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ABSTRACT

The objectives of the program were to develop and field test instrument-
ation and methodology for monitoring the opacity of particulate pollutants in
stationary source emissions containing condensed water. The scope of work
required that the instrumentation be capable of discriminating between the
condensed water which is not a pollutant and the particles that are pollutants.

An instrument has been developed for on-stack operation which continu-
ously extracts and measures the opacity of a representative sample of the
particulate effluent. By increasing the sample temperature, the condensed
moisture is vaporized and the opacity of the remaining solid particles is
measured with a high precision optical transmissometer.

The instrument has been tested while monitoring the effluent of an ex-.
panded perlite furnace and the effluent from a wet scrubber of a sludge in-
cinerator. Comparative tests have been performed on the instrumentation with
a conventional across-stack transmissometer opacity monitor to show correla-
tion of both instruments on a source without a condensed water interference
problem. :
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SECTION 1

INTRODUCTION

When the temperature of stationary source emissions are below the dew
point of the water vapor in the emissions, measurement of the in~-stack opacity
of the particulate pollutants by standard across-stack transmissometer instru-
mentation is not possible due to interference from condensed water. To monitor
the opacity of the particulate pollutants in such emissions, e.g. sources with
wet scrubber particulate controls, methodology and instrumentation are needed
to discriminate between the condensed water which is not a pollutant and the
particulates that are pollutants.

EPA, being aware of such a need, requested under this contract the de-
velopment and field testing of the instrumentation and methodology which
would meet the following requirements:

1. Monitor only the opacity of the particulate pollutants in the emis-
sion

2. Exclude from the measurement any opacity due to the presence of con-
densed water which is not a pollutant

3. Be designed for continuous on-stack operation

4. Meet performance drift specifications required for conventional
across-stack transmissometers (Federal Register, Vol. 39, No. 177,
September 11, 1974)

5. Be designed to measure a representative sample of the effluent (this
is particularly important in the case of extractive methods).

The report which follows covers a sixteen-month program which included
design and construction of related instrumentation and its field testing.
The results of the program are summarized in Section 2 of this report.

Recommendations for practical application of the results of this program
are presented in Section 3. '

Section 4 of this report covers the information about the design and
operating parameters of the tested instrumentation. Also described in this
section is the auxiliary equipment required for the operation of the instru-
ments.

Description of the two test sites which were selected for the field tests
is presented in Section 5. Since the management of the companies at which
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the instruments were tested preferred that the companies. remain anonymous,
the company identities and specific locations have been omitted from this
report.’

The test procedures and data collection and reduction applied during
the course of the field testing are described in Section 6.

Results of the laboratory and field tests are described and summarized
in Section 7. Also presented in this section is a summary of reliability
of the instrumentation tested.



SECTION 2

CONCLUSTIONS

In the course of conducting this program, we have had the opportunity to
evaluate the performance of the developed instrumentation under various oper-
ating conditions. Based upon this experience, the results of the activities
performed under this program are summarized as follows:

a. The instrumentation consisting of an in-stack heated sampling probe
and out-of-stack sample conditioning module is capable of removing both the
condensed moisture and reentrained moisture from the aerosol sample by evap-
oration before its opacity is read by a transmissometer

b. For the range of particle sizes and flow conditions tested, the
sampling-conditioning probe was removing a fairly representative sample of
the aerosol flow

c. The comparative tests between an on-stack transmissometer and opti-
cal module transmissometer with dry effluent gas flow suggest that the opti-
cal module underestimates the true dry particulate matter opacity by about
2 to 7 percent of the true opacity

d. The equipment is rigid enough to meet EPA drift specifications for
transmissometer opacity monitors

e. The design of the instrumentation tested is too complicated, which
would result in too high a market price. The instrument can be simplified
for .normal use when the operational flexibility, which was required on the
prototype, is not essential.

f. The sampling-conditioning probe is not necessary when the effluent
flow is well mixed, with negligible stratification, and when only freshly
condensed moisture must be removed from the sample. A single sampling point,
heated, stainless steel probe will perform satisfactorily.

g. The probe of the design tested should be used primarily when large
droplets of reentrained moisture are present. This probe should always be
used in the upward flow with the inlet opening facing the flow, or in the
horizontal flow, the probe should be located vertically.

h. The optical analyzing module should be installed tilted from the
vertical direction to prevent contamination of the reflector by large partic-

ulate agglomerates which may enter the module under certain conditions

i. The instrument is capable of continuously monitoring the true opacity



of the solid particulate matter in stacks of up to 6 feet in diameter. For
larger stack diameters, with stratified aerosol flow conditions, the probe
tested is not applicable.



SECTION 3

RECOMMENDATIONS

The instrumentation developed and tested under this program is capable
of measuring the opacity of particulate matter in the presence of condensed
moisture. However, the field tests indicate that some design changes may
further improve its performance. The recommended design considerations are
summarized as follows:

a. All the instrumentation which comes into direct contact with a gas
sample should be constructed from a better grade stainless steel to eliminate
corrosion problems

b. The particulate opacity is affected primarily by small particles
which are usually distributed homogeneously within the gas flow. For this
reason, a single point sampling probe rather than a complicated slot-shaped’
probe will perform satisfactorily in most practical applications.

¢. The probe should always be heated and in difficult applications
equipped with a manually or automatically operated wiper to facilitate an
occasional cleaning of the interior and also exterior probe walls

d. The gas sample should preferably be introduced into the middle of
the length of a cylindrical conditioning module rather than into its end.
As a result, the conditioning module can be positioned horizontally instead
of vertically to eliminate contamination of the transmissometer reflector
with large particles or agglomerates.

e. The residence time required for proper operation of the sampling
and sample conditioning equipment should be checked for each application

f. When the sampling probe and sample conditioning module are installed,
the probe and module temperatures should be increased to a magnitude beyond
which no decrease in the measured opacity of the analyzed aerosol sample
would occur. The temperature should not be increased to the extent where
droplets of higher boiling point condensibles are also evaporated because
these are already pollutants.

g. A final test on the effectiveness of the equipment for removal of
condensed moisture should be performed after equipment installation. A
recommended approach is to place a 47 mm filter holder inside the sample-
conditioning module through one cf the transmissometer ports. After placing
a glass fiber analytical filter in the holder (Gelman Type AE) and after
sealing off the transmissometer port through which the filter holder is
connected to a vacuum pump, the conditioning module is activated. At the
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time when the module reaches a steady state of operation, the vacuum pump

is turned on and the flow through the filter holder adjusted to about 50
percent of the sample flow through the module. After sampling for a period
of time, the filter is removed and weighed. The filter weight is also de-
termined after it is conditioned in a dessicator. By comparing these filter
weights with its initial weight before sampling, the presence of condensed
moisture in the sample flow can be determined.



SECTION 4

INSTRUMENTATION

The instrumentation developed under this contract consists basically
of a sampling interface and a sample conditioning module. The purpose of
the sampling interface is to extract a representative sample of the aerosol
flow, heat the sample, and supply the sample into a sample conditioning and
testing module on a continuous basis. By raising the aerosol sample temper-
ature during its transport through the sampling interface probe into the con-
ditioning module, condensed moisture is eliminated and a high precision opti-
cal transmissometer, which is mounted on the conditioning module, is used to
measure the opacity of solid particles alone. The conditioned aerosol sample
is then returned back into the main gas flow.

During the course of the project, an idea of using the Lear Siegler
RM41P stack probe equipped with two high temperature, flat, electrical heat-
ers at the probe's inlet slot was also tested. It was anticipated that the
heaters may remove condensed moisture from the aerosol stream before it enters
the sensing area of the probe.

The instrumentation and equipment developed and tested under this con-
tract are described in more detail in this section.

PRINCIPLE OF OPERATION

The wet gas transmissometer system is shown schematically in Figure 1.
It consists of an in-stack sampling-conditioning probe (1), out-of-stack
optical analyzing module (3), optical transmitter and receiver (2), optical
reflector (6), and an air flushing system (4,5,7).

A sample of the flow of emissions enters the sampling probe (1) through
a slot-shaped inlet. The probe is heated and the condensed moisture evapor-
ated inside the probe before the sample enters an optical analyzing module
(3). Special design provisions are made, as described further, to prevent
condensation inside the optical module and to protect the inside walls of the
optical module and optics from being contaminated. The conditioned sample
flows downward through the module and is returned back into the stack through
an ejector-deflector (7). The returned sample is partly diluted by flushing
air (4). TFor this reason it is deflected horizontally inside the stack by an
ejector-deflector (7) to minimize its effect on the main stack flow in the
vicinity of the stack sampling probe inlet. The conditioned sample which
flows through an optical module (3) is continuously monitored using an opti-
cal transmissometer (2 and 6).

The schematic of the sampling-conditioning probe is shown in Figure 2.



Figure 1. Schematic of the wet gas transmissometer system
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The probe :is of a nearly rectangular cross section with heated inside walls
(7). The probe has a narrow-slot sample inlet along most of its length. The
heated insde walls (7), which serve as a radiant infrared heater, are insu-
lated (8) on the outside to minimize probe heat losses. On one side, the
probe is closed with a plate (3) which is used as a flange to seal the stack
port after the probe is inserted in place. The other probe end is plugged
with an end plate sealed in the probe open end. This plate has an opening
for insert:ing a stainless steel sample pipe (2). The conditioned sample
leaves the sampling probe through the sampling pipe (2) and enters the opti-
cal module, The probe is positioned in place by an alignment pin (6) on one
sice of the stack and by a flange plate (3) bolted to a stack port (not shown)
on the opposite side of the stack. Other major parts of the probe are a con-
trol open:ng (4) through which sampling pipe (2) can be cleaned and also a
thermocouple junction box (5) to which thermocouples, which measure the

stack temperature and the heater wall temperature, are connected. When the
probe is not in use, the slot-shaped inlet can be closed by sliding a prism-
shaped plup through an opening (7).

The optical analyzing module is shown schematically in Figure 3. The
mocdule is of a cylindrical shape. A two-way beam optical transmissometer
system is mounted on the ends of the module with the transmitter and receiver
mounted on the top flange (1) and the reflector mounted on the bottom flange
(21). The conditioned sample enters the module through a stainless steel
pipe (5). A small amount of this sample flows upwards through an opening
(4) into a rectangular ejector (2) and is returned back into the stack
together with the transmitter-receiver purge air flow using an ejector flat
air jet (3). 1In this way the dilution of the conditioned sample in the trans-
missometer sensing volume by the purge air is eliminated. A major portion of
the condit:iloning sample flows downward through the module and is removed at
the module bottom by an ejector (18) and returned back into the stack. The
inside wa..ls of the module are heated with surface heaters (7,9,13,16,20) to
‘prevent any condensation. The optical reflector mounted on flange (21) is
protected Srom being contaminated with a flat air jet-ejector system (18,19).

FLOW MODEL STUDY

With the main dimensions of the optical analyzing module selected and
after calculating the size of the upper and lower ejectors, an actual size
plexiglass model of the analyzing module was constructed. The model was then
used to evaluate the sample flow patterns inside the module and to finalize
the best geometry of the ‘air ejectors.

For this purpose the air was supplied into the ejectors from two separate
750 mm w.g. (29.5 in. w.g.), 1.4 m3/min (49.5 cfm) blowers of adjustable speed
to vary the £low through the individual ejectors. The amount of the purge air
from the :ransmissometer transmitter-receiver and from the transmissometer
reflector was also simulated using a third blower. By adjusting the amounts
of the upper and lower ejector air, a negative pressure inside the analyzing
module was established so that the room air was flowing into the module
through the sampling pipe (5) as shown in Figure 3.

A beavy white smoke was generated at the sampling pipe inlet by mixing
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an air flecw saturated with ammonia vapor and another flow saturated with
hydrochloric acid. The reaction between these vapors results in a white
smoke. With the smoke entering the module and using an intensive side illum-
ination of the plexiglass model, the flow patterns within the model were

easy to see.

The cptimal performance of the module was determined for the parameters
presented in Table 1. Under these conditions the smoke flow through the
module was nearly parallel with the module length with only minor disturbance
at the very top of the module. The optical path through the sample was
1000 mm (39.37 in.).

FINAL DESIGN

Based upon the plexiglass model test of the optical analyzing module,
the design of the sampling-conditioning probe and of the optical module could
be completed.

The design of the sampling-conditioning probe is basically identical with
that one shown in Figure 2, except that the top section (Figure 2, Part #l) of
the probe was made removable. With this section removed, the gas can flow
freely through the probe between the heated inside walls. It was intended to
test this flow-through mode of operation and use a portable Lear Siegler
RM41P transmissometer to monitor the opacity inside the sampling-conditioning
probe. For the measurement, the probe of the portable transmissometer is
inserted through the control opening of the sampling-conditioning probe
(Figure 2, Part #4).

The design of the final optical analyzing module and its support on the
stack corresponds to the schematic drawing shown in Figure 3. The module is
made of black znodized aluminum and consists of the top, middle, and lower

TABLE 1. FLOW PARAMETERS FOR OPTIMAL PERFORMANCE
OF THE OPTICAL ANALYZING MODULE

Sample flow rate 85 1/min (3 acfm)
Average outlet velocity 90 m/min (300 fpm)
in the top ejector

Top ejector flow rate 590 1/min (20 acfm)
Average outlet velocity 450 m/min (1500 fpm)

in the bottom ejector
Bottom ejector flow rate 1330 1/min (47 acfm)
Purge air transmitter 420 1/min (15 acfm)

Purge air reflector 420 1/min (15 acfm)
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sections which are all bolted together to form a cylindrical chamber. The
inside diameter of the module is 152.4 mm (6 in.) and its total length,
including the transmissometer mounting flanges, is 1501 mm (59.1 in.). The
length of the module section along which the sample opacity is measured is
1000 mm (39.37 in.). This facilitates easy calculation of the turbidity
coefficient of the measured aerosol.

Considering the flow conditions presented in Table 1, the sample resi-
dence time in the probe is about 15 seconds and it is about 13 seconds for
the module.

As shown also in Figure 3, the optical analyzing module is insulated
with a layer of about 25.4 mm (1 in.) fiberglass insulation and is enclosed
in a cylindrical stainless steel shield (14). The piping for the ejector
air supply (12) is also enclosed within this shield. Both ejector nozzles
are equipped with screw adjustable dampers for an independent adjustment
of both ejectors.

AUXILTARY EQUIPMENT

All auxiliary equipment required for the probe and module operation was
placed in a sheet metal container. The container is 762 mm (30 in.) high,
762 mm (30 in.) wide, and 610 mm (24 in.) deep. It is mounted on swivel
casters for easy transportation. The top wall of the box is hinged to form
a cover with two strip chart recorders located underneath. The front wall
forms a door which is hinged too. There is a panel behind this door on
which all the readout and control instruments are located. Specifically,
they are: (a) two independent transmissometer readouts, one for the optical
analyzing module transmissometer and the other one for an in-stack trans-
missometer; (b) thermocouple selector switch and temperature readout; (c)
temperature controls for the probe heaters and for the module heaters; and
(d) flowmeters and speed controls for three high pressure air blowers (in-
stack transmissometer flushing air, module transmissometer flushing air,
and ejector supply air). This control module was interconnected with flex-
ible hoses and cables with the instruments mounted on the stack. A photo-
graph of the module is shown in Figure 5 of this report.

MODIFIED RM41P OPACITY PROBE

Lear Siegler stack probe type RM41P was modified by attaching two high
temperature flat heaters to one side of the probe slotted inlet as shown in
Figure 4. Each of the heaters was 76 mm (3 in.) wide, 355 mm (14 in.) long,
and 6.4 mm (1/4 in.) thick. They were attached to the probe with three steel
pipe clamps to assure the rigidity of the assembly. The portion of the probe
sample inlet slot which was exceeding the length of heaters was shielded with
an aluminum foil. The intention was to evaluate how much condensed steam can
be removed from the sample gas flow before it enters the probe sensing volume
while the probe is placed in the wet gas stream.

13
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SECTION 5

TEST SITES

As called for in the Scope of Work, the instrumentation developed under
this contract was supposed to be tested in the field. The first phase of the
tests required was a comparative test of the instrumentation with a conven-
tional across-stack transmissometer opacity monitor to show correlation on
a source without a condensed water interference problem. This phase was fol-
lowed by a performance test of the instrumentation at a plant known to have
a condensed water interference problem. The test was to be for a period of
at least thirty (30) days. The performance test was to include an analysis
of instrument stability and a comparison of opacity measurements by the in-
strument with and without the condensed water in the stack effluent. The
first test location was on the stack of an expanded perlite furnace. During
the tests at this site, it was found that the droplets present in the flue
gas are truly condensed moisture in its origin. The droplets were very fine
and relatively easy to control by our instrumentation. :

For this reason, a decision was made at the conclusion of the perlite
furnace tests to test the instrumentation at another location with large water
droplets. This new location was downstream from a scrubber at a sludge in-
cinerator with a large quantity of reentrained moisture carried by the flue
gas flow.

These two test locations are described in this section.
SITE {1 - EXPANDED PERLITE PLANT

An expanded perlite plant located in Minneapolis was used as the first
site in the experimental program. The plant manufactures insulation blocks
made of expanded perlite. The raw perlite, which has a high moisture content,
is rapidly heated on a traveling grate by pulling direct flame through the '
layer of material. During this process, the moisture is released nearly
instantaneously from the individual perlite particles, which results in a
large increase of their porosity. The effluent gas leaves the furnace through
a brick stack of approximately 2.1 m (7 ft) by 2.1 m (7 ft) cross section.

The stack is 12 m (40 ft) tall. The wall is 0.3 m (1 ft) thick. The effluent
gas temperature ranges from 49° C (120° F) to 609 C (140° F) at the stack
exit. The moisture condenses shortly before the gas exits the stack which
results in a heavy. steam plume even at relatively high ambient air temper-
atures.

Because the condensation is caused primarily by mixing cool ambient air
with moisture saturated flue gas, the amount of condensation can be controlled
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up to a certain extent. For this purpose, a sheet metal extension was con-
structed and placed on the stack top as shown in Figure 5 and Figure 6.

The sheet metal stack extension is approximately 2.6 m (8.5 ft) long
and has inside dimensions of 2.1 m by 1.2 m (6.76 ft by 4 ft). Special
stack reinforcement brackets were installed at the crown of the stack to
which the stack extension is attached. A catwalk was constructed on three
sides of the stack exit for instrument servicing purposes. The steel stack
extension has a horizontal slot-shaped damper in its lower portion across its
longer side (2.6 m). This damper was kept closed during the period of testing
when no condensation in the gas stream was desired. With the damper opened,
a special baffle located upstream of the damper on the stack inside wall
created slightly negative pressure at the damper location. As a result, the
ambient air entered the stack extension through the damper, which resulted
in condensation of moisture.

As shown in Figure 5 and Figure 6, the on-stack transmissometer was
located approximately in the middle of the length of the stack extension.
The optical path of this transmissometer was 1.46 m (57.5 in.). The sampling-
conditioning probe was located parallel to the light beam of the on-stack
transmissometer with the inlet slot into the probe in a close proximity to
the light beam. The brick stack is located along one side of the production
building, which has a flat roof at the elevation of only 1.6 m (5.25 ft)
below the stack exit. The transmitter of the on-stack transmissometer and
the optical analyzing module were located on the stack to face the roof to
facilitate their maintenance and servicing.

SITE #2 ~ WASTEWATER TREATMENT PLANT

The instrumentation was also tested on the downstream side of a waste-
water sludge incinerator located in St. Paul, Minnesota. The sludge is burnt
in a multiple-hearth incinerator which is fired on natural gas. The gas
flame is utilized to augment the self-sustained incinerator flame. The off-
gas is treated in an impinger plate wet scrubber which is followed by an I.D.
fan. The gas continues to flow from the fan through a straight, horizontal,
round duct of 711 mm (28 in.) I.D. and enters the bottom of a stainless steel
stack. The on-stack transmissometer and the optical analyzing module were
located in the horizontal duct section as shown in Figure 7.

A straight piece of duct approximately 3 m (118 in.) long preceded an
on-stack transmissometer. The stack sampling-conditioning probe of the
equipment tested was located with the inlet slot parallel to the light beam
of the on-stack transmigssometer within close proximity. Using this arrange-
ment, the on-stack transmissometer was analyzing the portion of the gas flow
which was subsequently flowing into the probe itself. This arrangement
reduced the possible adverse effect of the flow stratification. The optical
analyzing module was again mounted vertically on the side of the breaching
duct.

Because the flow at this test location was horizontal, the sampling-
conditioning probe had to be turned 90 degrees to accommodate for this con-
dition. For this reason, the sampling probe port had to be modified compared
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to normal use for which the probe has been designed with the probe normally
located in the upward gas flow.

Compared to Site #1, the gas flow at Site #2 contained relatively large
quantities of reentrained moisture from the scrubber, as well as very fine
condensation droplets.
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SECTION 6

TEST PROCEDURES

The primary purpose of the field tests was to establish the accuracy,
repeatability, and reliability of the instrumentation when used for monitor-
ing of the opacity of a wet gas flow. It was also anticipated that the field
tests will help to locate possible drawbacks of the equipment design and help
to find further improvements. For this reason, the attempt was made to design
the instrumentation, as well as the auxiliary equipment, to provide for maxi-
mum flexibility in changing the operating conditions.

One of the first tasks during the instrumentation testing was to estab-
lish the correlation between the opacity of a dry aerosol flow as measured
by an on-stack transmissometer and also measured with the instruments devel-
oped under this contract. These tests were directed towards finding how much
error is introduced in the opacity determination by not providing an isokin-
etically collected sample and also by losing some particulate matter within
the sampling-conditioning probe and within the optical analyzing module.

During the course of the field tests, other operating parameters of
importance were: stability of the instrumentation, reproducibility of the
instrument readout, operational reliability, and cleaning requirements.

The test procedures and parameters measured during the field tests are
described in this section.

INSTALLATION AND STARTUP

With the instrumentation installed in a location of homogeneous parti-
culate flow, the following procedure was usually employed for the equipment
startup:

a. The sampling probe and conditioning module heaters were turned on

b. When the temperature of the interior walls was at least 20° C above
the temperature of the gas to be sampled, the source of the purge air for

the on-stack and conditioning module transmissometers was activated

c. The conditioning module air ejectors were activated resulting in the
flow of a sample through the probe and conditioning module

d. The temperature of the interior walls of the probe and of the con-

ditioning module was increased up to the value at which no further decrease
of the opacity as read on the module transmissometer occurred.
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PARAMETERS MLASURED

The parameters directly related to the instrumentation operation measured
during the f:eld tests were:

a. On-stack transmissometer readout

b. Module transmissometer readout

¢c. Sample flow rate

d. Ejector air flow rate

e. Module transmissometer purge air flow rate

f. On-stack transmissometer purge air flow rate

g. Temwerature of the stack flow

h. Temverature of the sampling probe heater

i. Sample temperature at the module inlet

j. Temperature of the module heaters

k. Temperature at the sample outlet from the module.

Besides these basic parameters, several measurements were taken which

were related to the gas flow, as, for example, flue gas flow rate, its tem-
perature, moisture content, and particle concentration.

DATA COLLECTION

The instrumentation was maintained in continuous operation at each of
the two test sites. Routine servicing was done once a day, usually in the
morning. Two strip chart recorders were used to continuously monitor the
on-stack transmissometer opacity and the module transmissometer opacity. The
charts were ccllected on a daily basis and processed the very same day. All
the parameters listed in paragraph 2 of this section were recorded manually
in a log beck during the instrument servicing.

DATA REDUCTION

The data reduction required reading the charts from the strip chart
recorders. The charts from both transmissometers were first assigned a time
scale. As a second step, a distinctive plateau on the recorded signal of the
on-stack transmissometer was found within 30-minute increments and a corres-
ponding point was located on the module transmissometer chart. Both opacity
values were read and tabulated.

The next step was to correct the on-stack opacity reading to the optical
path of the conditioning module transmissometer. The correction also had to
be made for different temperatures of the stack gas flow and of the sample
flow inside the optical analyzing module. The following equation has been
derived for the correction of the in-stack opacity:
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LM(273 + TS)
LS(273 + TM)

(1 - 0gp) = =0y W

where:

0 - in-stack opacity corrected to the optical path of 1 meter
and to the temperature TM,%/100

0ST - measured in-stack opacity, %/100

LM - optical path of the module = 1 meter

LS - optical path of the on-stack transmissometer
(1.46 m expanded perlite tests)

TS - in-stack gas flow temperature, °c

TM - module gas flow temperature, °c

Once the in-stack opacity was corrected to the operating conditions of
the sample conditioning module, a ratio of the corrected in-stack opacity
and of the corresponding opacity measured on the sample conditioning module
was calculated. For no condensation in the stack and no bias introduced by
the module, the ratio should have been 1. The presence of condensed moisture
in the stack resulted in values of the ratios larger than 1 with values of
about 8 not being abnormal.

An example of the data processing form is presented in Table 2.
SPECIAL TESTS

A special test performed during the field evaluation of the instrument-
ation was the check on the feasibility of using Lear Siegler RM41P opacity
probe equipped with high temperature heater plates for determination of
opacity in the presence of condensed moisture. Another special test was to
use the very same probe without heaters and locate it inside the sampling-
conditioning module on which the top cover was removed as described in
Section 4. These tests were short term checks, and no special data were
taken during the process of this testing. The results are described in
Section 7 of this report.
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TABLE 2. EXAMPLE FIELD TEST DATA FORM

SUMMARY OF FIELD TEST DATA

Date: March 24, 1976

Time  Temperature Opacity Opacity Opacity Opacity Wind  Amb.
oc Stack Stack Module Stack Speed Temp.
Stack Module % Corr. to % Corr. km/hr ©C
Im, Tm Opacity
% Module
30 . 0 0
00 38 67 0 0
30 0 0
0l 0 0
30 0 0
025 0 0
30 0 0
03;, 0 0
30 0 0
04 0 0
30 0 0
05;, 0 0
30 67 0 0
0660 54 12 8.0 3 2.66
30 8 5.3 2 2.64
07¢0 9 6.0 3 1.98
30 9 6.0 3 1.98
08¢0 11 7.3 4 1.83
30 13 8.7 3 1545
09, 10 6.6 5 1.32
30 15 10.0 / 1.43
10¢, 3 1.9 1 1.96
30 13 8.7 3 A
11cs 12 8.0 8 1.00
30 13 8.7 / 1.724
1204 29 20.0 16 1.25
30 18 12.1 9 1.35
13¢o 1 0.6 0
30 9 6.0 6 1.0
L4eo 10 6.6 5 1.32
30 10 6.6 5 137
5eo 10 6.6 5 1.32
30 10 6.6 5 1.32
16¢, 13 8.7 7 1.24
30 18 17.1 9 1.35
L7¢0 20 13.5 9 1.50
30 . 20 10.7 10 1.35
180 38 >4 20 15.0 11 1.0
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SECTION 7

TEST RESULTS

The results of the laboratory and field tests of the instrumentation
developed under this contract are described in this section.

LABORATORY TESTS

Before the instrumentation and the auxiliary equipment were field tested,
a simplified laboratory test was performed to check the function of the indi-
vidual components of the system,

The sampling-conditioning probe was inspected, and the only components
which could be tested in the laboratory were the response of the thermo-
couples and the function of the electrical surface heaters. The range of
temperatures of the interior walls in the probe was adjustable within room
temperature up to 216° C (420° F) which is the maximum permissible temperature
of the heaters.

The optical analyzing module was completely assembled, mounted on a
stand, and hooked up to the control module. The transmitter and the reflec-
tor of the RM4 Lear Siegler transmissometer were also installed on the module
and interconnected with the transmissometer readout. After checking the
function of thermocouples and electrical surface heaters, the air flow
through the module ejectors and the transmissometer purge air flow were
adjusted to the values found to be optimal during the tests of the model of
the optical module. The transmissometer readout was adjusted to zero for
clean room air. The module field operation was simulated by feeding an oil
smoke into the module at various quantities with all module components oper-
ating. The response of the instrument was normal, and the system was con-
sidered ready for the field tests.

EXPANDED PERLITE PLANT

The equipment was installed on the stack of the perlite plant on
February 25, 1976. The regular continuous test operation started on
February 27, 1976, and continued through June 4, 1976. The system was shut
down during the period from May 10, 1976, through May 20, 1976, for repairs
of the technological equipment. During the period from April 14, 1976,
through April 21, 1976, the system was not operating because of an electronic
problem on the on-stack transmissometer converter. The system was tested at
this site for a total of approximately 900 hours.

During this period of time light dust deposits were cleaned three times
from the edge of the slot inlet of the stack sampling-conditioning probe.
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The interior of the probe did not require any cleaning. Also cleaned once was
a stainless steel sample pipe through which the sample is introduced into the
optical module. Light deposits of dust were cleaned three times from the
upper portion of the optical module at the sample inlet location. The most
common problem was that at times large agglomerates of particles released
from the ducts of the technological equipment entered the sampling probe and
were sucked into the optical module. The lower ejector was not powerful
enough to prevent these huge agglomerates from falling on the reflector,
causing erroneous reading of the transmissometer. This problem occurred on
sixteen occasions and was finally nearly eliminated by mounting an orifice
plate between the optical lower flange and between the flange of the reflec-
tor housing. '

One of the main problems encountered during the test was a power failure
on the purge tlowers which caused the ejectors to fail and also resulted in
no transmissomeier purge air flow. During this failure, which lasted for
about twelve hours, the condensed moisture contaminated the reflectors and
formed an ice layer at -15° C (5° F) outside temperatures.

The equipment was exposed to very stringent conditions throughout the
entire test period. The plant is operated on a two-shift basis, and the
technologica#l process is ceased at about 11:00 p.m. every day. During the
early morning startup of the furnace, the moisture was condensing on all
interior surfaces of the ducts and stack, as well as on the exterior surfaces
of the sampling- condltlonlng probe.

The test period- 1nc1uded days of very intensive moisture condensation
in the‘stauk. During th=se days the corrected stack opacity was up to 7.7
times higher than the module opacity. On warmer days, with the ambient tem-
perature exceeding 4.4° C (40° F), the condensation of moisture was observed
inside the stack only close to the on-stack transmissometer ports. For the
outside temperatures above 10° C (50° F), no visible condensation in the gas
flow was observed.

As an 2xample of the instrument's effectiveness on removing condensed
moisture, a1 chart of the on-stack transmissometer and module transmissometer
is shown ia Figure 8. As seen from this figure, the on-stack transmissometer
measured vary high opacities after 11:00 p.m., which is the time of the fur-
nace shutdosn. At this time the red-hot perlite located on the trav.:ling
grate is quenched with water. This results in generation of nearly ijure stean
with only traces of particulate mattevr. The quenching takes place for about
an hour. The steam generated during the process flows through the stack
vesulting in h:igh in-stack opacity. During the same time, a continuojus samnle
of the steam f:rom the stack was being removed by the sampling-conditioni:
nrobe and flowed through the optical module. The steam was ¢ffectively
temoved in the system z: seen on the module traunsmissometer chart, waich
reads zerc ope:ity duricce the whole quenching process. The sample flow
through the¢ molule was maintained at 85 1/min (3 acfm). The temperacturez of
rhe intericr s:mpling ~»ke wall avvfdged abOUL 127° € (260° ¥), the int »vinv
conditionir g module w: ' © whout 121° < (250° F), the stack gas flow €3° C
(140° F), ¢n¢ :he sam. . .zaving the nodule about 88° € (190" v).
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The results of the comparative tests between the on-stack opacity and
module opacity have been analyzed statistically. The mean value of the
ratios of the corrected on-stack opacity and module opacity for the complete
test period :s 1.42. The range of the ratios was from 0.96 up to 7.7. The
upper limit corresponds to very intensive condensation. The corrected on-
stack opacityv ranged from O to 50 percent. The range of the module opacities
was from O o 17 percent.

A special effort was made to manually monitor the readout of both
transmissomezers during several days of very warm weather when no condensation
of the moisture was observed. These special tests were performed on May 21,
25, 26, 27, and 28, 1976. The test data was processed in the same manner as
other data was. The ratios of the corrected stack effluent opacity and of
the module opacity resulted in a mean value of 1.152. This means that the
opacity measured on the conditioning module was underestimated by approxi-
mately 15 percent of the true, corrected on-stack transmissometer opacity
reading. The corrected on-stack opacities were unfortunately very low,
ranging from approximately 2 to 7 percent. This makes an accurate opacity
determination more difficult. The standard deviation of the ratios of opac-
ities was 0.083. The correlation coefficient for the on-stack and module
opacities was approximately + 0.96 which suggests that a systematic error
could have teen involved during the field tests. The data sheets which
document these "'no condensation" tests are presented in Appendix A.

To further evaluate the agreement between the on-stack and module trans-
missometer readouts at higher opacity levels, a test was performed with an
artificial smoke generated by burning several smoke bombs' at the inlet into
the I.D. fzns of the perlite furnace. The smoke was a product of combustion
of phosphorous compounds. The primary particles of the generated smoke are
within subri.cron range. The test duration was several minutes and it was
repeated four times. The test results are summarized in Table 3.

TABLE 3. SUMMARY OF SMOKE BOMB TESTS - SITE #1

Test # .On-Stack Corrected Module Ratio of
Opacity, On-Stack Opacity, Opacities
Percent Opacity, Percent
Percent

1 69 52.8 51 1.03

2 40 27.9 26 1.07

3 54 39.1 38 1.03

4 59 43.5 42 1.03
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The agreement of opacities measured during this test was much better
with the error ranging from as low as 3 percent up to 7 percent.

Two tests were also performed to determine the parameters of the ex-
panded perlite furnace effluent. Using a velocity traverse technique, the
flow rate of the gas at the stack exit was measured and was ranging from
2186 m3/min. (77,200 acfm) to 2443 m3/min. (86,280 acfm). The temperature of
the flue gas flow was 57° C (135° F) and 66° C (150° F) respectively. The
particulate concentration, which is only approximate because the sampling did
not follow exactly EPA Method 5, was ranging from 134 mg/m3wet (0.59 gr/ft3wet)
to 238 mg/m3wet (0.10 gr/ft3wet) although higher values were possible occa-
sionally. The microscope analysis of the particulate sample has shown that
the mass mean particle diameter is very large and was estimated at about 50
microns. The moisture content of the flue gas varies and was 10 percent by
volume on the average.

WASTEWATER TREATMENT PLANT

The equipment was installed on the breaching on August 14, 1976. The
regular continuous test operation started on September 16, 1976, and con-
tinued through November 11, 1976. The system was operated during this period
for 24 hours a day. The instrument was down for repairs of the chopper motor
of the optical module transmissometer from August 14, 1976, through September
16, 1976. The system was tested at this site for a total of approximately
1020 hours.

Major problems encountered during the test period resulted from the
corrosion of the instrument material. Primarily affected were the function
of thermocouples, temperature controllers of the probe and module heaters,
and signal cable connectors. Maintaining proper operation of the instrument
components required significant effort under these conditions. The corrosion
problem developed at Site #1 because of a high content of sulfur dioxide in
the effluent which resulted from burning high sulfur coal mixed with the raw
perlite material. The corrosion at Site #2 was even more severe being caused
by high concentrations of chlorine in the scrubbing solution.

A major functional problem was associated with the fact that the sampling
probe was turned to accommodate for horizontal flow of the flue gas. This
caused the large droplets and also particulate matter to be trapped inside
the sampling-conditioning probe. The probe had to be cleaned mechanically
about every 350 hours to maintain its proper function. On the other hand,
no cleaning of the optical module was ever required.

The test conditions were really rigorous at this location with large

" quantities of moisture in the flue gas flow. The gas flow rate at the test
location was averaging 7850 acfm wet. The flow temperature was 21° C (70° F)
on the average. The moisture content was ranging from 4.5 percent by volume
‘to as much as 18 percent by volume.

The particle concentration was ranging from 22 mg/m3wet (0.01 gr/ft3wet)
to 84 mg/m3wet (0.04 gr/ft3wet). The opacity measured by the optical module
(less condensed moisture) was ranging from 1.5 percent to 8 percent,
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respectively. At times, but very rarely, the particle concentration reached
250 mg/m3wet (0.11 gr/ft3wet) at the optical module opacity of about 15
percent.

One of the major drawbacks of Site #2 was a very low particulate concen-
tration. The module transmissometer readout was below 5 to 6 percent opacity
most of the time. On the other hand, it was not unusual to measure the cor-
rected on-stack transmissometer opacity of 60 percent or more as caused by
large amounts of condensed moisture.

The opacities of the on-stack transmissometer were corrected to the
module conditions considering the optical path of the on-stack transmissometer
to be 711 mm (28 in.) and the module transmissometer to be 1000 mm (39.4 in.).
The ratios of opacities ranged from 1.6 to about 10. This means that the
instrumentation never operated under no-condensed-moisture conditions.

To assess the amount of losses of particulate matter in the system, the
dry flue gas flow conditions had to be created artificially by pulling dry,
clean air through the incinerator which was down for repairs. The air was
pulled by the ¥.D. fan through the scrubber without spraying the scrubbing
solution. A smoke was fed into the I.D. fan inlet through an opened duct
control door. The smoke was generated by a slow-burning smoke bomb identical
to the test on the expanded perlite furnace. The test lasted about 7 minutes,
and five readings of opacity were taken during this period of time. The
results are summarized in Table 4.

It follows from the smoke test results that the accuracy of the optical

module readout compared to the on-stack transmissometer is within 2 to 7
percent for the range of opacities measured.

TABLE 4. SUMMARY OF SMOKE BOMB TESTS - SITE #2

Test # On-Stack Corrected Module Ratio of

Opacity, On-Stack Cpacity, Opacities
Percent Opacity, Percent
Percent

12 13.70 14 0.98

2 17 19.38 i9 1.02

3 20 23.10 22 1.05

4 18 21.40 20 1.07

5 30 34,24 32 1.07




The effectiveness of the wet sample conditioning system appeared to be
very good despite relatively large quantities of reentrained moisture from
the scrubber and resulting from condensation. This conclusion is supported
by two observations.

On September 27, 1977, the incinerator was at nearly idling condition
for several hours with an insignificant amount of sludge being burnt. The
on-stack transmissometer corrected opacity was over 55 percent at about
1800 hrs as double-checked visually by observing the gas flow through an
opened port of the on-stack transmissometer reflector. The module trans-
missometer at the same time read zero opacity, and its operation was found
to be normal. At 2100 hrs the incinerator was back to normal operating con-
ditions. The on-stack transmissometer was reading corrected opacity of 85
percent and the module was reading 44 percent. The average operating para-
meters of the module were as follows: sample flow rate 85 1/min (3 acfm);
stack flow temperature 32° C (90° F); temperature of the sampling probe in=
terior walls 65.5°% ¢ (150° F); temperature of the module interior walls
98.9° C (210° F); sample temperature at the module outlet 65.5° C (150o F).

Another fact which indicates that the condensed moisture was being
effectively removed from the sample flow was the inspection of the module
interior. No particulate deposits nor any traces of moisture or marks of
streaks were found inside the module even at the location where the sample
impacts on the pipe baffle inside the module.

SPECIAL TESTS

The tests with the modified opacity probe, Lear Siegler RM41P, were all
performed at Site #1. In these tests the Lear Siegler stack probe type
RM41P has been modified by attaching two high temperature flat heaters to
the probe slotted inlet as described in Section 4 of this report. The por-
tion of the probe sample inlet slot which was exceeding the length of heaters
was shielded with an aluminum foil. The probe was then tested inside a gas
flow containing condensed moisture. The intention was to evaluate how much
condensed steam can be removed from the sample gas flow before it enters the
probe sensing volume.

The experiment failed for primarily two reasons. With the unchanged
slot width, the sample flow through its sensing volume is too high and the
heaters are not effective. Also, a dilution of the sample by the flushing
air flow was experienced, affecting the readout accuracy.

The inlet slot width was then reduced by temporarily attaching a strip
of aluminum foil along the slot. With this modification the effectiveness
of the heaters has improved, but another problem has arisen. The wake tur-
bulence downstream of the probe caused the condensed steam to enter the sensi-
tive volume of the probe through the downstream probe slot.

It appears that with proper geometry of the probe slots and the flushing
air outlet slots, the idea of using plate heaters to remove condensed moisture
may be successful. Because this test was optional and was not included in
the original program, lack of time did not allow working out details of this

approach.
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APPENDIX

Test Data for No Condensation
Operating Conditions
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SUMMARY OF FIELD TEST DATA
Site: Expanded Perlite Plant

Date: May 21, 1976

Time Temperature Opacity Opacity Opacity Opacity Wind Amb.
oc Stack Stack Module Stack Speed Temp.
Stack Module % Corr. to % Corr. km/hr ©C
Im, Tm Opacity
% Module

30
0060

71 71 9.

50

.25

1.

06

12.

17

30
-0160

.50

.00

0.

99

30
0260

10.

25

7.14

.00

.02

30
0360

.00

6.26

.50

.96

16.

15

30
0460

.25

6.43

.25

.03

30
0560

.00

5.55

.00

.93

30
60

.75

.00

.90

12.

14

30
0760

71 60 9.

00

.00

.04

0860

.50

6.61

.25

.06

30

0960

.50

6.61

.75

.98

18.

18

30
60

30
60

30
60

14,

21

30
60

30
60

30
60

14.

21

30
60

30
60

30
60

14.

22
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SUMMARY OF FIELD TEST DATA
Site: Expanded Perlite Plant

Date: May 25, 1976

Time Temperature Opacity Opacity Opacity Opécity Wind Amb.,
oc Stack Stack Module Stack  Speed Temp.
Stack Module % Corr. to % Corr. km/hr ©C
Im, Tm Opacity
% Module
30 5.75 3.72 3.00 1.24
0g 38 4 6.00 4,15  3.25  1.28 ° 14
0130 ' 6.50 4.50 3.50 1.29
60 6.50 4.50 4.00 1.13
0230 6.50 4,50 4.00 1.13
60 6.25 4.33 3.75 1.15
30 n 7.00 4.85 4.00 1.21
0350 4366 5.00 3.23 2.75  1.17 0 ?
0430 4.75 3.07 2.25 1.36
60 3.25 2.09 2.00 1.05
0530 3.50 2.26 2.00 1.13
60 3.75 2.42 2.25 .1.08
30 : ; 4.00 2.58 2.25 1.15
0650 > 77 4.00 2.58 2.25 1.15 9.4 12
0730 . 4,00 2.58 2.25 1.15
60 3.80 2.46 2.00 1.23
0830 4,00 2.58 2.25 1.15
60 3.00 1.44 1.75 1.11
30 . 3.50 2.26 2.00 1.13
%0 66 88 4.50 2.00  2.50 1.6 4 18
l030 3.50 2.26 2.00 1.13
60 4.00 2.59 2,25 1.15
ll30 3.75 2.42 2.25 1.08
60 4.00 2.59 2.50 1.15
1228 77 a8 é°2§ 2.75 2.50 1.10 12.9 29
I .
S0
., 30
e o ] ] -
30 ; o
15, - = 7
30
%0 N
30
i
_’76O<_“'“ L e o )




SUMMARY OF FIELD TEST DATA

Site: Expanded Perlite Plant
Date: May 26, 1976
Time Temperature Opacity Opacity Opacity Opacity Wind Amb.
oc Stack Stack Module Stack Speed Temp.
Stack Module % Corr. to % Corr. km/hr ©°C
Im, Tm Opacity
% Module
30 6.25 4.06 3.50 1.16
0060 8 38 5.00 3.45 - 2.75  1.25 2% DS
0130 5.50 3.80 3.00 1.27
60 5.00 3.45 2.50 1.38
30 6.00 4.15 3.25 1.28
025 43 66 5.75 3.72  3.00 1.2
30 5.00 3.23 2.75 1.17
03¢0 7.00 4.5k 3.75 1.21 3.5 12
30 5.00 3.23 2.75 1.77
04¢s >4 1 6.50 4.29 3.75 1.14
0530 7.00 4.62 4.00 1.76
60 6.25 4.12 3.50 1.18
30 5.50 3.62 3.00 1.21
06¢ s 66 82 9.00 5.97 5.25  1.14 413
5730 5.75 3.79 300 1776
60 7.00 4,63 4.00 1.16
30 6.00 3.96 3.25 1.22
0860 66 82 5.50 3.63 3.00 1.21
30 7.00 4.63 4.00 1.76
09¢0 8.00 5.30 4.50 1.18 9.3 20
lO30 6.50 4.29 4.00 1.07
60 8.00 5.30 5.00 1.06
ll30 8.00 5.30 4.75 1.12
60 8.25 5.47 5.00 1.07
1228 66 77 7.75 5.13 4.25 1.21 14.8 25
30
L3¢o
30
1460
30
1560 22.2 25
30
1660
30
1760
3Q
1860 12.9 24
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SUMMARY OF FIELD TEST DATA

Site: Expanded Perlite Plant

Date: May 27, 1976

Time 2nperature Opacity Opacity Opacity Opacity Wind Amb.
oC Stack Stack Module Stack Speed Temp.
Stack Module % Corr. to % Corr. km/hr ©C
Im, Tm Opacity
% Module
30 | 6.00 4.02 3.75 1.07
990 Mo 66 5.50 3.68  3.25 113~ Y
5139 5.25 3.51  2.75  1.28
60 | 5.50 3,68 3.00  1.23
30 ) 5.25 3,51 3.00 1.17
0259 94 71 5.00 3.29  2.75  1.20
30 %.50 2,96 2,50 .18
03¢0 4.50 2.96  2.50  1.18 ° 14
30 . 3.50 7,30 2.25 1.02
%40 6o 77 5.00 3.20 3.00  1.10
5530 6.50 429 4,00 1.07
60 7.00 4.63  4.50 1.03
30 . 6.75 446 4.25 1.05
%650 b0 7L 5 5 3.68  3.25 1.13 4 13
5730 5,50 3,68 3.25 .13
60 725 4.87 4.00  1.22
30 ) 5.25 3.5 3.50  1.00
%820 b0 7 5.00 3,34 3.00 1.11
30 5.00 3.3, 3.00 .11
99¢0 5.50 3.68 3.75 0.9 241 23
30 . 7.50 5.06 4.25 1.19
1060 56 77 7.50 5.04 5.00 1.01
1130 9.50 6.41  6.00  1.07
60 10.00 6.75 7.00  0.96
30 - 8.50 5.72  5.75 0.99
125, 36 82 9.00 6.07 6.00 1.00 229 2%
30
1320
30 '
1420
30
1500 2%.1 26
30
1620
T30
1760
30
1820 . 18.5 16
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SUMMARY OF FIELD TEST DATA
Site: Expanded Perlite Plant

Date: May 28, 1976

Time  Temperature Opacity Opacity Opacity Opacity Wind Amb.
ocC Stack Stack Module Stack Speed Temp.
Stack Module % Corr. to A Corr. km/hr ©C
1m, Tm Opacity
Z Module
30 9.00 6.26 6.00 1.04
0050 49 49 8.75 6.08 5.75  1.06 20-5 16
0130 8.50 5.91 5.00 1.18
60 8.00 5.55 4.50 1.23
30 9.00 6.06 %.00 1.52
0Z¢o >4 66 8.00 5.55  4.25  1.31
30 9.00 6.06  4.00  1.52
03¢0 8.50 5.63 4.50 1.25 222 16
30 8.50 5.63 %.00 1.41
04¢0 60 1 9.00 5.96 4.50 1.32
0530 9.50 6.30  5.00 1.26
60 10.00 6.64 5.00 1.33
30 10.50 6.98 6.00  1.16
0660 9.00 596 6.00 0.99 16-7 17
0730 7.75 5.12 5.00 1.02
60 8.50 5.63 5.00 . 1.13
30
0820
30
0920
30
1030
30
1}
30
1220
30
13 ’
30
1400
30
1500
30
1630
30
1750
30
1830

37
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(Please read Irstructions on the reverse before completing)
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