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[57] ABSTRACT

A two dimensional light beam array from which a
plume of smoke, such as from a diesel engine, passes.
Beams of light are projected across the array by light
sources for detection by light detectors in order to mea-
sure the transmittance or opacity of the beam of smoke
between any given source and detector. By projecting
beams of light in two dimensions across the array, the
diameter and length of intersection of the light beam
which projects through the diameter may be deter-
mined. To determine this length enables a calculation of
a smoke density value for that plume of smoke. Also, by
projecting beams of light in two dimensions across the
array the position of the smoke plume within the array
may be determined.

16 Claims, 3 Drawing Sheets
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APPARATUS AND METHOD FOR MEASURING
SMOKE OPACITY OF A PLUME OF SMOKE
USING AN ARRAY OF LIGHT BEAMS

BACKGROUND OF THE INVENTION

Diesel engines typically emit plumes of smoke which
inherently contain particulate matter. Measurement of
diesel smoke opacity is of importance to a variety of
fields including environmentalists, diesel engine manu-
facturers, service technicians and diesel owners. One
method of evaluating diesel smoke uses a beam of light
is directed through an exhaust plume, which is partially
absorbed, depending upon the density and size of the
particles. The amount of light which is blocked while
attempting to pass through the plume is a measure of the
opacity of the exhaust plume.

Smoke opacity can be used as an indication of proper
engine function as well as engine pollution output. The
Federal Environmental Protection Agency (EPA) uses
diesel smoke opacity measurements during the type
approval of engine systems, and some states and munici-
palities require periodic smoke opacity testing of diesel
powered vehicles. Accordingly, it is desirous to have a
continuous, real-time measurement system for deter-
mining the opacity of a plume of smoke as it exits an
exhaust pipe. Furthermore, the smoke opacity is closely
related to another measurement of particulate matter
within the smoke plume, the smoke density. As some
emission test programs require measurement of the
smoke density, it becomes important to be able to calcu-
late the smoke density of a plume of smoke in a rela-
tively straight-forward manner. Smoke opacity is re-
lated to smoke density according to the following equa-

tion as defined by the Beer-Lambert Law:
T=el~KL)
Where:
T=Transmittance (%), where T=(1—-N/100),

N=Opacity (%)
e=Base of Natural Logarithm
K =Extinction Coefficient (Smoke Density)
L=Light Path Length
Therefore:

Ko _LND
- L

It can be seen from the above equations that the val-
ues necessary to determine the smoke density of a plume
of smoke are the transmittance, which is a measure of
the amount of light which passes through the plume of
smoke, and L, the length of intersection between the
exhaust plume and the light beam. Also, additional cal-
culations yield both the particle size and the particle
density of the particles contained in the exhaust plume.

Current end of line diesel smoke opacity meters may
be divided into two broad categories, each of which has
particular limitations. The first such system is a full flow
measurement system. The typical full flow system con-
sists of a single beam of light which traverses the smoke
plume while passing from a light source to a light detec-
tor. The source and detector are located a fixed distance
apart, affixed to a rigid hoop or horseshoe bracket
which allows the diesel smoke to pass undisturbed be-
tween the optical devices. There are several major
drawbacks of such a system. First, placement of the
device at the center of the smoke plume is critical to

2

accurate test results, yet no means exists to automati-
cally check for accurate placement. Therefore, it is
possible that high smoke opacity values will go unde-
tected because of inaccurate placement. For example, if

5 the device is not aligned so that the light beam is di-
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rected across a diameter of the smoke plume, the opac-
ity value will be reduced. In such a system, it is difficult
to detect whether or not the optical beam is directed
across a diameter of the plume. A second drawback of
the full flow system is that because the length between
the source and detector is fixed while the length across
the plume varies in accordance with exhaust pipe diam-
eter, a measured opacity value taken with the full flow
system can not be immediately converted into smoke
density units. The length of the light path that intersects
the smoke must be known in order to determine the
smoke density. In order to determine the intersection
length, the operator must measure the diameter of the
exhaust pipe, then align the source and detector so as to
project light beams through that measured diameter.

A second system for measuring the opacity of a
plume of smoke is a partial flow measurement system.
Exhaust smoke is forced down a probe and hose assem-
bly by engine exhaust pressure or by a separate pump.
The smoke then passes through a sampling tube and is
swept away by clean air at the ends of the tube. Because
the tube is of a fixed length, the opacity measurement of
the light passing through the tube is immediately usable
for determining the smoke density; however, there re-
mains several disadvantages to such a system. A partial
flow measurement system requires a probe, a hose as-
sembly, and possibly a separate pump. This system is
more costly, has a slower time response, increases the
amount of sample mixing during transport of the smoke
through the apparatus, requires much maintenance as
particulate matter tends to clog the apparatus, is much
larger, is subject to sample condensation when used in
cold weather, and is fairly awkward to implement on
tall exhaust stacks (e.g., on a diesel truck).

SUMMARY OF THE INVENTION

This invention is directed towards an improved sys-
tem for measuring the smoke opacity and density of a
plume of smoke. A two-dimensional light array is
placed where the smoke plume exits an exhaust pipe so
that the plume passes through the array. The two-di-
mensional array enables the determination of the posi-
tion of maximum opacity through the plume and also
enables the determination of the length of intersection
of the beam of light at the maximum opacity point. The
system further determines if the array is properly placed
in relation to the plume and generates an error signal
when the array is not properly aligned. There are sev-
eral advantages to this system. First, it is a full flow
system and therefore does not suffer from disadvantages
associated with partial flow systems. However, unlike
prior full flow systems, the operator need not measure
the diameter of the exhaust pipe, when secking the
smoke density, as the light array will determine the
diameter at the point of maximum opacity through the
exhaust plume. Also, because the diameter of the plume
is determined by the array, the array may be used to
determine the smoke opacity and the smoke density of
plumes of varying sizes, as an array larger than a major-
ity of exhaust pipes could be designed.

This system is implemented by placing a two-dimen-
sional light array above an exhaust pipe or stack where
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the plume exits the exhaust pipe or stack. The two-di-
mensional array contains a series of matched light
source and light detector pairs with the source located
transversely across from the detector, and the light
detector detects light emitted by its corresponding
source. Matched source-detector pairs are placed along
both dimensions so that substantially perpendicular
light beams are projected across the array. The number

of source-detector pairs depends upon the desired reso--

lution, as a greater resolution requires a greater number
of source-detector pairs per unit length.

The source-detector pairs are activated along one
dimension in a manner such that only one source and

one detector are operating throughout the array at a-

given time. After each of the sources and detectors
along one dimension are activated, the minimum trans-
mittance point (i.e., the least amount of light passing
through the beam) is determined. After determining this
minimum transmittance point, the source-detector pairs
along the other dimension are sequentially activated in
a similar manner. Once again, only one source and one
detector are activated at any one time, and a transmit-
tance value for each source-detector pair is determined.
Along this other dimension, it is not the minimum trans-
mittance point that the system determines, rather it is
the edges of the plume that the system locates. The
distance between the edges of the plume represents the
length of intersection between the light beam along the
other dimension at the minimum transmittance point.
The measurement process may be repeated, reversing
the roles of the perpendicular arrays to find the mini-
mum transmittance point and the edges of the plume in
the other dimension.

Several other advantages are realized using such a
two-dimensional smoke opacity measurement system.
One such advantage is that the system may optionally
determine improper placement of the array, and gener-
ate an error signal if any source-detector pairs closest to
any of the outer bounds of the array do not yield a
transmittance approaching 100%, indicating that the
smoke plume is contacting that bound of the array.
While it is possible to extend such a system to certain
non-circular exhaust plume shapes, if it is so desired to
limit the system to circular exhaust plumes, the system
may also ensure circularity and non-distortion of the
plume by examining the transmittance variances be-
tween source-detector pairs along each dimension.

Further objects, features and advantages of the inven-
tion will become apparent from a consideration of the
following description and the appended claims when
taken in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts the apparatus disclosed herein as
mounted to a vertical exhaust pipe;

FIG. 2 is a diagram of a top view of a light extinction
matrix which shows the matched light source-detector
pairs;

FIG. 3 is a block diagram of an electrical system
which may be used to activate the source-detector pairs
and generate an output signal therefrom;

FIG. 4 depicts waveforms which are input into the
electrical system depicted in FIG. 3 to activate the light
sources and detectors and also depicts the output wave-
forms generated by the electronic circuit of FIG. 3;

FIG. 5 depicts a second embodiment of the light
extinction matrix using a reduced number of light detec-
tors and an increased number of light sources; and
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4
FIG. 6 depicts a third embodiment of the light extinc-
tion matrix implemented using a reduced number of
light sources and an increased number of light detec-
tors.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a typical system configuration of the
smoke opacity measurement system 10 including light
extinction matrix (LEM) 12 attached to exhaust pipe 14.
Exhaust pipe 14 may connect to the exhaust manifold of
a diesel engine (not shown) or to a variety of smoke
emitting sources. Attached to exhaust pipe 14 is support
arm 16 which supports LEM 12 (attachment to exhaust
pipe not shown) and extends to maintain LEM 12 above
exhaust pipe 14 so that emitted plume of smoke 15
passes within the bounds of LEM 12. To the inner walls
18 of LEM 12 are attached matched sets of light sources
and light detectors, to be explained further with respect
to FIGS. 2 and 3. LEM 12 defines a plane which is
substantially perpendicular to an imaginary longitudinal
axis defined by exhaust pipe 14 and plume 15. The
sources and detectors mounted to inner walls 18 of
LEM 12 are mounted so as to project beams of light
substantially paraliel to the plane defined by LEM 12.

FIG. 2 depicts one embodiment of LEM 12 from a
top view looking down towards the open end of exhaust
pipe 22. Exhaust pipe 22 emits plume of smoke 24
which, in a diesel exhaust system, contains particulate
matter whose particle size and density determines the
opacity of exhaust plume 24. In this particular embodi-
ment, light sources and detectors surround a rectangu-
lar array 20. Light emitting diodes (LED) 26a—c exem-
plify the light sources and are arranged on one side of
rectangular array 20 to oppose light detectors 28a-c.
LED’s 30a-c are arranged on the other side of array 20
to emit light in a direction towards detectors 32a-c
substantially perpendicular to light beams emitted by
LED’s 26a~c. LED’s 26a—c and 30a—c as well as light
detectors 28a-c and 32a—c are controlled by inputs and
outputs of the circuit depicted in FIG. 3. When a posi-
tive electrical signal is applied to the cathode of one of
LED’s 26a-c or 30a-c and switch 27 is closed, connect-
ing the anode of that LED to ground, that LED emits
abeam of light in the direction of the smoke plume. The
light travels across array 20 toward the light detectors.
One terminal of each of detectors 28z and 32a-c is
connected to ground while the other terminal leads to
the output of the electronic circuit and indicates
whether the respective detector has detected light emit-
ted from a given LED. Light emitted from LED’s
26a—-c and 30a—c passes through lenses 34 which refocus
light emitted by the LED’s along each dimension for
travel in a substantially parallel direction across the
array. Similarly, lenses 36 are placed in front of light
detectors 28a¢—c and 32¢-c¢ and collect light that has
traversed array 20 and focuses that light onto the light
detectors.

Referring more specifically to the operation of the
LED’s and detectors depicted in FIG. 2, an exemplary
scheme of activating the LED’s and detectors to effec-
tuate smoke opacity measurements will be described
below. As an initial point, the opacity of plume 24 de-
pends upon the size and density of the particles con-
tained therein. In areas where the intersection between
emitted light and smoke plume 24 is a maximum, there
will be a minimum transmittance of light across array
20. Conversely, in areas where the intersection between
plume 24 and emitted light is a minimum, there is a
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maximum transmittance of light across array 20. There-
fore, by examining the magnitude of detected light for
each source-detector pair, it is possible to construct a
profile of plume 24. If such a profile can be generated
along both dimensions, it is possible to develop a two-
dimensional profile of plume 24 and determine the
length of intersection of a light beam at the point of
minimum transmittance.

One scheme of light emissions and detections entails
sequentially activating the LED’s and corresponding
detectors along one dimension, then sequentially acti-
vating LED’s and their corresponding detectors along
the other dimension. One sequence of emissions and
detections could occur as follows. An electronic con-
troller (not shown) applies an electronic signal to the
positive terminal of LED 26a and also closes grounding
switch 27 causing LED 26¢ to emit a beam of light
across the array in the direction of light detector 28a. In
order to minimize cross talk from adjacent source-
detector pairs, the matched source-detector pairs are
enabled in a sequential, mutually exclusive order. Thus,
LED 26a and detector 28a are activated as a pair, and
no other source-detector pair is activated. After source
26a and detector 28¢ have been activated then deacti-
vated, LED 26b and detector 28b are activated in the
same manner as were LED 26¢ and detector 28a. Simi-
larly, LED 26¢ and detector 28c¢ are activated following
the activation of LED 265 and detector 28b. Detectors
28a-c¢ output a magnitude signal that varies in accor-
dance with the amount of light detected. The sequence
is then repeated for LED’s 30e—c and detectors 32a—c.

After sequentially activating each source-detector
pair along a first dimension, a transmittance value for
each source-detector pair will have been determined.
The source-detector pair between which a minimum
transmittance value is measured defines a diameter of
the circular plume, as the light beam must traverse the
greatest amount of particulate matter. By examining the
variance between transmittance values detected by ad-
jacent light detectors, the shape or profile of plume 24
may be constructed. The diameters along each dimen-
sion of the plume of smoke may be measured by deter-
mining the source-detector pairs at which the transmit-
tance has risen to approach 100% on both sides of the
plume. The distance between like elements of the pairs
(e.g., between the detector measuring 100% transmit-
tance on the one side of the plume and the detection
measuring 100% transmittance on the other side of the
plume) is a measure of the plume diameter. This diame-
ter is the length of intersection at the minimum transmit-
tance value in the perpendicular direction. This value is
necessary in calculating the smoke density of plume 24.

The length of intersection at the point of maximum
opacity between a beam of light and plume 24 is deter-
minable because LED’s 26a-c and 30a-c and detectors
28ag-c and 32¢-c are positioned around LEM 12 at
equally spaced intervals. The resolution of the system
depends upon the number of LED’s and light detectors
per unit length. If an array is 8" X 8" and a resolution of
a 1 inch is desired, 32 source-detector pairs must be
aligned along each dimension for a total of 64 source-
detector pairs. A greater resolution is obtainable by
positioning a greater number of LED’s and light detec-
tors per unit length along each dimension of the array.

FIG. 3 depicts one embodiment of a circuit for acti-
vating the LED’s and detectors in the manner described
with respect to FIG. 2. It should be noted, however,
that the circuit described herein is only one circuit
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which could be used to activate and deactivate the
LED’s and light detectors. It is a general object of this
circuit to illuminate one LED and activate one detector
for any given time interval and to sequentially activate
each LED and detector over a predetermined detection
period. In this particular circuit, the LED’s are acti-
vated sequentially in accordance with the magnitude of
a control signal. In FIG. 3, there are three sets of win-
dow comparators 40a-c, switch banks 42¢-¢, LED’s
44a-c, and detectors 42a-c; however, the actual cir-
cuitry incorporates as many sets of the above mentioned
components as there are LED’s aligned around the
array. If there are 32 sets of LED’s and detectors there
will be 32 window comparators, 32 switch banks, 32
LED’s, and 32 detectors in the circuit implemented in
FIG. 3.

A WINDOW signal is input into window compara-
tors 40a-c, and the outputs of window comparators
40c—c activate the respective switch banks 42a-c. The
WINDOW signal input to the circuit of FIG. 3 is a saw
toothed waveform depicted in FIG. 4. Window com-
parator 40z outputs a logic 1 signal when the level of
the WINDOW signal is within the bounds as specified
by the incoming reference signals REF1, REF2, and
REF3, respectively. For example, REF1 may be rela-
tively low voltage which causes window comparator
40q to activate switch 42¢ when the WINDOW signal is
at zero volts until it has risen to the low voltage bound-
ary of window comparator 405 as defined by REF2. As
the WINDOW signal saw tooth rises to its peak, each of
the window comparators 40a—c will have sequentially
activated and deactivated their respective switches
42a-c. FIG. 4 demonstrates the relationship between
the ranges of REF1, REF2 and REF3.

When switch bank 42¢ is activated, a first switch
applies a voltage signal V to LED 44a. The activation
of LED 44q is dependent upon the application of V and
the state ground switch 46 which creates a ground path
when closed for LED’s 44a-c when ground switch 46 is
closed and disables a path to ground when ground
switch 46 is open. The waveform for the signal to open
and close ground switch 46 is represented by the AM-
BIENT signal shown in FIG. 4. This signal has a period
twice that of the WINDOW signal so that during a first
period LED’s 44a-c are activated as are detectors
48a-c, while during a second period of the WINDOW
signal, LED’s 44a-c are not activated yet detectors
48a-c are activated. The AMBIENT signal thus enables
activation of LED’s 44a-c during every other WIN-
DOW period. When LED’s 44a—c are not activated and
the detectors 48a-c are activated, ambient light is de-
tected. The ambient light detected by each detector is
filtered out by the controller from light detected by the
same detector during the previous detection period
during which the LED’s were activated.

The output signals of detectors 48a~c¢ are conditioned
by buffers 50a-c, respectively, then pass through a sec-
ond switch of switch banks 42a-c¢ which output the
SAMPLE signal that connects to a control unit or mi-
croprocessor. Additionally, window comparators 40a—c
connect to OR gate 52 which generates a SYNC signal.
The SYNC signal is depicted in FIG. 4 and defines the
intervals during which examination of the SAMPLE
signal should occur. The SYNC signal is used in con-
junction with the SAMPLE signal to define the inter-
vals during which the magnitude of the OUTPUT sig-
nal is examined.
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FIG. 4 depicts both the input and the output signals
associated with the circuit of FIG. 3. The AMBIENT
signal and the WINDOW signal are input into FIG. 3.
As described above, the AMBIENT signal has a period
twice that of the WINDOW signal. When the AMBI-
ENT signal is high, the SAMPLE signal reflects the
magnitude of the light detected by detectors 48a-c of
FIG. 4 while LED’s 44a—c are activated, respectively.
When the AMBIENT signal is low, the SAMPLE sig-
nal reflects the magnitude of the ambient light collected
by detectors 48a-c while the LED’s are not activated.
Furthermore, the output signal SYNC signal is used to
more accurately differentiate the SAMPLE pulses on
the output bus. When the SYNC signal is high, the
SAMPLE signal from the output bus is examined to
determine its magnitude.

FIG. 5 depicts an alternate embodiment of LEM 12.
In this embodiment, detectors 70 and 74 are positioned
in corners of a substantially rectangular LEM 12.
LED’s 72a-f are sequentially activated to project beams
of light in the direction of plume 73 while detector 70 is
also activated. Detector 70 collects light from the se-
quentially activated LED’s 72a—f as the light passes
through focusing lens 71. In In this manner one LED is
not paired with one detector; rather, a set of LED’s
corresponds to one detector. Similarly, detector 74 is
located in a corner opposite detector 70. While detector
74 is activated, light emitting diodes 76a-f are sequen-
tially activated to project beams of light which pass
through focusing lens 75 and are detected by detector
74. The number of light detectors may be thus reduced
greatly while the number of LED’s is increased. Be-
cause of position of detectors 70 and 74 and LED’s
72a-f and 76a-f along the array is known, a profile of a
plume of smoke may be generated based on the magni-
tude of the opacity detected by each detector for each
corresponding LED. Using simple geometric calcula-
tions, the profile of plume of smoke 73 may be deter-
mined as may its diameter. The circuit to activate the
LED’s and detectors in the embodiment depicted in
FIG. 5 will be modified so that light detector 70 is
activated upon activation of any of LED’s 72a-¢, and
light detector 74 is activated upon activation of any of
LED’s 76a-f. Similarly, as described with reference to
FIG. 2, the resolution of the system is varied according
to the number of LED’s per unit length placed along
the array.

FIG. 6 depicts a third embodiment of LEM 12. In this
embodiment LED’s 80 and 88 are located at the corners
of the array and light detectors 82¢—f and 90a—f are
located along the sides of the array. When LED 80 is
activated, light detectors 82¢—f are sequentially acti-
vated to determine the magnitude of the light traveling
through smoke plume 83. Focusing lenses 84 are posi-
tioned in front of each set of detectors to focus the light
onto the corresponding detectors. LED 88 is located in
a comer opposite LED 80, and when activated, light
detectors 90a~f are sequentially activated to detect the
transmittance of the light passing between the LED and
detector. As in the second embodiment of this inven-
tion, simple geometric calculations may be performed
to determine the diameter of the plume 83. Also, the
electronic system depicted in FIG. 3 would require
modifications such that while either of LED’s 80 or 88
are activated, light detectors 82a—f and 90a-c¢ are se-
quentially activated, respectively, to detect light as it
passes through a plume of smoke 83.
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It is to be understood that the invention is not limited
to the exact construction illustrated and described
above, but that various changes and modifications may
be made without departing from the spirit and scope of
the invention as defined in the following claims.
I claim:
1. Apparatus for measuring the opacity of an exhaust
plume of smoke having an imaginary longitudinal axis,
said apparatus comprising:
an array of light sources and light detectors arranged
in a plane that is substantially perpendicular to said
axis, said light sources and detectors being ar-
ranged so as to define a plurality of light paths
which are displaced about and traverse the planar
area bounded by said array and further defining
two sets of a plurality of matched source-detector
pairs providing mutually perpendicular light paths;

means for activating said sources and said detectors
to define source-detector pairs so that light emitted
by said sources is absorbed by said detectors; and

means operatively associated with said detectors for
determining the magnitude of the transmittance of
light through said exhaust plume where said plume
and emitted light intersect, where said emitted light
is of a predetermined intensity and light absorbed
by a corresponding detector of a given source-
detector pair defines the transmittance of the ex-
haust plume at said intersection.

2. The apparatus of claim 1, wherein said two sets of
a plurality of matched source-detector pairs further
comprise a first set of matched source-detector pairs
where each source and detector substantially oppose
each other and define light paths in a first direction, and
a second set of matched source-detector pairs where
each source and detector substantially oppose each
other and define light paths in a second direction sub-
stantially perpendicular to said first direction.

3. The apparatus of claim 1, wherein said light emit-
ting array comprises an equal number of matched
source-detector pairs in both said first and second sets.

4. The apparatus of claim 3 for determining the opac-
ity of an exhaust plume of smoke where said plume is
emitted from a substantially circular exhaust pipe, fur-
ther comprising:

means for determining a minimum transmittance path

through said circular exhaust plume along one of
said light paths where said minimum transmittance
defines a maximum opacity for said circular ex-
haust plume to locate a diameter of said circular
exhaust plume;

means for determining a first transmittance path prox-

imately located near a first edge of said circular
exhaust plume along a light path substantially per-
pendicular to said minimum transmittance path
where said first transmittance path defines a first
tangent to said circular exhaust plume;

means for determining a second transmittance path

proximately located near a second edge of said
circular exhaust plume along a path substantially
parallel to said first transmittance path where said
circular exhaust plume is interposed between said
first and second transmittance paths and said sec-
ond transmittance path defines a second tangent to
said circular exhaust plume;

means for calculating a separation distance between

said first and second transmittance paths to define a
length of intersection between the circular exhaust
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plume and emitted light at said minimum transmit-
tance point; and

means for calculating the smoke density of said circu-

lar exhaust plume based on said intersection length
and said minimum transmittance.
5. The apparatus of claim 2, further comprising a
support means defining a generally square frame defin-
ing mutually perpendicular legs and wherein said array
comprises a first source supported at a first intersection
of two of said legs and a first set of detectors supported
by two of said legs opposing said first intersection, and
said first set of detectors are sequentially activated
while the first source is activated, and a second source
supported at a second intersection of said legs opposite
said first intersection and a second set of detectors sup-
ported by two of said legs opposing said second inter-
section and said second set of detectors are sequentially
activated while the second source is activated, and said
first and second sources are sequentially operated.
6. The apparatus of claim 2, further comprising a
support means defining a generally square frame defin-
ing mutually perpendicular legs and wherein said array
comprises a first detector supported at a first intersec-
tion of two of said legs and a first set of sources sup-
ported by two of said legs opposing said first intersec-
tion, and said first set of sources are sequentially acti-
vated while said first detector is activated, and a second
detector supported at a second intersection of said legs
opposite said first intersection and a second set of
sources supported by two of said legs opposing said
second intersection, and said second set of sources are
sequentially activated while said second detector is
activated, and said first and second detectors are se-
quentially operated.
7. The apparatus of claim 1 wherein said apparatus is
affixed to an exhaust pipe of a diesel engine.
8. The apparatus of claim 1, wherein said means for
measuring the opacity of an exhaust plume further com-
prises:
support means for said array;
at least one of said source-detector pairs which define
one of said light paths in close proximity to said
support means in order to detect a substantially
high transmittance, indicating an absence of smoke
in close proximity to said support means; and

signal means activated upon detection of smoke in
close proximity to said support members.

9. Method for measuring the opacity of an exhaust
plume of smoke having an imaginary longitudinal axis,
said method comprising the steps of:

directing an array of light beams through said plume

in a plane that is substantially perpendicular to said
axis, detecting variations in the intensity of the
light from said beams emerging from said plume
using detectors, where a first set of a plurality of
substantially parallel beams is directed along one
path and a second set of a plurality of substantially
parallel light beams is directed along a path sub-
stantially perpendicular to said first set of light
beams;

determining variations in the magnitude of the trans-

mittance of light from individual beams through
said exhaust plume with said detectors where said
plume and emitted light intersect, where said emit-
ted light is of a predetermined intensity and the
magnitude of the detected light is in accordance
with the opacity of said plume.
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10. The method defined by claim 9, wherein the step
of directing an array of light beams comprises directing
an equal number of light beams along each perpendicu-
lar path.

11. The method as defined by claim 10 for determin-
ing the density of an exhaust plume of smoke where said
plume is emitted from a substantially circular exhaust
pipe, further comprising the steps of:

constructing a profile of said plume using the trans-

mittance variances for adjacent detectors along
each path of source-detector pairs;
examining said transmittance profile for a relatively
consistent increase in opacity between adjacent
detectors to a maximum value, then for a relatively
consistent decrease in opacity between adjacent
detectors to substantially zero opacity in order to
determine the circularity of said plume;

determining a first diameter of said circular plume in
a direction substantially perpendicular to said one
set of light beams as defined by a separation dis-
tance between two source-detector pairs at which
the measured opacity of said plume tapers substan-
tially to zero;
determining a second diameter of said circular plume
in a direction substantially perpendicular to said
other set of light beams as defined by a separation
distance between two source-detector pairs at
which opacity of the plume tapers substantially to
ZEer0;

comparing said first and second diameters to insure
that said diameters are within a predetermined
range of each other; and

calculating a smoke density value as a function of the

maximum opacity value and the diameter of said
plume in a substantially perpendicular direction to
that of the light beam rendering said maximum
opacity value.

12. The method as defined by claim 9, wherein the
step of directing an array of light beams comprises:

activating a first light source located at a first corner

of a substantially rectangular array;
sequentially activating a first set of light detectors
arranged so as to oppose said first light source
while said first light source is activated;

activating a second light source after activating said
first light source located at an opposite corner of
said first corner;

sequentially activating a second light set of light de-

tectors arranged so as to oppose said second light
source while said second light source is activated.

13. The method of claim 9, wherein the step of direct-
ing an array of light beams is carried out with a substan-
tially rectangular array comprising a first detector sup-
ported at an intersection of two support means and a
first set of sources supported by another two support
means where said support means lie in the plane of said
light beams, and said first set of sources are sequentially
activated while said first detector is activated, and a
second detector supported at an intersection of said
other two support means and a second set of sources
supported by said first two support means, and said
second set of sources are sequentially activated while
said second detector is activated, and said first and
second detectors are sequentially operated.

14. The method defined by claim 9 wherein the step
of directing an array of light beams further comprises
directing said light beams across an exhaust plume of a
diesel engine. .
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15. The method defined by claim 9, wherein the step
of measuring the opacity of an exhaust plume further
comprises the steps of:

determining if a path of substantial transmittance

exists along detection paths in close proximity to
outermost boundaries of said plane, indicating an
absence of smoke in close proximity to said outer
boundary;

determining if at least one source-detector pair not in

close proximity to said outer boundary has a sub-
stantially low transmittance to indicate the pres-
ence of smoke within said array;

signaling upon detection of smoke in close proximity

to said support members if such a condition is de-
termined, indicating proper placement of said array
to said exhaust plume.

16. Apparatus for measuring the opacity of an exhaust
plume of smoke having an imaginary longitudinal axis,
said apparatus comprising:

an array of light sources and light detectors arranged

in a plane that is substantially perpendicular to said
axis, said light sources and detectors being ar-
ranged in a substantially rectangular manner so as
to define a plurality of light paths which are dis-
placed about and traverse the planar area bounded
by said array;

two sets of a plurality of matched source-detector

pairs disposed on said rectangular array that define
mutually perpendicular light paths, including a first
set of matched source-detector pairs where each
source and detector substantially oppose each
other and define light paths in a first direction and
a second set of matched source-detector pairs
where each source and detector substantially op-
pose each other and define light paths in a second
direction substantially perpendicular to said first
direction;

means for activating said sources and said detectors

so that light emitted by said sources is absorbed by
said detectors;

means operatively associated with said detectors for

determining the magnitude of the transmittance of
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light through said exhaust plume where said plume
and emitted light intersect, and said emitted light is
of a predetermined intensity and light absorbed by
a corresponding detector of a given source-detec-
tor pair defines the transmittance of the exhaust
plume at said intersection;

means for determining a minimum transmittance path
through said exhaust plume along one of said light
paths where said minimum transmittance defines a
maximum opacity for said exhaust plume to locate
a diameter of said plume;

means for determining a first transmittance path prox-
imately located near a first edge of said plume
along a light path substantially perpendicular to
said minimum transmittance path where said first
transmittance path defines a first edge of said ex-
haust plume;

means for determining a second transmittance path
proximately located near a second edge of said
plume along a path substantially parallel to said
first transmittance path where said exhaust plume is
substantially interposed between said first and sec-
ond transmittance paths and said second transmit-
tance path defines a second edge of said exhaust
plume;

means for calculating a separation distance between
said first and second transmittance paths to define a
length of intersection between the exhaust plume
and emitted light at said minimum transmittance
point;

means for calculating the smoke density of said ex-
haust plume based on said intersection length and
said minimum transmittance;

support means for said array;

at least one of said source-detector pairs which define
one of said light paths in close proximity to said
support means in order to detect a substantially
high transmittance, indicating an absence of smoke
in close proximity to said support means; and

signal means activated upon detection of smoke in

close proximity to said support members.
* * * * *



