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Abstract:

An instrument capable of automatic continuous quantitative analysis of sulfur compounds in stack
gases has been developed and tested for a one-month period in a Kraft paper mill. The instrument is
portable and can easily be moved from stack to stack within a plant.

The equipment is designed to extract a gas sample from the stack, separate the sulfur compounds
present, and--using an electrolytic bromine cell as a detector--give a quantitative indication of the
amount of each compound present. The device described can separate and analyze mixtures of H2S,
SO2, and CH3SH in the following ranges: H2S 1 to 1500 parts/million volume/volume SO2 10 to 2000
ppm CH3SH 5 to 1500 ppm The lower end of these concentrations is limited by the separation
technique used. If no separation is made, a gaseous effluent with 0.2 ppm total sulfur compounds can
be easily analyzed. Techniques to extend either the lower or upper limit are described.

An accessory allowing two or three stacks to be sampled in succession was also built and tested at a
Kraft mill.

A purely statistical technique (multiple linear regression) has been used to relate sulfur emissions from
a Kraft paper mill to plant operating variables in the recovery area.

Sulfur emissions were recorded continuously either before the black liquor venturi or after the black
liquor cyclone. Values of process variables were copied from log sheets maintained at the mill.

Of the two locations sampled, gases out of the black liquor cyclone are most indicative of what will be
going out the stack. Temperature of air entering the furnace, liquor flow, primary air flow, venturi
header pressure, and salt cake flow were all shown to have a direct effect on H”S levels out the
cyclone. On the other hand, concentrations were shown to vary inversely with secondary air flow, 1. D.
fan draft, and liquor solids content.

Some unreasonable correlations did occur, but could generally be attributed to questionable data. One
or two unlikely, but possible, correlations were explained assuming unusual furnace conditions existed
for part of the test period. All things considered, the conclusions were felt to be as reliable as the data
that was used.
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: ABSTRACT
PART 1

An instrument capable of automatic continuous quantitative
analysis of sulfur compounds in stack gases has been developed and
tested for a one-month period in a Kraft paper mill. The instrument
is portable and can easily be moved from stack to stack within a plant.
‘ The equipment is designed to extract a gas sample from the
stack, separate the sulfur compounds present, and--using an electro-
Iytic bromine cell as a detector--give a quantitative indication of the
amount of each compound present. The device described can separate
and analyze mixtures of H,S, S0O,, and CH3SH in the following ranges:

HZS 1to 1500 parts/million volume/volume

SO2 10 to 2000 ppm

CH3SI—I 5 to 1500 ppm

The lower end of these concentrations is limited by the separation
technique used. If no separation is made, a gaseous effluent with 0. 2
ppm total sulfur compounds can be easily analyzed. Techniques to
extend either the lower or upper limit are described.

An accessory allowing two or three stacks to be sampled in
succession was also built and tested at a Kraft mill.,

1



INTRODUCTION

Today more than ha;lf of al-l the wood pulp manufactured in the
United States is made by the Kraft (sulfate} process. When the first
Kraft mill was built in .1891, the operators were well aware of the
air pollution problem involved (10). The first papers concerning
Kraft mill odors appeared in the literature around- 1900. Today, de-
spite progress in‘ recent years, fnost Kraft pulp mills are still living
with this problem. Recent legislation, howevel;, makes it mandatory
that efforts be directed towé.rd reducing pollution.

In the Kraft process a solution of sodium sulfide and sodium
hydroxide in water is used to dissolve lignin from wood by steam cook-
ing. Whén cdoking is complete, chemicals iﬁ the spent cooking liquor
(black liquor) must be recovered to make the overall process econ-
-omical. This recovery operation--which involves first concentrating,
then burning the black liquor--is a major source of sulfur emissions
in Kraft pulp mills. Sulfur dioxide is the major pollutant out of the
actual recovery furnace where the black liquor is burned, whereas
HZS is the primary sulfur compound released during the black liquor
concentration steps. Sbme H,S, CH3SH, and CH3SCH can also be

3

found in the recovery furnace effluent.
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Several articles have been published (7, 18) proposing means
of reducing sulfur emissions from the recovery operation. These
range from black liquor oxidation (converts Na,S to the more stable
NaZSO4) prior to direct contact evaporation to the use of nitrobenzene-
alkali systems (19]) in the cooking process.

Regardless of thc method used to reduce pollutant levels, the
stack gases must be a;nalyzed to determine the effectiveness of th;a
measures taken. There are ma.ny different ways of analyzing stack
gases (5, 11). Until the last decade or so, methods used to determine
concentrations of sulfur compounds in pulp mill effluents were almost
exclusively those that required passing the raw sample through gen-
"eral or specific scrubberé or traps followed by manual colorimetric
or microvolumetric é,nalysis of the contents of the various scrubbers
and traps. Today the methods used seem to fall into four categories:
1) colorimetry, 2} coulometry, 3} direct spectrophotometry, and 4)
gas ehromatography. Use of colorimetric analyzers for analyzing is
compa.rativeiy expensive, curhbersome, time-consuming, and demand-
ing of maintenance. .Direct spectrophotometry is a new field just be-
ing exp’lored/(ZZ), but appears to have some sensitivity 1imita:tions..

' Gas chromatography has suffered from two main drawbacks--

1} analysis of sulfur compounds in the sub parts-per-million range
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has not been too successful because of losses on the packing material
in the separation column (4). 2) Existing thermal conductivity and
flame vionization detectors are not specific to sulfur compounds so
peaks for COZ, I—IZO, and other. inert gases are also recorded. An-
other criticism is ;chat chromatographs become ""batch' analyzers--
allowing only one sample every 10 to 15 minutes and could not be used
in a control network. Nevertheless, process gas chromatographs
have been shown to be useful in stack gas monitoi‘ing (24).

Presently the trend in sulfur analyéers is toward coulometric
titration cells. This technique uses electrolytically generated bromine
to react with and give a measure of the sulfur compounds in gaseous
effluents. The coulometric detectors offer specificity, sensitivity,
and capaBility for 1o;r1g—term continuous read out,

In order to get meaningful information from the gas analyses,
it is imperative that the analyses be carried out on a continuous basis.
Several continuous SOZ analyzers have been developed and tested for
ambient air analyses (15,17, 20). Many of these instruments are, how-
ever, not sensitive to HZS or mercaptans and thus would not be useful
in a Kraft mill.

" Instruments employing Promine titratvion_ .c,ells have been in use

for several years. One of the first commercially available ones was
¢
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known as the Titrilog analyzer (14). By varying the gas flow rate
through this detector, sensitivitiés as low as 0. 05 ppm HZS were ob~
tained. A maj-ority of the present day sulfur analyzers still use the
same basic principle (2,9, 16) but a slightly different cell design. The
commezrcially available Barton cell repo;cts sensitiyities of 0.08 ppm
for HZS and mercaptans, while Adams and Jensen reported sensi-
tivities in the ppb rénge (2}). The cell is in reality a "total" sulfur
analyzer. Thus, if more than one component is to be analyzed in a
given gas stream, the gas sarﬁple must be passed through selective
scrubbers or prefilters (1), This means that for any given gas the
system has become ""batch'" in nature because the concentration of a
particular gas‘is not recorded continuously.\ Also, no prefilters have
yet been found that will quantitatively absorb 100% of one sulfur com-
pound and 0% of the rest. Scrubbing solutions are inherently cumber-
some.,

Perhaps the only serious objection to the analyzers now avail;

able is their high cost. The goal of this project is development of a

cheaper yet equally reliable system.



RESEARCH OBJECTIVES
The primary objective of the research project was to develop

and construct at a reasonable cost a continuous sulfur analyzer for

use in Kraft paper mills.,
The instrument should have the follov;ring characteristics:
1} Be sensitive to sulfur compounds and insensitive to the other
gases in stack effluents.
2} Be able to ”survivé” at least a one-month continuous test in
a Kraft mill.
3} Require little or no maintenance during the plant test.
4) Be simple to operate.
5} Be easily portable so- it can be moved about by one person within
the plant.
6) If possible, allow for sequentially .sampling more than éne stack.
7} Show no degradation in performance with time.

8) Be easily and reproducibly calibrated.



EQUIPMENT
The basic items neceséary to continuously analyze stack
gases are listed below.
1) A probe suitable for withdrawing a gas sample from the stack
(usually requires a vacuum pump).
2} A means of separating the various sulfur compounds in the gas
sample.
3} A detector for quanﬁtatixfe determination of the sulfur gases.
4) Electronics compatible with the detector used.
5} A suitable recorder or other data acquisition device.
6} An accurate and reliable method of calibrating the instvrument.,
7} An accessory such that more than one location can be sampled -
sequeptially'., (Not really necessary, but desirable at tir_r;els. )

Design of Instrument

The two major ciecisions which must be made in the design of
a sulfur analyzer ar.e‘:‘ ’l) the separation technique to be used, and 2)
the type of detector to be employed. Various possibilities for each
of thesé iter‘ns have been discussed in the Introduction.

Because chromatography columns are simple in design and
relatively maintenance free, a packed column was chosen as'the sep-

aration device. Here there is work to be done to find a single packing

which will separate the sulfur compounds in the concentrations found

’
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in pulp mills and show minimum absorption of S0O,, especially at low
concentrations. The column should also perform the separation in a
10 to 15 minute interval so the stack can be sampled at least once
every 10 to 15 minutes without fear of peaks overlapping from sample
to sample. 5till, no two sample peaks should be so close together
that the recorder pen does not return to the baseline between them.
Satisfying all of thése requirements simultanéously is quite a strin-
gent requirement. It should be pointed out that any instrument using
chromatographic separations would not be entirely §atisfactory in an
automatic control loop because of the time lag. However, it is felt
that the system's other advantages outweigh this disadx;antage because
very few milis are considering an\y t%fpe of closed loop control based
on sulfur analyses.

' Nearlly all recent literature articles indicate that the bromi!ae
titration cell is the Best known detector for sulfur compounds. Data )
presented in articles by Applebury (6) and Adams.(,Z) give the follow-
ing sensitivities for H,S and CH,SH. ‘(See Table 1.)

Beca..use of its superior sensitivity, the bromine cell was
- chosen as the detector t.o be used. The cell described by Adams was

made of glass and was felt to be too fragile for a portable instrument.

The Barton cell (16) also had a drawback--its high cost. The goal here
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was to develop an inexpensive, durable, reliable titration cell.
Once the separation technique and detector have been chosen,

an overall operation procedure must be specified.

TABLE I. DETECTOR SENSITIVITIES

- H,S CH,SH
(ppm, ;rol) (ppm, vol)
Flame Ionization HLes 1
Electron Capture 80 2
Thermal Conciuctivity 500 500
The‘rmionic Emission 25 10
Bromine Cell 5 ppb -———

O_‘peration

The sequence of- events taking place during the analytical pro-
cess is controlled by a continuous multicam timer set for a c.ycle
time of 10 minﬁtes.

First the vacuum pump is switched on and draws a gas sample
from the stack into a sample loop attached to a six-way linear sam-
pling valve (Figure 1). Simultaneously carrier gas.is passing through

a chromatograph column into the detector. Both the sample loop and

the column are in a constant temperature oven,
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Six minutes later the vacuum pump is switched off, the six-
way valve closes, and the carrie'r gas’sweeps the gas sample into the
packed column. The column separates the various sulfur compounds
and admits them one by one into the detector. The detector (plus
associated electronics) will give a peak on a strip-chart recorder for
each sulfur compound passing through it. The area underneath a .
given peak is airectiy related to the concentration of that compound.

While a sample is being a;nalyzed, two ports on the six-way
valve are closed to any gas flow. This permits a blow back phase
where compressed air is forced through the probe to 1} clean off solid
particles clinging to it, and 2} blow out any water that may have con-
densed in the' tubing between the pro‘be and instrument. This blow
back lasts about four minutes during each cycle.

In acidition, at the beginning of each cycle a solenoid valve
opens and allows a small amount of electrolyte to flow into the de-
téctor. This insures that a fresh’electrolyte is always present.

Probe Design (Figure 2)

Many of the gas streams to be analyzed in a Kraft mill have a
high solid content. This. is particularly true of gases just out of the
recovery furnace before they are scrubbed. Any solid material enter-

ing either the chromatograph column or the detector would cause un-

1S
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Carrler Gas . To Packed Column
From Stack To Vacuum Pump
-LOADING~-

_——Closed

Six-Way LINEAR [
SAMPLING VALVE él -INJECTING-

FIGURE | ~>~Sample Loop
1/8" Solid Tube To Sample Loop
E )

4 N_ Reducing
Unlon o Union
Stack Gas Inlet Union
3/4" Thin-Walled Tube
148" Porous Tube ushing

(Steel)

(Screws into Stack)
All Materials are 3-16 Stainless

except Steel Bushing Tubing Fittings
are Swagelok Bran

STACK-SAMPLING PROBE FIGURE 2
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p'redictable, but always unc'%es'irable results. Thus, the probe must
allow no solids to enter the tubing to the instrument. (A separate
glass fiber filter is incorporated in the instrument itself as a safety
feature. }

A des(ign which has worked quite well is a 1/4~inch porous
(100 micron) stainless (3-16) steel tube as the filter media. Lengths
will yary depending on the nature of the sampling port. This porous
rod is encased in a thin-walled 3/4-inch outside dia!rneter stainless
steel tube with a 1/2-inch hole drilled near the end. The hole is
pointed to the downstream side of the stack so that solid particles are
not forced against the pbrous tube merely by gas flowing in the stack.
Connections to the instrumgnt are mé.de with 1/8-inch polypropylene
or teflon tubing and nylon Swagelok tubing fittings. Samples are
drawn from the stack at a rate of about 250 cc/m’im_lte.

For stack gases which were nea.rl:y saturated with water, the
biowback procedure described earlier was not always sufficient to
keep water from collecting in the lines to the instrument. In these
instances a water trap was placed in the line near the probe. The
trap was basically a plexiglas U-tube with a.long leg (2-3 feet) at the
bottom of the U. A check valve was attached to the bottom of the leg

so that no air would leak into the lines when a sample was being drawn.
% g
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f
Then during the blowback cylce the check valve opéned and compressed
air forced any liquid collected in. the tube onto the ground.

The reason water must not be allowed to collect in the lines
is thaf it will absorb part of the sulfur .gases in any sample being

3
drawn.

The probe itself also meets other more basic requirements
of any probe used. 1) It does not readily corrode in the steam-sulfur
atmosphere found in many Kraft mill stacks. 2) Stainless steel does
not adsorb or react with SO, (25) or other sulfur gases. Adsorp-
tion of SOZ in particular is a problem com.rrllon to many tubing

materials, particularly some plastics and most rubbers.

Séparation Chamber (Figure 3)

The separation chamber was really a gas chromatograph oven.
Very briefly, gas chromatography can be explained as follows (23):
Itis a process for separation and analysis of £he components of a
mixture. Separation of a mixture into its components depends on the

solubility differences of the sample vapor in a liquid (stationary

phase}. The stationary phase is coated in a thin layer on solid par- -
ticles (solid support) of large surface area and then packed uniformly
into a column. A constant flow of inert carrier gas passes through

the column and transports solute molecules in the gas phase. The
“ ‘
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column is enclosed in an insulated oven for‘precise control. .

A sample of the misture to be analyzed is (at pre-set intervals})
carried into the column by the carrier gas. As the carrier gas
pusheé the :'sample into the column, the sample gases partition them-
selves between the gas and liquid phases according to their solubili-
ties in the liquid’at the column operating temperature. This equili-
brium continues as the sample is moved through the column by the
carrier gas. The rate at which the sample travels through the column
is determined by the sample solubility in the stationary phase and
carrier—gg.s flow rate. KEach component travels at a characteristic
rate, and '1% the column rate has sufficient length, the sample will be
co'mpletely separated by the time it reaches the end.

Each component is identified by the length of time it remains
in the column ("'retention time''}. ';'he retention time of a gas depends
on temperature, column iength, type of stationary phasel, and carrier
gas velocity. If these variables are kept constant, the retention time
of a component will remain constant.

Retention time is usually measured with an electrical strip-
chart recorder, where the sample components are represented as

peaks on a paper chart. The detector (in this case a bromine titra-

tion cell) produces an electrical output which is proportional to the
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sample component concentration and this output defiects the pen of
the recorder. The area under a peak represents the quantity of the
component present. This provides the b.asis for quantitative analysis
of the components identified iﬁ the separation.

The column used for plant tests of this instrument was a 1/4-
inch teflon tuBe_ packed with Porapak’Q-\S 100-120 mesh. The sample
loop--a 1/4-inch teflon tube of about 10 cc volume--and packed
column are both enclosed in an insulated chamber which is main-
tained at a constant temperature (+ 2°CY of 90°C. The chamber is
heated by two 150-'Watt strip heaters wired in series. The desired
temperature is maintained by an on-off controller. Keeping the
sample loop in the insulated chamber ensures that a reproducible
amount c;f gas is always being analyzed.

/
Detection Cell

Because of its high sensitivity and selectivity for sulfur com-
pounds, the bromine titration cell was chosen as the detector for the
instrument being developed.

Theory of Operation

Sulfur gases separated by the packed column enter the de-
tection cell through a porous (glass or polyvinyl chloride} tube. The

primary electrochemical reactions which take place for H,S are (25):
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4H,0 + H,5—> 304_ + 10 HT + 8e~ oxidation
\

4Br2 + 8¢~ —= 8 Br~ reduction

4H,0 + 4BY, + H,S— 8Br + 50, + 10 HY overall

Similar reactions occur for 5O, and CH3SH. Thus the change in .
bromine concentration gives a quantitative measure of the amount of
sulfur compound entering the cell. As soon as the bromine ion con-
centration changes, the change is sensed by the sensor/reference
pair of electrodes. The change is really a potential difference which
becomes an input to an amplifier of the mocrocoulometer. The am-
plifier instantaneously supplies a voltage to the g'enerat‘or/counter
electrode pair’.. This balancing voltage generates titrant to restore
the electrolyte to its original concentration. The balancing voltage
N

supplied by the amplifier appears as a current-time peak on a re-
corder chart, The area beneath this peak is directly related to the
concentration of sulfur compound which entered the cell.

The great advantage of using the bromine cell over other
types of gas chromatograph detectors is its selectivity ‘for sulfur

compounds. Other gases such as CQO, COZ’ and HZO do not react

with the bromine; therefore, no extraneous peaks on the chart paper,

Y4
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Cell Development

Mark 0 (Figure 4}

The first detection cell wa..s built b}.r Applebury (6) and im-
proved by Wan (25). It was a 3-compartment configuration made of
.Pyrex glass. The three compartments were separated by glass frits
so as to partially "isolate'' the counter and reference electrodes.
Further construction details for this cell as well as others discussed
later are shown in Table II.

General information gained from this cell is as follows.

When the volume of titrant exceeded 40 ml, the sensitivity¥® of the

cell tended to decrease. The optimum rate of titrant regeneration
was about 3 ml/cycle where the cycle time Was’ set at 10 minutes on a
continuous multi-cam timer. Faster rates gave ove:?shoot on peaks,
while a slower rate gave lengthy tails. A carrier gas flow rate of
200 cc/minute into the cell gave the best response; a higher rate gave

#

long tails and lots of noise™, whereas a lower rate produced over-

*Unless otherwise stated, gas samples used were 10 cc volume
and injected with a hypodermic gas-tight syringe. The term '"sensi-
tivity" then should be taken in a more qualitative than quantitative
sense to mean giving a tall sharp peak for a sample concentration of
50 ppm.

Noise is meant to be an unsteady (constantly oscillating)
baseline on the recorder chart.



MARK O
ELECTRODES
REFERENCE: Calomel (G)#
CENERATOR:  lcm? plate Pt
SENSOR: lcmz plate Pt
- COUNTER? «015" diam x
11/2" Pt wire
ELECTROLYTE .
Vol in Cell: 40 mls
KB, Cone:. 8.64 g/1 Hyp
#2504 Cone: 7.2 ml/l B0
Regeneration X
Rate:’ 3 cc/eyele
cycle = 10 min
PHYSICAL
STRUCTURE?
Mat'l of
Constr'ng Glass (Pyrex)
fCompartments 3
Diam Electrode
Chams 1
Ht. Electrode
Chanber: [
Approx Over-
all Size: -  .6"x1"x8"

MARK I

Calomel (G)
.010 x 2 1/2
Pt wire
.010 x 2 Pt
wire
«010 x 2 1/2
Pt wire

15 nls
276 g/1
6 mla/l

Hone

Plexiglas
1°

/2%
4
4x2 1/2xS

*(G) Refers to Commercial Glass Electrode

°

See Discussion Section

TABLE. IT
DESIGN SPECIFICATIONS FOR THE VARIOUS DETECTORS

MARK 11

Calomel (G)

.025 x 1" Pt
wire

.025 x 1/4 Pt

wire:
.028 x 1/4 Pt

wire

20 mls
7.2 g/1
6 m/1

Nona

" Polypropylena
1

11/2"
3

MARK IIT

Calomel (G)
.025 % 1 Pt
wira .
.023 x 1/4 Pt
wire
«025 x 1/4 Pt
wira

io mla
0.72 g/1
6 wi/)

Yone or ~ 3 ¢
periodically
Plaxiglas

1

1 1/4%
1"

4"diam by 1/1/2 4%2 1/2x3

(P) Plexiglas type . N

MARK IV

Calomal (G)
.010 x 5/8 Pt
wire
.010 x 1/4 Pt
wi,

ra
.010 x 1/8 Pt
vire

15 mls

0.216 g/1
1.8 ©l/)

Rone

Plexiglas
1

VCIE
an- '
xix6

MARK ¥

Caiomel {P)

.020 x 1/2 ¢
wvire

.020 x 1/4 Pt

. wira
.020 x-1/8 Pt
wire
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;hoot. It was noticed several times during these laboratory experi-
ments that even stainless steel would react enough with the electro-
lyte to produce undesirable results. Therefore, no metal fittings
could be used to connect the cell to the electrolyte reservoir.

Another frequent source of contamination was from the cop-
per leads connected to the platinum electrodes. Although the plati-
num electrod:e was sealed in a soft glass tube (Pyrex would not seal)
to keep solution from contacting the copper, small cracks developed
guite easily and would allow the electrolyte to leak inside the tube. |
This problem was one objection to Mark 0.

Another major bbjection was the glass frits separating the
three major compartments. They a;re quite difficult to clean; thus,
once the cell becomes contaminated, it is a major chore to remove
all of the impurities .

Furthermore, the noise level in this cell seemed unduly high.
The thought here was that a better mixing pattern would give less
noise because there would be fewer concent;cation gradients to cause
a change in the Br,/Br  equilibrium. It is this change in equilibrium
when no sample is passing through the cell that causes noise.

The first modifications on Mark 0 were a new gas inlet tube

and new electrode configurations. The gas inlet was made from a
4
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1/4-inch porous ceramic rod, and the sensor/generator electrodes
were changed from the plate coﬁfiguration to Pt wires wrapped
aroqnd the ceramic rod. This gave noticeably less noise than the
original Mark 0, but there were still voids in the bottom of the
chamber where mixing was not complete. Some noise still per-
sisted.
" Before a new cell was constructed, tests were made with the
counter electrode in the same compartment as the generator/sensor
pair. The cellls pe:c;formance was affected very little by this change.
This indicated that at least one cell ar.1d one glass frit could be
eliminated.

Any new cells would be designed to alleviate two other minoxr
drawbacks c;f Mark 0. These were its rather lérge size physically
speaking, and its fragi'lity because of its construction from glass.

Mark I (Figure 5)

The thoughts which led to this design were that a smaller
volume reaction chamber would give higher sensitivity and the thor-
ough mixing occurljing because of the small volume would reduce
noise levels.

. It might be well to add at this point that better mixing could

be achieved using a mechanical stirrer with a magnetic spin bar.

Yy
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This, however, would increase the cost of the instrument. Because
high costs were inconsisteqt with one of the research objectives,
efforts were directed toward making a cell which developed its own
~good mixing pattern merely By. the action of the carrier gas passing
through it. Besides adding to the cost of the instrument, an external
stirrer also adds to its bullk——another undesirable feature.

In Mark I, electrodes were s-ealed in soft glass--again Pyrex
was unsatisfactory. No glass or porolls materials were used be-
tween chambers.

Problems with this cell were numerous. The most serious
one involved the liquid return ;ine from the expansion chamber. The
solution entering the bottom of the electrode chamber was not the
same composition as that in the chamber itself, Since the liquid
volume in the electrode chamber was so small, even a little liquid
from the return would ai)preciably change concentrations. Thus, in
spite of good mixing in the electrode chamber itself, overall mixing
was poor and ‘a high noise level resulted.

Still it was felt that a small volume of electrolyte would \give
greater sensitivity and less noise. Thought was also given to chang-

ing-electrode lengths; in particular, shortening the counter electrode

so that "large' amounts of bromine would not cling to it. If bromine
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did cling to the electrode, it would eventually be broken loose by. the.
bubbling of gas ,thr‘ough the cell. | This would give a slight excess of
bromine to the solution, thereby changing the equilibrium conditions

{

and producing undesirable nbise ""peaks''.
/

Mark II (]é“igure 6)

This cevll was also small volume, but, unlike Mark I, it had
a sha110\;v electrode chamber. Furthermore, all electrodes were in
the same chamber and three were made of short lengths of platinum
wire. (See Table'II.) The gas inlet tube was a short piece of glass
capillary tubing. The cell was made rather hastiiy and in a crude
manner. There was no real outlet for the gas--it just leakéd out
around the reference electrode. Neither was there any provision for
adding new electrolyte. The electrodes were merely ''sealed" into
the walls of the cell with soft rubber septums. Still, the design
showed remarkable stabili;cy and good sensitivity. i

Mark III (Figure 7)

This model was simply a more sophisticated version of Mark
II. It was made of plexiglas with individual gas outlet and titrant in-
let ports. Although the design was very similar to that of Mark II,

performance was quite inferior.  Noise levels were unusually high

even when no new titrant was added over a one-hour period. (Recall
"t
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that some noise is to be expected when fresh titrant is added be-
cause the titrant does not have the same Br,/Br  concentration as
the solution in the cell.) Adding fresh electrolyte only made things
worse. One cure for the high noise was physically shaking the cell.
Conclusion: Mixing was incomplete. Changing the gas inlet from a
capillary tube to a "multi-hole" plastic tube coiled around the bottom
of the cell reduced the noise somewhat but not sﬁfficiently.

Another factorl which affected the noise level was the sealing

\

of the reference electrode in the'lid of the cell. When the reference
was properly sealed, noise lgxfels were 1~:olera.b1e. But when a leak '
developed, noise levels immediately increased.

Some work was done with this cell studying the effects of
electrode lengths and placement. In general, a 'shorter counter
electrode (1/4-inch to 1/8-inch) reduced noise; a longer generator
(1-1/2-inch to 2-inch) gave faster response; and letting the gas
stream sweep ti’le sensor gave a more sta‘ble resiaonse, i.e., smooth
rather thap jagged peaks.

Mark IV (Figure 8)

To achieve better mixing, designs again returned to the tall

thin electrode chamber. As before, all electrodes were in the same

chamber. No provision was made in this model for the periodic
"t



-26-
addition of electrolyte. It was built primarily to either verify or
refute the proposed "émall volurr'le - low noise'' theory. This .time a
porous polyvinyl chloride (PVC) rod was used for the gas inlet tube
and yds sealed in the bottom of the cell. It was felt that using a por-
ous material for the ‘ga.s inlet would create more dispersion of gases
in the electrolyte and hence result in better mixing.

As predicted, noise levels were unbelievably low. However,
to get a good response using this cell, gas flow rates had to be raised
to 400 cc/minute compared with the 200 to 250 cc/minute rate used in
other cells. In all previous cells the carrier gas had been nitrogen
so at first it was also used in Mark IV. This high flow rate of nitro-
gén prompted thoughts of using compressed air--properly dried and
filtered--as the carrier gas. Switching from nitrogen to compreésed
air showed absolutely no deterioration in the cell's performance either
from a noise or a sensitivity standpoint. Avoiding the use of nitrogen
as a carrier was indeed a plus for the completed analyzer because now
no bottl-ed gas would have to be moved around with the instrument.

Using this particular cell design, some work was done to deter-
mine the best diameter for the electrode chamber. For the 400 cc/
minute gas flow rate the best chamber diameter appeared to be 3/4-

inch. (Lengths remained constant at 4 inches.) Larger diameters

3
]
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increased noise because of incomplete mixing and smaller diameters
caused 1iquia droplets to hang up between the cell wall and r.eference
electrode. When these droplets fell back into solution, a tall but
very narrow peak appeared on .the recorder because of the concen-
tration difference be‘tween droplet and solution.

Mark IV was the first of thé'plastié cells to be used with a
gas chromatograph. This gave another design criteria for the over-
all instrument. The carrier gas flow rate had to be fast enough to
give good chromatographic separations, yet it also had to be slow
'enough to give good detector response. Recall that it had been de-
cided that a sample should be extracted from the stack and analyzed
once every 10 Iminutes. This meant that retention times fory a gas
sample in the colt;.mn should be less than 10 n&inutes to avoid possible
overlapping of peaks between samples. In reality, this becomes more -
of a column design probiem than a cell design limitation although
there is some interaction.

Early lab work was done using a commercial Aerograph Model
200 chromatograph. Results obtained using differént~column packing
materials are discussed in a later section. Using a six foot long, 1/4-

inch teflon column packed with Porapak Q-S and a compromise flow
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rate of 3vOQ cé/minute with Mark IV gave acceptable separations and
a pretty good cell response. |

Mark V (Figure 9}

Mark V was an atte’mpf to overcome the two faults of Mark
IV. The commercial reference was replaced by one made from
plexiglas. The rllew reference was still the calomel electrode (re-
cipes for making them can be found in any text on electro-analytical
chemistry) and was attached permanently to the side of the. electrode
compartment. Since the reference was now contacting the solution
through the side of the chamber, it was occupying almost no volume
within the reaction portion of the cell. Therefore, it was feit that a
smaller diameter--less than 3/4-inch--chamber could be used. Then
a lower gas flow rate would still give good mixing and possibly better
chromatographic separations. Most bromine cells either c;n the mar-
ket or described in the literature show the best cell response‘when
the flow rate through them is 200 to 250 cc/minute. Even though cell
configurations for the Mark series are quite different from the com-
mercial ones, designs were made to give optimum performance at
this flow rate.

As a starting point, a chamber diameter of 5/8-inch was used.

Initial results looked very promising, but after five to six hours" use,

.,
(1
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noise increased markedly and sensitivity declined rapidly. The’
seemingly obvious answer was tﬂe '"homemade'' reference electrode
had ceased to function properly. Th¢ ingredients for it were pre-
pared several times but the same phenomenon occurred each time--
good initial performancé but serious degradation with time. Even-
tually modifications were made on the cell so the commercial refer-
ence could be used (in a chamber physically separa;ted but tube-
connected to Mark V). Quite surprisingly the same thing happened
again. After many frustrating hours of studying the cell, an explan-
ation was found.

When the cell is started up, the inside walls are clean. After .
it has been operating for a time, water droplets begin to collect on
the walls above the electrolyte. When sufficient time has passed the
bubbles become large enough to b1.‘eak away from the walls and fall
back into solution. This upsets the equilibrium and causes noise,
The effect could be magnified by passing a concentrated sulfur sample
--say 800 ppm H,S--through the cell. Not all the sample gets ab-
sorbed in the liquid. Some passes up the cell and 1s absorbed by
liquid dropiets on the wall. When these droplets fall back into solu-
tion there iys a huge increase in noise for almost 30 minutes after th‘e

sample was injected.
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This deterioration with time was but o'ne. serious fault of
Mark V. Another was the reference electrode. Once the electro-
lyte had been drained out of the cell, it was difficult to keep air bub-
bles from forming in the arm connecting the reference to the elec-
trode chamber; these air bu{obles prevented electrical contact with
the reference when the cell was started up again. Consistency in.
making up the cells was another problem. The reason why was never
determined, but some were very sensitive to sudden vibrations, while
others were not noticeably affected at alf:L. ‘

Just a point of interest--when electrolyte was added to the
cell (at 10-minute intervals) a peak much like that of an H,S peak
would appear on the recorder. The ‘pen returned to its normal base-
line about 30 seconds after the electrolyte addition was stopped.

In spite of its above mentioned faults, Mark V was used for
about six hours worth of actual plant data in a Kraft mill. This was
done to determine what problems might.develop at a plant site that
would not occur in any laboratory test. In such a short time interval
no unexpected problems did arise, so the cell was brought back to the

lab for fuither studies and modifications.

'
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Mark VI (Figure 10)

models.

1)

2}

3)

Mark VI introduced several new changes over previous

The electrolyte chafnber was concentric with a
larger compartment used as the gas outlet portion
of the cell. This essentially made the electrolyte
chamber with no walls for liquid dropléts to cling
to. It also gave a constant volume electrolyte
chamber since any excess would merely overflow.
The calomel electrode was again made of plexi-
glas but in a style very much like the commgrcial
glass one used earlier. Threading the body of
the electrode provided an easy method of sealing
it into the cell block.

The three platinum electrodes were sealed in a

-removable block in the bottom of the cell. This

electrode arrangement greétiy simplified clean-
ing and/or removal of the electrodes if they be-
came contaminated. Too, th;age electrodes were
much easier t<.> keéep sealed than those entering

the siaé of the v_vall.
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The entire bottom of this cell was also removable so elec-
trode chamBers of different heigilts and inside diameters could
easily be inserted in the cell.' By trial and érror it was found that
an electrode chamber 11/16-inch in diameter by one inch high was
best to accommodate the desired gas flow rate of 200 to 250 cc/
minute. Larger volumes tended to give slightly more noise and
long tails on peaks. Smaller volumes resulted in enough of the
electrolyte being blown out that electrical contact with the reference
was lost. |

The performance of this cell was quite superior to any pre- .
vious models. A continuous laboratory test of 48 hours showed no
degradation in its performance. Because it was purposely designed

’

so that parts could be easily interchanged, the cell was considered
too bulky for a portable instrument. After the '"best' electrode de-
sign and spacing as well as the ""best" electrode chamber size had
been determined, a smaller model called the "Mini-Mark VI" was
built to be the compact unit used in plant tests. The only major de-
sign change was the discarding of the plexiglas reference. Though
many different things were tried, leakage of fluid out of the salt

bridge compartment of the reference could not be stopped. After a

48 to 60 hour period the compartment had to be filled in order to -

1
Y
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make it operable. Replacement of the porous PVC rod in the bot-
tom of the reference with either ‘an asbestos thread or a nylon -
thread did not significantly decrease the leakage rate.

The commercial reference was again used in "Mini-Mark VI"
but was covered by a specially built plexiglas housing to make it
less susceptible to breakage. The reference was sealed in the hou-
sing and the housing in turn sealed in the cell block. Perfofmance
of the "Mini-Mark VI'" was in every way comparable to that of the
original Mark VI. Consequently, it was c.hosen to be the detector
for the portable sulfur analyzer being developed.

Elect-ronics |

Microcoulometer

4

Early work in this project was done by using the commerci-
ally 'available Dohrmann Model C-200-A Microcoulometer. The
function of this electronics is described in Dohrmann's Manual (8)
and summarized below.

Any change in the titrant ion concentration within the cell is
detected by the reference/sensor electrodes as a potential differ-
ence. The difference bétween the voltage output of th-e reference/
sensor electrode pair and the opposing voltage from the BIAS SET

(a control knob on the front of the instrument) is the input to the
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coulometer amplifier. Changing either titrant ion concentration
or BIAS SET voltage will cause a-. potential to be seen by the am-
plifier. When these two voltages a.re\ e(iual, the amplifier receives
a zerc; signal. Any shift in the réferenche/sensor voltage is sensed
by the amplifier which produces a current flow betweell'l the gen-
erator anode and cathode (counter) in the titration cell. This
current generates or removes titrant ions through an oxidation/
reduction at the anode.

When sufficient titrant has been produced by the generator
pair to re-establish the\ original titrant concentration, the voltage
to the amplifier will be zero and the system will again be at equil-
ibrium. During the course of the reg'(eneration, the current passes
through a series of resistors and capacitors. A strip chart re-
corder measures the voltage drop across one of the capacitors.
This recorded voltage (shown as an almost triangular peak) can be
related to the original concentration of sulfur compound which
caused the change in titrant ion. concentration. )

For all the titration cells just described except Mark VI
and "Mini-Mark VI'" this Dohrmann coulometer was used. Bécause
the Model C-200-A is rather large and would be impractical in a

portable instrument, a circuit was assembled in the lab to perform

1,
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the same function. The circuit diagram for it is shown in Figure
11. When this unit was assembl-ed it occupied less than one tenth
of the space of the commercial model and it fit quite niceiy into the

case for the port?,ble analyzer.

The only external adjustment (thinking now in terms of the
final instrument) on the circuit‘ is the RANGE switch. ' This is an
11-position single pole switch which changes the resistance in the
path to ground. As the resistance is‘ increased, more of the cur~-
rent is forced through the capacitor acAros.s which the recorder is
connected. Now, consider several sam-pllas of identical concen-
tration passing into the cell at presef intervals. These will each
give the sarr@ voltage input to the amplifier and also the same vol- -
tage output. But if the RANGE setting is changed be.tween samples,
different volté,ges will appear on the reco;‘def. Thus, the RANGE

switch is merely a means of changing the sensitivity of the instru-

ment.

During the development of the circuit a compromise had to
be made between sensitivity and. stability. ~The rather arbitrary
criteria for a good circuit was chosen to be one which gave a full
scale’. deflection for a 1 ppm H,S sample (70 ml but not passing

through a packed column) at an intermediate seﬁsitivity range set-
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ting of 100. At the same time, noise 1e§el$ should be very low.
Using the resistor and capacitor values shown in Figure 11, this
goal was achieved.

The most critical component from a stébility standpoint was
the capacitor in the feedback path on the amplifier. Lowering the
value to 10 picofarads increased stability greatly and simultane-
ously reduced sensitivity but to a lesser degree. Better sensi-
tivities could be achieved by decreasing either the resistance or
the value of capacitance in the path to ground where the recorder
was connected. Here the noise levels did increase in direct pro-
portion to the gain in sensitivity.

Control Circuit (Figure 12)

The function of the control circuit is to determine the se-
quence of events taking place when the instrument is operating con-
tin1.10usly. The events have already been described in the Operation
portion of this section and will not be repeated here. Note from the
circuit diagram that whenever the main power switch is on, power
is delivered to the coulometer, tirx;ler, and external power plug.
Current flows throggh the oven heaters until the temperature con-

troller breaks the circuit.
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The heart of the control circuit is the continuous multi-
cam timer. Cycle time can be altered by a simple gear change
between the drive motor and cam shaft. The cams are adjustable
and can be set to any desired "percentage of cycle time' (between
1% and 99%) that a given microswitch is to be open or closed. The
microswitches are the single-pole-double~throw type which means
that they can close one circuit and simultaneously open another one.
In the instrl\lment, timing of three items is quite important. When
the vacuum pump is on, the sample valve must open so that a sam-
ple can be drawn into the sampl_e loop. More important is the fact
that the solenoid valve controilling the compressed air used for
blowback be closed then and not opened until the six-way valve
closes. The easiest way to ensure that this happened is illustrated
in Figure 12. All three items are controlled by a single switch.
The vacuum pump and éix—way valve are essentially wired in series
so that both are on and off together. The compressed air valve is
-wired to the other pole of the switch so that it is off when the pump
is on and vice versa.

One microswitch is used to’control a solution solenoid valve
which admits electrolyte to the cell for about 30 seconds of ea'.ch

cycle. Exactly when the addition occurs is not critical.
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The remaining microswitch activatés a solenoid op‘erate'd
stepping switch in the multi—stac':k sampling accessory. This unit
is described later. Here the stepping switch should be activated
as close as possible to the same time that\ the vacuum pump is
turned on. The switch, however, is not energized when the pump
shuts off but gets activated again only at the beginning of the next
cycle.

Recorder

Inexpensive, non-continuous, low impedance recorders were
tried but proved unsatisfactory because tl"ley overloaded the ];IliCl‘O-
coulometer circuit. Also, the non-continuous trace made data
interpretation quite difficult. A better unit is the Varian G-11A

potentiometric recorder with five-inch chart paper.

Calibration Device

Several devices exist’ for preparing accurate gas samples.
These include Mylar bags, spinning syringes, screw-driven
syringes, and perme;tion tubes.

Samples in Mylar bags are prepared by injecting--usually.
with a gas-tight syringe--a known volume of the pure gas into the
bag.. Then a measured amount of diluent gas is pumped in. Fur-

ther dilutions are made by adding more diluent gas. Reproduci-

o,
L
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bility using this method was given a 1;ange .of + 12 - 16% by
Adams (5).

Permeation tubes are a very accurate way of preparigg gas
samples provided that a constant temperature can be maintained.
This limitation alone dictates that they be us ed ouly in a laboi‘a-
tory where ambient temperatures do not vary much and a constant
;:emperature bath will indeed stay at a constant temperature. An-
other serious limitation is the relatively slow rates of permeation
generally encountered. Producing sample concentrations in the
100 ppm range on a continuous basis would be nearly impossible
with any reasonable lengths of permeation tubes.

Screw-driven syringes have been us\éd for quite some time
(12) but some commercial units do not give a truly constant de-
livery rate of gas because the syringe plunger is not securely fas-
tened to the screw-driven shaft. This permifs the plunger }:o stick
in the barrel and results in non-uniform delivery rates. When a
modification is made and the plunger securely fastened to the shaft,
this meth_od is considered a fairly reliable method of preparing gas

samples. It is about as accurate as the method used to measure the

flow rate of diluent gas past the delivery tip of the syringe.
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A more recent developfr;ent in preparation of gas s‘am'ples
is the spinning syringe (Figure 13}, The system is baéed on the
frictionless bearing formed by carefully polished surfaces of a
glass barrel and a rotating plunger. The air bearing allows a
constant load to be placed on the air column. Regardless of leak-
age past the bearing--generally insignificant--the delivery rate of
the gas mixture is said to be constant as long as the piston is spin-
ning. Conversation with several different individuals in the air
pollution field revealed varying degreeé éf satisfaction with this
device. In reality, the falling rate of the syringe is dependent to
a certain degree on how fast it spins. Thus, to ensure truly re-
producible delivery rates, the spinning rate- of the _syrin‘ge should
be the same each time the unit is used. Among users of spinning
syringes it is generally agreed that the setups using a small fan as
the air source to spin the syringe are reliable enough to be used as
calibration standards. .Again, the ag:cu?acy of the sample concen-
tration is about that of the method used to measu;e the diluent gas

flow. This was the calibration method used during construction

and test.ing of the continuous analyzer.

:
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Multi-Stack Sampling Accessory

A unit which electrically plugs into the main analyzing in-
strument has been built to allow' sampling of three different loca-
tions in succession. A slight modification, taking less than five
minutes to complete, must be made to the master unit. It involves
disconnecting a tube at a tee, attaching the tube to a bulkhead
union, and plugging the open branch of the tee. If all sample lines
have been strung and end in the vicinity of the analyzer, the total
time\ required to change from single stack to three stack sampling
or back again is less than 10 minutes.

A wiring diagram for the sampler is shown in Figure 14,
The figure does not represent the actual wi:éing layout in the acces-
sory, but rather shows the circuit after the unit is plugged in1;o the
main analyzer. The cam timer in the main unit activates the ro-
tating switch once during each cycle. This switch then opens one
and only one (of the three) midget solenoid valves in the accessory.
It remains open for one complete cycle; i. e., for both the sample
drawing and the blowback phases. At the beginning of the next

cycle the switch advances and a different solenoid valve opens--

the previous one closes.
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The tubing diagram (Figure 15) é.gain does not show physi-
cal layout but was done to illust'rate more clearly the relationships
to items in the main analyzer. Neither the compressed air valve
nor the six-way sample valve are in the accessory unit. The op-
eration of these two valves is idgntical to single stack operation.
Note: when sampling from three differeﬁt locations, a sample will
be extracted from é given stack only once every 30 minutes, assum-
ing the timer is still set for a 10-minute cycle time.

Miscellaneous

Besides the major ii;ems discussed above, smaller items
which eithe_,r improved performance or simplified its operation
are mentioned now.
When the instrument was first built there was no control
device to re.gulate'the‘carrier gés flow. It was controllea only by
.the pressure regulator at the source of the air supply. Later, a
stainless steel micrometering valve and check valve were installed
in the gas line leading to the detection cell. The check valve was
inserted to ensure that no electrolyte from the cell would be drawn
into the metering valve when the instrument was shut down.
+  An indicating dial thermometer was stuck into the oven so

that actual oven temperature could be seen and appropriate action

5
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taken if the set point on the terﬁ_perature controller is accident-
ally moved.

Thought was given to i.nstalling a rotameter, but bearing in
mind that one.of the objectives of the project was to keep costs
down, it was decided to use the detecti:)n cell itself as the rota-
meter. In other words, by observing the bubbling action in the cell
one could readily judge whether the gas flow rate was too high or
too low. This was actually a much more sensitive ''meter" than
the reader might think. Changes of as little as 20 cc/minute in
the flow rate cause noticeably different bubb_ling patterns in the
cell. The cell could easily be seen when a plexiglas window was

2

installed in the front face of the instrument.

Control of the ;arrier gas flow rate became imyportant when
it was decided to use peak heights as an indication of concentra-
tions. When gas flow 1;ates change (+ 20%} the peak éreas remain

constant but peak heights will change. To get meaningful results

using peak heights, flow rates must remain constant.




RESULTS

All of the résearch objectives as stated have been satis-
fied. A continuous sulfur analy'zer has been built which is sensi-
tive "1/:0 only sulfur compounds.. It will easily separate and analyze
for HZ‘S and SO2 in concentrations found in the Kraft mill. CH3SH,
however, is only detected at very irregular intervals because of
its relatively low (compared to H,S and S_OZ) cqncentrations at
the mill.

At 1:1"1e time of this writing it had been operating continuous-
ly in a Kraft mill for five. weeks with alrﬁost no attendance. The
only malfunction to date was a faulty récorder component, The
only '"maintenance' required has beén periodic removal o.f the
chart paper and filling the recorder pen with ink. Every four to
five days the probe (if in a high solids content area) has been
scraped off even though it is felt that it could be left unattended for
as long as ten days. -

After the first three weeks of use, the electrolyte reservoir
was refilled. Consumption is about 1.5 liter/week of continuous
operation. Although the unit weighs only 50 pounds and can be read-
ily moved from place to place, .this has not been necessary because
sample lines to all the stacks of interest are very close to the

location of the analyzer.
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A The multi-stack sampler was operated successfully for
about 18 hours. Despite the shortness of this test it did demon-
strate that the idea was sound and operable.
The instrument was calibrated twice at the plant site.
This was done to check for any degradatioﬁ in performance with
time. None was noticeable after three weeks of continuous

operation.



DISCUSSION OF RESULTS
Albeit thé overall performance of the chromatographic
sulfur analyzer was quite successful, there were problems which
cropped up. Some were easily solved; others still have no satis-
factory solutio.ﬂs.

Column Packing

Since most of the cell design problems é.nd solutions have
been discussed in the EQUIPMENT section, this discussion will
concern other portiqns of the final ch_ror.natographic analyzer unit.

Perhaps the major fault with th-is:instrument lies in the
packed column used for ‘sep‘arating‘ the gas mixtures. From the
calibration curves™ in Figure 16 it Wi'll be noted that sampies of
H,S below 5 ppm even on the more éensitive ranges were difficult
to detect. Also, at the lower concentrations there was no linear
relationship between peak areas and concentrations; e. g., a sam-
ple of 20 ppm mi,gl;.t give an area of 100 arbitrary units but a same
sized sample of 10 ppm would give an area of 10 of these arbitrary
units. This phenomenon was believed to be caused by adsorption

of some of the sulfur gases on the packing material. If the gases

*Made using a 10-ml sample and a six foot long by 1/4-
inch column packed with Porapak Q-S in laboratory tests.
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did desorb at all it was at such a slow rate that no peaks appea-r—
ed. At highef concentrations (e;.bove 50 ppm I—IZS) this adsorption
is only a small percentage of the total sulfur corﬂpound and is not
readily noticeable. Therefore, at intermediate concentrations
(between 50 and 300 ppm HZS), there is a very nearly linear re-

lationship between peak area and concentration of H S;i.e., if a

2
100 ppm sample gave a peak area of 20 arbitrary units, the same
size sample of 200 ppm HZS would give a peak area of 40 of these
units,

At concentrations much above 3.00 ppm, not all of the H,S
will get absorbed in the j:itratibn cell and again non-linearities |
were observed but in the opposite direction. That is, if a 300 ppm
sample gave an area of 50 units, a 600 ppm sal;nple might give an
area of only 75 unifs. This phenomenon made results quite diffi-
cult to interpret, at least by eye, at the very high concentrations.

In order to detect sulfur concentrations below 5 ppm H,S,
the separation column had to be removed ‘and. replaced with a short
length of clean teflon tubing. Sample size was increased to 70 ml.
Then concentrations of HZS below 0.2 ppm could be detected on the

more sensitive RANGE settings. '(See Figure 17.) Again, at con-

centrations below 1 ppm non-linearities began to appear. This was
A



SR

(1.0,2.12)
20} ;

RANGE 500 O
18l RANGE 200 O
RANGE 50 A

16}  ;

4+

10

T

Peak Area (cm?)

1 1 L 1

. T e N NG . ¥ 2 7
ppm HeS i
FIGURE |7: CALIBRATION DATA FOR H,S “6PACKED
COLUMN. o iy




-56~
blamed on adsorption on the tubing in the instrument. This con-
clusion was reached after three things were tried, First, the tub-
ing was changed from polypropylene to nylon. Nylon was expected

to adsorb more of the H,S and SOZ’ and did exactly that. Second,

2
the possibility of a leak causing the non-linearities was ruled out
when a small hole was punched in the tubing to allow a leak. Re-
sults here were much different from previously observed data.
Primarily there was no reproducibility even though the leak should
have been fairly constant. Thirdly was thel possibility that the de-
tector should have the referer_lce_a and counté;‘ electrodes in separate
compartments. Such a cell was built and tested in the lab but the
same non—lil;léarities existed at the low concentrations.

' Similar calibration results were observed for SOZ' The dif-
ference was the concentrations at which they occurred. Condensing
the discussion given above for H,S and talking now about SO,, the
following things were observed. With the packed column installed,
concentrations .below 40 ppm were difficult to dé’cect. Intermediate
linear range was 150 - 450 ppm. High non-linear end started about
500 ppm.  Without the packed column, concentrations of SOZ below

2 ppm were difficult to detect. Non-linearities were significant from

10 ppm downward. ‘ :
L
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Since SOZ’ generally spea_king, adsorbs more readily than
H,S, these results were not too alarming but certainly did show
avenues for improvement. Thi_s observed adsorption of SO2 con-
tradicts an earlier finding by Wohlers (26) that SO, did not adsorb
on polypropylene tubing. No attempt was made here to get quanti-
tative measures of the amount, but it was found to be significant
when SOZ co'ncentll'a;:ions in the tube d‘ropped below 10 ppm.

Changing the instrument tubing to teflon tubing was one pos-
sible solution to the problem. This was not done because teflon
tubing is quite "'soft" by comparison and it wé,s feared that leaks
might develop at the fittings in the instrument.

Using stainless steel tubing is anothel: answer, but it is rather
difficult to bend and will corrode after extended periods of use in a
sulfurous - HZO atmosphere.

The adsorptién problem with the pécked column itself can
only be solx\zed when a new packing material is found. Several things .
were tried in the lab but Porapak Q~S still seemed to be the best
material available. A six foot length of teflon packed with Triton:
X=-305 on Chromosorb T gave pooref separation and very broad S‘Oz

_peaks’at the desired and necessary flow rate of 200 - 250 cc/minute.
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Increasing the leng’;:h of the tube would give better separation but
the SO, peak would still not be shé.rp enough.

A literature article found rec'ently (20) reports a column
packing good for separation of SO,, HZS’ and CH3SH in the sub
part/million range. | It is prepared using a 5% solution of poly
m-phenyl ether (5-ring} and 0.05% H3PO4 on a powdered perfluor-
ethylene sdpport. Only one attempt 'Was made here to make the col-
umn but met with little success. Even with a 1‘6 foot by 1/4-inch
column, separations were not adequaté, Ti’le article recommends
a 36 foot by 1/8-inch column but this is exceedingly difficult to pack
properly. |

._A frequently encountered problem at the plant resulted from
this adsorption problen;l. Because "of SOZ"s being more strongly
adsorbed than H,5, the instrument gave much larger peaks for HZS
than for SOZ when concentrations of Fhe two gases were the same.
Consequently, in areas of high -HZS concentra‘tion, the RANGE on the
instrument had to be set low enough to keep the st peaks ‘on scale,
Then no SO2 would be detected.

In stacks with high SO, concentration the RANGE was set so
that most of the peaks fell about midscale dr élightly higher. Then

an HZS peak of only about 1/5 the concentration of SOZ would be off

3
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scale. This was the only real complaint about the ins.ltrument's
performance duriné the plant tests. Repeating--this problem should
be solved when a packing material is found which does not adsorb
SO2 and still gives good separation.

A final note on column packings-—performancé of different
Porapak Q-S columns prepared in the lab was significantly different
from column to column in terms of retention times and amount of
gases adsorbed. This indicated inconsistept column packing pro-
cedures.. The above discussion and Figu;cg 16 appliéd to the column
used in the plant tests. The sample size was 10 ml. Increasing the
sample size will give larger peaks for the same concentration of sul-
fur compound. This, in essence, is a method of increasing the sen-

sitivity of the instrument.

Interpretation of Data

It has already beén stated that concentrations of sulfur com-
pounds is proportional to the area of the.peak on the recorder. With
the Porapak Q-S column, peaks for both HZS and SOZ‘are nearly tri-
angular in shape except for very short peaks. Therefore, accurate
calibrations can.be made in terms of peak heights. This becomes a
real time-saving feature when iarge amounts of data are to be analyz-

ced.’
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After some experienc’e is acquired with the instrument, con-
centrations can usua.lly be ,guesse-d within + 10-15% by visual in- .
spection of the peak sizes. Comparison of the peak he\ights with a
calibration curve will, of course, give the exact concentrations.,

A sample of\ some typical plant data for a 24-hour period is
shown in Fiéure 18. Because of a secrecy agreement with the mill,
actual concentrations are not shown but the extreme variation is
illustrated. This variation was bothersome until it was discovered
that an upset had occurred in the recovery area shortly before the

¢

sulfur emissions began to climb.

Multi-Stack Sampling Accessory

When t};is unit was first put on line, leaks through the sole-
noid valves were detected almost immediately. Replacing 1_:he ‘exist-
ing hard rubber seats with a soft silicone rubber solved this problem.

Although the unit was running for four days, only about 18
hours worth of meaningful data were obtained because of recorder
problems. Still, this was sufficient time .to demo-nstrate the opera-
bility of the system. Using such a device with the chromatographi‘c
analyzer (a semi-continuous instrument) presents no problems.v With -
continuous analyzers like the Barton, problemé could be encountered

when switching from stack to stack.
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Merits _Q_f_Blowback Feature

For about four minutes of each 10-minute cycle, compres-
sed air is forced through the sample lines and prqbe. This pro-
cedure not only helps to clean solid particles clinging to the probe,
but it also cleans the line of any water th;,t may have condensed in.
the lines to the stack.

When samples are drawn continuously (as in the Barton)
water begins to collect in the lines. Water will absorb significant
amounts of both HZS and SOZ'. Then, as ‘1:hle ambient temperature
changes, the partial pressure of these gases in I—IZO will change and
sulfur gases can be released into the lines. When concentrations

are low this can cause serious errors in the analysis of stack gases.



SUMMARY

The continuous chromatographic sulfur analyzer developed
has survived a five-week plant‘ site test and has given some quite
meaningful data. It easily detects and separate§ the H,S and SO,
concentrati:ons found in the stack. Periodically some CI—I3SH peaks
have also appeared on the recorder, The only maiﬁtenance re-
quired is replenishing the recorder chart paper and ink from time
to time. Also, the probe is cleaned once every four to five days if.

1

in a stack with high solids content. .If a two-gallon electrolyte res-
ervoir is used, it will have to be filled every three to four weeks.

The main improvement needed is a different separation
column which does not adsorb SOZ." Then H,S and SOZ. samples of
the same concentration will give more nea'rly equal peak areas.

A digital integrator would be helpful if a large amount of

emission data was to be used for correlation purposes..



RECOMMENDATIONS FOR FUTURE STUDY

Of immediate importance is the development of a column
which will not acisorb SOZ or HZS' Hopefully, one can be made
which will allow separations of concentrations well below 1 ppm.

Further studies should be ma(‘i‘e‘ to determine why deteqtion
limits even with the chromatograph column out of tfle unit were so
much higher than those reported by Adams and Applebury. Evi-
dence points toward'gdsorption on the tubing in the instrument but
there exists a possibility that the fault lies in the detector itself.
Other cell designs should be tried in order to improve detection
limits.

If the emission data is to be used late;' for correlation pur-
poses, data acquisition devices other than the strip-c'hart .recordér
should be employed at least on a trial basis. Even a digital inte-
grator would be helpful. No doubt cost will be the deciding factor

in the selection of an alternate to the recorder.
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APPENDIX
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FIGURE 19: FINAL INSTRUMENT.
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Related Information

The following supplement is an operations manual for the
instrument whose development was described in the body of this .
report. It is presented here primarily as an aid to anyone using

the instrument who is not already familiar with its operation.
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Section 1.
General Information

1.1 Product Description

The Continuous Chromatographic Sulfur Analyzer is an
inexper_lsive‘ easy—to—operatg sulfur analyzer developed for -
use in Kraft paper mills. The instrument is designed to ex-
tract a gas sample from the stack, separate the sulfur com-
pounds present, and--using an electrolytic bromine titration
cell as a detector~~give a quant‘:itati've indication of the amount
of each compound present. The irilsitrument described can
separate and analyze n.nixtures of H,S5, SO,, and CH3SH in
the following ranges:

H,5 - 1-1500
SO, - 10-2000
CH3 ~ 5- 1500

The lower ,endlis limited by the separation technique used.
If no separation is made, a gaseous effluent with 0.2 ppm
;cotal sulfur compounds can be easily analyzed. Techniques

will soon be available that allow separations in the sub-parts

per million range.
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Operation Descript‘ion

The sequence of events taking place during the analytical
process is controlled by a continuous multicarn‘timer set for
a cycle, time of terll minutes. Cycle times can be varied by
making a simple gear change between the motor and cam
shaft.

First thg vacuum pump is switched on and draws a gas
sample from the stack into a sample loop atta‘ched to a six~

\

way linear sampling valve. Simultaneously carrier gas is

-

passing through a chromatograph column into the detector. -

Both the sample lpop and column are in a constant tempera-
ture oven.

Si_x minutes later the vacuum pump is switched off, the
valve closes, and the carrier gas sweeps the gas sample in-
to the packea column. The column separates the various
sulfur compounds and adrrnlit‘s them one by one into the de-
tectggsemw%he;:det‘ecfér-ép,l'us associated electronics) will give a
peak on a strip-chart recorder for each sulfur c'ompound pas-
sing through it. The area underneath a given peak is directly

related to the concentration of that compound. Because the

1-2
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peaks are so nearly triangular in shape, concentrations can
be more conveniently related to peak heights.l

While a sample is being analyzed, two ports on the six-
way valve are closed to any gas flow, This permits a blow-
back phase where compressed air is forced through the sa.om—
ple line, out the probe, and into the stack. This procedure
not only helps to clean solid particles off the probe, but also
blows é.ny watér--that may have condensed while the sample
was being drawn--out of the samplé line.

In addition, at the beginning of each cycle a solenoid
/

valve opens and allows a small amount of electrolyte to flow

by gravity into thre detector. This ensures that a "fresh"

. electrolyte solution is always present.

Separation Chamber

The technique used to separate the sulfur compounds is
simply passing them through a packed chromatograph column.
The column presently in use is a 1/4-inch teflon tube six feet

lorig and packed with Porapak Q-S 100-120 mesh,

1-3



1.

-75-

The packed column and a 10-ml sample loop are both
enclosed in an insulated chamber which is maintained at a
constant temperature. XKeeping the sé,mpie loop at constant
temperature assures a constant sample volume is always
passed through the column.

Detection Cell

The detection cell is a small compact unit built of dur-
able plexiglas. The plexiglas is transparent so liquid levels
and bubbling action can be obs erved,' and any malfunctions
quickly spotted.

Sulfur gases separated by the packed column enter the.

detection cell through a porous glass plate or polyvinyl

chloride rod. The primary electrochemical reactions which
occur for HZS are:
4H,0+ HyS --- SO, + 10H' + 8e” oxidation

4 HBrZ + 8e” --- 8 Br-~ reduction

\

4 H,O + 4 Br, + H,S --- 8Br~ +SO;  overall
Similar reactions occur for SOZ and CH3SH. Thus the change

in bromine concentration gives a quantitative measure of the '

1-4
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amount of sulfur compound entering the cell. As SOOI\). as the
bromine ion concentration changes, the change is sensed by
the sensor/reference pair of electrodes. This change is in
reality a potential difference which is then an input to the
amplifier of a microcoulometer. The amplifier almost in-
stantaneously supplies a voltage to the generator counter/
.electrode pair. This balaﬁcing voltage generates titrant to
restore the electrolyte to its originé.l concentration. The
balancing voltage supplied by the arﬁplifier appears as a cur-
rent-time peak on a recorder chart. The area benea;th the
peak is directly related to the concentration of the sulfur com-
pound which entered the cell.

The cell is selective to sulfur compounds only. It gives
no recorder responsé to other gases, such as CO, and‘HZO,
that are always present in Kraft effluents.

Electrodes-~except the reference~-are sealed in a re-

- movable block in the bottom of the cell. When the block is

removed, the electrodes are easily accessible for cleaning

in case of contamination.

1-5
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Waste gas is vented out the side of the cell and carries
with it any spent electrolyte that may overflow from the

electrode chamber.

1-6
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Section 2 Specifications
2.1 Geﬁeral:
Electrolyte 0.216 g KBr/liter + 1.8 ml Conc. H2SO4/liter
. consumption rate (approx. 200 ¢c/24 hr con-
tinuous operation)
Range 1,2,5,10, 20, 50,100, 500

Carrier gas —

Flow rate
regulator

Tubing connections

Internal tubing

Power

Power Connection
1 AC outlet-3 amp -

Samples analyzed/hour

Height
‘Width
Depth
Weight

Size

Numbers are arbitrary but give indication

of proportional increase in sensitivity.
Higher numbers give larger peaks for same
sample concentration. Selection made
using rotary switch on front panel.

filtered compressed air-25psi source
needed

200-250 cc/min
2_16 ‘'stainless micrometering valve

18" zytel Swagelok brand

18" polypropylene except for /4" teflon
chromatograph column and sample loop

115 volts AC, 60cycle, 1800 watts max,
<1000 average

3 conductor cable, 3 prong plug can be
used as external power source

standard is 6 —any more is not recom-
mended. Changes can be made to analyze
fewer.

24 in
30in
18in
50 1bs (approx.)

2-1
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2.3

2.4

2.5

Recorder:

Chromatograph Oven:

Temperature range
Column

Sample loop

Separation: lower limit —
retention time (other
packings will be avail~
able soon for separation
in sub parts per million
range)

Temperature monitoring

Detection Cell:

Lower limit (using 70 ml)
sample

Options and Accessories:

1) Air manifold

2) Multistack sampler
3) Gear sets

4) Larger sample loops

-79-

continuous recording potentiometric:
10 mv range

floating input

5" chart paper

4 chart speeds — choose from many

ambient to 200°C

V4 in x 6 ft teflon tube packed with
Parapak Q-8

V4 teflon tube —10ml volume

H,S 1 ppm — 114 min
SO2 10 ppm — 3 min
CHSSH Sppm — 4-5min

Dial thermometer 0-20 O‘OC

HyS 0.08 ppm -
SO, 0.25 ppm
CI—I3SI-I 0.1 ppm

1 inlet 2 outlet ports
1 outlet filtered and dried
Both outlets regulatable

for 2 or 3 stack sampling

to change cycle time

for increased sensitivity — should be

used only when concentrations are be-
low 100 ppm

2-2
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5) Stainless steel probe especially effective in stack gases with

6) Water trap

high solids content

sometimes needed for stacks with very
high water content
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Installation and Operating Instructions

3.1 Installation

3.1a

3.1b

3.1c

Installation of cell

1)
2)

3)
4)

5)
6)
7)

Remove small panel door in front of instrument,

Place cell in recessed portion of styrofoam block in
bottom of analyzer.

Connect tube from check valve to gas inlet port,

Connect tube coming through side of instrument to gas
outlet port.

Connect tube from solenoid valveé to electrolyte inlet port.
Open stopcock type valve on side of electrode block.

Connect electrical male connector to female outlet on
cell, '

Location

1)

2)

Instrument will work best and last longer if in an area
where there are no large temperature changes. In winter
it should not be used in areas exposed to temperatures
below 30°F because electrolyte will freeze.

Sheltering it from dust and debrié will increase its life
expectancy.

Connections just prior to start-up (all lines should be inert -
plastics or stainless steel, e.g. polypropylene)

1)

3)
4)

' 5)

Connect a filtered and dried compressed air line to
carrier gas port. )

IMPORTANT: The carrier gas absolutely must be dried and
filtered to ensure proper operation.

Connect unfiltered air line to compressed air port.
Connect sample line from stack probe to stack gas port.'

Connect a line from vacuum pump (a rotating vane tﬂfpe is
recommended: rubber diaphragm types are not adequate
especially if the sample line is long) to vacuum port.

Connect electrolyte reservoir to electrolyte port. (Since
the electrolyte feed is by gravity, an 8-liter Nalgene

3-1
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7)
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carboy with its own spigot is recommended. NOTE: Under
NO circumstances should any kind of metal valve be used
to regulate the electrolyte flow.)

Manually depress plunger on solution solenoid inside in-
strument and allow electrolyte chamber of cell to fill.
When chamber is almost full adjust electrolyte flow (using
external plastic valve) so the level is moving so slowly it
is just noticeable. Later adjustment might be necessary if
it is obvious the electrolyte addition is too slow or too
fast.

Replace small panel door on front of instrument.

Plug power cord into grounded 3 prong 115 volt AC outlet.

Instrument is ready for operation.

3.2 Operation

3.2a Start~up

1)
2)
3)

4)

5)

6)

Turn RANGE éwitch to 2.
Turn MAIN POWER switch of instument on.

Turn recorder power switch on and select desired chart
speed.

Plug vacuum pump into proper elecirical outlet on side of
instrument. (It is important that the pump be plugged in

here because the outlet is connected to the timer inside,
and the pump is automatically shut off at periodic inter-

vals.)

Open air valve on main air supply. Outlet pressure should
not exceed 30 psig.

Observe bubbling action in the cell.

Adjust gas flow rate using micrometering valve on side of
instrument while observing the bubbling action inside the
cell.

Flow rate should be set so gas is bubbling quite vigor-
ously. At the beginning of a cycle the liquid level should
be /8" above bottom of reference electrode tip.

Subsequent adjustments can be made by oberving retention
times ‘and shapes of peaks out of recorder. Refer to '

3-2
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"Specifications" for-appropriate retention times*. If these
do not apply a special supplement will be given with the
instrument giving expected retention times. Retention
times too long mean flow rate too slow. Retention times
too short mean flow rate too high.

Allow instrument to operate 45-60 minutes before making
further adjustments. This allows column oven to reach
proper temperature — should be 900C for Parapak Q-8
column.

Adjustments after start up.

1)

2)

Check to see that oven temperature is 90°C + 2°C. If not
change set point on temperature controller. Refer to
Maintenance section 4.2 g.

Observe peaks on recorder. If they are less than 50% of
full scale deflection increase RANGE setting untll peaks
reach this value. ‘

If a small peak appears when the solution solenoid is
open electrolyte addition is too fast. Adjust valve on
electrolyte reservoir. '

* Retention time is defined as time interval between start of

sample injection —a small spike appears on recorder when valve

closes — and beginning of sample' peak.

3-3
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Maintenance

4.1 Routine Maintenance .

4,1a

4.1b

Every two or three days
1) Remove chart paper so take-up roll does not start binding.
2) Check amount of chart paper remaining.

3) Check ink level in recorder pen and replenish as neces-
sary.

Weekly

1) Remove probe from stack and clean.
Times between cleanings will vary depending on type of
probe and solids content of stack gas.

2) Check electrolyte level.
Replenish as necessary with solution containing 0,216 g
KBr and 1.8ml conc. H2SOy/liter HyO.
If consumption rate is over 300 cc/day, rate of addition is
too fast. Close valve slightly on electrolyte reservoir,

4,2 Instrument Repair and Adjustment

4.2a

4.2b

Recorder
1) For malfunction of any kind consult Recorder manual.

2) If not operating at start up be sure it is plugged into re-
ceptacle inside instrument. Then check to see that its
power switch is on.

Detection cell

A, Cleaning
1. Turn off both MAIN POWER switch and main air supply
valve.,
2. Remove small front panel of instrument. -

3. Shut stopcock valve {(on electrode block) off. .

4., Disconnect all tubing and electrical connections from
cell. Then remove cell. ‘

5. To avoid breakage remove reference electrode from top
of cell,

4-1
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6. Disconnect electrical wires from cell stand to elec-
trode block. ‘

7. Remove electrode block from cell,

8. If no black coating is visible on the platinum wires,
cleaning with an eyedropper and concentrated HNO3
is generally sufficient, Rinsing immediately with
distilled H2O is imperative.

CAUTION:; Avoid prolonged or repeated contact of the
HNO4 with the plexiglas block or the block will be
deformed by the acid.

9. If any of the electrodes have a black coating they
must be heated with a torch to burn the impurity off. .
The torch used burns natural gas and oxygen and has
an ultrafine tip — flame is invisible unless room is
dark.

EXTREME CARE must be used to keep from melting the
electrode block or igniting the sealant around the
platinum wires. ' '

10. If the body of the cell is to be cleaned a mild deter-
gent used with a soft brush and followed by a dis-
tilled water rinse is usually sufficient. Neither
strong acids nor organic solvents should be used.

11. Reassemble cell and replace in the instrument.

B. Sealing leaks around electrodes
1. This is a tricky procedure and the ordering of a new
electrode block is recommended.

C. Sealing leaks around threaded fittings
1. Wrap threads with teflon tape.

Changing chrométograph columns

1) Shut both MAIN POWER switch and main air supply valve
off. .

2) Open lid on top of instrument.

3) Remove column from reducing union (NOT at six;way
sample valve) and bulkhead union connection.

4) Replace with new or false column and close lid.

Changing sample loops
1) Shut off MAIN POWER and main air supply valve.

2) Open lid on top of instrument.
4-2
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- 3) Remove both ends of sample loop at the reducing union¥

not at six-way valve ports.

4) Replace with new loop and close lid.

42e Replacing O-rings in 6~-way sample valve.

1)

2)

3)
4)

5)

6)
7)
8)

9)

Remove back cover of instrument (after shutting instrument
off) . ‘ '

Disconnect the three wires to the solenoid valve at lower
terminal strip ~— position of the wires is important so take
note (they should be color coded).

Open 1id on top of instrument.

Remove all tubing from valve. Mark positions as you do
so the connections will be made properly when the valve
is installed.

While holding the valve with one hand, unscrew the sole-
noid from the valve body. The stem containing the
O-rings should remain attached to the solenoid.

Pull valve body free of stem and remove all old O-rings.
Clean valve body and stem if necessary.

A special tool is required to put new O-rings on. One
supplier is Varian Aerograph of Walnut Creek, California.

-Avoid getting perspiration or oil on the sealing edges of

the O-rings when placing them on the shaft.

Once the O-rings have been replaced, reassemble the
valve by reversing the above procedures.

Warning: Each of three wires must be attached to the
same place it was removed. Otherwise the valve will
either not open, or the solenoid will burn out depending
on which wires are improperly connected.

4;2f Repairing or cleaning compressed air solenoid valve,

1)

Shut instrument off (very important here to keep- solenoid
from burning up).

Remove back panel of instrument.
Remove red cap from solenoid valve.
Lift off solenoid coil.

Remove plunger cover from valve body using a spanner
wrench, 43
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" 6) Clean valve body (steel wool usually works fine) or re—

place O-ring or replace rubber seat in plunger — whichever
is necessary.

7) Reassemble valve.

Changing set point on temperature controller,

1) Can be done with instrument running if care is exercised.
2) Remove back panel on instrument. ,

3) Loosen lock nut on set screw for adjustment. N\
4) Turn set screw only a small fraction of a turn in the de-

sired direction — direction for increase indicated on
controller.

5) Tighten lock nut but be careful not to move set screw.
6) Wait about 20~30 minutes to see if desired temperature is
attained — if not repeat steps 3-5 above.

Adjustment of BIAS on microcoulometer. h
The BIAS has been pre-set at 0.73 volts and should never be
changed from this value. Before attempting to adjust it,
make certain the mercury cell (section 4.2i) is delivering its
rated voltage.

If the BIAS must be adjusted proceed as follows (instrument
on or off).

1) Remove back cover.

2) Locate middle lead on BIAS potentiometer. Connect posi-
tive lead of a volt meter to this lead.

3) Connect negative,lead of voltmeter to any good ground in-
side the instrument — preferably on the coulometer circuit.

4) Adjust BIAS pot until voltmeter reading is +0.73 volts.

Replacement of battery in BIAS circuit,
1) Turn instrument off.

2) Remove back cover.

3) Remove circuit board nearest the front of the instrument,

4) Replace old mercury cell with new 1.34 volt cell.

)

5) Replace circuit board.

4-4
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Changing of cycle time.

(Times less than 10 minutes are NOT recommended if a chro-
matograph column is being used.)

1).

2)
3)

4)

Remove back cover.
Locate timer motor.

Loosen screw above motor which secures a plate holding
two gears.

Replace plate with another to give desired cycle time.

Fuse replacement,

1)
2)
3)

4)

Shut MAIN POWER switch off.
Remove back panel.

Locate fusge of faulty component (check chart inside in-
strument).

Replace with fuse of identical rating.

Microcoulometer removal and repair.

1)
2)
3)

4)

5)
6)

Shut instrument off,
Remove back cover.

Remove all leads to terminal strip on coulometer and make
notes of positions.

Locate and remove the two bolts securing the coulometer
to the cross brace justunderneath the terminal strip.

Coulometer unit should slide out freely.

Refer to circuit diagram — isolate weak component — and
replace or check for loose connections.

Replacement of internal sample~gas filter.

1)
2)

3)

. 4)
5)

6)

Remove back cover ~—instrument can still be operating.

Locate 1 inch diameter plastic filter holder close to
recorder.,

Note which end is attached to which line.
Remove both lines,
Disassemble filter by unscrewing it.

Replace old filter with new glaés fiber filter,

4-5



-89~

8) If a small wad of angel hair-is available insert it in filter
end without the screen support — this gives the filter
paper support if a slight flow of air goes backwards
through the filter at the beginning of'a cycle.

9) Reassemble filter using teflon tape to 'seal threaded body.

4-6
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Section 5 Calibration -

5.1 Instrument Connections
Assuming the instrument is set up for stack sampling
—Refer to installation instructions.

5.2

1)
2)

3)

4)

Remove stack gas line from instrument.

Remove compressed air line from instrument and turn this air off
if separate valve is present.
— NOT carrier gas line —just compressed air.

Attach outlet line of calibration device to stack gas port —leave
compressed air port open with the line attached.

Begin calibration. Note: Only one calibration sample will be
analyzed every 10 minutes — assuming the instrument operates
on a ten minute cycle time.

Recommended Calibration Devices

1)

2)

Commercial spinning syringe with small fan as air source for
spinning the syringe and rotameter for measurement of diluent
air flow. For best results this calibration device should be op-
erated in a sheltered area so dust will not plug delivery tip .or
prevent free rotation of syringe plunger in barrel.

Screw driven syring.

Modified so screw driven shaft is ridgidly attached to syringe
plunger.

Again a rotameter to measure diluent air flow is needed.

¢
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Section 6 Trouble Shooting

This section is shown in tabular form and lists many problems
that might be encountered in operating the instrument. Listed with
each problem is at least one possible cause and a subsequent

remedy.

Under normal operating conditions small spikes will appear on
the recorder at the beginning of each cycle because of the power
drain on the system when the vacuum pump and sample valve are
switched on. At higher range settings, a smaller spike will also

appear when the pump is shut off and the valve closed.

At high range settings (100 and above) some noise in the base-
line is to be expected. The level will increase as the range setting
increases. Excessive noise —more than 3% of full scale deflection

at any setting — indicates problems. Read on —



Checks and/or Remedy

Symptom Possible Cause
1. No peaks la. Leads from coulometer} la. Replace banana plug leads in
not plugged into re- rear of recorder
corder
injection :
b. "No carrier gas flow b. Check for bubbling action in

+

time ~—s

C.

Microcoulometer not
operating

cell
1) be sure gas inlet valve is
connected to cell

2) open micrometering valve
on side of instrument

3) open main air supply valve

’

4) check chromatograph oven -

for leaks or melted tubing

1) check fuses (1 in instrument
fuse panel and 1 on power

supply

2) be certain all circuit boards |

and choppers fit tightly in
their connectors

_26_



Possible Cause

Checks and/or Remedy

Symptom

Timer has stdpped

Recorder defective

Connections loose on
6-way- sample valve

Detector cell not con-
nected to coulometer

Stack probe is plugged

6-3

d.

€.

1.

g

h.

3) check all leads to terminal
strip on coulometer board;
be sure all are connected
and tight

4) remove microcoulometer
(Paragraph 4.21)

Observe small window on

timer motor

--if no moving disc, check
timer fuse '

--if fuse or timer are faulty,
replace

Check recorder 'manual
Tighten connections )
Plug male electrical con-
nection into cell

Clean as per manufacturer's
instructions

_€6._



Symptom

Possible Cause

Checks and/or Remedy

2.

Poor sensitivity
with normal reten-
tion time

i.

2a.

Vacuum pump not
operating

RANGE setting too low
BIAS setting wrong
Recorder not set at

10 mv range

Carrier gas leak

Stack probe is plug-
ging

Filter inside fn_stru—
ment is dirty

6-4

i.

2a.

Check to see if it is plugged
into side of instrument.
Check fuse inside instrument
and replace if necessary.
Plug in some other outlet to
see if it has frozen up. Ifso,
repair as per manufacturer's
instructions.

Increase RANGE setting

. Reset BIAS to . 73 volts
(Paragraph 4. 2h)

Consult recorder instruction
manual to reset”’

Check coﬁnections——in\chrom—-
atograph oven--at check valve
--at entrance to cell

Clean as per manufacturer's
instructions

Remove filter and replace with
new filter paper '
(Paragraph 4. 3m)

._?6...



-

Symptom

Possible Cause

Checks and/or Remedy

3. Poor sensitivity

4, Reversed peaks

5.

with ihcreased
retention time

e

T

Irreguiar base-
line

w\/\\/—"\-

3a.

4a,

5a.

Carrier gas-flow rate
too low

Leaks downstream of
sample valve

Leads to recorder
are backwards

Instrument not
properly grounded

Carrier gas leak

Coulometer choppers
not functioning

properly

Recorder defective

6-5

3a.

4a.

5a.

Increase carrier gas flow us-
ing micrometering valve. If
lines have become plugged,
locate and remove obstruction
or replace tubing.

Locate and cotrrect

Reverse leads

Make sure instrument and
recorder are connected to
good earth ground

Locate leak and correct™
If they are seated well in
sockets and still don't work,

should be replaced.

Check recorder manual

_g6—



Symptom

Possible Cause

Checks and/or Remedy

| 6. Baseline drift
upward

?

—_—

6a.

Oven temperature
too low

Detector has become
contaminated

. Battery in BIAS cir-

cuit is weak

Column contaminated

Sample loop or instru-~
ment lines are dirty

6-6

ba.

If not set at 90°C for Q-S
column change controller set
point (Paragraph 4.2g). For
other columns temperature
setting will change; consult
data sheet for column.

Remove cell and clean
(Paragraph 4. 2b)

Check battery in coulometer
and replace if necessary
(Paragraph 4. 2i)

Replace column--sometimes
only the glass wool in end of
column need be replaced

Locate contamination and
clean or replace tubing

If lines are dirty beyond filter,
filter inside instrument has
failed--replace immediately.
Replace or clean dirty lines

._96_.
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Symptom

Possible Cause

Checks and/or Remedy

7. Baseline stepping
--does not return
to zero, and peaks
are flat-topped

+

8. Baseline cannot
be zeroed

Ta.

8a.

Recorder gain and/or
damping control im-
properly set,
Instrument improperly

grounded

Detector has become )
contaminated .

Recorder defective
Battery weak in
coulometer

Recorder zero not
properly set

No or low level
electrolyte in cell

6-17

Ta.

8a.

Refer to recorder instruction
manual

Make sure instrument is con-
nected to good earth ground

Remove cell and clean
(Paragraph 4.2Db)

Check instrument lines for
contamination before re-
inserting cell

Refer to recorder instruction
manual ’

« Check and replace if needed

(Paragraph 4. 2i)

Refer to recorder instruction
manual

Fill cell with electrolyte and
adjust electrolyte flow rate
(Paragraph 3.2a, b)

_L6‘..



Symptom

_ Probable Cause

Checks and/or Remedy

9. ﬁigh background
noise on low

RANGE settings

WWNMM*?P' -

9a.

Cell is becoming
contaminated

Electrolyte has im-
purities in it

Carrier-gas flow rate
too high--solution is
not contacting refer-
ence electrode (par--
ticularly noticeable

at end of cycle)

Carrier-gas flow
leak

Bad ground connec-
tion -

%a.

Remove and rinse with dis-
tilled water. Contamination
has not become serious .
enough to merit cleaning
electrodes.

Check tubing for obvious
contamination.

. Drain electrolyte reservoir,

clean, and fill with fresh
electrolyte. -
Also drain electrolyte tubing.

Reduce gas flow rate

Locate leak and correct>r

Ensure all ground connections
are tight and connected to
good earth ground

—8‘6—



Symptom

Probable Cause

Checks and/or Remedy

10. Fading peaks

NN

11. Unresolved
peaks

f.

10a.

11a.

Connections are loose
on terminal strip by
coulometer

Defective recorder

Electrolyte addition
too slow or stopped--
stopped if noise
throughout cycle--too
slow if just at end of
cycle

Gas flow rate too low

Column oven tempera-
ture too low

Column oven tempera-

ture too high
. 6-9

f.- Check and tighten if necessary

10a.

lia.

Short input terminals~-if
noise persists, check re-
corder manual

Fill electrolyte reservoir or
open valve slightly on elec-
trolyte reservoir.

Be sure solution solenoid is
opening--check fuse first--
if still inoperable check
connections.

Replace if valve still in-
operable.

Increase gas flow with micro-
metering valve

. Change temperature control

set point (Paragraph 4.2g)

Lower column oven temper-
ature (Paragraph 4.2g)

_66_



Probable Cause

Checks and/or Remedy

12.

Round topped
peaks (usually
happens only on
low range set-
tings)

np

13.

Jagged peaks

v A

b, Column too short

c. Gas flow rate too high

d. Liquid phase has baked
off column support
material

12a. Column and/or micro-
microcoulometer -
saturated--~sample
size too large

b. Recorder gain too low

13a. Recorder pen sticking

b. Microcoulometer chop-
pers are defective--
will also give irregu-
lar spikes on base-
line

6-10

12;_,1.

13a.

Use longer column

Lower gas flow rate using
micrometering valve

Replace column

Reduce sample size

Adjust recorder gain to

proper setting; 'see recorder
manual

Clean slide wire or bar as
per manufacturer's instruct-
ions '

i

Replace choppers

-00T-



Probable Cause

- Checks and/or Remedy

Symptom _

14. Water has col-
lected in sample
line--chromato-
gram not pre- )
dictable

14a.

. venting blowback

Compressed air valve {l4a.

is sticking and pre-

Samples are being with-{ b.

drawn too fast from
stack

Water content of gases c.

is so high a condenser
must be used by the
probe

6-11

Disassemble solenoid valve
(Paragraph 4. 2f) and clean
or repair as necessary.

Check fuse for solenoid valve.

Adjust vacuum pump suction
so sample drawing rate is

slower

Install some type of water .
trap and condensing coils
if necessary

—-T0T-




-102-

* Final Notes:

When checking the instrument for gas leaks, if all tubing connec-

tions were tight leaks may be occurring in either the six~way sample

valve or compressed air valve.

6.1 Checking 6-way Valve forLeaks

1)
2)
3)
4)

9)

10)
11)
12)
13)
14)

Leave instrument running, but shut recorder power off.
Unplug vacuum pump.
Disconnect sample loop from ports on 6-way valve.

If the valve stem is sticking above valve body, air should be
flowing out of one of the ports.

Wait until valve opens and stem is about flush with valve
body. !

If any gas is coming out of the ports, then the O-rings inside
are leaking.

~ Replace O-rings (Paragraph 4.2e).

If no leak is noticed here, connect sample loop to six-way
valve.

Plug vacuum pump in.

Disconnect tubing on carrier gas port of 6-way valve.
Disconnect tubing on packed column port of 6-way valve.
Allow vacuum pump to switch on.

If any suction is noticed at either port, replace O-rings.,

1f no leaks were detected in either steps 6 or 13, assume valve
is not leaking and connect tublng to all ports.

6.2 Checking Compressed Air Valve for Leaks

1)

Leave instrument running.

2) Disconnect tubing from compressed air port on side of instru-

ment.
6-12
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When the vacuum pump is operating, check the compressed air
port for any suction. '

If any suction is felt, repair valve (Paragraph 4.21).

If no suction is felt, connect compressed air line to its appro-

priate port.
Select a time when the vacuunr pump has just begun to operate.

Disconnect tubing from vacuum port on side of instrument.

" Check port for any air flow.

If there is air flow, the compressed air valve is leaking.
The leak may be cause by two things:

a) Pressure at compressed air port exceeds 25 psi.
If so, reduce pressure and check for leaks again.

b) It is dirty and sticking or rubber seat is worn out.
If so, repair it (Paragraph 4.21),
|

+
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1ISv ac

t:D:‘
' S°D‘”2L' Temperature
Controiler.
154
-Oven Heater
30
~External Power.
A
-Micro Coulometer.
1A
-Recorder.
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Timer
v -Compressed Air
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FA -Six-Way
Sample Valve.
A 2 ~Vacuum Pump.
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24
~Multi-Stack
Bs 4 | Sampling Accessory.

CONTROL CIRCUIT DIAGRAM
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PART II

Correlation of Sulfur Emissions
with Kraft Mill Operating
Conditions
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ABSTRACT

PART 1I

A purely statistical technique (multiple linear regression)
has been used to relate sulfur emissions from a Kraft paper mill
to plant operatlng variables in the recovery area. '

Sulfur emissions were recorded continuously either before
the black liquor venturi or after the black liquor cyclone. Values
of process variables were copied from log sheets maintained at
the mill.

Of the two locations sampled, gases out of the black liquor
cyclone are most indicative of what will be going out the stack.
Temperature of air entering the furnace, liquor flow, primary air
flow, venturi header pressure, and salt cake flow were all shown to
"have a direct effect on H,S levels out the cyclone. On the other
hand, concentrations were shown to vary inversely with secondary
air flow, I. D. fan draft, and liquor solids content.

Some unreasonable correlations did occur, but could gener-
ally be attributed to questionable data. One or two unlikely, but
possible, correlations were explaine'd assuming unusual furnace
conditions existed for part of the test period. All things considered,
the conclusions were felt to be as reliable as the data that was used.



INTRODUCTION -

Before any plant operatin:g data can be meaningfully analyzed,
a familiarity with the plant's process must be attained.

Kraft pulp is made by cooking wood chips in digesters with
a cooking liquor ("white liquor') which contains the active chemi-
cals, sodium hydroxide (NaOH) and sodium sulfide (N\aZS) (4). (A
flow sheet for the process being described is shown in Figure 20..}
This action separates lignins from the cellulose of wood. Lignins
are the binder material which holds Cellulqse fibers of wood to-
gether. The cellulose, upon separation ‘frlom the lignins, provides
the pulp for manufacture of paper. The residual liguor (black
liquor) containing spent chemicals and dissolved binder is drawn |
off primarily to permit reclamation of chemicals to make new cook-
ing liquor, and also to provide fuel for the recovery unit, During
the digesting process, chemicals in the ""white liquor{l undergo
change. Sodium hydroxide becomes primarily sodium carbonate
(NaCO3), and t.he NaZS forms sodium sulfate (NaZSO4) and orgaqic
compounds. For each ton of paper produéed, black _li‘quor remain-
ing contains about 3000 pounds of solids of which 1300 pounds are

reclaimable chemicals.
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Diluted black liquor or '"weak liquor'" (about 15% solids)
leaving digesters or pulp washers must be concentrated to 65-70
percent solids before being fired in the furnace so it will sustain
combustion. Concentration is accomplished by pas sing liquor
through multiple~-effect evaporators. In most plants, further con-

¥

centration is obtained in a direct contact evaporator or venturi
scrubber usi-ng sensible heat of the recovery unit flue gas to evap-
orate some of the water in the black liquor. Since there are un-
avoidable losses of chemicals in the pulp making process, chemical
supply is replenished by addition of sodium sulfate (salt cake) to the
liquor in the mixing tank. Black liquor is pumped through the line
heater (where temperature is increased to that desired for burning)
and then black liquor is sprayed into the furnace.

In the recovery furnace, solids are dehydrated, heat is ob-
tained from combustion 'of ligquor constituents dissolved from wood,
and chemicals are smelted out. In the smelting proceshs, sodium‘
carbonate is \unchanged, but sodium sulfate is reduced by hot carbon
in the fuel bed to sodium sulfide.

Smelted chemicals flow into a smelt‘ dissolving tank where

they are treated with lime (calcium hydroxide-~-Ca(OH);) to convert

sodium carbonate to sodium hydroxide. This "white liquor", con-
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taining both NaZS and NaOH is now ready for re-use as cooking
liguor in the digester. Calcium .carbonate sludge reclaimed from
the causticizing operation is reburned in a lime kiln to yield cal-
cium oxide'which can then be re—uséd to convert green liquor to
white liquor.

In th_e past, the rec'overy furnace and its auxiliary equip-
ment have been considered the major source of malodoroﬁs emis -
sions (7). About 88% to 90% of the total reduced sulfur emissions
in a typical pulp plant are generally attribﬁted to the recovery furnace.
Several methods have been suggested for reducing pbllution from
the recovery area (6). Most of these involve.major equipment
changes. Little work has been done to rigorously determine quan-
titatively the effects of operating variables on sulfur emissions, al-
though some investigations have been reported_ (2, 7). Until recént—
ly, such investigations were nearly impossible because reliable
instruments for continuous monitoring of sulfur emissions have been
widely available for only about a decade. ’

An overall picture of where the recovery furnace fits into
the pulping operation has‘just been given. In order to make worth-

while studies in the recovery area, a more detailed knowledge of

its operation is néeded. (Refer to Figure 21.)



Figure 2I: Black Liquor Piping System Direct Contact Evaporator
To Furnace.
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Consider first the black.li'quor venturl evaporator-scrubber.
Black liquor“from the multiple-effect evaporators is not of suf-
ficiently high solids content for stable combustion. Further con-
centration of iiqu,,or, or réduction of moisture content, is‘ accom-
plished in the black liquor venturi evapo-ratozj—scrubber.

Iﬁ addition to recovering a large percentage of chemicals
in the flue gas, the venturi scrubber reduces exit gas temperature
by evaporation of water from partially concentrated black liquor
which is thereby concentrated (1). This e\;aporator—scrubber is
based on the principle of impaction of the fume particles with finely
atomized liquid droplets in a high velocity gas stream. Fine parti-
cles of chemicals entrained in the flue gas are wetted by finely
atomized liquor, and these droplets are then separ‘ated from the gas
stream by centrifugal force in the cyclone separator which followlsl_
the venturi. The venturi itself has a throat damper which provides
a means of maintaining venturi throat di_fferentiai at low loads by
varying the effective flow area of the venturi throat.

In some plants tl;le gases out the cyclone are further scrubbed

with a brine scrubber to recover still more of the particulate mat-

ter in the stack gases.
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After leaving the cyclohe, the black liquor is pumped to
the salt cake mixing tank to ensu:c;e that the solids content is high
enough to sustain combustion. From here it is pumped through a
secondary liquor line heater to an oscillating spray nozz.le where
it is sprayed onto the -furnace walls for dehydration.

Liquor on furnace walls; which has been partially de- A
hydrated in flight, is dried on the walls and falls onto a bed of
smelt on the furnace floor.

Only about 60% of the total air requir;ement is suppli.e.d to
the lower furnace (3). This is done beca.usAe a reducing atmos-
phere is required to reduce sodium sulfate and other sodium sul-
fur compounds to sodium sulfide. Oxygen released in the reduction
process provides part of the total oxygen required for burning com-
bustible constituents of the char. Smelted char drains down the
sloping furnace floor to a smelt spout through which it diéchargles
- into a dissolving tank. Hot gaseous products ‘fl:Ol’n partially com-
pleted combustion of char pass upward in the furnace, where they
are mixed with additional air from secondary and ‘;ertiary air ports
to complete combustion and to dry liquor on furnace walls, Gases

then pass through convection sections of the unit where their sensible

heat is'used to form éteam.
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In the furnace itself, it has been reported (.6) that odorous
sulfur compounds at the furnace outlet can be reduced to negli-
gible amounts if the furnace is operated within design capacity
with enough -excess air to provide about 3% O, in the flue gas, and
if sufficient turbulence is obtained in the 6xidation zone of the
furnace. In or<’ier to maintain sufficient excess oxygen at the fur-
nace outlet, the black liquor firing rate must be controlled at'an
optimum air/solids ratio. If the furnace becomes overloaded,
high level sulfur emissions will result.

The primary source of sulfur emissions in the récovery
operation is the black liquor venturi evaporator-scrubber. With

unoxidized black liquor, carbon dioxide in the flue gas displaces

hydrogen sulfide and methyl mercaptan from the black liquor, in-

creasing odorous gas concentration at the evaporator outlet. Emis-

sions of these gases. from black liquor is reported (6} to be fé.vore,d
by high sulfide f:ontent in th.é liquor, low pH level, and low reduced
sulfur content in the flue gas. Absorption of H,S from the flue gas
can take place if the liquor has been i_)reviously oxidized to low sul-
fﬁeam%M,wdﬁaiM@pH;FMWom&mdMakamrMH

absorb H,S at all operating levels of pH.
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, EXPERIMENTAL PROCEDURE

Data Collectior'l

T};e continuous chromatographic sulfur analyzer, whose
d‘ev.elopment was described in VPart I of this report, was used to
record sulfur emissions from two different locations in the re-
covery area of Mill X*. The two sampling points were (see Figure
21): Point 1-- just before the black liquor venturi, and Point 2--
out the top o~f.the cyclone sepa.rator.‘ A third location Point 3--
beyond an additional brine scrubber (x;ot_s}_lown in Figure 21) was
available for sampling, but at the time of this writing no useful
data had been obtained there. Samples were taken from the other
two stacks at a raté_ of six sal:nples per hour on é, continuous basis,

Other plant data taken included operating conditions in th(.a

recovery area. This data was copied from the log sheets main-

tained at the mill and recorded on an hourly basis.

*Mill X is a Kraft mill whose location will not be disclosed
because of a verbal secrecy agreement with the plant personnel.
Likewise, no actual plant data will be shown for fear of mis-
interpretation by uninformed persons who may read this report.
The "data' presented will be only the statistical parameters
calculated from actual plant data.
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Data Analysis

All of the data taken at the plant—-:emissions and log sheet
for a five-week period--was transferred to punched cards and
analyzed on a digital computer using multiple lilnear regression
tec‘hniques (5). A brief description of the program as well as a

complete listing are shown in the Appendix of this section.



RESEARCH OBJECTIVES

The purpose of this iﬁvestigation was to apply statistical
methods of data interpr,etation to relate operating conditions of a
Kraft recovery unit to sulfur emissions. Not all of the process
variables were expected to affect the emissions. Thus, the real
goal was to determine which operating variables do have an effect -
and rank them as to the amount they will influence odorous emis-
sions. It was felt that such a determination would prescribe a set
of operating conditions which ought to minimize the amount of pol-
lutants emitted from the recovery area.

A secondary objéctive was to keep all the conciusions dir-
ectly in terms of the actual plant operating va-riables. Then no

tedious calculations would be necessary to relate the conclusions

to actual operating conditions.



RESULTS
The following operatiﬁg variables ha'veﬁf solely by statisti-
cal methods, been found to affect sulfur emissions in thé recovery
area of a Kraft paper mill. (Only HZS and SO2 were studied be-
cause emi;s.sions of CH3SH were recorded less than 5% of the total
time period studied. Other organic sulfides were never detected.}

Before the black liquor venturi for SO,

Total air flow (-.60)* (—.60),*
Salt cake flow (+. 67}  (+.67})
Liquor temp. at nozzle (-.62)
Green liquor alkalinity (+.54)

Nozzle pressure . (+.42)
Water flow ' (-.50)
Tertiary air flow {-.38)
Liquor flow (+.42}
Liquor solids content (+. 34)

Before the black liquor venturi for H2§

Total air flow © (-.88)
Venturi header pressure (-.82)
Tertiary air flow (-.68)
Secondary air flow (-1. 07)
Nozzle pressure (+. 63)
I. D. fan draft (-.68)
Primary air flow (-.52}

Temp. of air into furnace (+.33)
Gyclone exit gas temp. (-.34)

#For an explanation of where the variables are measured,
refer to the Discussion of Results section.

*_The numbers in parentheses are from a normalized scale
(range -1 to +1) based on the T-statistic. The numbers show the
relative quantitative effect of any variable compared with other
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After the black liquor cyclone for H,S

Temp of air entering furnace (+.90)

Liquor flow (+. 64)
Primary air flow (+.58)
Secondary air flow (-.56})
, I.D. fan draft - ‘ (-.54)
Economizer exit gas temp. {-.38)
Venturi header pressure - (+.50)
Liquor solids content (-.48})
Salt cake flow {+. 35}
Steam temperature (+. 84}

variables in the list. Variables with values nearest + 1 have the
most effect on sulfur emissions. Negative numbers mean that as
the value of the operating variable increases, sulfur emissions
will decrease, and vice versa.



DISCUSSION OF RESULTS

Mathematical Technique Used

The mathematical technique used in this investigation is
that of multiple linear regression (5). For this study it basically

involves finding multipliers for an equation of the type -
S=M, + MjV; + M,V + ---- + M,V

where
S = concentration of the sulfur gas

V; = plant operating variable '

Mi = multiplier for variable V;
One reason for using multiple linear regression is that it will give
quantitative information about the variables b_eing analyzed. Another
is that the choice of variables analyzed can be quickly and easily
changed.

Generally speaking, those variables with well defined multi-

pliers are the ones which will havé the greatest effect on the amount
of sulfur emitted. When the value of the multiplier is given as, say

- 10, and the :t';a.lrlge:‘< (+ or -} is less than 1.5, it is considered well

*In statistical terminology the multiplier is the estimated
regression coefficient and the range is the estimated standard devi-
ation of the estimated regression coefficient. The multipliers mea-
sure the expected change in S when the associated V changes by one
unit, all other V's remaining unchanged.
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defined. On the other hand, if the value of the multiplier is 10 and
the range (+ or —i i;=3 8, this multiplier is not well defined, ‘and
chances are that the variable associated with that multiplier willv
not significantly affect emissions. In all cases, the value of a
statistical parameter--called the t—sta.tistic—-}-should be checked to
see if the particular variable in question really does have an effect
on the sulfur emissions. The output from the computer program
will show 1} the multiplier, 2) its range--given as a + or - value,
and 3) the value of the t-statistic. For tho:se not familiar with
statisti;:s, it is safe to say for results in tl;is report, that any mul-
tiplier with an associated t-value whose magnitud;a is greater than
1.7 designates that the corresponding variable will have an effect
on sulfur emissions at least 95% of the time, A neg;tive value for
the t-statistic means that an inverse relationship exists between the

variable and the sulfur being emitted. The largei' the t-value, the

greater the effect of that variable. * .

*This crude explanation of multiple linear regression has
been a deliberate oversimplification to avoid undue confusion to
those readers who have no background in statistics but are familiar
with Kraft recovery units. Those interested in a more detailed
mathematical discussion are referred to almost any textbook on
statistics (5]).
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Cautions

Analysis of data using any.r statistical procedure must be
-done with some care. It requires a knowledge of both the nature
of the data being taken and the statistical procedure being used.
For example, it is quite possible that the amount of rain falling in
Vietnam could statistically show a strong dependence on the amount
of ice cream sold in the United States. However, no one would
conclude that stopping the sale of ice cream here would decrease
the rainfall in Vietnam. In a pulp mill the amount of SO, before
the black liquor venturi'might‘ show a mathematical dependence on
the brine flowing to the secondary scrubber beyond the venturi.
But it would be most difficult to convince a recovery foreman that
lowering the brine flow rate would reduce emissions before the
black liquor venturi. A causal relationship simply does not exist
in either of the above examples.

The point of the above discussion is that the variables to be
used in a statistical analysis must be chosen ca.refully‘. Some sim-
| ple gquantitative examples v;rill heip show other problems which could

arise from an unwise choice of variables.
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Example 1°

Consider the following set of data using Y as the de-
pendent variable and X's as the independent ones.

X o X X
102 1 2
304 3 4
506 5 6.
708 7 8

If both Xl and XZ are considered, the Y wvalues fit the
equation

Y =100X, +2X, + 0
If only X4 is considered

Y = 101X, + 1
In this example, omitting X, from the equation does not
greatly change the coefficient on X because Y depends
much more on X than it does on X,.

Example 2

Again consider Y as the dependent and X's as the in-
dependent variables.

Y X, Xy
8 1 2
18 3 4
28 5 6
38 7 8
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Using both X, and X1 Y = ZXl + 3XZ + 0
Using only X4 Y = 35X, + 3
Using only X, T Y = 5X2 -2

This example shows that omission of a variable which
-actually does have a significant effect on Y will cause
considerable change in the multiplier on the other
variable.

In reality, Whe.n 10 or more variables ér‘e being analyzed,
omission of one significant variable will not change multipliers of
the other variables as seriously as indicated in Example 2. The
primary point of the exampl‘es' is to show that the multiplier on a
given variable will change when the total nlumber of variables being
analyzed varies. This will happen even if all the variables omitted
had little or no effect on the dependent variable.

A final caution is to avoid extrapolation of the conclusions
from a regression analysis. For example, if H,S emissions are
shown to decrease when the tertiary air flow rate is increased from
10 to 15 arbitrary units, there is no quarantee that they would con-
tinue to decrease if the tertiary flow were increased to 20 arbitrary
units.

Variables Considered

For simplicity in interpretation of results, only the variables

shown on log sheets at Mill X were used for the regression analysis.

A complete list is shown in Table III.
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Comments About Data

All of the data used in this investigation were copied from
either log sheets maintained at the mill or the sulfur analyzel; re-
corder charts. No atten\apt was made to get emission data by oper-
ating the recovery unit at a set of pre-determined conditions. It
was decided that there was enough variation occurring during
'normal' operation of the unit to give meaningful results. During
the test period (4 weeks total] some upsets {such as furnace
‘blackout’ or other malfunction of the recovery .train) occurred and
were noted on the log s;]fleets. Because no number éaﬁ- be assigl;led
to such phenomenon, emission data taken during these upsets was
excluded from the regression analysi.s.

An important assumption iﬁ development of regréssion equa-
tions is that the values of the indepenaent variables are known
'exactly'. For nearly all temperature or static préssure measure-
ments, this assumption is valid. However, for seve‘ral of the flow
measurements, the data recorded was an 'eyeball averaging' of a
rapidly and continuously fluctuating meter reading. The least re-
liable readings were the primary, secondary, and tertiary air draft

readings. Discussion with personnel at the mill revealed that the

probes used to get the above draft readings were subject to fréqiuent



Table III.

Variable

—
.

ONATT W o Y

21.
22.
23.
24,
25,

26.
27.

28.
29.
30.

Steam drum pressure

Steam temperature
Steam flow

Water pressure
Water flow
Primary air flow

Secondary air flow

. Tertiary air flow
. Total air flow

10.
11,
12.
13.
14.
15,
16,
17.
18.
19.
20.

Air temperature
Liquor solids content
Liquor temp at nozzle
Liquor flow

Nozzle size

Nozzle pressure

Salt cake flow

Green liquor alkalinity
Boiler exit gas temp
Cyclone exit gas temp
Econ. exit gas temp

Primary air draft
Secondary air draft
Tertiary air draft
Furnace draft
Screen and super-
heater draft

Fan speed

Econ. diff, draft

Venturi diff. draft
Cyclone diff. draft
I. D, fan draft
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Process Variables

Location

Convection section
of furnace

Same

Same

Same

Same

Bottom of char bed in
lower furnace area
Top of char bed
Upper furnace section
To entire furnace )
Before entering furn.
Before.the nozzle
Same .
Through the nozzle
At nozzle

Same

To salt cake mix tank
Dissolving tank exit
Qut furn convec sec
Out black liquor cyc
Just before black
liquor venturi
Primary air duct
Secondary air duct
Tertiary air duct
Across entire furnace
Boiler section of.
furnace

Shaft of I. D. fan
Across Econ. in furn
convection section

Across black lig venturi
Across black lig cyclone
Between inlet and outlet

Units

psi
oF
1000#/hr
psi
1000#/hr

1000#/ hr
1000#/hr
1000#/hr
1000#/hr

1000#/hr
ne units
psi

#/ min
#Na,O/ it
or

oF

3

o

in. H0
in. I—IZO
il’l. Hzo
in. H,O
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Table III. Process Variables (continued)

Variable Location Units
31, Brine Cyclone draft Across brine cyclone in. H,0
32. Brine pH At brine scrubber pH units
33, Brine density Same g/ cc
34. Vibr. of fan shaft At I, D, fan bearing I. R. D,
35, Brine venturi press. At brine scrubber psi
36. Venturi header press. At black liq venturi psi
37. Cyc. header press. Top black lig cyclone psi
38. TDS in boiler water Water in boiler PPmMm

plugging so little faith coulci be put in these values. For these
reasons, the draft readings were generally omittéd from the(re—
gression analyses.

Another déta item with only limited accuracy is the HZS
concentration before the black liquor venturi. Here, close to 20%
of the recorder peaks had gone off scale and he'ights could only be
approximated. However, over 95% of the H,S readings after the
black liquor cyclone were on scale and should be quite accurate.

Log sheet values for green liquor alkalinity, black liquor
sélids content, brine pH, brine density, and TDS boiler water were
not recorded on an hourly basis but usually there were at lgast 4-6
values each day. Missing values for these variables were recorded

as intermediate values between the two closest recorded points.
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Computer Output

When the user specifieé that all check codes are 'on', a
series of data check messages will be printed out to indicate in-
consistencies in the input data. When a new sgt of data is being
analyzed, it is advisable to have all these codes 'on'. In rare
inst—ances some valid data will generate an error‘message. After'

-all the 'bad' data is corrected, the check codes can be set to 'off'
to suppress printing of the extraneous error messages.

Formal output generated by the regression program con-

sists of the following items:

1) The date and time plus sulfur emission at
designated stack.

2) A list of all the variables considered in a
given regression analysis, their mean value,
standard deviation, sum of squares, maximum

and minimum.

3) A table of correlation coefficients for each
variable with every other variable.

4} A table giving multipliers to fit an equation,
S=Mg + M}V + MV, + ----- + M,V (page 125)

the range (+ or -} of each multiplier, and a t-statistic
to judge the significance of the multiplier.

2
.+ 5} Other statistical parameters R, R, and F to check
the overall correlation significance.
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Items 1) and 2) are not shown in this report because they- are
actual plant operating conditions and presenting them would violate
a prior secrecy agreement. Iterﬂ 3) is omitted from this discus-
sion ]?ecause values for the correlation coefficients do not vary
when the number of variables being analyzed is changed. They
change only with the number of observations. After examining
several sets and many subsets of data, it was decided that con-
clusions based on the t-statistic were much more reasonable.

-

Explanation of Results

)

The purpose of this stg.tistical stu.dy has been twofold. The
first objective was to diécover Whichloperating variables really do
affect sulfur emissions. The second and more important goal was
to rate the variables in or‘dér of their importance.

In an 'ideal' regression problem all independent variables
(V} would individually affect the depenaent one (S) the same, regard-
less of the values of the other variables (V's), Typically, however,
when a large number of variables are considered, there is a cor-
relation between the V's as well as between the V's and S. Then
the effect of each V on S is underestimated. By reducing the num-
ber of independent variables analyzed a mc-)re indicative measure of

their relative contributions can be obtained. The statistical methods
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for choosing which variables to eliminate are quite time con-
suming, even with digital computers. In this study, variables
were eliminated by examining the recovery operation and deciding
which ones could not logically affect sulfur emissions. Highly
questionable data was also eliminated from further consideration.
'

All results and conclusions were based on the 17 or 22 variables
believed most likely to be independent of one another and to affect
producti_c;n of odorous gasés. Thus, no conclusions have been
based on the results shown in Tables Va, I.V'Ia, and VIla, since all
38 variables were examined in these tab-le‘s.,

The real value oflthye results of this study lies not so much
in the fagt that it has shown which variable\s affect sulfur emissions
but that it also shows quantitatively the effect of each variable
relative to the otheré.

The rest of this section will attembt to explain in terms of
the actual recovery process the conclusions that have been reached
by mathematical methods. Xach \}ariable shown to have an effect

on sulfur emissions is listed and an explanation of why it should (oxr.

how it could) affect odorous emissions from the furnace is given.
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Total Air Flow

More air to the furnace means more complete combustion
and therefore less emissions.

1.D., Fan Draft

This is an indication of total air being supplied to the fur-
nace, so the reason given above applies.

Primary Air Flow

As the primary air flow is increased, more combustion and
less reduction takes place in the lower furnace. Therefore, less
HZ\S is seen before the black'liquor venturi. Other‘ studies (6) have
shown that HZS emissic;ns from the venturi evaporator are favored
by low concentration of reduced sulfur in thé flue gas. This, then,
exl'}lains the direct dependence of HZS out the black liquor cyclone
" on primary air flow.

Secondary Air Flow

Ordinarily an increase in secondary air flow would mean
Petter combustion and less sulfur emissions. This was found to be

the case after the black liquor cyclone.
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Yet, during another time period*' I—IZS levels before the
black liquor venturi were found to increase as the seé‘ondary air
flow increased. This apparent contradiction can only be explained
if we assume some unusual conditions existed in the furnace during
part of the time period involved. The H,S levels could increase
with secondary air if a very thick blanket of char had built up tem-
porarily on the furnace walls. With an excess of char present, a
reducing atmosphere could exist in more of the furnace than is
normal. Then the increase in secondary air would produce more
HZS instead of decreasing its level. If this excess char existed
for as much as 10% of the total test period, it cnould explain the
indicated correlation.

Tertiary Air Flow

As the amount of tertiary air is increased, combustion ef-
ficiency in the upper portion of the furnace is increased and sulfur

emissions should decrease.

o,

Data taken before the black liquor venturi was taken during
one two-week period, while data after the black liquor cyclone was
obtained at a different time, so furnace operating conditions had

changed somewhat. ‘
i
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Salt Cake Flow

Increasing the salt cake added to the black liquor effec-
tively raises the sulfidity of the liquor. When black liquor sul-
fidity is increased, both H,S and SOZ levels are expected to in-
crease.

Liquor Temperature

When the liquor temperature at the nozzle is increased, the
spray is finer and some carry-over of black liquor droplets into
the upper or poor combustion zone of the furnace will occur. These

tiny droplets are capable of absorbing SO2 from the flue gas, so

its concentration will decrease.

Nozzle'Press‘ure and Liquor Flow

As the nozzle pressure is increased, more liquor is forcegd
into the furnace. The more liquor that is burned, the more emis-
sions that will result,” especially if fhe furnace is operating close
fo or already above design capacity.

Steam Drum Pressure and Steam Temperature

An increase in either of these quantities is an indication
that the furnace is being overloaded. This means a poor air/solids

ratio, and an increase in malodorous emissions is to be expected.
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Water Flow |

Water flow to the boiler is not as sensitive an indicator to
furnace overloading as either steam temperature or pressure,
but in an extreme case it could be. This seems to be the only
logical reason why SOZ emissions would correlate with water flow.

Air Temperature

This temperature is measured just before the air enters
the recovery furnace. As the air temperature is increased, it
will strip more of the H,S out of the black liquor drying on the

walls and sulfur emissions should increase.

Liquor Solids Content '

The liquor solids content is a direct measure of the sul-
fidity of the black liquor. This means that an increase in emis-
sions before the venturi scrubber is to be anticipated. A word of
caution here--if the furnace is operating slightly below design
capacity, an increase in solids conten1.: would not necessarily raise
emission levels. The emission increase occurs only if the furnace
is operated at or above capacity.

Explaining how an increase in solids content would relate
to a decrease in HZS emi.ssions out the black liquo'r cyclqne is more

complicated. First, recall that the solids content is measured just
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before the nozzle. Then assume that the increase in solids con-
tent is due to the addition of more than the norn;lal,amount of salt
cake. Next, assume that the excess salt cake had to be added
because black liquor out the venturi evaporator-scrubber was of
lower than usual solids content. Other things being normal, this
would mean that the solids content of the liquor entering the ven-
turi was lower than normal; consequently the low HZS levels.
Admittedly, this explanation depends on severaTI assvu‘rnptions‘,

but they are not entirely unreasonable,

Venturli Header Pressure

- This variable gives a direct indication of the flow rate of
dilute black liquor to the venturi evapgrator—scrubber. As the flow
increases, there is more contact between flue gas and liquor. Cor;—
sequently, more H,S would be expected.

There is no obvious reason why HZS levels before the black:
liquor venturi should show an inver.;.:e relationship to this header
pressure. T}Ile erroneous correlation here can only be attributed
to the fact that some 20% of the HZS levels at this location were

estimated values. The values had to be estimated because peaks

on thé sulfur analyzer had gone off scale. -
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Cyclone Exit Gas Temperature

This variable showed a strong effect only on H3S before
the black liquor venturi. Again no practical explanation can be
offered, and this correlation is also considered a consequence of
the questionable H,S data.

Green Liquor Alkalinity

This is a measure of the sulfide and carbonate content of
the ligquor leaving the smelt tank after the recovery furnace. This
green liquor is then used in the pulp digesting step before being re-
turned as black liquor to the recovery fu;t'nlz:Lce. It seems unlikely
that the sulfidity here would bear any strong relationship to sulfur
emissions. Recall, however, that values for this variable were
‘recorded only 4 to 6 times daily. Other values were taken as inter-
mediate between any two given points. Once again '"bad' data is con-
sidered to be the cause of the correla;tion.

Economizer Exit Gas Temperature

Hydrogen sulfide emissions after the black liquor cyclone

were shown statistically to vary inversely with this variable. The
temperature is measured out at the furnace but before the venturi
scrubber. Recall that this gas then contacts the black liquor at the

venturi and will strip out HZS" Previous investigations (6) have shown
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that the vapor pressure of HZS in black liquor increases with in;
creasing temperature. This means that if any correlation does
exist, it should-be direct. However, the experiments jusf: men-
tioned also showed that this temperature effect was dwarfed by the
effect of pH on this stripping a.ction._v Although the inverse correl-
ation is meaningless, it might have arisen because of the tempera-
ture-pH interaction. Unfortunately, the pH of this liquor stream
was not measured, so its effect here rémai;ls unknown. This argu-
ment is presented only as a possible explanation, .Othverwise the
conclusion would have to be taken as erron‘eous for inexplicable

reasons.

Final Comments

During this investigation it became apparent that the mathem-
atical conclusions are only as reliable as the data used to calculate
them. Tile only fquestionable‘ correiations obtained could be attri-
btJ:ted to either insufficient or unreliable data. Inadequate reliability
was already mentioned as thé justification for omitting part of the
original 38 variables from most of the. regression analyses.

It should be noted here that separate conclusions have been

reached for each gas at each location. Some variables (salt cake

flow, liquor temperature at nozzle) might decrease SO, emissions
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but simultaneously increase the H>S levels (or vice versall)o Still
others, (temperature of air into the furnace, primary air flow,
secondary air flow, salt cake flow, venturi header pressure)k might
increase I—IZS levels before the black liquor ventu.ri, but decrease
them out the black liquor cyclone (or vice versa). Thus, decisions
will have to be made about which emissions are least desirable at
which location. Then furnace variables can be adjusted--using the
regression resu‘lts as guidelines--to reduce emissions of the speci-
fied sulfur compound. The numerical valugs associated with each
variable shown in the Results section indice;te which o\perating par-
ameters will have the most significant effect on reducing emissions.
For example, reducing secondary air flow (+1. 07)* would be a more
effective way of reducing I—IZS emissions before the black liquor

b

venturi than would decreasing temperature of air into the furnace

sk
(+.38) .

"Values taken from Results section, page 123.



CONCLUSIONS

This investigation has shown that multiple linear regression
does indeed lead to reasonable conclusions about which plant vari-
ables do affect sulfur emissions. With few exceptions, the con-
clusions can logically be explained in terms of what is actually
happening in the furnace. No special furnace operati~ng conditions
are needed to arrive at the conclusions. The conclusions are dir-
ectly in terms of varia;bles recorded on log sheets at the mill.
Using conclusions from the regression program as guidelines, it
should be possible to appreci;bly reducé emissions)fr-rom the fur-
nace area. It should be pointed out here that just the regression
results shown in this report are not sufficient to specify a set of
operating conditions. Other inf'ormation calculated by the program,
but considered confidential, is also needed to put a.numerical value
on the operating variable.

Using statistical methods to analyze plant data still requires
a fair knowledge of what the operating variables actually‘measure',
- where they are measured, and how r‘e'liable the measurements are.
This knowledge is necessary in order to.rr'lake a reasonable choice
of the variables to be studied. Unless a good choice is made, some

extraneous and erroneous conclusions can arise,



RECOMMENDATIONS FOR FUTURE STUDY

Although the mé.thematical techn‘iques have given seemingly
logical conclusions about how to reduce sulfur emissions, their
real vailue can be judged only by a plant site implementation of the
recommendations. This mathematical approach has made no attempt
to predict what will happen to steam production or chemical recov-
ery if the furnace is operated so as to reduce sulfur emissions.
Repeating, only an in-plant study can show the real worth of the
results. '

If further regression studies are made, some attempt shbuld‘
be made to look at a few variables not listed directly on the log
sheets. These would include 1) pH of the black liquor at the fur-
nace and/or at the venturi scrubber, 2) sulfidity of the black liquor
entering the furnace, and 3) percent excess O, in the flue gas in the
convection section of the furnace. Ti’len conclusions could be more
easily compared with experimental findings of other investigators
(6, 7). Frequent checking of instrumentation (particularly the sul-
fur analyzgxﬁ during a second study would result in more of the data
being reliable enough for analysis. In some cases, a slight c.hange
of instrumentation or at least instrumentation location (e. g,‘, the
draft probes) might improve the accuracy of the variables being

measured.
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APPENDIX
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Program Description

A detailed explanation of the program will not be given here
because much of the program is simply 'bookkeeping' to get the
data arranged properly for multiple linear regression and/or for
well labelled output. The program will handle emission data fi‘ofn
either the Barton titrator (which gives a continuous line) or from a
chromatographic analyzer (which gives discrete peaks for each
sample). It is set up to handle a maximum of 38 plant operating
variables, but will accept any number betv;/een 2 and 38.

The following data is read in by t-he computer:

1) Labels--alphabetic titles for the plant operatlng variables, sam-
pling 1ocat10ns and gases

2) Check codes~-to suppress printing of certain error messages

3) Tolerances--logical bounds for the operating parameters--
used to check for ertrors in punched data )

4) Calibration data--peak heights and concentrations for various
ranges of each sulfur gas

5) Log sheet data--values for all plant operating variables re-
corded on log sheets at the mill

6) Emission data--peak heights for each sulfur sample

7) Variables to be analyzed--only 1 dependent (always the concens
tration of sulfur compound) and up to 38 independent variables.
Only the variables specified will be run through the regression
part of the program.
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The program performs the :Eolloixfing functions:

1) Checks to see if the log sheet data is reasonable--error mes-
sages can be printed out, but bad data does not halt the opera-

tion.

2) Calculates equations for various calibration curves from the
calibration data.

3} Calculates emission concentrations from peak heights using
above calibration data

4) Matches up emissions with log sheet data--deficiencies ignored

5) Performs multiple linear regression only with variables

specified
6) Looks for another set of vlariables'-—if. néne, stops.

A listing of the entire program is shown beginning on the

next page.
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Program Listing

The entire program--mainline and subroutines--is listed

on the following pages.

* Table IV. Program Listing



‘Table IV. Program Listing.

REAL MAXT,MINI

DIMENSTEN IND(3R)s INTX(38)
DIMENSION R(50:50)

CIMEMSTAN PKHT(O)JCBNC(Q)anQV(3Oz
COMMON A(24),nATU(ES0,50) » INE
CHOMMEN MAXI(23),MINI(39) *°

COMMBN /HILBW/ DMIN(38): DMAX(38)
CIMMBN/REGY/ NR nchnpNv;Vﬁﬁ
NAME LIST DMIN:DMAX

INTEGER PKS

®e B Ew BB A48 WA BS.HD IN OB NI S0 O

MAYX = Hp
NVT=z 39
LAST = 38
NDUM = 46
NLNF = KQO

C READ LABELS FﬁR VAvTAELEQa STAcro, GASES
o5 261 I=1:1.A8 .
361 READ(lCEn362) (LABEL(IsJ);d=115 )
N8 333 1=1,3
333 READ (105:242) { NSTA(IsJ)s J=1,5)
DA 22332 1= 1,4
2333 READ(1CE,362) (NGAS(IxJ)s J=1s5)
362 FAPHMAT (544 ) '
C FIND CHECK £80E
READ (17551

+% 48 Bs 3e av o o8

NN WM e W00 N DNTE LD D) D WD D0 N DT LD T

MOTUOMN TY MM NS >+ > > e 1 e o s

e B4 B2 m AV me e

S
~

00

SITEMI(B),

COMMBN /WORDS/ LAREL (42,50 NSTA(3s5): NGAS(625)

INTECER CKlfCKp: CK3. DA4‘HR1 GASs RANGE

-09T -



1800 FEBRYAT(413)
C READ TRLERANCES @N DATA ITEMS ===~ NAMELIST INPUT
INPUT
N=0
218 READ(1SE:1004,,END=182,ERR= 8Fl)GASpQANGLJNPNTS£(PKHT(I)zC@NC(I)@
11=1,NPNTS) ’
N1 ,
1004 FERMAT (11,123,112, 18F450) .
C GET QNS  FOR CALIBATISN DATA JUST READ IN
CALL CURVEQDR (PKHT,CANCs Cas MNPNTS) :
CURVIN; 1) =GAS d
CURVIN; 2) = RANBFE
D3 247 K=3:8§
247 CURVIN:sK)I=C(KaP)

S S FloWWW MWW Wi WM
WA= D0 N0 oy N £y = (DO

e 2@ @n Ve Me Re A% BB AT GW AW S 8 D ¥ e

Ge T8 218

152 NT= N
4y DB 243 I=1:NLNE
453 ‘ D8 243 Usl.MAX
463 2423 DATU(T. ) =0- ;
473 LINE = 2 '
481 NCARD=
491 D 200C I=1,LAST +1
ol MAXI(T) = G -
&1: 2000 MINI(I) = 10000
523 G T8 &
B3 5 DB 55 I = 11LA5T
By ¢ TF (DATU(LINESI5+3) BT« MAXI(13) ) ) MAXI(I%)s ATUCLIME: I5+3)
554 : IF(RATUCLINE  IS+3) o LTeMINI(IS)) MINICIS)sDATU(LINE,15+3)
561 53 CIONTINUE .
B7: C READ LOG SHEET DATA AND CHECK T8 SEE IF IT IS REASBNABLE
58 6 READ(1D5,41C012FEND=28, ERR=9923) (A(I)s1=1s24)
gl 1001 FORMAT(FLa0,3F2.0,F4e0s3F3,05 3(F3:0,F4.0),2(F4:0,F3.0), F4.0,
601 1F2:0sF30sF ka0 2F350) ‘ |

-19T1-



611 NCARD=NCARD+1

623 CKZ = A(1) :

63: IF(CKE@EchaERe CK? aEC° 2 ) GGT&S

648 WRITE (108, 1002 )NCARD

653 GS5TO ©

€61 1002 FBRMAT (140:'JLLEGAL CARD N8:¢ BN CARD!,IE )

671 & 1F(CK1eVEa1) G TH ©

458 M8 = A(D)

693 DA = A(R)

703 HR = A(4) :

713 CALL TIVECK( M@, DA, HR, CK2» NCARD)

7¢2: CALL DLBGCK (CK2)

73 2 G8 TO(LM20)s CKP

7h 4 16 LINE = LINE #1 o
753 DB 19 ID = 1.23 N
761 12 DATU (LINELIDY= A{ID+1) '
77 G8 19 § ' .

7&% 20 DY 13 M=1,LINFE

79 13 IF (A(Z)+EQeDPATU(MI L) s ANDeA(3)»EQeDATUIMA2) s ANDs A(4)oEQeDATU(M23)

801 1) 86 T® 30 . )

81 IF(CKLMNES 1) GB TG 27 .

&2 WRITE(108, 10G3) ( A(l)s I=1s,24)

82! 1003 FBRMAT ('NE DATE MATCH FBR CARD',24 F5s0 )

241 27 LINE =LINE-L

8% GG T8 & :

86: C READ -RFCBRDER DATA, CALCULATE CENCS, MATCH UP WITH L8G DATA

873 30 LINERZ =

883 DB 22 ID = 1,18

]9 29 DATU(LINER,ID+23) = A(ID+4)

201 GO T8 §©



22 NC=0
92 READ (1¢5,1007, END= 599, ERR=998 ) (A(I)s I= 1,20 )
NC=NC+1
1007 FRRMAT( 20F54.0 )
IF¢{ A(L)) 400,801,401
400 LBC= A(2)
PKS =0
GAS= A(3)
XGASs A(3)
RANGE =p(4)

YRAN = Al4).
XMO =A(H)
DAY =Alg)
XHR =4a(7)
NBSTA=A(S)
60 76 99
401 L=0C -
DB 302 N=1,NT
302 IF(XCAS:EQ. CURV(N,1)2ANDeXRANEG. CURV(Ns2)) G& TB 399

WRITE(108,1008) GAS:RANGE _ :
1008 FORMAT(1HO, N8 CALIBRATIAN DATA FOBR GAS',13,3X,
1'RANBE ', 14/ PEAK DATA IGNBREDY)

303 READ(105,1007 »END=599,ERR=898)(A(]):121,20)
NC= NC+q :
IF(A(L)Y sE@a ~1s) 8B TO 4CC
G8 T 203 ‘

399 NCURs=N

402 L = L+1
TF (L =20 ) 403,403, 99

403 IF (A(L)+EQs =99 ) 66 TH 9%

PKS = PKS +j
IF (PKS 2GTH/NBSTAIPKS = ¢

U BE AW AD W FH PR S8 ND e $% BE LA A% B AT W WO 2 SV BN LW W WS e B

MM P = QOO0 O0O0DD OO 00D WO WN0WLWD
M OQPXNM AT BRAEDDBONIIAFONFE OO0 E WMo

“® %% we 20 me e

-¢ql-
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P
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1411
1422
1433
labs
1457
1463
147:
1483
14518
15¢:
181
1521

1531

CoN =0 -
D8 404  J= 123
Kes h=-J
404 CBN = CBN  xa(L) + CURV(NCUR,K+2)
IFCA(L) «GT=110+ANDCK4EQe1)WRITE (108,2003)XMB, DAY, XHR, (NGAS(GAS,
1 NB)2NS=1:5)s (NSTA(L.BCsNB)sNS=1258) »CON
2003 FBRMAT(1H sF4.041/'sF4e0,1/'2F4+0, ' PEAK 8FF SCALE FBR 1',5A4,2¥%,s
1 SAsF12e02)
IF (PKS.EQRs1 ) AVCEN =0-»
AVCON = AVCON + CBN /6/NBSTA
IF(PKS-NE6/N@STA) GB TO 402
DB 5127 J2 = 1.LINE ‘ .
512 IF(XMAEQeDATU(IR21)2ANDs DATU(J222) oEQe DAY «ANDe XHR oEQe
IDATUC JEa3)) Ge TS 409
IF(CKL1+NE<1) GB TG 4080
WRITE (10R2:1010) X{40, DAY.XHR
101D FORMAT( 1HO'NG LBG SHEET FSR EMISSON DATA 8N' FaeOst/'y FhaQs'/,
iF&:0 )
G8 T8 4090 . . :
509 IF(DATUCJ2«MAX) e NEo| BCoAND < DATU(J22MAX) o NE-D)GR TB 4002
4008 DATU(JZ,MAX~GAB) = AVCON ‘
DATU(J2,.MAX) = L6cC
38 T8 4090
4009 LINE = LINE+]
DB 4007 13=1,LAST
4007 DATU(LINE, 13) = DATU(J2.13)
DATU(LINE, MAX=BAS) = AVCEN
DATY(LINE,MAX) =LEC
4090 XHR = XHR+}
IF(XHR =24) 402,402 408
408 XHR =XpR-24

“Fgi-



DAY=DAY+1
NDY=DAY
NMN )’MG
CALL ﬁMCK NDYFN”N
XME=NMN
DAY =Nav
IF(XME=-42)402, 402,411
L11 XM® = XME=12
G8TE 4C2
599 ITEM(1) =1

- ITENq(2)
ITEM(2) =3
ITEM(4) =MA;
C CHECK FR QUPDOLICATE DATES OGN SAME GTACK
LINEL = LINE-1
DR 100F LL=1.LINEL
Ll =Lii+t
D& 100% LM=LL1.LINE
DBe QPP: L= 1,4
2220 IF(DATU(LL;ITEM(IL))QNE“DATU(EMAITEM(IL)))G5 T8 1005
DB 2221 J=LASTsMAX
2221 IF(DATU(LM, JYaNESQ) DATU(LL, J)=DATU(LM.J)
DB 2Z22JJ=1.MAXK
2222 DATU(LM,
1005 COMTINUE |
C ARRANGF DATa ACCERRDING T8 STACK
Cat L RaNK (1.LINEZMAX)
D& 276 1 = 1,L1NE
274 TF (DATY( [aMAX YeEfle 0) G& TB 277
I = I=1
277 NLINE =1 -
IF (NL INE+EQ-LTNE) GO T8 208

2

(1] ll ll
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2033
204:
205

205.
2077
2081
2093
210
2111
2121
213!
214
215
216}
2173
2181

n
e
o

AN ,ma

M

C
C

C

&
207 DA
I

205 IF

)
—
ot
m
o~

1011 FERMAT

nEs1011)

15X, 'CHECK 8N DATA1/ .
L4XPHME 5 BXRHD A, 2XRHUR, 4XEHSTACK  4X3HH2S2 3X3HSA2 5 15XRHBRINE PH
DA 1101 I=1aNLINE

1101 WRITE(108,1312)¢C

1 ATUC T:49): DATU(TI,48)

o Df*U(I:3b
1012 FBRMAT (4

5:223511:2,20%0

CATUCT 1) 2 DATU(I,2).DATU(T23) s DATU(L,50)

F9e2

C8PES F@R DEPEMDENT VAPIABLES

IY = 49 'HZQ =NGAS

[v = 48 =502 =NGAS

IY = 47 =35 =NGAS

1Y = 99 = H25/%902 =NGAS

IY = 22 = W25/CH3SH  =NGAS

IY = 97 = 892/CH3SH  =NGAS
" KN=Q

726 DB 7755 IA= 1,NLINE

7755 DATU(C Tasppur)

IF(KM-EGQ-D) C3 T2 1

DG 2 TA = 1,NLINE

Lg 2 J=1sKN

-
H

KN=p

~
o
i

FERMAT (45]2)
READ(105,727)

READ(105,727,END

2 DATUCTALLAST +4+3) =0

1
2
3
4

5
6

=510 1Y, INs CINDCIIY, -

INY2 (INTX(IT ),

A



219:
220
221

222: -

223
Pk
225
226
227:
228
229
230:
231
2321
2331
234!
2351
23A1

237: .

2383
239,
24GC!
£41.
2421
243
2443
45t
ohé:
2471
2488
24%:
250
251,

7717

7727

7737

7733

737
777.
72%

gz22

a&z9

CALL CHEKL(IND:TINsKN,LASTsMAXANLINE: &726)
CALL CHEKL(IRNTXs INXsKN2LASTsMAXsNLINE,&726)

IF  IY.LT-100 «aRDe 1Y oGTe96 ) CALL RATIB(IY:NDUM;NLINEJMAX:NG(
18777 )

FARMAT (LHDz' JLLEGAL DEPENDENT VARIABLE ', I3)
IF(IYelLTe 472BR=TIYRT42) G8 TH 7737

GB TE 7738 C

WRITE(LIn8,7727) 1Y

Ge TE 776

NG=MAX~TY.

D 737  JLL =1:NLINE

IF (DBATU(UL»TY) e GTeMAXT(LASTHL) IMAXT(LAST+L) =sDATU(JLAIY)
IF(DATU(JL, IY) oL ToMINT (LAST+2)) MINI(LAST+1)= DATU(JLAIY)
DATU (Jh o NDUM) =DATU(JLATY) -

Li=1

CALL FNDLN(LE,L2s.MAX)

IF (L1-gQelL ) GB T8 726

CALLL RANK (L1 L2:NDUM)

CALL FNDO (11,L2,L2sNDUM) )

TF(DATU(L3, NDUM)) 828.829,828°

NBRS = [ 3~L1+1 o

NS = DATU(L3.MAX)

CALL REG (NDUM:NGsNS, INDs INTX, INs INXs LAST 2L1:2KN)
NDUM = 46

Li= L2+ '

IF(LL=NLINE)Y 728, 726, 726

C DIAGNESTICS

9¢8
1020

998
1021

WRITE (108, 1020) NCARD

FERMAT (1BAD LAG DATA BEFBRE CARD!, IS )
68 T8 & |

WRITE(128,1021) NC

FORMAT('BAD FMIESIBN DATA BN CARD', 14 )
G8 THA 99

-LGT-



WRITE (108.992)

? FARMAT('BAD CHFECK CaARD'M)

CKi=1 e
CK=R=1

G8T@218

WRTTES 8,882)

10

FORMAT (SBAL CALIBRATIOMN DATA')
G TE £49

CALL EXIT

END

SUBRBUTIME CHEXKI(FAKE,,FKKNALAST, MAXs NLINE,#)
INTEGER FAXE(32),FK

CIMMEN A(R4),DATAIBS0,50),LINE

COMMEN/WORDS/ LAREL (4225)s NSTA(3:5), NGAS(4,5)
DIMENSION NEND(S)

IF(FKes £Q. 2) RCTURN

DG 2032 I= 1.FX T

IF(FAKE(T) aGT» 46 o«ANDe FAKE(I) «LTe 50) G2- T8 9033
IF (FAKF(]) «GTe« 50) .G9 T& 9934

G8 15 9032

. ~84T~-

SPECTAL CASE---3AS CENC IS INDEPENDENT VARIABLE
9033 KN=XN4 T e

BB BS W RD SG A AW DN WS RS BT BB AL DA FA DD NS

RV IR A O R e
DWW T DAD N0 N ONUT 45 1) DD =

NO1 =FAKE(I) .
FAKE(I) =LAST +KN

DS 8021 JR=1:5 ' :

LABEL (FAKE (1) 5 J2) =NGAS{MAX=NQ1,J2)
NSTK = DATAt1,MAX)

IFINSTK «LLE« 1) GB T 9130

Ll = 1
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® A8 2B BB 2w B> OB WD P® G 0w AP B DR IS Am ~D S8 BD AW

FE=S
W

L
462
471

432

L]
o
W

813

100
2032

9130
1002

5934
1002

L2 = NLINE

DA 890236 MMz 1,NJTK -
CALL FNDLN( L1,L2,MAX )
L1 = L2+1

. NENp (MM+1) =12

NEWD (1) =0
NSTK1= NSTK -1
DB 100 NK = 1,NGTKI

KUC = NEND(NSTK=NK)

KLO = KUO +1 ,

KUL = NENDENSTK «N<+1) , )
KL1 = Kyl +1

KUZ = NEND (NSTK=NK+2)

DB 100 KA =KL1-¥UZ

NG 100 KB= KLO.KUQ .

IF( DATA(KAs1) «EQs DATA(KB;1) sANDe DATA(KA;2):EQe DATA(KR,2)
cANDo DATA(KA,Z) (ER. DATATKR,3)) DATA(KR,FAKE(I}+3) )
sDATA(KA oNCY) :

CapTINUE

CONT INUE

RETURN

WRITE(LCR,1002)

FORMATC 1HC, "aANLY 8NE STACK~»=NO CORRELATIEON PBSSIBLE!)

RETURNT - -

WRITECLCR, 100 FAKE( D)

FARMAT( 1HN, ' TLLESAL INDEFPENDENT VARIABLE's I4)

RETURNY '

END
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SU3REUTINE  FRDO (L1,L2sL34N)
COMMBN a(24),DATA(ERQ,50)2LINE
08 10 1 = LisL2
IF(DATA(IAN) EQ.0 ) GS T8 20
L3 =1=1
IF (L2-EQ.D) L3=1
RETUYRN -
END

[AV I
e

 SUBRBUTINE .ENDLM(Li,LON)
C FINDS LINE WHERE DATA PSINT N CHANGES VALUE

COMMBN £(24)s0DATA(550550) 4L INE
L3 =LINE=1
D§ 20 I= L1;L3 _

20 IF (DATACISN) «NEo DATALI+1aN))GB TH 30

30 LG =1 ‘ . '
RE TURN
END

=091~

SUBRBUT INE CURVER (XCAl.r YCaL, A, NPTS)
C RETURNS CBEFF BNLY FBR LEAST S@S FIT 8F CALIB PEINTS
C SET UP FER SECEND 8RDER CURVE
C MULTIPLE REGRESSIEN FBR UP T8 50 VARIABLES

DIMENSION XMTX(3:4)s A(3)s YCAL(2)2XCAL(9)

N@RDR =7

NRBW= NPRDR+1

NCBL =NREW+1

D& 10 l=1,NRoW
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D8 1C Jsi.nCel

XMTX (15 )=0oe

DB 20 K= 1:NPTS

VAL 19:J

YVAL= YCAL(K)

XVAL= XCAL(K)

DB 30 Iz 1.,NROW

XMTX 1,8y = XMTX(1,1)+ VAL
XMTX(T:NCOL)Y) = XMTX(I,NC3L) +YVAL
VAL =VAL % XVAL

YVAL = YVAL *XVAL

D8 40 = 2,NRBW

XMTX (15 NROW) = XMTX(I2NRGW) +VAL
VAL = VAL % XVAL

CENT INVE

IF(NQRDR~-1) 41:41, 51

D& 50 I= 2+ NORDR

D8 50 4= 1,NORDR

XMTX(TsJ) = XMTX (I=1, J+1)

DB &0 I=2,NREW

DB 60 .J=1:NCBL

D& 60 K=R.! '

XMTX (e )= XYMTX(T,Jd) = XMTX(Ke1, ] )%XMTX(Kml2d)
ACNRBW) = XMTX(NREW, NCEL ) /XMTX (NRBW, NRBW)
DB 70 1= 2, NROW

K=NCOL =]

VAR = XMTX (K, NL8L)

D& &¢ J =251

L= NRGW +2 =

VAR = VAR - A(L) * XMTX (KaL)
A(KY = VAR/ XMTX(KsK)

~

1

N

/XMTX(KelaKa1)

~191-
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CBONT INUE
RETURN
ZND

SUBRGBUTINE TIMECK (M,DaH,ICsN)

C CHECKS FGR $LLEGAL TIME SPECIFICATIEN

100
200
300

H
O

INTEGER D, H

TF{ MalTel o8R- M «BTs 12 ) WRITE (10R8+100) Ds W 2N
IF(DoLT:21 ~®BRs DeGTe 31) WRITE(108,200) MsHs N

TIF(M oLTel ¢8R+ Hof3T« 24) WRITE(108,300) MsDs N

FERMAT( 'TAD MONTH FaR' I3, DAY 13, 'HAUR=~<CARD',15)
FORMAT(1RAp DAY FOR', I35 'MENTH!, 13,'HOUR=~=CARD1,15 )
FARMAT ('BAD MBUR FBR!', 13, 'MANTH', I13,'DAY~==CARD',]5)
RETURN

END

-291-

SUBRGUTINE RATIS ( IV NDUMIKNLINESMAXNG2s * )
COMMEON A(2L)sDATA(RS50,30) 4L INE

NUM =]1Y/72 :

NDEN = (IY+1) /2 =2

NG = 2% MAX =]Y + 3

Pe 10 1=1,NLINE 7 ,
IF(DATA (T, NUMY 2EQ-D «BRDATA(IJNDEN) oEQs 0) G3 T8 10
DATACI NDUM) = DATAC(TILNUMY /DATA{TLNDEN)

CENT INUE

RETURNT

END
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SUBROUTANE 1vs0oRQ
DIMENSIBN 4(50:50): INT(5Q0)
CEMMEN /REBV/N, M, A, UL LLL
DB 1 I=1:N

INT(1)=

TW=1
IF(IWaN) 1@1;5;101
FIND THE LEAST I GREATER THAN B8R EQUAL T8 TW SUCH THAT A(l,IW)
I8 GREATER THAN PR FQUAL TB A(JaTW) FBR ALL J GREATER THAN
AR EQUAL Te IW.

I=TW
K=IW+1
DA & J=guN _
IF (4BS (A(d TW))=ARS (A(T2IW))) 4,4,3

= .
CANT INUE

IF(T=TNY 75,7

INTERCHANGE RIWS
DB & J=1.4M
Z=A0IW: .
A(TW; N=p(1a4)

(1.0)=2

K=INT(IW)

INT(IW)Y=INT(]

INT(1)=K

IFCACTWS TWY)Y 946:9
PRINT gp»
FERMAT (188MaTRIX IS SINGULA?)
RETURN
Z=1.0/A(IWsTW)

TF(TW=-1) 13,4310
K=lWw~1
pe 11 1=1,K

~£91~-
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ACTW, T)=A(TWe )27
[F(N-IWy12:12,13
IF(M-N)15,15;12

K=1W+1
na 14 1=Ks . )

FRREY YEL PR SRy

IF(TW *M)16.,23,23
DB 22 1:=K:N
W=pA{T121IW)

IF(W) 17:,22517
Ichwnlyzaﬁaolts
SNE
né 19 J 170J
A(T:J)-A(I:d) “WaA(TW,J)
Jd= T+
DB 21 Jd=Jd:M
ACT D) =pa(Tad)=Weal(IWe )
A{L, IW): =WxZ

AL

2 CONTINUE

(IM, 1WY=2
IF (WelW) 25.25:24
TW=IW+1
G5 TE 2
BEGIN WpRK BN UPPER BF DIA

3 “E‘ 32 IW-n/ ;M

K=1Wn~1

DB 32 I=1:K

W=A(T.IW) .

IF(K) 26:32:26

D& 27 J=1:K )
ACTAdY=pCl s Dy =WrA (T J)
TF{N-1W)29.28,29

BNAL ELEMENTS
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37

IF (M-N)29531:29

L=1W+1

DB 30 J=L:M

AlT-J)=pllagy=WxAa(IWs))

AlI:IW)=-W+ALIWN, IW)

CENTINUE

IF ReWS WERE INTERCHANGED INTERCHANGE THE CBLUMNS
JJ=V-1 ) :

pe 37 1=z4.J40

IF(INT(1)-1) 33:37,33

FIND A J BGREATER THAN 1 88 THAT INT(J)=I
RB 24 J=1:N

IFCINT(J) -1 3%,35,34

CONT INUE

INTERCHANGE THE ITH ANR JTH CBLUMNS
D8 36 Kzi1:W

Z=zA (K2 T

ALK, D)=A(K: D)

ALK, J) =2

INT(J)=INT(])

CANT INVE

RETURN

END

G991~

SUBROUT INE DLBGLCK (K)

C SEES IF DATA PRINTS ARF REASENABLE
~COMMBN A(24),DATA(S50,80):LLINE

10

COMMON /HILOW/ DMIN(38)2DMAX(33)
Gb T8(1p:20), ¥
Db 2 1 =1,20
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2 IF(ACI+4) oL T=DMIN(T) 268Rs A(I+4)eGTe DMAX(I)) WRITE(108,100)
1I1:A(2)Ys A(3)Y: AlKR) ’
RETURN
20 DB 4 I= 21,38
b TF{A(I=1A)-LTs DMIN(I) 2GRs A(I=16) «GTe DMAX(I)) WRITE(108,100)
1I1,A(2Ys A(3)a2 A(4) '
100 FBRMAT (1HO'LBG SHEET ITEM NB!', I3, 'EXCEEDS LIMITS 8Nty F4eQ,r'/1,
1F4-0,'/'s F4a0) ‘ .
RETURN
END

SUBRAUTINE REG(  IYANGaMNSaTND, INTXp INs INXSLAST,[ 1:KN)

REAL MINI MAXI»MT2MA
D INTEGER G161 V1:52,82, 832 £3,V3

INTCGER  S8W1

DIVENSTIBN TNR(38) INTX(33)

DIMENSION ¥(S0).8V(50)s SSV(50,50) s R(50s50)2 C (50)s STD(50),
1 VBAR(B0),SS(50) » TU(49) -

DIMENSI@GN MI({3%),MA(39)

COMMBN A (24, DATA(550,50)+LINE

COMMBN MAXT (32)sMINT(39)

CBMMEN /WORDS/ LABCL (42,8), NSTA(3s5)x NGAS(6:5)

CHMMBN/REGV/ NR,NC: R, NVANBES

EQUTVALENCE (58:88V),(V:VBAR) » (CsSTD) #(SVsR)

DATA S1:01.Vis S2:072:83:83,V3 /'DUE v » T8 RYJIEG 1, 1ABRUY,

T R's ' 'TOTAY »'L v/
N8= LAST~1 )
L= Li-1
N2 =IY-2

NV = IN 4 INX/2 +1 | <

=991~
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WD B8 eB DB BN Ve SO Ne 0O BB GV e 4w 66 AN AD DS

= DWOe DU & T

WX = NV =1

IF ( NVe3T-350 ) GB T8 729
D3 7 1= 1.NV
SVIT) = O
DB 7 Js=I, NV

7 SSV{I»dY =D
NC =0
NAB2 =NBB3
INDY = LAST +KN +3
DB 700 K= 1:NBRS
IF(DATA(K+LY, INDV)eEOsO) Ge TH 693
DB 701 I = 1, IN

MACT) = MAXICIND(ID))
MIC(T) = MINI(TND(I)) :
701 VIT) = DATA( K+L9:3+IND(I))

IF( INX <EQe«0D) GB T& 7073
DY 702 1= 2,1INX:s?
MACINFT/2) sMAXT CINTX (I 1) ) «MAXT CINTX())
MICIN+I/2)=MINICINTY(1=2))*MINTCINTX (1))
702 VIIN+ 1/2 ) = DATA (K+L911NTX(Im1)+3) * DATA(K+L9,3+INTx (1))
702 V(NV)Y = DATA(K+L.9,1Y)

MA(NV)Y= MAXT(LAST+1)
MI(NV) =MIWIL(LLAST+1)
TIF(NC ) 7QF:7“h»7o7
705 D 786 1= 1.V
706 C(IY = V(1)
NC = 1
707 DB 708 I=1,0V
Y(I) = V(1) =c(I)
708 SV(II)Y =SV({I) « V(I)
LB 722 I=1,MV
D8 729 Jd=T,aV

=L9T1-
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363

U L

3365

3364

| 3365

364

3665
7001

756

3 SSV(IaJ) = S8V(I,Jd) +V{Ty*x Vv{J)

GS T8 700
NOB2 = NeRZ-1
CBNT INVE

IF(NBBZ LT, 3) GH TH 987
SUMS  COMPLETE
WRITE(10Q%,7000) NV, NBRZ

O FORMAT (1¥L1, 'MULTIPLE REGRESSISN WITH'!'s» I3:+' VARIABLES AND!' ,I5 ,

1" BBSERVATIONG!)
WRITE(108, 7100) (NSTAINSsNG), N4 =1,5)
WRITE (108, 7200) (NGAS(NGsN4), N& =1,4)
WRITE (108.363) . .
FORMAT(1HQ, ' VARTIABLES ASSBCIATED WITH CORRELATIBN COEFFICIENTS!/)
FORMAT (1H 2'VaRt, J3,' = 'y SA4 ) T
D3 364 17 =15 NX
IF( 1Z=1N ) 3365, 3365, 3364
WRITE(108, 365) 1Z, (LABEL(_IND(IZ)sLL)sLL=1,53)
56 T 364 : ‘
KKK = Zx (IZ =IN) =1 :
WRITC(108,385) 17Z,(LABEL (INTX(KKK),LL), LL=1:5)
WRITE(102,3364) (LAREL CINTX(KKK+1):LL) 2 LL=1,5 )
FERMAT ( 9Xat # ';5A4 )
CENT INUE
WRITE(108,3465) NV ,
FORMAT ( 1H s'VAR', 13, ' = CONC €F SULFUR GAS!)
WRITE(LGR, 7001 :
FARMAT (1HO s ZX1HI»8X 4HMEAN,T7X, 13HSTe DEVIATIEBN » SX8HVARIANCE »
13X14HSUM OF SIUARES »4Xs TMAXIMUMU, 7X, IMINIMUM?!)
FN =NBB2 ' '
RN =1-/FN

-891-



OCOCOOOD VWV WIWWOOAW DN 10O INL
FWMNV DO SN0 W DO WM
B% 64 B3 23 a% AS Bh 0e Be S» M4 Be A AR BA Ia be A +e B3 2w we Ve

JEC U U N P X

105
1063
167
1ce:
1091
110:
1113
112
113}
1143

757
7003

N1 = NORB2-1

RNL = 1./FN1

D3 757 1=1, WV

SS(1) = 8SV(IsI) = SV(I) » SV(]) = RN

VBAR(I) = Syv(l) » Py + C(I)

VAR = §S(]) #RNY

STD(I) = SQRTF(VAR) . "
WRITE (10%, 7003) 1, VBAR(I)» STD(I)s VAR, SS(I}sMACI),MI(ID)
CAaNT INUE ‘

FGRMAT (IH 5 13, 2X 6E1%e8 )

C CAMPUTE CERRELATIONS AND STSRE IN  SSY ARRAY

7004

700¢%

716

747
71%
7005
713

7100

7200

WRITEC1D8, 7004 )

FORMAT (1HO: 8H T ~J Ki» &X TCARRELATIBNS 9F VARIABLES I WITH VAR
$TABLES J THRBUGH K')

NR = NV=1 L
DB 719 1 =1.MR . 2
IP = T+1 ! 1

DA 716 J =IR, Ny
SCF = B8V (1) - SV{I)* SV(J) % RN

SSVY(IsJd) = SEP /SARTF(SS(I) * $S(J))
KS =1IP '

DS 719 K = 1P, MV, &

KL = K3 +7

JF(KL =NV) 718,718,717

KL = WV

WRITE(108,700% ) I1.KS» KLs (SSV(IsJ) » J=KSaKL )
FRRMAT(1H 512, 2132 8F11:6)

KS =KL =1

WRITE(108,7000) NV, NBEZ

WRITE(1p857100) (NSTA(NSAN4)aN4=145)

FAPMAT( 1HO, 30X 'RESULTS ',5A4)

WRITE(108,7200) (NOAS(NGaN4Ys» N4 =1s4)

FRIMAT (1H »35X: 'FBR GAS 1,5A% /)



118:
1161
117:
118!
11291
1203
1213
12z
123:
124
i25:
12a:
127:
1221
129:
13C:
131
1323

1331

1343
1351
136!
137
1381
132

140:.

141
1428
1432
1441
14573

1467 -

736

735 FBRMAT( LHO, 'DEPENDENT AND INDEPENDENT VARIABLES ARE SAME
1/1H + 'PRBRLEM IGNBRED' ) B

737

733

IF(NX +1 = NV) 733,730, 729
WRITE(108,728) NX

FORMAT (1HO, ' TRO MANY INDEPENDENT VARIABLES ',13 )

RETHRN

J =1

IY=nV

D8732 15 1:NV ‘
IFC I= 1Y) 73127324731
IWdy =I

J=d+ 1

CBNTINUE

PO 738 U= 1.MX

IF ( TU(J) =1Y) 73427362737
IR = I

Ri1sd+1) = SEV(IR: 1Y)
R{J+121) = GSV(IR, 1Y)

Gp T 738

WRITE (108,735) 1Y» J

RETURN

IC = 1)
R{ls<+1)
R(J+1s1).
CeNTINUE
R{1,1)= 1o»

K =NX =1

DB732 Iz 1.:%

IR = IU(I)

IP = [+

ROIP,IPY =4

IF(NX-1) %99.399, %98

QQVIIY,IC)
SSV(IYLIC)

"N u

V213214
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1471 898 DB 739 ) =1P, NX

1481 IC =1U(J)
145t R(IP, J+1) = SSV(IR,1C)
1801 R(J+14IP )= 3SVIIRsIC)

1513 729 CONTINLE
152! 899 NR=NX+1

153 NC =K
154 RINRsNR) =1
1551 CALL 1V5050
1563 : IF (R (141)) 74027400 781
1577 740 1=% ~
i58: &8 TG Tas _
152 741 R1 =R(iy1) -
16C: L 080 = hbe= 4s/R1
et CM = SORT (C%Q) 3
162: . D=NBB2-NX-=1 ~
1638 SE= STH(IY) *SORTF((FN=1)/(D*R1)) T
ley: WRITE(19B: 761 1)

1655 7611 FORMAT( 1u0s ' TINDEPENDENT VARIABLE = CONC 9F SULFUR GAS!)
166} WRITE(10%:766) '

167 766 FORMAT (1M , 25X, 'WULTIPLIER',6Xs 'RANGE (+BR=)1,3X, ' T=STATISTIC')
168: BN = VBAR(TY)

1691 BC= ~STD(IY)/RL

170 DB 747 1 = BNR .
1713 J o= TUCL=1)

172y . 8= BC *R(1.1)/5TD ()

1733 IF (RCILT)) 744, 744, 745

174 744 WRITE(102,742)]

1753 743 FORMAT(4HO: 'DIAGANAL ELEMENT',» 12, '18 NEGATIVE 8R ZER®. PRSBLEM IG
1761 INBRED!)

1773 RE TURN

172! 74% PP = = R (31:1)/ SARTF(R(T,1) #R1)

179 83 = Bx Z@RTF(( 1= RP *RP)/D)I/RP



1201 T = B/ 8B ' : -
181 IF{ 4 «6Ta IN )} Gp Ta 7772

182 WRITE(108:772) (LAREL(IND(U)Y » J4)sJ4=125),B,83,7T

1832 772 FRRMAT(1H 22%.8A04, 2E16e%s F10:2)

184 G2 T8 747

1881 7772 KK = 2% (Jmlt)=1 -

ige: WRITE(108,772) (LABEL(IMTX(KKY2 LL) sLL =1,5)s8:8B,7T

187: WRITE(108,7782) (LAPELCINTX(KK+1)x LL )aLL=145)

1885 7782 FORMAT(AH  1X,'x ' , SA4 )
189 747 BN = BN =B % VBAR(.J)

190: J=0

191: WRITE (108:872) BN _

1923 872 FORMAT (1H »,2X%X:'CONSTANT CBEFF'26XsE16+8)

1933 WRITE(108.77%) (CMsC8QsSE )
1941 775 FORMAT(1H LOXLIHMULTIPLE R= F6.4511H, R SQUARE= =
195: 1F6+4,3X 16HST ERROR OF EST= E168) o ™
1962 © WRITE(10R,776)

1974 775 FARMAT (1H 2 2XAHSBURCE, 6Xs 2HDF ;. 8X2HSS, 14X2HMS, 13X1HF )
iga: SSR ..

= C8Q » B33(IY)
199 XN= WX
2003 RMS = SSR/XAN
201: SSA = SS(IY) - S8R
2023 AMS = 8SA /D '
203! FR = RMS/AMS

204 . WRITE(L08, 780) S1:81s Vis NXs SSRs RMS: FR



2051 780 FERMAT(1H s 2A%s A2s 16: 2E1€98s5 FlCe2 )

206 K = NOBR ~1 ~NX

207 WRITE(102,780) $2:82sV1s Ks SSAs AMS
2081 K = pneB2 -4

209: WRITE(108,780) S3:» B3s V3s Ks 8S(1Y)
2103 G8 T& 989

2113 967 WRITE (408:977)

a12: 977 FORMAT(' NO OBSERVATIENS~=NO REGRESSIGN ANALYSIS!')
213: 939 RETURN ,

2145 - END

~€LT-

SUBRBUT INE OMCX(ND: MB)
- C CHETK DaTE FoR MENTH CHANGE »WONT WBRK 8N LEAFP YEAR
IF(ND oLE . 28) RETURN ’ : .
IF(NCeBT:28 2AND. MEEH»2) GB T8 10 ) ,
IF(NDaBGTo30:ANDs (MBEGQGe4aBRe MBEQeb 28Rs MBERe9 8ReMB+EQe11))
1G8 7 29 ‘
IF(ND +&T.31) G& 16 30
RETURN
10 ND =ND~28
GB 18 49
20 ND=ND-=30
GB T 40
30 MD=ND=31
40  MP=pMb+ 1
RETURN
END

2T MO P4 e wH XD ®B AR 2O OV I SO 24 S0 e e
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SUBR@UTTNE RANK (L LCs W
C SsRTS DATA ACCgRDIN@ Te ITEM SPECIFIED BY N

DIMENSION DUM(S o
CROMMaN A(a‘f)et‘;\n"/‘v\( C‘Q,‘:O)pLYNE
L3 = L0 =1
IF( LeBTs LIIRETURN
D& 200 K =LsL3
L2 = K+
De 800 J=L.2,L0
IF( DATA(K,N)Y GEe DATA(JLNDY) GB THB 800
pB&SG1 1= 1450 :
DUM (1) 5 DATA (KxI)
DATA (K. 1) DATA (G 1)

801 DATA (Jd: 1) pum (1)

30D COWTINUE '
RETURW
END

e se B BB A ew e
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Program Output

The output shown in the following tables is only a part of
the output generated by the computer program just shown. The

rest is, however, considered confidential and is omitted from

this report.

Table V. Results Before the Black Liquor
Venturi for Gas SOZ



Table Va. For all 39 Variables.

MULTIPLE REGRESSIAN WITH 39 VARIABLES AND 121 83SpRVATISNS

REQULTS BEFSRE Bel IQe VENTRI
FBR GAS s02

" DEPENDENT VARIABLE = CANC 8F SULFUR GAS

MULTIPLIER RANGE (+0Ra) TeSTATISTIC
STEAM DRUM PRESS ws23562241E 01 0 27354148E 01 =285
STEAM TEMPe=DEG F e14969902F © 2 17743206FE 01 . 2 84
STEAM FLEW e 24905577E 01 «34330082E 01 1002
WATER PRESS =213116875E 01 ¢ 13820391E 01 =095
WATER FLBW n»54204955F 01 ¢30950260E 01 - =1484
PRIM AIR FLBW e 443%7872F 01 0 98446293F 01 e 45
SEC AIR FLAW e 70369549E 01 298243246F 01 072
TERT AIR FLAW 245994151 01 = 15354144F 02 +30
TETAL AIR FL8W =093185174E Q1 # 52124138 01 =179
AIR TEMP _ 2264512944 01 #38935308F 01 268
LIQUBR s8LIDS CHNTNT 2 471484K97E 02 2 32134796E 02 1047
LIGUER TEMF AT NBZ = 1827R8583E 02 e 80633602E 01 =234
L.I2UBR FlLaW 2 764279471FE 01 2 71400251E 01 . 1007
NOZZLE s1ZE «Q000000QE 00 « 00000000E €O s 00
NBZZLE pRESS 2 186649LRF Q2 e C8]LB062F 02 265
SALT CAKE FLBW © e23473072£ 01 211117172 014 2411
GR LLIQ ALKALINITY »13396507E 03 +D8743713E 02 2:28
BEILER EXIT GAS TEMP 11477175 o1 *94319044F QO 1419
CYC EXIT GAS TEMP e 251R9028E 01 2 846987782E 01t 229
ECAN EXIT GAS TEMP -~ 11049404 01 e 360263931E 00 =1¢28
PRIM AiR=aIN, HPH L 22405655E 02 «27202423F 02 +39
SEc AIR=INs H28 = 38490354F 02 «59723419F 02 EXYI

TERT AIR=INeH24 +11272228E 02  <40134430E 02 .28

“9LT~-
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FURNACE DRAFT ¢ 104118883F 02 +D2140884F (2 220
SCRN & SeHs DRAFT - 12832442F 02 +16439317E 03 »a08
FAN RePaMo 212431564 01 2 83636218FE Q0 1449
ECANBMIZER DIFF DRAF e31738739%9€ 01 2 70168638E 01 245
VENTURT DBIFF DRAFT 13142644 02 «19393219 02 068
CYCLBNE DIrF DPAFT =59 75027E 2 +64498917E 02 292
TeDs FAN DRAFT 2 13338662E 02 «2441503%9E 02 263
BRINE CYC DRAFT. = 61261746E 01 010607262E 02 =358
BRINE PH $57420707E 02 ¢ 15256094FE 03 s 38
BRINE DENSITY e 75570972E 03 s69218628F 03 =1+09
VIBRATIABN FAN BEARNG =80497360E C1 :13798011E Q2 =e58
BRINE VENTUR] PRESS e 18764740F Q2 : 22536682E 02 433
VENTUR! HDR PRESS =e 61267025 Q1 285732889 01 na772
CYCLENE HDR PRESS To14099243F (2 0 26290146E Q2 ¢S4
TDS BOILER WATER «13596606FE 00 ¢ 18437016E QO 074

CONSTANT CBEFF = 87612476E 03
MULTIPLE R= <8725, R SQUARE= 27613 ST ERRBR @8F EST=

SBURCE DF ' 8% Mg F

» 10608954E (3

DUE T8 REG 38  «2S429940E 07  «77447187E 05 6088
ABSUT REG 82  «97291G0CE b  11255000E 05
TETAL 120  +38653040% 07 ‘



Table Vb. For 22 Selected Variables.

" DEPENDENT VARIABLE

“MULTIPLE REGRESSTIEN WITH 22 VARIABLES AND 121 8BSERVATISNS

RESULTS BEFBRE BelL Qe VENTR]
FBR GAS S02

= CONC aF SULFUR GAS

~8L1-

MULTIPLIER RANGE (+8R=) - T=STATISTIC

STEAM DRUM PRES3S met31R86106E=01 024016352 01 =02

STEAM TEMP==DEG F = 8R85R1276E Q0 2 12797050E 01 . =069

STEAM Fi aW e 35DRR3I94E (O1 0298794179 01 117

WATER PRESS »e11241370E O »11534996E 01 »el0

WATER FLOW e 64R6666E (1 0 27749081E 0l =250

PRIM AIR FLOW «93284124E 01 »61718798E 01 1261 B

SEC AIR FLAW »3703207CE 01 271518927 01 252

TERT AIR FLOW = 674P2113E 01 »11641673E Q2 =58

TBTAL AIR FLAW =a83163424E 01 »27533150F 01 -3:02

AIR TEMP »11894601F 01 025024376 01 248

LIRUAR gBlLI1Ds CaNTNT «41920252E 02 s 24799515E 02 1¢69

LIQUBR TEMP AT NE&Z ~219025192E Q2 - ¢64182425F 01 =296

LINUBR FLBY « 99322529 01 +57550230E Q) 173

NBZZLE PRESS e H4300308E 02 2 21998535F Q2 2:01

SALT CAKE FLOW e PRSATTLHIE 01 ¢ 95919299 0 298

GR LIO ALKALINITY s 136272R1E 03 «50557220E 02 2.70

BBILER EXIT GAS TEMPR «8372134K4E 00 274133432 00 1913

CYC EXIT GAS TEMP = 44130936E 01 e 70643082E 01 ©e91

ECEBN EXIT GAS TEMP = 22417283FE OO0 +70112133E 00 =232

1oDs FAN DRAFT 0 10885828 F 02 0 1754272%E @2 162

VENTURT HDR PRESS =«35510127E Q1 +57362804E 01 meh?

CONSTANT CBEFF = 72022675E 02
) MULTIPLE R= »,8513; R SQUARE= 7246 ST ERRBR B8F EST= ¢ 10363467E 03

SBURCE DF 58 Mg £ s
DUE T8 REG 21 2 2£013970E 07 s 13339981F 06 12041
ABAUT REf 99 e 106450705 07 s 10752594E 05

120 © 38653040 ©7

TBTAL



Table Vec.

MULTIPLE REGRESSION WITH 17 VARIABLES AND

For 17 Selected Variables.

121 BBSERVATIGNS

RESULTS BEFGRE BoLIBe VENTRI

) T=STATISTIC

1:51
=g bHhS
=1¢90
«1e76
=018
1«18
«3:08
2211
209
3034
258
1e45

LE LI

294
ns 25
=1017

FBR GAS so2
“ CEPENDENT VARIABLE = CANC 8F SULFUR GAS
MULTIPLIER RANGE (+BR~
PRIM AIR FLBW +28941383F Q1 + 58988199k (1l
SEGC AIR FLBW 239549017 01 2571925C7E 01
TERT AIR FLBW <02 18233490F 02 » 95988379FE 01
TBTAL AIR FLBW =+ 51058083 01 0 29029026E Q1
AIR TEMP -9 42133164E 00 2 22850666F Q1
LTQUBR g8LINDS CRNTNT 0 26763580QE Q2 0 22629013F 02
LIAUBR TEMP AT NG&Z =0 1R737488F 02 060877724 01
LIQUBR FLaw 911740944E 02 »S5%588665E 01
NBZZLE PRESS 4070895 4E 02 2 19466049E 2
SALT CAKE FLBW ¢ 31203949E o1 2 93666875E (0
GR LIQ ALKALINITY 012777605 03 e 49533463F 02
BBILER EXIT GAS TEMP 2 100058346F 01 +68823373F 00
ECEN EXIT GAS TEMP e 654370763E QO +68377793E 00
VENTURI DIFF DRAFT 2 15358491E 02 2 15987096E 02
I'eDs FAN DRAFT =.41505604E 01 - «16573959F Q2
VENTUR! HDR PRESS = 61240763 01 »52637859E 01
CBNSTANT CBEFF = e RB0R4424F 03
MULTIPLE R= .8399, R SQUARE= »7055 ST ERRBR BF EST=
SBURCE DF 8s ' Me F
DUE T8 REG 16 * 27274070 07 e 17046294EF 06 1557,
ABaUT REG 104 ¢ 113849708 07 ¢ 10947086F 05
TETAL 120 2 3R6B9040F 07

-6LT~

¢ 10462830E 03
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Table VI. Results Before Black Liqubr Venturi
for Gas H,S.



Table Via.

For all 39 Variables.

MULTIPLE REGRESSIEN WITH 39 VARIABLES AND 147 BBSERVATIENS

'DEPENDENT VARIABLE

STEAM DRUM PRESS
STEAM TEMP=epEG F
STEAM FLEW

WATER PRESS

WATER FLEW

PRIM AIRQ FLAW

SEC AIR FLAaW

TERT AlRr FLAW
TBTAL AIR FLAW

AIR TEMP

LIQUOBR SELIDS CENTNT
LIQUBR TEMP AT NAZ
LIRUBR FLBYW

NBZZLE SIZE

NBZZLE PRESS

SALT CAKE FLoW

GR LIQ ALKALINITY
RBILER EXIT GAS TEMP
CYC EXIT GAS TEMP
ECBN EXIT GAS TEMp
PRIM AIR==INs HZ28
SEC AIR=IN» H22
TERT AIR-IN.H2R

.RESULTS BEFEBRE BeLIQs VENTR!
FBR GAS H2S

MULTIPLIER
2 40281831E 00
2241 035844F 00
=e27701044FE QO
2 13084198E Q0
+34127740E GO
=2 1 R7A5793E (1
2782430514 00
o 221P44234F 01
-« 36318332E 00
=9 24330806 Q0
s4PERRIRGE G
v e 3IZRAEPL4RE 00
= H4522831E 00
sOQ000000E QO
e 4541607E 01l
0 15419167E=01

«068290625E 01 -

e 16019183E 00
»:20407035F=02
=e 84688127E-01
=e54027390E 01

«56615772E 01
s 22315464E 01

= CANC 8F SULFUR GAS

RANGE (+B8Rw)

«20450419E 00
e98677933E=01
0227415392E 00
+»11245834FE Q0
2 18966967E QO
2 72527689FE 00
s 47926259F 00
2+ 10847244F 01
e 33008R73E 0D
220295602 (0
e 212C4243E 01
e 40564739E QO
+44348907E 00
¢+ 000CO00CE QO
2 18944817E 01
«69597244E=01
0 38572521E 01
9607926215901
0 49258351F 00
+51643801E=01
¢ 38154793F 01
2+ 39403419 01
2124573469E 01

T=-STATISTIC
1@97
2aly

»le22
ls16
180

«2:59
1463

«2:04

=110

»1523
2001
wg R4

“1sb46

¢ Q0
877
2 2P
=1e77

206l
=200

wlebl

“1le4?
le44
=391



FURNACE DRAFT

283449764F 01

+33376007E 01

2«50

SCRN & SeHs DRAFT 2722454 0E Q2 210916997 Q2 2+50
FAN RaP M, =+ 34501 233ER0] 253282220E~01 =469
ECONBMIZER DIFF CRAF  =e73177314FE QO s 45928732E ©O =1259
VENTUR! DIFF DRAFT: e 1455 48RP 01 * 12058506E 01 1s21
CYCLBNE DIFF DRAFT =e50576115E 01 e 46195765E 01 =10Q9
TeDe FAN DRAFT ~ e 41837378E 04 e 14061089E 01 72:98
BRINE CYC DRAFT +11520777€ 01 e 61497605 00 187
BRINE PH 23087053 Q2 +80012026E 01 288
BRINE DENSITY me I 3RIUDLOE 02  +38607071E Q2 ~ 036
VIBRATIGN FAN BEARNG =238545244E 00 e 38696688E 00 o gl l
BRINE VENTUR] PRESS «61415482E 01 s 15053263E ¢l 4.08
"VENTUR! HDR PRESS -e57419157E 00  ¢37215853E 00 =1054
CYCLBNE HDR PREGS =2 33574409E Q1 2 1414598%E 01 =237
TDS BBILER WATER e QR141059ER02 e 96134394E=02 " =1402
CBNSTANT CEEFF ~e6R423431E Q2
MULTIPLE R= .9382, R SGUARE= +8802 ST ERRBR BF EST=

SBURCE DF S8 MS F

DUE T& REG 38.  euy17276pE 05 #11624409E O4 2087

ABeUT REG 108 s60145508E Ok 255690277E 02

T8TAL

146

«20187312E 05

791 -

e 74625874E 01



Table VIb. For 22 Selected Variables.
MULTIPLE REGRESSI&SN WITH 22 VARIABLES AND 147 B6BSERVATIONS

'RESULTS BEFBRE Bs 10e VENTRI
FBR GAS H2S

DEPENDENT VARIABLE = CaNC 8F QULFUR GAS

_ MULTIPLIER RANGE (+8R=) T=STATIST
STEAM DRUM PRESS ¢ 39476764 OO0 e 2421155CE 00 1,63
STEAM TEMP==DEG F +14691382E 00 » 10228479F Q0 1044
STEAM FL&W =+ 13238728E-00 027331918E 00 =548
WATER PRESS ¢ BAS0S0R8E=C1 $ 129147718 QO o 42
WATER FLEBW «2204R121E 00 #22329873E 00 ¢ 99
PRIM AIR FLBW «e58446437E 00 »53134573F Q0 =1e10
SEC AIR FLBW 1A430674E 01 2 4969098CE 00 331
TERT AIR FLAW =231 783209E 01 #»34362611E 00 =337
TOTAL AIR FLBW =210170517F 01 «23040181E 00 wlohy
AlR TEMp 2215763%1F 00"  «18321918E 00 1s14
LIQUSR sBL1DS CRNTNT « 25588337 01 224212132€ 01 1e06
LLIGUAR TEMP AT NBZ “121134127E=01 P 46149164%E 00 =05
LIQUAR FLBW »7237394%E 00 +50087231E 00 1+45
NB8ZZLE PRESS «56392B45FE 01 «18006191E 01 3:13
SALT CAKE FLOW e 10837168%E 00 ¢73201102E=01 =137
GR |10 ALKALINITY e 49452276F 01 +44725513E 01 «1s11
BRILER EXIT GAS TEMP +3374646031E=01 - «60472056F=01 056
CYC EXIT ' GaAS TEMP <2 Q445R449E Q0 +54806077E 00 =172
ECON EXIT GAS TEMP =277979267E=01 +61521225E=01 «1e27
IeDes FAN DRAFT = s 3R2P2742F 01 e 14467258F 01 “264
VENTUR! HDR PRESS =s12853145E Q1 +37965220E Q0 =339
CBHSTANT CBEFF =a14845071FE 03

MULTIPLE R= »8722, R SQUARE= «7607 ST ERREBR BF EST=
SBURCE DF S8 MS F
DUE T8 REG 21 2 32175887E 05 0 18178992E 04 18097

ARBUT REG 125 «12011426E 0B 0 96091400E Q2
TBTAL 146 «50187312F QB

1C

-€81-

98026142E 01



Tablé VIic. For 17 Selected Variables.

MULTIFLE REGRESSIpN WITH 417 VARIABLES AND 147 gBSERVATIBNS

RESULTS BEFBRE Be.LIOQ» VENTRI
FGR GAS H2S§ ‘

DEPENDENT VARIABLE = CENC 6F SULFUR GAS

) MULTIPLIER RANGE (+8R=)  T=STATISTIC
PRIM AIR FLOBW -e 13184738 01  «50944734E 00 =2e59
SEC AIR FLOW . 2 2PR66035E 01 «42747819F 00 5935
TERT AIR FLOW ©e28779535E 01  +85247171E 00 =338
TBTAL AIR FLBW =0 6PRBLRR20E 00 . «27690877E 00 =2:27
AIR TEMP + 30505085 00  «18715549FE 00 1063
LIGUBR 88LIDS CANTNT  «3285A1283F 01 22098331 01 = 1e47 y
LIQUBR TEMP AT NBZ »57935345E 00  «43647027E 00 " 1633 %
LIGQUBR FLBW «53282313E ¢0 +46875185E @0 1¢15 e
NBZZLE PRESS £51001139E 01  +164BB173E 0l | 3010
SALT CAKE FLBW =01 1250532E 00 *»76825440E=01 Fmlek6
GR LIQ ALKALINTTY = 45500603E 01  «44511766E Q1 *1902
BOILER EXIT GAS TEMFE  +26415230E=01  #57431694E=01 063
ECBN EXIT GAS TEMP e 45179646E=01  +59969436E=01 75
VENTURL DIFF DRAFT +14080296E Q1 «14209471FE 0l 099
JeDe FAN DRAFT <2 45514469F 01 «13462191F 01 +3038
VENTURT HDR PRESS ~s15762904E 01  «38360035E 00 mholl
CBNSTANT COEFF =+ 13500143E 03 .
MULTIPLE R= «8586, R SQUARE= 7371 ST ERRGR BF EST=  +10073434E 02
SBURCE DF 8 MS - F.
DUE T8 REG =~ 16  »346995535E 0B  ¢23122209E 04 22079

ABgUT REG 130 213191777E Q5 : 10147520E 03
TBTAL 146 :50187312F 05
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Table VII. Results After Black Liquor Cyclone for

Gas HZS'



Table VIIa. For all 39 Variables.

MULTIPLE REGRESSIAN WITH 39 VARIABLES AND 111 BBSERVATIONS

RESULTS AFTER BelIQ
FOR GAS H2S

cyck

‘DEPENDENT VARIABLE = CBNC 8F SULFUR GAS

MULTIPLIER RANGE (+8R=)  T=STATISTIC

STEAM DRUM PRESS mald4kegR1E 01 210778809 01 21e34
STEAM TEMP==DEG F s 43521824F Q1  +12323532F 0! 3:53
STEAM FLOW N = 31344146F Q0 0 17579899E 01 =418
WATER PRESS »81814511E 01 ¢51500015E 01 158
WATER FLOW = e 82125783F=01 220258539 01 =s 04
PRIM AIR FLOW 061724329E Q1 ¢ 76642313 01 081
SEC AIR FIBW »9 166510938 (02 2 38364592F 01 =188

. TERT AIR FLEW =e£1933873E=01 e 73407148E Q1 =201
TBTAL AIR FLAW $ 25634273 Q1 e 19382696F 01 1032
AR TEMP } «41001110E QL «31675186F 01 1¢29
LIQUAR SBLIDS CANTNT =s1R6&23715F 03 e 49916473 02 =373
L1QUBR TEMP AT N§Z « 77410135 o1 »73895931F 01 1505
LIGUEBR FLBW »e20A42508E 01 2 46139393E 01 S
NBZZLE SIZF +97761078E 02 +43322571FE Q2 2a26
NBZZLE PRESS *Q0CO0000E CO  =000CC0O00E 00 00
SALT CAKE FLAW we12597987E 01 e40174131E 01 -3k
GR LI10 ALKALINITY s11426478E 02 »183603R82E 02 «63
BBILER EXIT GAS TEMP w»116530S1E 01 «90394717E 00 1629
CYC EXIT GAS TEMP =51 6643848E o1 035543146 01 -7
ECaN EXIT GAS TEMP »s15585785F o1 269610351F 00 “2:24
PRIM AIR=~=INo H28 +34535156E 02 «42043213E 02 e 82
‘'SEC AlReINs H23 ©210783947¢ 03 0 48483353F Q2 2022
TERT AIR=INoH2S »e51922485E 02 ¢38282822E 02

"1436

981 -



DUE T2 REG 38
ABgUT

FURNACE DRAFT +63322067E 02
SCRN & SeHa DRAFT +15909419E 03
FAN ROPaMQ ”“12696405E'01
ECANBMIZER DIFF DRAF =»8%461212E Q2
VENTURI DIFF DRAFT +132%75473E 02
CYCLBNE DIFF DRAFT ne4bPR15613E 02
1sDe FAN DRAFT =« 12642409E 02
BRINE CYC DRAFT » e 22861252E 02
BRINE PH +10859036E 03
BRINE DENSITY s11375393F O4
VIRRATIAN FAN REARMNA s 24916702E 02
BRINE yENTURD PRESS L 14RA9KTTE 02
VENTURL HDR PREGS <12895914E 02
CYCLENE HDR PRESS 21 45684935E 02
TOS BOILER WATER e 22287548E 00
CENSTANT. CBEFF ~+12403479E 04

MULTIPLE R= »,9032s R SQUAREs®

SQURCE DF

REG = 72

TATAL 110

5%

« 15306000 07
2 3BI19200E 06
2 19497920F 07

s 5640D3732E
s 184426 18F
«60116512E
0 12699428E

e 19066833F

02947 1344E
e 15946468F
s 22262970F
2 20649225E
e56145728E

«13777013E
\23124588E
s 41304283F
¢« 26708069E

v 9436994 8E

0 41857895E 05
«49R87773E 04

oz
Q3
Co

03

ne
Q2
02
o2
03
03

02
o2
el
o2

01

1elZ2
86
=201
”370
073
=145
=73
»1s03
+53
2003

1¢81 -

W64
3012
255
=2036

+8158 ST ERRBR BF EST=
Mg

-L3T1~

»70631180E 02



/

Table VIIb. For 22 Selected Variables :
MULTIPLE REGRESSIEBN WITH 22 VARIABLES AND 111 B8BSERVATIENS T

'RESULTS AFTER Bel1Qe CYCL

FBR GAS H2S
DEPENDENT VARIABLE = CANC aF sSULFUR GAS _
MULTIPLIER RANGE ({+BR=) T=STATISTIC
STEAM DRUM PRESS - me12775068E 01 e11011534F 01 «1lalg
STEAM TEMP==DEG F o 42169432E 01 «11463976E 01 4020
STEAM FLEW - e 240874608E 00 « 16137981 01 515
WATER PREGS - 155733700 01 o451 74446E 01 123
WATER FLBW 216446028 01 0 17742720E 01. 293
PRIM AIR FLBW e 14043057E Q2 e 54329071E 01 2459
SEC AIR FLaW we 17584457 02 «65711040E 01 220268
TERT AIR FLAW = 40706301FE Gl 2 71620016F 01 =257
TBTAL AJR FLBW 2 15805733F 00 17989511 01 »09
AlR TEMP : : 2 R24ABSRLEE CO1 224 107225E 01 2691 .
LIQURR SalLIDS CaNTKT =~¢90160278E 02 - «38951050F 02 =231 - s
LIQUBR TEMP AT NB2Z « 20429797 01 e 52900219 01 . +39 o
LIQUeR FLBY o 47822809F 01 020679646E O} 2931
NBZZLE FRESS «000000N0E 00 2 00000000E 00 ¢ 00
SALLT CAKE FLBW 2 46952184E 01 ¢ 29530945E 01 159
GR L1Q ALKALINITY 2 1RA&0%22E 02 +18721237E 02 084
BEILER EXIT GAS TEMP =,132373680E 01 ¢ 88200885E 00 21052
CYC EXIT GAS TFHP , =e6B421957FE 00 @ «35551453E£ 01 =518
ECBN EXIT GAS TEMP =21 12898346 01 e 68422341E 0D 1088
IeDe FAN DRAFT ~e21143997E 02  +10924782E 02 =1e94
VENTURT HDR PRESS P 32049603 01 ¢ 32630033E 01 2¢51
CENSTANT CREFF =2 3708R164E Ob
MULTIPLE R= +,8550, R SQUARE= »7311 ST ERRBR BF EST= s 767%53906E (2
SOURCE DF , 88 Mg oy
DUE T8 REG 21 s 14254720 07 1 67879875F 05 - 11052

ABBUT REG 89 + 524314008 06 058911680E 04
TETAL 110 + 194979208 07



Table VIIc. For 17 Selected Variables.

&

MULTIPLE REGRESSISN WITH 17 VARIABLES AND 111 OBSERVATIGNS

RESULTS AFTER B.LIQ. CYCL
FER GAS H2S

DEPENDENT VARIABLE = CaNC gF gULFUR GAsg

MULTIPLIER RANGE (+8R=) T=STATISTIC

PRIM AIR FLOW :15205542E Q2 «54161263F 01 2494
SEC AIR FLBW_. =0 13348907 02 1 68892393F Q1 a2e81
TERT AIR FLBW =a27481346F 01 e 74356136E 01 =037
TETAL AIR FLBW =eBLOQR732E 00 - 218933048 01 =929
AIR TEMP 2 96863516F Q1 . «21470833E 01 4951
LIQUEBR gBLIDS CHNTNT =a71127777E 02 40179901FE 02 «1:77 o
LIQUAR TEMP AT NBZ s RB224864F Q0 +517365878E o1 217 g
LIQUER FLBW 255019941 E 01 2201087578 01 323 !
NBZZLE PRESS « C00C0000F 00 » 000000Q00E .00 e00
SALT CAKE FLOBW 251842213 01 +29840326E 01 1e74
GR LIQ ALKALINITY = 10340135 07 ¢ 19642053 02 253
BOILER EXIT GAS TEMP «.50903291F 00  «91167486F Q0 ne56
ECON EXIT GAS TEMF © 92139899064 01 £72771949€ Q0 »1s92
VEMTURI DIFF DRAFT 2« 16140853F 02 2 18824203E Q2 "2 86
I+Ds FAN DRAFT »231269485F 02  «11421211E 02 =2074
VENTURI HDR PRESS «58541822E 01 e 32986021F 01 1477
CONSTANT CRBEFF s 20229543E 04 .

MULTIPLE R= 8227, R SQAUARE=s 06769 ST ERREGR BF EST= v 818466898E p2
SBURCE - DF Ss MS F

DUE T8 REG 16 2 1319786CE Q7 R24 866255 05 12.31

ABBUT REG S4
TBTAL 110

¢ 63000600E 06 2 67021914F 04

» 194979208 07
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