
the improved monitor performance to o0il mixtures.

Additionally, General Electric undertook a particle size distribution
effect study to determine the dependence of monitor response on particle
size. Results of their study indicated that particles in excess of 25
microns were not being "viewed" by the monitor, and hence, were causing
a deviation in monitor response due to the "undetected" o0il. Furthermore,
in an attempt to determine the effect of sample cell orientation on monitor
response (gravity effects), General Electric compared monitor response between
horizontal and vertical cell positions at identical 100 Mg/L influent oil
concentrations. Results of this task indicated a 15% deviation of response
between the horizontal and vertical cell positions, when particles in
excess of 25 microns were present. Deviation of monitor response was
insignificant for particles less than 25 microns in size.

Results of these tests reconfirmed previous determinations that adequate
homogenization of influent samples is critical for optimized monitor response.

50




In both of the 1light scattering techniques, and in the fluorescence
technique where increased homogenization improves fluorescence efficiency,
optimization of present monitor systenm emulsifiers represents a potential
refinement of the prototype monitoring devices, and a subsequent
improvement in monitor response.

3.2.3 Response to 0il Mixtures

In addition to the linear regression analysis of monitor response
presented in Table 3-2, each contractor determined the deviation of
monitor response to various oil mixtures. Refinement of the Phase II test
matrix, Table 3-1, was conducted in such a fashion as to select those
0ils mixtures which most accurately reflected the composition of naval
vessel bilgewaters. With the exception of Bunker “C", which is used on
only a limited number of vessels, all of the oil mixtures tested could
conceivably be present in a naval vessel's bilge.

Monitor response to all oil mixtures, excluding those containing
Bunker "C", was within + 20% of the actual o0il content, as measured by
the solvent extraction, infrared analysis method. This is significant
in that the performance demonstrated for oil reponse by all three
contractors was within the anticipated IMCO (Inter-Governmental Maritime
Consultative Organization) and U. S. federal monitor performance
specifications. When Bunker "C" 0il mixtures are included, monitor
response decreased noticeably, however, anticipated improvements in
monitor prototype designs should reduce the degree to which the monitors
are dependent upon oil specie.

Table 3-4 contains the deviation of response data for each contractor.
Baird Atomic indicates in their final report that the actual monitor DOR
is believed to be less (3-5% at the 50 ppm level for all o0ils without
Bunker "C"), and attributes the difference to 1) errors in mask design and
2) statistical nonequivalence of data subsets.

Enviro Control, on the other hand, indicates that experimental errors
originating in the electronic data processing unit are responsible for a
portion of their deviation of response. General Electric attributes some
deviation in monitor response to the inability to adequately control
syringe pump oil concentrations and to minor instrument drift.

3.2.4 Effects of pH

Throughout the feasibility programs, it was commonly agreed that the
effects of pH on monitor response would be insignificant. Changes in pH
were not expected to effect the emulsification process of the influent
0oil or alter the Tight scattering or fluorescnece phenomena in any way,
hence, no appreciable effect on monitor response was expected. The results
of the Phase Il tests on ph, presented in Table 3-5, confirm this.

3.2.5 Monitor Response Tine

A1l three monitors developed under the Phase II effort, exhibited
response times of less than 10 seconds. (from addition of influent oil to
monitor detection.) This is well within the proposed IMCO and U. S. federal
specification requirement of 20 seconds.
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3.2.6 Effects of Salinity

As in the case of the pH tests, the tests conducted to determine
the effects of salinity were not expected to produce significant results.
The results presented in Table 3-6 are consistent with the fact that
salinity changes should not effect the emulsification process of the
influent oil or alter the light scattering or fluorescence phenomena in
any way. The deviations in response are in most cases less than the
error associated with the solvent-extraction, infrared analysis method of
determining 0il content, and may be attributed, in part, to the limited
amount of scattering that is characteristic of these devices.

3.2.7 Effects of Temperature

In addition to the determination of the effect of temperature changes
on monitor response, studies were also conducted to determine the effect
of cell window condensation.

General Electric determined that the condensation interference was
significant, but that the problem could be successfully eliminated by
using a desiccant and sealing the monitor housing. Baird Atomic
encountered no condensation problems under normal test conditions. In
all three cases, condensation on the cell windows would be expected to
cause scattering of the light source, and a deviation in monitor response.
Anticipated prototype designs would eliminate the presence of
condensation and allow for adequate compensation of the scattered light.

Several observations were made during the temperature effects tests,
the results of which are presented in Table 3-7. At higher temperatures,
Baird Atomic noted some increase in monitor signal, possibly due to increased
oil emulsification, since temperature increases were not expected to
effect the fluorescence characteristics of the oils. Enviro Control
experienced a notable difference in response at the various scattering
angles being monitored, but believes that electronic compensation for this
interference can be incorporated into a prototype device. General Electric
noted that dramatic temperature changes resulted in thermo-physical and
thermo-mechanical alterations in optical alignment, and a corresponding
deviation of response. Again, proposed prototype design modifications
are expected to aleviate this problem.

3.2.8 Effects of Detergents

The presence of detergents and cleaning agents aboard naval vessels
dictated that a determintion be made as to the effect of detergents on
monitor response. Available data on separating devices indicates that,
in most cases, detergents will interfere with normal separation
processes by creating an emulsion that is "too tight" to separate
mechanically. Initial monitor tests confirmed that detergents would also
interfere with monitor performance.

Table 3-8 gives the results of the Phase II detergent interference
tests. General Electric indicated that their monitor did not respond to
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detergent MIL-D-16791E at Tower concentration levels, and attributed
noted monitor readings to instrument noise. However, their chemical
analysis of the tested samples revealed the presence of the detergent.
(Analysis indicated an amount of oil equal to 1/3 the volume of the
detergent.) At the 50 ppm concentration level, the monitor detected
the detergent, but the deviation of response was less than 10%.
General Electric noted no monitor response to the ZIF detergent at
any concentration level, and only trace amounts of "oil" (detergent)
during sample analysis.

Enviro Control observed a notable deviation of response due to the
presence of either detergent. At lower concentrations (10 ppm) of
detergent, the deviation of response was significantly lower; the DOR
for detergent MIL-C-2230A at the 10 ppm concentration level was 1.8%,
whereas the DOR including the 50 ppm MIL-C-2230A data was 30%. These
results indicate that reduced amounts of detergents in bilgewater
might be allowable without hampering monitor performance significantly.

Baird Atomic experienced not only the scattering characteristics of
the detergent indicated by the other contractors, but also the problem
of the detergents fluorescing and "appearing" as oil. ZIF detergent is
highly fluorescent, but did not fluoresce noticeably through the optical
mask of this monitor. MIL-D-16791E detergent did fluoresce through the
mask and caused significant interference. (50 ppm detergent gave a
signal equivalent to 78 ppm o0il.)

Recommended contractor prototype designs indicate that electronic or
optical compensation should reduce the detergent interference sub-
stantially.

3.2.9 Effects of Particulates

Tests to determine the effects of particulates on monitor response
were divided into studies on water-wetted particulates and oil-wetted
particulates. In both cases it should be noted that some of the monitor
interference observed during these tests resulted from the inability to
control particulate concentrations uniformly due to inadequate mixing of
influent samples and oil injection system malfunctions.

Results of the Phase II particulate interference tests are presented
in Table 3-9. General Electric indicated that water-wetted particulates
viewed by the monitor, (2-25 microns in size) contributed "little" to
monitor interference at Tow concentrations (10-30 mg/1). At higher
concentrations, the particulates are seen by the monitor as an oil
equivalent signal. O0Oil-wetted particulates were considered less
significant, since much of the solid particles were observed to be
within the oil droplets.

Enviro Control demonstrated linear monitor response at the 10 ppm
water-wetted test solids level, however the signal at 10 ppm solids
corresponded to an oil signal at 100 ppm. Considerable interference was
noted at all water-wetted solids concentrations. Strong interference and
heavy fouling were observed during all oil-wetted solids tests.
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Baird-Atomic observed that 40 mg/L of water-wetted particulates
corresponded to a 32 ppm concentration of the 3FB (3 parts lube oil,
1 part marine diesel) oil mixture, and that the scattering of 1 mg/L
of particulates approximated that of 13 ppm of the 3FB o0il mixture.
A correction formula was developed and applied to monitor response which
resulted in a 6.7% change in monitor reading for all oil concentrations.
0il-wetted particulates decreased fluorescence efficiency, and increased
scatter such that for a 50 ppm influent o0il concentraticn, 10 mg/L of
particulates decreased monitor response by 44%, and 40 mg/L of particulates
decreased monitor response by 78%. No correction formula could be
applied for oil-wetted particulates.

It is noteworthy that particulate loading of this nature (and
subsequent monitor interference) would not be a significant factor
downstream of a separating device featuring mechanical particulate
separation (i.e., cartridges, centrifuges). In cases where the
particulate loading might be a factor (i.e., gravity or parallel plate
separators), the proposed prototype monitor recommendations from each
contractor have allowed for some type of window cleaning feature and
particulate interference compensation.

3.3 Conclusions - Phase II

In the Phase II feasibility effort, the Coast Guard had established
an acceptable error band of + 5 ppm or + 10% for monitor response (as
determined by solvent extraction, infrared analysis method). The Phase I
devices did not meet this accuracy requirement, but it was hoped that
the Phase II effort would optimize monitor performance to this degree.

As indicated in Table 3-4, a significant decrease in deviation of monitor
response was realized, however the + 10% error band was not attained.
Nonetheless, monitor response to oil mixtures was considered satisfactory
for the following reasons:

1) The existing IMCO and draft U. S. monitor specifications
require only + 10 ppm or + 20% accuracy, whichever is greater.

2) The solvent extraction, infrared analysis method for 0il :
determination has an inherent error of 5-10% itself (as a minimum).

The Phase II program results were encouraging, primarily because of
the major refinements accomplished by each of the contractors. Linear
monitor response for representative bilge oil mixtures were demonstrated
over the range of 0-400 ppm, within a + 15% error band. Perhaps more
important were the design capabilities demonstrated by the contractors.
Although the monitors remained somewhat 01l specie dependent, test results
and prototype recommendations indicate that significant reductions in
deviation of monitor response are possible if individual oils or oil
mixtures can be predicted. Optical mask design and electronic compensation
techniques demonstrated to date, can be further refined to optimize
monitor response to a given environment of o0il species.

Also demonstrated was the ability to reduce interferences caused by
particulates, detergents and water conditions (pH, salinity and temperature).




In a given environment, i.e., a class of naval or merchant vessels,
where the types of o0ils in a bilge can be predicted, the existing

Phase II devices are believed capable of performing acceptably (+ 20%)
if the particulate and detergent loadings in the bilge are kept at
Tower levels (approximately 10 ppm or less). Refined prototype devices
should show significant improvement in performance, even at higher
particulate and detergent levels.

Another factor to be considered in evaluating these devices is the
potential for additional monitor response optimization due to homogenizer
refinements. Increased emulsification and the corresponding reduction of
scatter and optical density of the o0il droplets, would result in decreased
variations in monitor response and less dependency of the devices on
0il specie.

4.0 PROTOTYPE MONITOR DEVELOPMENT PROGRAM

Upon completion of the second feasibility phase, an evaluation was
scheduled to determine the suitability for prototype development of the
bilge-type oil-in-water content monitors. Informal discussions were
held between the USN and USCG in March 1976, with consideration being
given to monitor accuracy, response to various interferences, and cost
and maintainability, in both the breadboard and prototype stages. Overall
analysis failed to indicate a substantially superior monitor. However,
based on USN selection criteria, which emphasized response to detergents
and particulates, the Baird Atomic breadboard was rated slightly superior
to the Enviro Control and General Electric monitors. Concurrently, an
interagency agreement was proposed between the USCG and ERDA (Energy
Research and Development Administration), which in part allowed for
additional technical evaluation of the three breadboards at the USCG
Fire and Safety Test Facility in Mobile, Alabama.

Prior to the actual initiation of the technical evaluation at Mobile,
the USN supplied funding to support Baird Atomic in the development of a
prototype monitor. The USCG re-evaluated the breadboards, and from a
strictly technical standpoint, agreed that the USN decision to proceed
with the oil fluorescence concept was sound. The decision was made,
however, to also proceed with the Mobile technical evaluation.

During the final planning stages of the Mobile evaluation program,
the Coast Guard's Office of Research and Development became aware of
significant changes in the IMCO monitor specifications, which raised
doubts as to the feasibility of continuing the bilge monitor development
program. During the May 1976 IMCO meeting, the monitor specifications
were revised to establish two monitoring device categories - wide range
0il content monitors (ballast) and 15 ppm 0il content alarms (bilge),
in Tieu of one gereral category, as in the previous specifications. The
ballast monitor was required to successfully complete the original 13
performance tests established in the earlier specifications, while the
bilge monitor was required to complete only 5 tests. Among those tests
eliminated for the bilge monitor were particulate matter and entrained
air tests. Consequently, less sophisticated, state-of-the-art monitoring
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devices were now considered capable of satisfying the IMCO requirements,
which to date, were thought unobtainable. In 1light of these revisions,
the continuation of a bilge monitor development program was no longer
considered feasible, and the Mobile program was cancelled.

Since the completion of Phase II, additional research has been
conducted on these breadboard devices. The Baird Atomic, Inc. monitor
has undergone Taboratory tests at the D. W. Taylor Naval Ship Research
and Development Center, Annapolis, Maryland, and the General Electric,
Co. and Enviro Control, Inc. monitors have been shipped to the Naval
Coastal Systems Laboratory, Panama City, Florida for observation on
the effluent side of a General Electric, Co. OPC-3000 gpm deballasting
oil-water separator.

Additionally, monitor research continued toward the development
of a prototype monitor capable of operation in both bilge and ballast
applications. This program, a joint effort funded by the USN and
administered using USCG contracting services, was based on the Baird
Atomic, Inc. breadboard monitor developed under the previous USCG
contract. The envisioned monitor was to have refined the oil
fluorescence concept, concentrating on increased monitor response
expected to result from emulsifier optimization, optical mask
improvements, incorporation of total luminescence holographic poly-
chromators, transmission/scatter channel improvements and flow cell
modifications, however this effort has since been terminated.
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