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EXECUTIVE SUMMARY

For several years the U.S. Air Force has been concerned with visual
emissions from jet engine test cells. These emissions are not only
aesthetically undesirable but have also resulted in cases where the test
cell emissions were in violation of local air pollution emission stan-

*dards. Three different approaches have been suggested, and used, to
reduce this problem:

1. Engine design and modification toward "smokeless" combustion.

2. Fuel additives, such as ferrocene, which reduce visible emis-
sions by changing combustion, or postcombustion, reactions.

3. Installation of control equipment to remove, or modify, the
emitted particulate matter causing the visual problem.

This study reports on the laboratory evaluation of three different
control devices, tested on a small gas turbine engine exhaust, to pre-
dict their ability to reduce visual emissions from jet engine test cells.
The three devices tested were:

1. A low..pressure drop wet scrubber typical of the type used at

some test cell installations.

2. A wetted sand filter of the type used to control particulate
matter emissions from similar, high opacity plumes.

3. A baghouse, using ceramic fabric bags, capable of withstanding
the high temperature of the jet engine exhaust.

None of the three devices tested indicated enough reduction in
plume opacity to justify construction of full-sized control equipment.
The low-pressure drop scrubber did not significantly reduce the opacity
of the plume. The high-temperature baghouse reduced the opacity only
slightly. The wetted-sand filter accomplished the greatest opacity re-
duction of the three devices tested but still would not meet visual
emission standards in the configuration used in this experiment.

Recommendations for future studies conclude this portion of the
report.

4e .S. Thesis of a graduate student, Mr. William. Faye, is Appen-
dix C to the report. Mr. Faye reports on the Nx emissions from the
gas turbine as a function of iol h fuel-bound nitrogen and thermally gen-
erated NOr. Appendix B is the laster's Project of a graduate stu-
dent, Mr. George D. Ikonomou. This report presents the results of an
energy and material balance performed on the turbine and the results of
an energy and material balance performed on the spray system.

(The reverse of this paqe tA blank.)
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SECTION I

INTRODUCTION AND BACKGROUND

A stated goal of the U.S. Air Force (Reference 1) is to have an
invisible exhaust plume from jet engine, or turbine-powered, aircraft.
An invisible exhaust plume is obviously desirable in combat operations,
but it is also desirable from an aesthetic standpoint. The U.S. En-
vironmental Protection Agency (EPA) has proposed regulations governing
emissions from aircraft engines (Reference 2) including regulationsgoverning visual emissions, usually called "smoke." These regulations

have only been proposed, not promulgated. Also, these proposed regu-
lations do not apply to military aircraft.

A. PROBLEM STATEMENT

The exemption of military aircraft from the EPA regulations would
appear to be a reason for the USAF, and other Department of Defense (DOD)
agencies, to relax their concern about all engine emissions. This would
be particularly true of the "smoke" since this is only an aesthetic con-
sideration unless in combat. Such is not the case. Several local air
pollution control agencies have ruled (and been upheld by court decisions)
that an engine removed from an aircraft, and placed in a test cell,
constitutes a stationary source of air pollution. The test cell is,
therefore, subject to all rules and regulations of the local agency.

Some jet aircraft engines, when operated at full power in a test
cell, do emit particulate matter dense enough to violate the plume
opacity regulations of several local control agencies. The result is
that the USAF, and other DOD facilities, have been issued notices of
violation of air pollution regulations at several locations. Such
violation notices usually require payment of a fine but the public re-
lations aspect is usually of much greater concern to the DOD than the
money involved.

B. COMPOSITION OF JET ENGINE "SMOKE"

The visible emissions from jet engines may be called by the simple
generic term "smoke," but they are really a complex collection of aero-
sols, varying both qualitatively and quantitatively. A large percentage
of the aerosol material is unburned carbon of submicron size. This
carbon is black, nonreflective, nonpolar, and relatively stable, chemi-
cally and physically.

Another component of the exhaust particulate matter is aerosol
hydrocarbons. This is a complex mixture of unburned, partially oxidized,
and reformed hydrocarbons with varying vapor pressures, chemical re-
activities, physical properties (such as size and shape), and optical
properties (such as reflectance and transmittance).

The last aerosol component of the exhaust plume is ash which results
from the trace amounts of uncombustible impurities contained in the fuel.

.- 7



This component is negligible for jet engines operated on uncontaminated

turbine fuels.

C. ALTERNATIVES AVAILABLE

Several alternatives have been proposed and/or used to reduce visu-
al emissions from jet engine test cells to acceptable values. These
include:

1. Diluting the exhaust plume with ambient air. This method is
usually promoted by stating that the dilution air is used for cooling
of the hot gases.

2. Using more highly refined, nonsmoking fuels. Kerosene is the
optimum fuel in this regard as it is refined and blended to burn with a
minimum of smoke.

3. Using an additive to promote or modify the combustion. The
U.S. Navy has conducted considerable research using ferrocene as a fuel
additive (Reference 3).

4. Designing and installing control equipment to collect the par-
ticulate matter before the hot gases are released to the atmosphere.
The last alternative was investigated during this study.

2



SECTION II

OREGON STATE UNIVERSITY TURBINE LABORATORY

The Oregon State University Gas Turbine Laboratory Research Facili-
ty is located in Graf Hall and is one of the laboratories of the Depart-
ment of Mechanical Engineering.

A gas turbine electric generator, Model 2CM 352 El, manufactured by
the General Electric Company was used to generate typical smoke. This
smoke was composed of unburned carbon particles, unburned and partially
oxidized hydrocarbons, and trace amounts of inorganic materials. The
turbine generator was obtained as surplus equipment, originally manu-
factured for the U.S. Army Mobility Command. It was coupled to a
resistance load system through an electrical switching/control panel.
The generator output was a nominal 15 kw at full load with a maximum
rating of 20 kw. The output was 240 volts, A.C., single phase. The
turbine was governed at 48,000 rpm and consumed approximately 45 pounds
of fuel per hour at full load.

Figure 1 shows the gas turbine used with the loading resistor and

gas-measuring system in the background.

Figure 2 shows the turbine control panel.

The gas-sampling system consisted of a flow conditioner cabinet
which cleaned the gas stream and pumped it to the CO2 and NOx analyzers.
Both these analyzers had previously been calibrated at several points
in their range by using certified calibration gases. During the test
runs, the instruments were continually checked using "zero" and "span"
gases alternately with the sample. The calibration curve for the CO,
analyzer is shown in Appendix A.

The smoke sample was extracted and carried by a heated stainless
steel line to the smoke measuring system. The Smoke Itumber was deter-
mined according to SAE, Aerospace Recommended Practice Specification
ARP 1179 A. The smoke filters were analyzed on a B&L Spectronic 20
equipped with a reflectance attachment. Figure 3 shows the smoke
sampling system with the sampling filter holder (square) and the bypass
filter (round).

The smoke was generated by varying the type of fuel and load on the
turbine. The cleanest effluent was obtained with 100 percent kerosene
fuel at no output load on the turbine. The smokiest effluent was obtained
with 100 percent toluene fuel at full load.

3

im '...... " III I I'".4 . 4_ _



Fig. 1. Gas Turbine and Support Systems.

Fig. 2. Gas Turbine Control Panel.
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Fig. 3. SAL: ARP 19A Srnokc-,Samp Ii jg System.



SECTION III

EVALUATION OF WET SCRUBBER

The first control device tested and reported in this study was a
simple wet-scrubbing system, similar to many Department of Defense test
cells which use water spray rings at the inlet end of the augmentor.
Although the primary purpose of the water injection is to maintain
structural integrity by cooling the augmentor tube walls, some particles
are removed by the scrubbing action of the injected water (Reference 4).

A. SCRUBBER DESIGN

The wet scrubber tested was designed with four spray nozzles of
varying capacity installed in a S-inch diameter section of duct. Each
spray nozzle was controlled by a shutoff/throttling valve with a pressure
gage to determine the nozzle pressure. The nozzles were installed in
the duct so that the spray was counterflow to the exhaust from the tur-
bine. Figure 4 shows the partially assembled scrubber.

The nozzles were selected to give a complete range of water flow,
from 1/2 gpm (which was all converted to the gas phase at full load) to
15 gpm at 60 psi with all nozzles open. Only the smallest nozzle (1/2
to 1.2 gpm) was eventually used, as explained later in this report.
Figure 5 shows the completed scrubber.

After the exhaust gas was passed through the scrubbing section it
was ducted to a 2-foot diameter, 8-foot long cyclone which was used as a
demister. The water removed from the exhaust was drained from the bot-
tom of the cyclone and the exhaust gas, saturated with water, exited the
top of the cyclone. The cyclone exhaust was the point at which the ef-
fluent was sampled for gaseous components (CO2 , NOx, and CO) and the
smoke sample extracted. This would be the point at which an effluent
sample would leave a similar control system on a full-sized test cell.
In the laboratory system, the effluent from the cyclone was diluted with
cooling air and ducted to an exhaust fan which blew the effluent into
the building exhaust stack. Figure 6 shows the complete system.

A schematic flow diagram for the entire test facility is shown on
the following page.

B. EXPERIMENTAL DESIGN

The variables measured during the test are shown in Table 1. Also
measured were the wet and dry bulb ambient temperature-and the baro-
metric pressure.

Three fuel mixtures were used, 100 percent kerosene, 100 percent
toluene and a 50/50 blend. Three turbine-output loads were available,
"zero load" (which was at the governed 48,000 rpm but no electrical out-

put), "1/2 load" (about 6 kw) and "full load" (about 15 kw).

6
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Fig. 4. Scrubbing System Components Prior to Final Assembly. Flow is
From Top to Bottom Through the System. The Nozzles Are Rated
at 1, 2, 4, and 6 Gallons Per Minute, Respectively at 40 psi.

Fig. S. Scrubbing Section Completed.
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Fig. 6. Complete System. Turbine in Left Foreground, Duct from Turbine
Outlet to Scrubbing Section, Scrubbing Section, Water-Disengage-
ment Cyclone with Water Outlet at Lower End and Gas Outlet to
Exhaust Fan. The Sample Lines Are Taken Off at the Cyclone
Outlet. Fuel Control Panel is Partially Shown at the Right and
the Gas Sample Conditioner is in the Center.

9
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TABLE 1. SCRUBBER TEST VARIABLES

INDEPENDENT
FUEL VARIABLES OR DEPENDENT MEASUREMENT METHOD

Kerosene/Toluene Ratio I Volume %
Hydrogen Content, % I Total Carbon Diff. Method
Flow Rate, lb/hr D Volumetric Burret & S.G.

ENGINE VARIABLES

Power Output, kw I Wattmeter
Frequency, % of 400 H I Panel Meter
Combustor Temp., *F D Thermocouple
Turbine Exhaust Temp., *F D Thermocouple
Turbine Exhaust Velocity, fpm D Pitot Tube

POLLUTION CONTROL
SYSTEM VARIABLES

Water Flow, gpm I Pressure Gage & Curves
Cyclone Outlet Temp., *F D Thermocouple
CO2 Concentration D NDIR
NOx Concentration D Chemiluminescence
CO Concentration D Reagent Tube
Smoke No. D SAE, ARP 1179 A

It was determined during trial runs that the smallest nozzle was the
only one needed for the full range of tests. At 10 psi, 0.5 gpm, the
water was all evaporated in the scrubber at full load. At 60 psi, 1.2
gpm, the nozzle put out enough water that the cyclone was at maximum
equilibrium for water drainage. Any additional scrubbing water would
have overloaded the cyclone demister and allowed an accumulation of
water in the cyclone. Four water flows were set for the scrubbing sys-
tem, 0 gpm (0 psi) which was taken as "no scrubbing system" and the ex-
haust gas was assumed to be untreated, 0.5 gpm (10 psi), 0.96 gpm (30
psi), and 1.2 gpm (60 psi).

A complete block experiment was selected, 3 fuels at 3 loads with
4 water flow rates. This resulted in 3 x 3 x 4 = 27 runs for the com-
plete test series. The runs were not randomized but were run for indi-
vidual fuel mixes. This avoided continual purging and cleaning of the
fuel system.

10



C. SCRUBBER TEST PROCEDURE

The tests required at least two persons to operate the turbine,
sampling, and measuring systems. The SAE Smoke Number measurement re-
quires four filters during each run. This required one person, full time.

Some data were obtained before the test run was started. These
included initial filter reflectance, fuel H/C ratios, ambient temperatures
and pressures, and background data such as date, time, and personnel.

Once the system was started it was operated at the set test condi-
tions until temperatures and CO2 concentration stabilized. The data
were then collected and the required four filters obtained for Smoke
Number. Water samples were collected at the cyclone outlet for future
analysis by the Water Quality Study Team (see Section IIIF.). When the
run was completed the system was shut down and the filters were mea-
sured to determine the reflectance of the smoke spot.

The operational checklist. for the system and a blank data sheet

are included in Appendix A.

D. RESULTS ANlD DISCUSSION - GAS CLEANING

Preliminary runs had been made on the system before the scrubber
was installed. These were made to determine how the SAE Smoke Number,
C02 , and turbine outlet temperature varied with fuel mixture and load.
A copy of the significant data and results is included in Appendix A.
An analysis of variance was run on the data and the SAE Smoke Number was
found to vary significantly (5 percent level) with the fuel mixture and
load. Figure 7 on the following page shows this dependency. Turbine
outlet temperature, and the CO, content of the exhaust were only a
function of the load on the turbine and were not affected by variations
in fuel compositions used in this study. Table 2 lists the mean values
of the turbine outlet temperatures and CO2 for the three turbine loads
tested. The variations in the turbine outlet temperatures and CO2
appeared to be random and could probably be attributed to the variation
in ambient conditions of temperature, pressure, and humidity.

The test runs on the wet scrubber were made at only three fuel
mixes because the preliminary tests indicated approximately a linear
increase of SAE Smoke Number with increasing toluene percentage. The
tests were run during the late summer and fall of 1981. A copy of sig-
nificant data is included in Appendix A.

A size determination was made on the particulate emission using a
cascade impactor (Pilat tfk III). The log-mean diameter was 0.092
microns and the standard geometric deviation was 10.3. These values
agree with those reported by others for jet engine exhaust emissions
(Reference 3). The size determination is shown in Appendix A.

An analysis of variance (ANOVA) was run on the data and the SAE
Smoke Number was found to vary significantly (5 percent level) with the
fuel mixture and the load on the turbine. The ANOVA did not show a

11
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TABLE 2. MEAN VALUES OF TURBINE OUTLET TEMPERATURE AND CO2
OBTAINED IN PRELIMINARY TESTS

TURBINE
TURBINE LOAD OUTLET C02, TEMP., *F

"0 440 1.45

1/2 589 1.99

Full 815 2.91

significant variation (5 percent level) of the SAE Smoke Number with the
amount of water used in the scrubber. The SAE Smoke Number remained
essentially the same at all values of water flow. Even when no water
was sprayed into the scrubber the SAE Smoke Number did not vary from
those obtained with water added. This would appear to contradict pre-
vious studies (Reference 4) which indicated scrubbing efficiencies in
jet engine test cells were significant ("at 95 percent rpm for a J75-P17
engine, the removal efficiencies ranged from 28 percent at a flow rate
of 1900 L/min to 55 percent at a flow rate of 3700 L/min"). This same
study states, "... water injected into test cells for structural cool-
ing removes a substantial portion of engine-generated exhaust particles
that cause test cells to violate opacity regulations."

There appears to be a contradiction within this study because the
water collected at the cyclone drain did contain considerable material
which discolored it. If the SAE Smoke Number did not change as the
water flow was varied from zero to maximum, why did particulate removal
occur in the scrubber-cyclone system? The answer was found in an arti-
cle by A.J. Teller (Reference 5). He was measuring the particulate
discharged from jet engine test cells, not the particulate collected in
the cooling water. He states, "With cooling of the exhaust gas, (by
quench water at the augmentor) the particulate loading is 10-100 per-
cent greater than that measured at the engine because of condensation of
hydrocarbons." The OSU tests, like those of Teller (Reference 5), mea-
sured the discharged particulate, which was composed of both carbon and
unburned hydrocarbons. As the water flow rate was increased, it resulted
in more hydrocarbons, because of condensation due to the lowered exhaust
gas temperature. If the amount of condensed hydrocarbons approximated
the amount of particulate removed by the water spray, the SAE Smoke
Number would remain essentially the same. Therefore, both papers
(References 4 and S), and the results of this study can be assumed
correct.

The cyclone outlet temperature was very dependent upon the amount
of water added in the scrubber. Figure 8 shows this reduction in out-
let temperature as a function of water pressure and fuel flow. The
curve was plotted versus fuel flow, instead of percent load because
ambient temperature variations caused fuel flow, and load, variations.
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The regression equations of the data shown in Figure 8 were of the
form:

Cyclone Outlet Temp., OF = A + B (fuel flow, lb/hr)

The values of the constants, and the regression coefficients, are shown
in Table 3 for each water pressure.

TABLE 3. LINEAR REGRESSION CONSTANTS AND COEFFICIENTS FOR DATA
SHOWN IN FIGURE 8.

REGRESSION
WATER PRESSURE, ZERO INTERCEPT SLOPE COEFFICIENT

psi "A" "B" "r"

0 15.66 16.61 0.9813

10 149.46 0.05 0.8928

30 159.18 7.03 0.9688

60 128.66 6.88 0.9760

Figure 9 shows the average temperature drop across the scrubber for
each load. Since the analysis of variance did not show a significant
variation (5 percent level) in the temperature drop for different fuels,
the data were averaged and the mean values used to plot the curves shown
in Figure 9. With the exception of the 0 psi curve (no water through
the scrubber) the data appear curvilinear.

Several dependent variables did not vary significantly (5 percent
level) with variations in fuel composition (from 100 percent kerosene to
100 percent toluene). These are shown in Table 4, and are in excellent
agreement with the preliminary run data shown in Table 2.

TABLE 4. DEPENDENT VARIABLES AS A FUNCTION OF TURBINE LOAD.

TURBINE EXHAUST
TURBINE LOAD COMBUSTOR EXHAUST GAS VOLUME, CO,, % CO, ppm

TEMP., OF TEMP., OF ACFM -

0 860 461 1473 1.48 640

1/2 1145 595 1700 2.09 400

full 1565 848 1959 3.00 20
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If the exhaust gas volumes, shown as actual cubic feet per minute in
Table 3, are corrected to standard temperature (680 F), they indicate that
an average of 829 standard cfm of exhaust gas was generated by the turbine.

The values of combustor temperature (taken just before the turbine)
and carbon monoxide are in agreement with values reported by other authors
for gas turbine engines (Reference 6). These values indicate that the CO
decreases as combustor temperature increases, which is an expected result.
Jet engines also show a decrease in CO with increasing load. Unburned
hydrocarbons were not measured as a part of this study.

Since no significant variation (5 percent) level was determined for
the analysis of variance performed on SAE Smoke Numbers for different
water quantities, the only significant variables were fuel composition
and load on the turbine. Figure 10 shows the dependency of SAE Smoke
Number on load for the three fuel mixtures tested.

The regression equations of the data shown in Figure 10 were of the
form:

SAE Smoke Number = A + B (fuel flow, lb/hr)

The values of the constants and the regression coefficients are shown in
Table 5 for each fuel mixture.

TABLE 5. LINEAR REGRESSION CONSTANTS AND COEFFICIENTS
FOR DATA SHOWN IN FIGURE 10.

REGRESSION
FUEL MIXTURE ZERO INTERCEPT SLOPE COEFFICIENT

"A" "B"

100% Kerosene - 0.969 0.0643 0.909

50/50 -22.735 0.9877 0.930

100% Toluene -13.424 1.1045 0.985

Table 6 shows the mean values of SAE Smoke Number for the different fuels
and loads.
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TABLE 6. SAE SMOKE NUMBER AS A FUNCTION OF FUEL MIXTURE
AND LOAD.

LOAD 0 50 100

100% Kerosene 0.8 1.3 2.1

50/50 6.3 10.9 26.2

100% Toluene 18.0 28.3 45.4

If the data in Table 6 are used as input to another series of linear
regression equations of SAE Smoke Number on load (0, 0.5, 1.0) and fuel
mixture, the values of the constants and the regression coefficients are
as shown in Table 7.

TABLE 7. LINEAR REGRESSION CONSTANTS AND COEFFICIENTS FOR DATA
FROM TABLE 6.

REGRESSION
FUEL MIXTURE ZERO INTERCEPT SLOPE COEFFICIENT

"A" "B" "r"

100% Kerosene 0.7S 0.013 0.991

50/50 4.52 0.199 0.955

100% Toluene 16.86 0.274 0.990

If a linear regression of the SAE Smoke Number is run on the aromatic
content of the fuel, for the different turbine loads, an equation is
generated in the form:

SAE Smoke Number = A + B (aromatic content, %)

The values of the constants and the regression coefficients are shown
in Table 8 for the different loads.
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TABLE 8. LINEAR REGRESSION CONSTANTS AND COEFFICIENTS FOR DATA
FROM TABLE 6 FOR AROMATIC FUELS.

REGRESSION
TURBINE LOAD, ZERO INTERCEPT SLOPE COEFFICIENT

"All 11B19

0 -0.233 0.172 0.9790

50 0 0.270 0.9864

100 2.917 0.433 0.9979

E. CONCLUSIONS - GAS CLEANING

The most important conclusion that can be made from this laboratory
study is:

Scrubbing of gas turbine and jet engine exhaust with water spray
systems may not decrease the loading of visible particulate in the exhaust.
This is because the water spray removes a portion of the particulate and
cools the exhaust, with resultant condensation of hydrocarbons, adding
to the particulate loading. The overall net effect could vary from a
decrease in particulate to an actual increase in particulate. The spe-
cific scrubber system used for this project showed neither a particulate
increase nor decrease so it must be concluded that the particulate re-
moval was offset by the formation of condensed hydrocarbon particulate.

Other conclusions that can be drawn from this study are:

1. The combustor temperature, and turbine exhaust temperature do
not vary significantly as fuel aromatic content changes. They are only
a function of load on the turbine.

2. The CO2 and CO emissions do not vary significantly as fuel
aromatic content changes. They are only a function of load on the tur-
bine.

3. The SAE Smoke Number of the exhaust emissions varies directly
with load and aromatic content of the fuel. The variation appears linear
with both the load and the percent aromatics.

F. WATER QUALITY STUDY

The purpose of the water quality study were to first characterize
the scrubber waters in terms of typical water quality parameters and to
then evaluate the treatability of these waters for removal of signifi-
cant pollutants. To evaluate both the initial water quality and that
of the treated waters, comparison is made with typical values of water
quality parameters for municipal wastewaters.
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Treatability of the wastewater was evaluated in terms of both bio-
logical and physical-chemical treatment processes. In addition, a gas
chromatographic study was made to determine the concentrations of un-
burned fuel and polynuclear aromatic hydrocarbons in the scrubber waters.

All scrubber waters tested are identified in terms of the type of
fuel burned and the operating conditions of the combustion process.

1. Chemical Characterization of Water Scrubber Samples

Scrubber waters were analyzed for a full range of water quality
parameters to characterize them chemically and to determine their extent
of contamination. Parameters measured included pH, solids (total, dis-
solved, suspended, and their volatile fractions), chemical oxygen de-
mand (COD), biochemical oxygen demand (BOD), total organic carbon (TOC),
and alkalinity.

Scrubber waters analyzed included those from a full range of tur-
bine operating (test) conditions and fuel ratios in terms of percent
kerosene (K) and toluene (T). Table 9 summarizes solids analyses and
Table 10 summarizes other water quality parameter values for the test
scrubber waters. It is useful to discuss these results in the context
of a typical municipal wastewater.

Solids data in Table 9 indicate that gross contamination of the
scrubber waters did not occur. Total solids were typical of a weak
municipal wastewater. The total solids were predominantly comprised of
dissolved solids and the volatile fraction of dissolved solids was in the
25-40 percent range. The generally low values of suspended solids indi-
cated little removal of particulate matter by the scrubber waters. Ap-
parently, the major fraction of combustion residues removed by the
scrubbers from the exhaust gases are volatile organic compounds in gas-
eous form that dissolve in the scrubber waters and form volatile dis-
solved solids (Corvallis tap water used for scrubber waters has a vola-
tile dissolved solids content < S mg/).

Chemical water quality parameters for the scrubber waters are sum-
marized in Table 10. All parameters were not measured on each sample
because of the duplication of test conditions for many samples.

pH values of samples were measured to determine whether acidic or
basic components generated in the combustion process would alter the pH
of scrubber waters. The results reported in Table 10, reveal that the
pH values of the scrubber waters are not appreciably different from
Corvallis tap water. This indicates that little or no acidic or basic
inputs to the scrubber waters occurred.

As a further check on possible effects of exhaust gas inputs on the
buffering capacity of the scrubber water, alkalinity measurements were
made on a selected number of samples. In all cases, results indicated
that scrubber waters remained unchanged from Corvallis, tap water, thus
confirming the lack of significant acidic or basic components in the
exhaust gases.
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The remaining three parameters measured for the scrubber waters,
TOC, COD, and BOD, were intended to quantify the organic carbon content
of the scrubber waters. TOC is a measure of organic carbon, regardless
of the oxidation state of the carbon,and hence its potential energy
yield by biochemical oxidation reactions. COD provides a measure of the
potential energy yield of carbon compounds present, but does not measure
biodegradability. BOD provides an estimate of the biochemically availa-
ble energy yield of the organic compounds present. The three parameters
can be used comparatively to derive much useful information regarding
the treatability of the scrubber waters by conventional biological treat-
ment processes.

Results of the TOC, COD, and BOD analyses when compared to munici-
pal wastewaters indicate that the scrubber waters are very dilute or
low-strength organic wastes. For a weak municipal wastewater, typical
values of TOC, COD, and BODS would be 100 mg/i, 250 mg/i, and 100 mg/Z,
respectively. Values measured for TOC and COD for the scrubber waters
range from about 15 to 60 percent of the weak municipal wastewater.

COD to TOC ratios are typically in the range of 2.5-3.0 for munici-
pal wastewaters. Values of the ratio below this indicate an organic
waste that is highly oxidized,relative to the proteins and carbohydrates
of municipal wastewaters, while higher values of the ratio indicate a
less oxidized organic waste. The average ratio for the scrubber waters,
based on six representative samples,was 2.0. Thus, the organic carbon
in the scrubber waters is in a relatively oxidized state and would have
a lower energy yield in biochemical oxidation reactions than an equiva-
lent amount of carbon in a municipal wastewater.

BOD$ results for the scrubber waters are very questionable but ap-
pear to indicate that the organic carbon in the scrubber waters was
largely nonbiodegradable. The BOD test was very difficult to run effec-
tively for the scrubber waters because it was necessary to acclimatize
the bacterial culture first before inoculating the test bottles. Accli-
matization was achieved by operating a fill-and-draw aerated reactor for
10 days using increasing ratios of scrubber water/primary effluent
(Corvallis municipal system) as the feed. The biological solids concen-
tration decreased sharply toward the end of the acclimatization period
which could be attributed to the dilute strength of the water but perhaps
was aggravated by the organic carbon being nonbiodegradable. The bio-
treatability study reported in a later section tends to confirm the non-
biodegradable nature of the scrubber water organics.

2. Biotreatability of Scrubber Waters

Chemical characterization of the scrubber waters determined that
they would generally be classified as very dilute wastewaters, based on
carbon content. The waters were also low in suspended solids, indicating
that most of the scrubber water constituents were in dissolved forms.
BOD test results demonstrated a low biochemically available fraction for
the organic carbon, but acclimating the bacterial culture to scrubber
waters was difficult because of their dilute nature. Based on the above,
it was decided to determine the biotreatability of the scrubber waters in
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a fill-and-draw reactor system taking care to allow adequate acclimation
time for the bacterial culture.

The biotreatability study consisted of laboratory-scale reactors
operated in a completely mixed mode by diffused aeration. An activated
sludge bacterial culture was obtained from the aeration channel at the
Corvallis, Oregon, Wastewater Reclamation Plant. The bacterial culture
was placed under aeration in the reactor and operated on a fill-and-draw
feeding and wasting schedule which typically consisted of: 23 hours
aeration; 1-hour settling; decanting of supernatant; addition of feed
solution with nutrients and buffering; resume aeration. The reactor
operating volume was 1 liter. Nutrients consisted of a IN NH4Cl stock
solution added to achieve 30 mg/L NH3-N in the reactor and a IN KH2PO4-
K2HPO4 stock solution (pH = 7.2) added to achieve 10 mg/L P04-P in
the reactor and also to provide buffering.

The feed solution consisted of filtered primary effluent from the
Corvallis Wastewater Reclamation Plant and scrubber waters such that the
ratio of primary effluent/scrubber water was decreased by a schedule
over the duration of the test.

Bacterial solids wasting occurred immediately prior to the 1-hour
settling period. One-third of the completely mixed volume of the reactor
was wasted to achieve a nominal solids retention time (sludge age) of 3
days. However, after 5 days operation, when the scrubber water fraction
of the reactor feed solutions reached 50 percent, wasting of bacterial
solids was discontinued due to the decreasing solids content in the
reactors. The initial solids content in all reactors was 840 mg/Z but
this value decreased to an average of 130 mg/£ after the 11-day test
period.

The three scrubber waters selected for bioavailability testing were
considered representative of the range of test conditions used for the
gas turbine. The chemical characterization results and the turbine
test conditions for the three scrubber waters were previously summarized
in Tables 9 and 10 and identified as samples T-l, T-2, and T-3.

Results of the 11-day biotreatability study for the three scrubber
waters are reported in Tables 11, 12, and 13 for test water samples T-1,
T-2, and T-3, respectively. Results are summarized in terms of percent
COD reduction, since the influent COD values to the reactors necessarily
changed as the ratio of scrubber water to primary sewage effluent changed.
COD removal percentages for all three scrubber waters followed a similar
pattern of decreasing removal over the duration of the test. Initially,
high COD removal was achieved when the influent (feed) to the reactors
was predominantly primary sewage effluent. As the percentage of primary
sewage in the influent to the reactors decreased, so did percent COD of re-
moval. The bacterial culture appeared to be unable to adapt to the
scrubber waters; thus, COD removal of the scrubber water fraction of the
influent feed solution was minimal. The rapid decrease in bacterial
solids content of the reactors is further evidence of the nonbiodegrada-
bility of the scrubber water organics. The biotreatability studies thus
support the results of the BOD tests and strongly suggest that the organic
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TABLE 11. BIOTREATABILITY RESULTS FOR SCRUBBER WATER T-1
1

DAYS OF % PRIMARY INFLUENT EFFLUENT % COD
OPERATION EFFLUENT COD2 , mg/1 COD 2 , mg/1 REIOVAL

1 90 88 16 82

2 90 88 17 81

3 70 75 18 80

4 70 75 16 79

5 SO 58 16 72

6 SO 58 17 71

7 so 58 16 72

8 30 45 16 64

9 30 45 28 38

10 10 34 25 26

11 10 34 26 24

1Test Conditions: Fuel 100% Toluene
Pressure 30 psi

Full Load
2COD of filtered (Whatman GF-C) samples.
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TABLE 12. BIOTREATABILITY RESULTS FOR SCRUBBER WATER T-21

DAYS OF % PRIMARY INFLUENT EFFLUENT % COD
OPERATION EFFLUENT COD2 , mg/1 COD 2, mg/L REMOVAL

1 90 87 25 71

2 90 87 23 74

3 70 73 20 73

4 70 73 22 70

5 so 53 17 68

6 50 53 16 73

7 SO 53 16 70

8 30 39 17 56

9 30 39 18 54

10 10 31 28 10

11 10 31 29 6

1Test Conditions: Fuel 50% Toluene, 50% Kerosene
Pressure 30 psi
Full Load

"COD of filltered (Whatman GF-C) samples.
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TABLE 13. BIOTREATABILITY RESULTS FOR SCRUBBER WATER T-3
1

DAYS OF % PRIMARY INFLUENT EFFLUENT % COD
OPERATION EFFLUENT COD2 , mg/Z COD2 , mg/z REMOVAL

1 90 87 20 77

- 90 87 19 78

3 70 74 18 76

4 70 74 1 78

5 50 56 16 68

6 so 56 17 b6

7 50 56 1 68

8 30 43 23 47

9 30 43 30 30

10 10 32 29 9

11 10 32 29 9

1Test Conditions: Fuel 100% Kerosene
Pressure 30 psi

Full Load
2COD of filtered (Whatman GF-C) samples.
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compounds in the scrubber waters are refractory to biological treatment.

3. Physical-Chemical Treatability of Scrubber Waters

Two physical-chemical treatment processes were investigated for COD
removal from the scrubber waters. The processes, evaluated separately,
were coagulation with alum and adsorption with activated carbon. The
scrubber waters were the same three as those tested for biotreatability.

Coagulation tests were conducted,using a standard, six-place jar
test apparatus. The apparatus consists of a stirring paddle mechanism
with variable speed drive and six separate reactors of I- liter volume
that are simultaneously mixed at the same speed. Conditions similar to
those of full-scale coagulation processes can be simulated, including
rapid mixing of chemical, slow mixing to promote flocculation, and
quiescent conditions to simulate sedimentation basins.

The specific procedure used in the coagulation jar tests was as
follows:

1. Place 1-liter sample in 1.5-liter beaker reactor.

2. Begin rapid mix at 100 rpm.

3. Add alum from stock solution (1000 mg/Z as AI(OH)3(s)) to
achieve desired dose.

4. Add base (IN NaOH) as required to raise pH to 6.0.

S. Decrease stirring speed to 15-30 rpm for 30-60 minutes. Ob-
serve flocculation.

6. Stop stirring and remove stir bars. Settle for 1-2 hours.

Alum was selected as the coagulant of choice because of its common
application in water and wastewater treatment. Use of a clay (kaolin)
coagulant aid was also investigated. Alum forms a polymeric structure
of aluminum hydroxide complexes when dissolved in water. At a pH value
below about 5.0, the aluminum polymers are negatively charged, while
above this pH value they are positively charged. At a pH value of 6.0,
the point of zero charge, the net charge is neutral. The organic
materials removed from the turbine combustion gases, predominantly
highly oxidized structures containing oxygen, are expected to be neutral
in charge when removed in the scrubber waters. Thus, the pH of alum
coagulation was maintained at 5.0 to maximize the affinity of the neu-
tral organic compounds for a neutrally charged coagulant suspension.
The organic materials in the scrubber waters were mostly
dissolved in form, Coagulation would be expected to be
effective in removing the suspended solids and the high molecular weight
dissolved forms. Lower molecular weight dissolved organic compounds,
especially those in an oxidized form containing oxygen, would not be ex-
pected to be effectively removed by alum coagulation.
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Results of the alum coagulation tests are summarized in Table 14.
The three test scrubber waters were first coagulated with alum at two
different dosages and then with alum at the lower dosage and adding a
clay (kaolin) coagulant aid. Results are presented in terms of effec-
tiveness in reducing the COD of the test waters.

From the results, it is apparent that alum coagulation alone is in-
effective in removing COD from the scrubber waters. Thus, according to
the expected results based on theory, the COD is comprised predominantly
of dissolved, low molecular weight, oxidized chemical forms or high
molecular weight, nonadsorbable forms of organic compounds.

Addition of a coagulant aid improved COD removal to between 30-70
percent. This would tend to support the evidence that approximately
one-half of the organic compounds are high in molecular weight and
colloidal in nature. Unless high-alum doses are applied alone, these
organic materials are very difficult to coagulate. However, with use of
a coagulant aid to improve floc formation, these materials are more ef-
fectively removed.

Adsorption using activated carbon is commonly employed to remove
dissolved organic materials. It is effective for dissolved organic
compounds with high molecular weights that tend to be hydrophilic in
nature. As the molecular weight of dissolved organic compounds decreases,
particularly if they contain polar functional groups such as oxygen-
containing moieties, activated carbon becomes less effective at removal.

Two forms of activated carbon are commonly used in water and waste-
water treatment practice and were tested for their effectiveness with
the scrubber waters. Granular activated carbon is typically used in a
packed or fluidized column. The columns may be arranged in parallel of
series, and in the fluidized mode may be designed for continuous operation
with new carbon addition and spent carbon removal occurring without re-
moving the column from operation. Powdered activated carbon is usually
added to a completely mixed basin for contact with the water to be treat-
ed either on a batch or continuous basis.

For this evaluation, it was only desired to determine whether granu-
lar and/or powdered carbon could effectively remove the scrubber water
organics over a realistic contact time for wastewater treatment. For
this reason, both carbons were tested in completely mixed reactors with
an excess of carbon relative to the concentration of organic compounds
to be removed so as to avoid approaching saturation of the activated
carbon surface. No attempt was made to derive adsorption isotherms or
kinetic data.

The specific procedure used in the activated carbon adsorption tests
was as follows:

1. Dry carbon at 103*C for 12 hours. Cool and desiccate.

2. Weigh desired carbon dosage and add to Erlenmeyer flask reactor.
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3. Add 250 mk sample and mix on wrist shaker for 4 hours at 25*C.

4. Filter sample (Whatman GF-C) to remove carbon and measure solu-
ble COD.

Results of the activated carbon adsorption tests are summarized in
Table 15. The same three scrubber waters were used as for the coagula-
tion and biotreatability studies. Granular activated carbon was added
at 1.0 g/Z while powdered activated carbon was tested at two concentra-
tions, 0.4 g/Z and 5.0 g/k. Results are reported in terms of COD re-
moval effectiveness.

The results of the carbon adsorption tests show a range of 30-83
percent COD reduction in the test scrubber waters for all carbon types
and dosages. Powdered activated carbon appeared to be somewhat more ef-
fective under the test conditions employed. However, for a 4-hour reac-
tion time, the granular activated carbon systems were unlikely to have
achieved an equilibrium distribution between adsorbate and adsorbent,
whereas the powdered carbons probably had reached equilibrium.

Based on an average of approximately 50-percent COD removal, it can
be surmised that about this same fraction of the organic compounds in
the scrubber waters are sufficiently hydrophobic (high in molecular
weight and/or nonpolar) to have a greater affinity for the activated
carbon surface than for the aqueous solution. Conversely, about one-
half of the organics are low molecular weight and polar, thus not being
adsorbed and remaining in solution. This supports the results of the
coagulation test with coagulant aid added in which a similar range of
COD was removed and attributed to the high molecular weight fraction of
organic compounds in the scrubber waters.

4. Gas Chromatography Study of Unburned Fuel and Polynuclear
Aromatic Hydrocarbons

Scrubber waters were found to be relatively dilute in chemical
composition and to be largely nonbiodegradable in BOD and biotreatability
studies. This implies that effects on receiving streams, at least from
an oxygen budget standpoint, will be minimal. However, the nature of
the organic compounds in the scrubber waters may be such that toxic ef-
fects are exhibited. Because of the great expense and difficulty of
running bioassay tests and the often ambiguous results, it was decided
that an analytical approach would be more productive. Therefore, a gas
chromatographic study was undertaken to measure concentrations of the
toxic constituents most likely to be present from the combustion process.

The organic constituents selected for gas chromatographic analysis
were unburned fuel components (kerosene and toluene) and a family of
polynuclear aromatic hydrocarbons (PAHs). Unburned fuel was considered
a likely fraction of the scrubber water organic compounds as incomplete
combustion of fuel is often associated with nonuniform temperature dis-
tributions and other nonideal conditions of a combustion engine. PAHs
are well-known byproducts of fossil fuel combustion. They are of con-
cern because of their toxic and carcinogenic properties and would require
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removal by treatment processes prior to disposal should concentrations
exceed water quality criteria.

Scrubber waters selected for gas chromatographic analysis were
again the same as those used in the treatability studies. Each was
analyzed for unburned fuel by one extraction and chromatographic proce-
dure and for PAHs by a separate extraction procedure and two separate
chromatographic procedures.

The extraction and chromatographic procedure for unburned fuel is
detailed in the following:

900 ml scrubber water was mixed with 25 g Na2SO4 . After the
salt was dissolved, the mixture was extracted with 9 mX hexane.
The hexane extract was dried by passing through MgSO4-H20, then
analyzed directly by GC. (Hexane extract was not concentrated
to avoid loss of kerosene and toluene.) In control runs, a
single hexane extraction recovered 86 percent of the toluene
and 98 percent of the kerosene.

Gas chromatograph parameters were as follows:

Column: 10 feet x 1/8 inch stainless steel
Packing: 10 percent SP2100 on 100/120 mesh Sulpoport(

(Supelco)
Operation: N2 carrier, 20 mi/min; 45°C

Flame-ionization detector; Air 200 Kpa,
H2 300 Kpa

The extraction and chromatographic procedures for PAHs were as fol-
lows:

One thousand mi scrubber water were mixed with 25 g Na2SO4
and then extracted three times with 50 mi dichloromethane (DCM).
The combined DCM extracts were filtered through Mg S04 to dry
and concentrated to 1-3 mi in a Kuderna-Danish apparatus. Then
3-4 m cyclohexane was added, the solution concentrated again to
1 mi in the K-D apparatus, and analyzed by GC. The procedure
was checked by a sample containing pyrene and the recovery was
60 percent. Compounds determined were fluorene, phenanthrene,
anthracene, fluoranthrene, pyrene, benz [a] anthracene, and
chrysene.

Gas chromatograph parameters were as follows:

Column: 6 feet x 2 mm I.D. glass
Packing: 3 percent SP225ODB on 100/120 mesh Sulpoport®

(Supelco)
Operation: N2 carrier; 40 mi/min.

Initial temp. 100*C, 80C/min. to 260*C, then
hold.
Flame-ionization detector; Air 200 Kpa,
H2 125 Kpa

35



For the higher molecular weight PAHs an alternative gas chromato-
graphic procedure was used, as follows:

The extraction and concentration procedure is identical with
that of the lower molecular weight PAHs. Compounds determined
were benzo [a] pyrene, perylene, benzo [a] pyrene, benzo [g,h,i]
perylene, and dibenzo [a,h] anthracene. A standard test mixture
(PAH-2, Alltech Chemical Co.) containing 10 ppm of the above
compounds was used for quantification.

Gas chromatograph parameters were as follows:

Column: 10 feet x 1/8 inch stainless steel
Packing: 10 percent SP2100 on 100/120 mesh Sulpoportg

(Supelco)
Operation: N2 carrier, 20 mX/min; temp. 330'C

Flame ionization detector; Air 200 Kpa,
H2 300 Kpa

Chromatographic scans for unburned fuel components showed no measura-
ble peaks at the retention times of kerosene and toluene in any of the
scrubber waters. The lower limit of detection for kerosene was 0.7 mg/
and for toluene, 0.03 mg/. These negative analyses for unburned fuels
indicate either that scrubbers did not effectively remove unburned fuel
from the exhaust gases or, more likely, that the combustion processes
were highly efficient in burning the fuels.

For the lower molecular weight PAH analyses, chromatographic scans
found no detectable amounts at a lower limit of detection of 1 ug/.
Higher molecular weight PAHs, analyzed separately, were also undetecta-
ble at a lower detection limit of I ug/k. For all chromatographic scans,
peaks were detected at retention times other than those for compounds
being analyzed. These could simply represent oxidized fuel combustion
products with no environmental significance or possibly more exotic
organic compounds of environmental concern. A more complete analysis
would be required involving gas chromatography-mass spectrometry to
identify these unknown organic compounds.

5. Summary and Conclusions - Water Quality Study

Chemical characterization of scrubber waters from a wide range of
turbine operating conditions and two different fuels (kerosene and
toluene) has revealed that wastewaters equivalent in strength to very
dilute municipal wastewater are generated. Solid analyses generally
showed very low levels of suspended particulates in the scrubber waters
representing predominantly mineral residues. Dissolved solids, incor-
porating most of the material removed from the turbine exhaust gases,
ranged from 15-40 percent volatile matter. The volatile dissolved solids
were analyzed as COD and TOC, the ratio of which indicated a more highly
oxidized state than typical municipal wastewater organics. No detecta-
ble BOD was exerted by the scrubber water organics, indicating that the
organic compounds were refractory to the bacterial organisms. pH and
alkalinity values of the scrubber waters were unaffected by the scrub-
bing process.
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Biotreatability studies confirmed the refractory nature of the
organic compounds in the scrubber waters. Activated sludge bacteria
slowly acclimated to the scrubber waters were unable to metabolize the
organics for growth or energy requirements.

Both coagulation with alum plus a coagulant aid (kaolin clay) and
activated carbon adsorption removed an average of about 50 percent of
the scrubber water COD. These physical-chemical processes showed the
greatest promise for treating the scrubber waters. More detailed studies
employing one or both of these processes are required to optimize COD
removal. Chemical oxidation processes were not investigated but may
also be feasible because of the dilute strength of the scrubber waters.

Chromatographic analyses for unburned fuel components, kerosene and
toluene, and for polynuclear aromatic hydrocarbon compounds in the scrub-
ber waters were below detection limits. No further attempt was made to
specifically identify the organic compounds present.

In conclusion, based on oxygen demand and (BOD) only for the scrub-
ber waters tested in this study, no wastewater treatment would be re-
quired to meet typical effluent guidelines of 10-30 mg/Z BOD. Effluent
standards based on COD may dictate some level of treatment is required,
particularly if the higher range of COD values was present in a test
facility scrubber water. In this case, carbon adsorption treatment,
possibly in conjunction with chemical coagulation, should be employed.

G. DATA ANALYSIS AND PERFORMANCE

Concurrently with the evaluation of the wet-scrubbing system as a
smoke-removal device an evaluation was made to determine the heat loss
through the system, the turbine efficiency, and the extent of evapora-
tion of the scrubber water. All were found to be dependent on the tur-
bine load while the water spray section was found to be adiabatic. This
work resulted in an M.S. project for a graduate student, Mr. George D.
Ikonomou. The full report of this project is published separately as
Appendix B.

H. RECOMMENDATIONS

Based upon this study, and work of others, it does not appear that a
simple wet-scrubbing system alone can reduce particulate matter in gas
turbine or jet engine exhaust enough to result in compliance with opacity
or particulate loading regulations. Because additional hydrocarbons are
formed by condensation, the simple scrubber should be followed by another
device capable of removing submicron particles. This will be reported
in the next tests conducted on the wetted sand filter used after a simple
scrubber.

It is possible that installation of wet scrubbers on jet engine test
cells, or flooding the augmentor section with large quantities of water,
has reduced opacity complaints. It is suspected that this is because the
wet plume masks the particulate matter, allowing it to disperse suffi-
ciently to be nearly invisible by the time the wet plume evaporates. The
observations made at NAS Alameda tend to confirm this suspicion. The wet
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plume causes extensive soiling of the area surrounding the test cell,
indicating that it still contains a large quantity of particulate as it
leaves the test cell exhaust.

The cost of the simple wet scrubber is very low compared to other
control devices which could be applied to a test cell. However, if it
cannot satisfactorily clean the exhaust, the cost/benefit ratio becomes
high because of the small benefit. To operate properly, the simple wet
scrubber should be followed by another device in series. This would in-
crease both the "cost" and the "benefit" but could result in a lower
cost/benefit ratio.

Teller (Reference 5) estimates that a satisfactory "nucleator sys-
tem" to collect the fine particulate to meet opacity and loading regula-
tions would cost about $600,000 (1976 dollars) for a single jet engine
test cell capable. of handling a 17,000--pound thrust engine. This value
appears to be realistic.
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SECTION IV

EVALUATION OF WETTED-SAND FILTER

The control device tested and reported in this section was the
"SandAir" filter, manufactured by Rader Companies, Inc. of Portland,
Oregon. It is a wetted-sand filtration system in which water is sprayed
on top of a bed of graded sand. The turbine effluent gas flowed con-
current with the water through the sand bed and the cleaned gas and
dirty water were exhausted at the bottom of the system.

The SandAir filter tested was a pilot model-sized cell with a baf-
fled demisting section in the gas stream after the cell. Four spray
nozzles were located in the top of the cell, spraying concurrently with
the incoming turbine exhaust. A valve and pressure gage in the water

line to the spray nozzles allowed the water flow to be varied from zero
flow to the maximum (9-1/2 gpm @ 40 psi). The water sprayed into the
cell impinged upon the top of the sand, located about midway up the cell.
The sand was 2 inches in depth, supported on a stainless steel screen.
The water was drained from the cell, after passing through the sand, and
the cleaned gas was ducted to a demisting section, where the remaining
water was removed. The cleaned gaseous effluent was then exhausted,
through a roots blower, to the building exhaust fan. Figure 11 shows
the SandAir filter cell with the spray nozzles at the top, the top gas
inlet, the demister section, air bypass flow control valve, and roots
blower.

Fig. 11. SandAir Filter System.
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Figure 12 shows the demister on the left, the pressure gage which
indicated the pressure drop across the SandAir unit, and the bypass
flow control valve.

Figure 13 shows the entire system with the turbine at the left, the
ductwork from the turbine to the filter, the filter, flow control valve,
roots blower, exhaust to the building system, and the heated sampling
lines at the gas inlet to the SandAir filter.

The configuration shown in Figure 13 was used to determine the Smoke
Number of the inlet sample. For outlet smoke samples, the heated sampling
line was connected between the demister and the dilution air bypass valve.

The smoke sample was carried by the heated stainless steel line to
the smoke-measuring system. The Smoke Number was determined according
to SAE, Aerospace Recommended Practice Specification ARP 1179 A. The
smoke filters were analyzed on a B&L Spectronic 20 equipped with a re-
flectance attachment.

A schematic flow diagram for the test facility is shown in Figure
14.

A. EXPERIMENTAL DESIGN

The variables measured during the test are shown in Table 16. Also
measured were the wet and dry bulb ambient temperature and the barometric
pressure.

Preliminary runs indicated that 100 percent kerosene fuel resulted
in such a low Smoke Number at both zero load and full load that it would
not be useful to test with such a clean effluent. Figure 15 indicates
the SAE Smoke Numbers for the three fuel mixes.

The gas flow through the SandAir filter was determined by a pitot
traverse in the duct leading to the filter. The filter unit was operated
at its design point of 100 feet per minute face velocity at 3 different
water flow rates. Figure 16 shows the velocity traverse being conducted.

Two separate experiments were designed, based on the preliminary
runs. The first design varied turbine load (zero and full loads), the
fuel mix (50/50 and 100 percent toluene), and the water flow rate through
the spray nozzles (2.9, 4.5, and 5.7 gpm). The gas flow to the SandAir
filter was maintained at 450 actual cfm for all runs. This was accom-
plished by setting the pressure drop across the SandAir filter at 18
inches of water for zero load and 10 inches of water for full load. A
complete block experiment was selected. This resulted in 2 x 2 x 3 = 12
runs for the test series.

The second experiment was run to determine if the change in pressure
drop across the SandAir filter, which changed the gas volume through the
filter, changed the efficiency of the filter for smoke removal. The
water flow was held constant at 2.9 gpm and the fuel was 100 percent
toluene for four tests. Two were made at zero load (300 acfm and 47S
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TABLE 16. SANDAIR FILTER TEST VARIABLES

INDEPENDENT
FUEL VARIABLES OR DEPENDENT MEASUREMENT METHOD

Kerosene/Toluene Ratio I Volume %
Hydrogen Content, % I Total Carbon Diff. Method
Flow Rate, lb/hr D Volumetric Burret & S.G.

ENGINE VARIABLES

Power Output, kw I Wattmeter
Frequency, % of 400 H I Panel Meter
Combustor Temp., *F D Thermocouple
Turbine Exhaust Temp., *F D Thermocouple
Turbine Exhaust Velocity, fpm D Pitot Tube

POLLUTION CONTROL
SYSTEM VARIABLES

SandAir AP, in. H20 D Pressure Gage
Water Flow, gpm I Pressure Gage & Curves
Filter Gas Outlet Temp., *F D Thermocouple
CO2 Concentration D NDIR
CO Concentration D Reagent Tube
Smoke Number D SAE, ARP 1179 A

acfm) and two at full load (475 acfm and 625 acfm). The design value

for this unit was 100 cfm per square foot, which was equal to 450 cfm.

B. TEST PROCEDURE

The tests required at least two persons to operate the turbine,
sampling, and measuring systems. The SAE Smoke Number measurement re-
quires four filters during each run. This required one person, full-
time.

Some data were obtained before the test run was started. These in-
cluded initial filter reflectance, fuel H/C ratios, ambient temperatures
and pressures, and background data such as date, time, and personnel.

Once the system was started it was operated at the set test condi-
tions until temperatures, and CO2 concentration, stabilized. The data
were then collected and the required four filters were obtained for Smoke
Number. When the run was completed the system was shut down and the
filters were measured to determine the reflectance of the smoke spot.
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A blank data sheet and an operational check list for the SandAir

system are included in Appendix A.

C. RESULTS AND DISCUSSION

The test and calculated data for the SandAir experiment are included
in Appendix A.

The flow of gas through the filter was determined to be a function
of both the water flow to the sand bed and the pressure drop across the
filter unit. Figure 17 shows this dependency.

Figure 18 shows the SAE Smoke Number at the filter outlet for the
first experiment. The water flow through the SandAir filter was not a
significant variable, so only the turbine load and fuel mix affected
the outlet Smoke Number. Figure 19 shows the numerical reduction of the
Smoke Number across the SandAir filter. A significant Smoke Number re-
duction was obtained by using the SandAir filter as a control device.
The results of the first experiment are indicated in Table 17.

TABLE 17. MEAN VALUES AND EFFICIENCY OF SANDAIR FILTER FOR
SMOKE REDUCTION.

TURBINE FUEL MIX. SAE SMOKE NUMBER SANDAIR FILTER

LOAD, % % TOLUENE INLET OUTLET DECREASE EFFICIENCY, %

0 so 1.6 0.1 1.5 94

0 100 13.1 9.8 3.3 25

100 50 7.1 4.6 2.5 35

100 100 29.1 17.0 12.1 41

The second experiment indicates that when the flow through the
filter exceeded the design value of 450 acfm, the Smoke Number in-
creased significantly. Table 18 shows these results.

D. CONCLUSIONS

The Radar SandAir fiter did significantly reduce the SAE Smoke
Number of the turbine exhaust. In the area of concern (opacity over 20
percent) the device was 25 percent to 40 percent efficient. It does
not appear that this device, as tested, would clean the effluent enough
to meet a 20 percent opacity standard. The SandAir filter should not
be operated at a flow greater than its design capacity of 100 cfm per
square foot of sand surface.
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TABLE 18. SMOKE NUMBER AND EFFICIENCY AS A FUNCTION OF GAS FLOW
(DESIGN GAS FLOW WAS 450 ACFM).

TURBINE PRESSURE DROP GAS FLOW, SAE SMOKE EFFICIENCY,
LOAD, % ACROSS FILTER, IN. H20 ACFM NUMBER

0 10.8 300 11.8 10

0 18.0 450 9.8 25

0 19.0 475 11.4 13

100 10.0 450 17.0 41

100 11.0 475 19.8 32

100 18.5 625 23.0 21

E. RECOMMENDATIONS

The SandAir filter could possibly be used advantageously with two
changes. First, a finer sand could be used which would increase the
efficiency but also the horsepower requirement. As the unit was tested
the flow was 100 cfm per square foot of sand surface for a total flow
of 450 cfm. The air horsepower was 1-1/4 so the fan input horsepower
was approximately 2-1/2 horsepower. If the unit were scaled up to USAF
needs, the gas flow would be 450,000 cfm requiring 2,000+ horsepower for
the fan. A rough cost estimate would be in the $2 million to $4 million
range.

The unit tested used a once through water system. The water was ob-
tained from the city main, sprayed into the SandAir unit, and dumped down
the city storm sewer. In an actual system the water is recirculated from
a sump. This does allow some possibility for water treatment which could
increase the efficiency of the unit. A larger scale unit would have to
be tested, with water treatment and recirculation to determine if a satis-
factory efficiency could be obtained.

It does not appear that the SandAir filter can be recommended as a
control system for jet engine test cell smoke at this time. It does show
some promise but more extensive tests are required before a full-scale
application should be considered.
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SECTION V

EVALUATION OF CERAMIC FABRIC BAGHOUSE

The control device tested and reported in this section was a bag-
house utilizing Nextel® ceramic fabric bags as the filtration media.
Nextel® is manufactured by the 3M Company, St. Paul, Minnesota. It ap-
pears similar to fiberglass cloth but is usable at a much higher tempera-
ture (extended-use temperature 1427*C, 2600*F and short-term use tempera-
ture 1650*C, 30000F). The material is woven from Alumina-Borica-Silica
and is nonoxidizing. It has been used extensively on experimental, high--
temperature filters (Reference 7,8).

The ceramic fabric baghouse tested was a pilot model--sized unit with
a single bag 12 inches in diameter x 40 inches long for one test and 12
inches in diameter x 32 inches long for the other test. The bag was
clamped to a frame and was not sewn. Figure 20 shows the filter frame
standing alongside the housing.

Figure 21 shows the bag after it was wrapped around the frame. In
this photo the bag consists of three layers of Nextel® 8H24 fabric.

Figure 22 shows the entire baghouse in place and ready for testing.
The exhaust from the turbine is split and a portion (about 1/3) is
ducted to the baghouse. Inlet smoke samples are taken at the top of the
unit while outlet smoke samples were taken at the bottom, just ahead of
the air dilution valve. Figure 23 is a schematic drawing of the baghouse
test system.

Smoke samples were carried by a heated stainless steel line to the
smoke-measuring system. The Smoke Number was determined according to
SAE Aerospace Recommended Practice Specification ARP 1179 A. The smoke
filters were analyzed on a B&L Spectronic 20 equipped with a reflectance
attachment.

A. EXPERIMENTAL DESIGN

The variables measured during the test are shown in Table 19. Also
measured were the wet and dry bulb ambient temperature and the barometric
pressure.

The preliminary analysis of the system indicated that a maximum gas
flow of about 50 to 100 acfm should be passed through the bag. This was
chosen because the literature reports typical filter face velocities of
5 to 10 feet per minute for a 2-inch to 4-inch pressure drop. When the
initial velocity traverses were made it was found that at zero load, 4
inches of water pressure drop gave 658 acfm, about 10 times the amount
expected. It was concluded that the ceramic material had a very loose
weave and, therefore, offered little flow resistance. Even 1 inch of
water pressure drop gave a flow rate of 302 acfm, about five times that
expected.
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Fig. 22. Baghouse Test Facility.
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TABLE 19. FILTER TEST VARIABLES.

INDEPENDENT
FUEL VARIABLES OR DEPENDENT MEASUREMENT METHOD

Kerosene/Toluene Ratio I Volume %
Hydrogen Content, % I Total Carbon Diff. Method
Flow Rate, lb/hr D Volumetric Burret 5 S.G.

ENGINE VARIABLES

Power Output, kw I Wattmeter
Frequency, % of 400 H I Panel Meter
Combustor Temp., OF D Thermocouple
Turbine Exhaust Temp., OF D Thermocouple
Turbine Exhaust Velocity, fpm D Pitot Tube

POLLUTION CONTROL
SYSTEM VARIABLES

Filter Pressure Drop, in. H20 I Pressure Gage
Filter Outlet Temp., OF D Thermocouple
CO2 Concentration D NDIR
CO Concentration D Reagent Tube
Smoke Number D SAE, ARP 1179 A

It was decided that the pure kerosene fuel gave very little smoke
and that more conclusive results could be obtained with the smokier ef-
fluent. Pure toluene was used for all runs.

Three separate experiments were run:

1. A factorial experiment using two loads (0 and 100 percent) and
three filter pressure drops (1 inch, 2 inches, and 4 inches of water).
This gave six runs with both inlet and outlet smoke samples taken. Three
layers of 8H24 fabric were used for the filter. The filter was originally
put through a slow-heating process where it was taken from room temp-
erature to 500*F in a 3-hour period. The manufacturer suggested going
to 700OF to 1000OF for a 20-hour period but this was not done for the
first series of runs so the Teflon@ coating remained on the bag.

2. The filter bag was annealed by burning off the Teflon® with a
propane torch. A second experiment was then run using 1 wrap of the
8H24 fabric at zero load and 1 inch and 4 inches of water pressure drops.
Inlet and outlet smoke samples were taken.

3. The final experiment consisted of changing the fabric to one

wrap of SH40 Nextel®, unannealed and running at zero and full load, 1
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inch and 4 inches of water pressure drops. Only outle. Smoke Numbers
were measured. This gave four runs which could be compared among them-
selves or compared to the previous tests.

B. TEST PROCEDURE

The tests required at least two persons to operate the turbine,
sampling, and measuring systems. The SAE Smoke Number measurement re-
quires four filters during each run. This required one person, full
time.

Some data were obtained before the test run was started. These in-
cluded initial filter reflectance, fuel H/C ratios, ambient temperatures
and pressures, and background data such as date, time, and personnel.

Once the system was started it was operated ax the set test condi-
tions until temperatures, and CO, concentration, stabilized. The data
were then collected and the requred four filters obtained for Smoke
Number. When the run was completed the system was shut down and the
filters measured to determine the reflectance of the smoke spot.

The operational checklist for the system and a blank data sheet are
included in Appendix A.

C. RESULTS AND DISCUSSION

The flow through the bag, for the same pressure drop, decreased with
time. This was because the bag slowly was plugging with the particulate
from the exhaust gases. Figure 24 shows the time history of the bag used
in Experiment No. 1.

The Smoke Numbers at the outlet of the baghouse did not change sig-
nificantly as the pressure drop across the unit changed. This was true
for both the zero-load and full-load runs.

The Smoke Numbers for the annealed, one-wrap bag were not signifi-
cantly different than the Smoke Numbers for the unannealed, three--wrap
bag. This was true for both the zero-load and full-load runs.

The Smoke Numbers from the SH40 material bag outlet were not signifi-
cantly different than those from the 8H24 material bag outlet. This was
true for both zero-load and full-load runs.

The efficiency of the baghouse at zero load (18.2 percent) was sig-
nificantly higher than the efficiency of the baghouse at full load (14.8
percent).

Test and calculated data are shown in Appendix A.
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D. CONCLUSION

The Nextel® ceramic fabric baghouse did significantly reduce the
SAE Smoke Number of the turbine exhaust. The reduction was in the range
of 14 to 18 percent, which does not appear to be enough to clean the
effluent from a test cell to a required opacity standard of 20 percent.
This low efficiency is due to the loose weave of the fabric which does
not effectively filter the 1/2 micron particles. Buildup of a filter
cake, to increase filtration efficiency, was occurring as shown by the
flow decrease with time at the same pressure drop. It would be imprac-
tical t operate the baghouse long enough to get a sufficient filter cake
to meet opacity standards as the unit would be in violation from original
startup time until sufficient cake was deposited. This could be 5 to 10
hours.

E. RECOMMENDATIONS

The Acurex Corporation has developed a modification of the standard
Nextel® fabric which may have possibilities (Reference 8). This material
is made of fine ceramic fibers (Nextel® 3/2 Blown Ceramic Microfiber)
sandwiched between two layers of the standard Nextel® fabric. They re-
port high efficiency (for 5-micron and larger mass means for the particu-
late) with quite rapid filter cake buildup (cleaning cycle times were
about S-minute intervals). This material may have the properties to meet
opacity standards. Acurex was not willing to sell us the material but
instead wanted to subcontract with us on a demonstration project.

Even if the Acurex material cleaned the exhaust to meet opacity
standards it might not be acceptable from a practical standpoint. If an
engine exhaust of 450,000 acfm were cleaned, at a high air to cloth ratio
of 10 cfm per square foot, the baghouse would have 45,000 square feet of
material. At $100 per square yard this would cost $500,000 just for the
first set of bags. If the bags were 6 inches in diameter by 8 feet long,
the baghouse would contain 3580 bags just for cleaning. If 420 extra
bags were installed so that about 12 percent of the bags could be on
cleaning cycles at one time, and a "square" baghouse with 6-inch spacing
between the tubes was constructed, it would have an outside dimension
(plan view) of about 125 feet x 125 feet. This would be quite a mas-
sive structure,costing approximately $1.5 million. With fans, ductwork,
etc., the initial cost of such a baghouse would be approximately $3
million. Fan horsepower would be about 1000 horsepower.

The 3M Company has offered to supply sample fabrics, of the re-
quired size, to Oregon State University at no cost if we wish to continue
testing.
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SECTION VI

OVERALL OBSERVATIONS AND RECOMMENDATIONS

It appears that none of the three devices tested should be consider-
ed as practical for reducing visual emissions from jet engine test cells.
The wetted-sand filter and ceramic baghouse may'be possible candidates,
but they would both have to be tested with the modifications suggested
in this report.

Low-pressure drop wet scrubbers, such as added water in the augmentor
section, do not result in a reduction of visual particulate emissions.
Instead they mask the emission and deposit it downwind from the test cell
as a dirty, black mist.
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SECTION VII

NO EMISSIONS FROM TURBINE ENGINES
x

An additional experimental study was conducted on the gas turbine
engine between the tests on the wet scrubber and those on the wetted-
sand filter. Mr. William Faye, a graduate student, operated the tur-
bine at different loads and with fuels doped with different quantities
of pyridine (a nitrogen bearing compound). His thesis, which is pub-
lished separately as Appendix C, contributes to the understanding of
NOx formation in gas turbine and jet engines.
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GAS TURBINE DATA SHEET

USAF Project - Laboratory Evaluation of Novel Particulate
Control Concepts for Jet Engine Test Cells

Principal Investigator Prof. R. W. Boubel
Oregon State University

Date Time

Test Crew

Type of Control Device

Fuel: % Kerosene , % Toluene

Ambient Temperature, OF Barometric Pressure, in. Hg

Fuel Flow: Seconds per 2000 cc , Pounds per hour

Fuel Pressure, psi Compressor Outlet Pressure, psi

Turbine Load ( 0, 1/2, Full ), Kw

Exhaust: CO 2 Reading , __Opacity, %

Turbine Outlet Temperature, 0 F

NOx, Reading % ,_%

Velocity Pressure ( 1 in. from top), in. H2 0 Vel., fpm

Smoke Sample: Orifice Ap, in. H20 Time, Sec.

Flow, cfh Gas Volume, cubic feet

Sample Temperature, OF

Rw (Reflectance of clean filter)

Rs (Reflectance of Sample Spot)

Smoke Number

Maximum Duct Temperature, 0 F

Remarks
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GAS TURBINE OPERATING PROCEDURE (modified 6/26/81)

A. 2 hours before test

1) Place NOx Exhaust and Bypass out window
2) Turn on N2 Cylinder and adjust to 10 psi
3) Turn on Power to CO2 analyzer and turn switch to MM
4) Turn on Power to NOx analyzer and push the ZERO and CONV buttons

on NOx system
5) Turn thiree-way valve on M 2 system to, N2 and aujust flowthoh 0)2

system to 800 cc/min

6) Adjust NOx analyzer to 5 psi (sample valve) and 1 SCFH flow rate

B. Test procedure

1) Open test turbine exhaust duct damper
2) Ensure fuel supply in proper tanks (measuring burette filled)
3) Turn on fuel supply valves to turbine (four valves in all)
4) Connect battery (red to positive)
5) Turn on panel lights (if lights come on battery's are o.k.)
6) Turn on opacity monitor blower (plug in)
7) Turn on opacity monitor and recorder (adjust zero and span on both)
8) Turn on exhaust duct blower (switch is on column next to fuel tanK)
9) Turn on electrical load-cooling blower

10) Turn on Relative Humidity-measuring device
11) Turn on CO, NOx span and Air Tanks
12) Adjust CO9 pressure to 5-6 psi and the NOx and Air Tanks to 10-15 psi
13) Turn on al1 Line Valves (following regulators)
14) With three-way valve in N2 position adjust the C02 analyzer until the

meter reads zero.
15) Adjust the C0 recorder to zero
16) Turn three-way valve to (X2 and adjust the instrument gain to get 100% on

recorder
17) Recheck N2+C02 until consistant valves are obtained.
18) Turn on compressed air to sample delivery system (on wall hear boiler)
19) Plug in sample delivery system (electrical)
20) Turn on Ambient and pump switches on sample delivery system panel
21) Turn three-way valve to sample and adjust CO instrument flow to 00 cc ,in
22) Press samp switch on NOx instrument (light should glow)
23) Adjust sample pressure to 5.5 psi
24) Adjust sample flow to 1. 5SCHFH
25) Turn or OXY ;tton and adjust air pre~sre to . Ssi
26) Turn on G3 ar: ',0x buttons
27) Zero adjITt for NOx

a) Press Zero button; press 100 range switch
b) Zero ins:.ument to slightly positive
c) Check rec,.:rder and adjust zero with span (screw driver) iV redd

28) Span adjust-nt for NOx
a) Press Scan button and 100 range scale
b) Adjust cylinder until samole pressure reads 5.5
c) Adjust gain to proper value on instrument
d) Check recorder for same value and adjust with the zero if neoessar?
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29) Recheck zero and span and adjust as needed to obtain consistent values
30) Make notation on chart of pot settings, date and run number
31) Press the Samp switch on the NOx instrument
32) Press the sample switch on the sample delivery system panel
33) Record, Tdbulb, Twb
34) Check turbine panel switches all off or open
35) Start turbine (RPM-I00%, Volts-240, amps &KW-0)
36) Set load switch to position L1 L3 PH 3
37) Select 0, , or Full Load
38) Take all Data (see accompanying sheet)
39) Rerecord Tdbulb, Twb
40) Shut down turbine
41) Purge NOx and CO2 instruments with N2 or ambient Air
42) Recheck all calabrations and note changes on strip shcrt
43) Purge sample line and cooling system by pushing the Shop Air and Trap drain

buttons on sample transport system panel
44) Shut down all machinery and equipment in the reverse order of startup
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TABLE A-1
PRELIMINARY DATA FOR GAS TURBINE
SYSTEM WITH NO CONTROL SYSTEM

FUEL MIX, % TURBINE SAE
LOAD OUTLET CO2' % SMOKE

KEROSENE TOLUENE TEMP., *F NO.

100 0 0 430 1.4 0.9

100 0 1/2 550 2.0 1.8

100 0 full 800 2.8 3.3

95 5 0 425 1.5 1.7

95 5 1/2 550 1.8 1.8

95 5 full 805 2.8 3.3

90 10 0 420 1.4 1.5

90 10 1/2 600 2.0 2.0

90 10 full 850 2.8 3.9

80 20 0 475 1.5 2.-

80 20 1/2 625 2.0 3.5

80 20 full 800 2.8 4.3

65 35 0 450 1.5 2.6

65 35 1/2 600 2.0 4.1

65 35 full 800 3.0 4.2

50 50 0 430 1.6 27

50 50 1/2 600 2.1

50 50 full 800 3.0 12.8

0 100 0 450 1.5 9 3

0 100 1/2 600 2.0 3C.3

0 100 full 850 3.2 44.1
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GAS TURBINE DATA SHEET

USAF Project - Laboratory Evaluation of Novel Particulate
Control Concepts for Jet Engine Test Cells

Principal Investigator Prof. R. W. Boubel
Oregon State University

Date _____________ Time__ ________________

Test Crew

Type of Control Device_________________ __________

Fuel: %Kerosene ___________ 0 Toluene__________

Ambient Temperature, T 6  O______ F Barometric Pressure, in. Hg____

Fuel Flow: Seconds per 500 cc I_____ Pounds per hour _______

Fuel Pressure, psi ______ Compressor Outlet Pressure, psi______

Turbine Load ( 0, 1/2, Full ), Kw _ ___,Comb. Chamber Temp, T2  O

Exhaust: CO 2. Reading _______, ______ Opacity, ' ___

Turbine Outlet Temperature, T 3  O__________F

Sandair Outlet Temperature, T5  O

Velocity Pressure Upstream, in. H _2_0_ Vel., fPrn___

Velocity Pressure (Down Stream), in H 20 - Vel., f~io ___

Smoke Sample: Orifice ap, in. H 20 Time, Sec.__________

Flow, cfh ________ Gas Volume, cubic feet______

Sample Temperature, T O

Rw (Reflectance of clean filter)______________

Rs (Reflectance of Sample Spot) ______________

Smoke Number ___________W/A____________

Maximum Overhead Duct Temperature, OF_____________

Remarks: Twbl- Tdbl- Twb2- Tdb2-

Sandair Sump Water Temperature,TO
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GAS TURBINE - SANDAIR STARTUP PROCEDURE

1. Open test turbine exhaust duct damper.

2. Close boiler damper.

3. Turn on CO2 and N2 tanks at tank values (set pressure regulators at 5 psi).

4. Turn on CO2 and N2 line values.

5. Turn on sample pump (4 way valve in sample position, line valve ooen).

6. Turn selector valve to N2 and adjust flow rate to 800 cc/min.

7. Turn on C02 instrument and recorder and temperature indicator.

8. Check fuel drain line valves - closed positions.

9. Check fuel supply in tank (measuring burrette extension tube filled).

10. Check battery charger for less than 10 amps charge rate, if battery is low,
charge in parallel and shut down equipment.

11. Connect batteries in series red to positive.

12. Check water level in tanks for legs (should be filled to drain hole'.

13. With sample valve in N2 position, adjust instrument zero to achieve 0%
on recorder, (20 minutes after turning on).

14. Turn samrle valve to CO2 and adjust instrument gain to achieve 100% on
recorder.

15. Recheck N2 and CO2 until consistent 0% and 100% are obtained.

16. Turn on electrical load-cooling blower.

17. Turn on exhaust duct blower (starter in column next to fuel stand.

18. Open knife valve.

19. Turn on water to sandair (10 psi).

20. Turn on roots.

21. Check turbine panel switches - all of' (or open).

22. Start turbine (note RPM @100%, volts @240 amos, and KW @0)

23. Set load switch to position LI L3 PH3.

24. Select 1/2 or full load on electrical breaker.

25. Adjust knife valve to -P desired, (or -P. 'or flow rate).

26. Adjust water inlet oressure to obtain desired flow ate.
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27. Take all appropriate data.

28. For shutdown, stop turbine then proceed from No. 20 to No. 3 turning
off equipment and valves.

29. Reconnect batteries in parallel and connect battery charger.
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GAS TURBINE - BAGHOUSE STARTUP PROCEDURE

1. Open test turbine exhaust duct damper.

2. Close boiler damper.

3. Turn on CO2 and N2 tanks at tank valves (set pressure regulators at 5 psi).

4. Turn on CO2 and N2 line valves.

5. Turn on sample pump (4 way valve in sample position, line valve open).

6. Turn selector valve to N2 and adjust flow rate to 800 cc/min.

7. Turn on CO2instrument and recorder and temperature indicator.

8. Check fuel drain line valves - closed positions.

9. Check fuel supply in tank (measuring burrette extension tube filled).

10. Check battery charger for less than 10 amps charge rate, if battery is low,
charge in parallel and shut down equipment.

11. Connect batteries in series red to positive.

12. Drain fuel from turbine plenum chamber.

13. With sample valve in N position, adjust instrument zero to achieve 0%
on recorder, (20 minutis after turning on).

14. Turn sample valve to CO2 and adjust instrument gain to achieve 100% on
recorder.

15. Recheck N2 and CO2 until consistent 0% and 100% are obtained.

16. Turn on electrical load-cooling blower.

17. Turn on exhaust duct blower (starter in column next to fuel stand).

18. Open knife valve.

19. Close doors (unlocked) and open windows.

20. Turn on roots.

21. Check turbine panel switches - all off (or open).

22. Start turbine (note RPM @100%, volts @240 amps, and KW @0).

23. Set load switch to position L1 L3 PH3

24. Select 1/2 or full load on electrical breaker.

25. Adjust knife valve to LP desired, (or Pv for flow rate).
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26. Take all appropriate data.

27. For shutdown,stop turbine then proceed from No. 20 to No. 3 turning
off equipment and valves.

28. Reconnect batteries in parallel and connect battery charger.

29. If run was made on fuel containing toluene, drain system, fill with kerosene,
and run for 15 minutes to flush. Leave fuel system full of kerosene.
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GAS TURBINE DATA SHEET

USAF Project -Laboratory Evaluation of Novel Particul'ate
Control Concepts for Jet Engine Test Cells

Principal Investigator Prof. R. W. Boubel
Oregon State University

Date _____________ __Ti me__________________

Test Crew

Flow Rate, ACFM ____________Baghouse AP, in. H 0

Fuel: % Kerosene __ _______, % Toluene_________

Ambient Temperature, T 6 __ _ __ F Barometric Pressure, in. Hg _ _ _'

Fuel Flow: Seconds per 500 cc ______,Pounds per hour__________

Fuel Pressure, psi _______Compressor Outlet Pressure, psi _______

Turbine Load (0, 1/2, Full), Kw ______,Comb. Chamber Temp, T 2  
0 F

Exhaust: CO 2 9 Reading %______, ________ Opacity, %___

Turbine Outlet Temperature, T 3  O_________F

Baghouse Inlet Temperature, T 2  O_________F

Velocity Pressure Upstream, in. H2 0 Vel., fpm ____

Baghouse Outlet Temperature, T 5  O__________F

Smoke Sample: Orifice Ap, in. H 20 Time, Sec.__________

Flow, cfh _________Gas Volume, cubic feet ______

Sample Temperature, T4 O____________F

Rw (Reflectance of clean filter)_______________

Rs (Reflectance of Sample S pot) ________________

Smoke Number ___________W/A ______________

Maximum Overhead Duct Temperature, O________________F

Remarks: _________________________________

No. of Wraps of Fabric:
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APPENDIX B

MASTERS PROJECT

DATA ANALYSIS AND PERFORMANCE EVALUATION OF A GAS TURBINE
EQUIPPED WITH A WET SCRUBBER

Prepared by: George D. Ikonomou
Graduate Research Assistant
Oregon State University
Corvallis, Oregon

Supervisor: Richard W. Boubel, Ph.D.
Professor of Mechanical Engineering
Oregon State University
Corvallis, Oregon

April 1, 1982

NOTE: This Thesis was reproduced exactly as written, including
numbering of tables, figures and equations.
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SECTION I

INTRODUCTION

A smoking stationary jet engine test cell has been simulated

in a research project conducted by R. W. Boubel at Oregon State Uni-

versity for the U.S. Air Force (reference 1). In an effort to

control particulate emissions, a wet scrubber system was used. It

consisted of a spray nozzle downstream of the engine exhaust fol-

lowed by a cyclone (demister); schematic diagrams of the system

are shown in Figures B-1 and B-2. In order to determine the effec-

tiveness of the particulate removal system, SAE Smoke Number measure-

ments were taken at different spray water pressures using three fuel

mixtures. The Smoke Number results, as well as the temperature

drops across the spray system, were analyzed and it was concluded

that visible particulate loadings did not decrease during water

spray use (see reference 1).

In the present work, complete material and enery balances were

performed on the system using the data collected by R. W. Boubel

(reference 1). The calculations are divided into two parts:

a) material and energy balances around the turbine and b) material

and energy balances around the spray system. What follows is a

presentation of the equations used, the results, and a discussion

of their meaning.



SECTION II

NOMENCLATURE

Acs = Cross sectional area, ft2

C = Heat capacity, btu/lb F.

E = Energy flow rate, btu/hr.

F = Molar flow rate, Ibmoles/hr.

h = Enthalpy, btu/lb.

HHV = Fuel higher heating value, btu/lb.

tH = Heat of reaction, btu/Ib.

KE = Kinetic energy, btu/hr.

LHV = Lower heating value, btu/lb.

M = Mass flow rate, lb/hr.

MH = Fuel hydrogen content, lb H/lb.

Mc = Fuel carbon content, lb C/lb.

MH = Molecular weight.

P = Ambient pressure, in Hg.

= Heat loss, btu/hr.

R = Universal gas constant.

T = Temperature, 0F.

V = Volumetric flow rate, ft3/min.

v = Velocity, ft/s.

= Work, btu/hr.
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Y = Moisture content, lb water/lb dry air.

y = Molar or % volume compositions.

= Latent heat of vaporization, btu/lb.

p = Density, lb/ft3 .

Subscripts

a = Air

CO = Carbon monoxide

CO2 = Carbon dioxide

e = Exhaust

f = Fuel

H2 = Hydrogen

I = Liquid

N2 = Nitrogen

02 = Oxygen

s = Spray section

t = Turbine

v = Vapor

W = Water

WL = Liquid water

WV = Vapor water

1,2,3,4,5 = stream numbers of Figure 4.

1D,3D = streams I or 3 on a dry (water free) basis.

Double subscripts on flow or composition quantities, Xi' j , indicate

i = species and j = stream number as shown in Figure 1.
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For example, Mw,3 = Mass flow of water in stream 3.

Double subscripts on enthalpies, hi, j , indicate i = species,

j = temperature.

For example, ha 5 = enthalpy of air at temperature T5 .
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SECTION III

EXPERIMENTAL

Even though data acquisition is not a part of this work, it is

important to describe the experiment so that the reader is familiar

with the experimental procedure and the data source. Referring to

Figures 1 through 4, the various parts of the system may be identi-

fied.

The variables which were controlled by the experimenter were

fuel composition (kerosene, toluene, and 50/50 mixture of kerosene

and toluene), spray water pressure (0, 10, 30, 60 psi), and percent

load (0, 40, and 100). During each run, the fuel and load were

fixed and the four water pressures were varied, each allowing enough

time for all of the measurements to be made. The measured quanti-

ties were: T1 , ' RH, spray water flow (gpm), P, M2, YCO,3, YCO 2,3

V3(ACFM), T3 , T5 , and SAE Smoke Number. The remaining data were

taken later in the following manner: API gravity of the three fuels

and exhaust diameter were measured while HHV, water data, ambient

air compositions and enthalpy values were obtained from references 5,

6; 6, and 4, respectively. A more detailed description of the system

and data acquisition may be found in Reference 1.
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SECTION IV

METHOD OF ANALYSIS

A diagram pertaining to the analysis is shown on Figure 1. All

symbols are defined in Section III. Appendix 1 in Section VII con-

tains the data used for the analysis. For the first analysis only,

the engine is analyzed, while in the second analysis only the spray

system is the subject of analysis. First, the assumptions are

listed and the equations follow. Detailed derivations can be found

in Appendix 2.

For the material balances, the following assumptions are made:

1) All gaseous streams behave as ideal gases;

2) Unburned fuel at the exhaust (carbon and unburned hydro-

carbons) are in negligible amounts;

3) Oxides of nitrogen are neglected;

4) Engine exhaust pressure is taken as ambient;

5) Because of the large amounts of excess air, the fraction

of 02 used in the turbine combustor is very small.

Therefore, exhaust stream properties (molecular weight,

density, enthalpy, etc.) are taken as those of air.

This assumption is widely used throughout the litera-

ture (see reference 2).
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For the energy balances, the following assumptions are made:

1) Intake kinetic energy, friction losses and elevation

effects are negligible;

2) Reference states are the intake or ambient conditions;

3) Fuel enters the system at ambient temperature;

4) Heat into and work done by the system are taken as posi-

tive.

Part A. Analysis of the Turbine

To determine the compositions of ali streams, material balances

can be performed.

An overall mass balance gives:
V3P M2F1 = 2.746 459.7 + T3  28.96 (1)

where F, is in lb moles/hr, V3 in ACFM, P in in. Hg, T3 in 'F and M-

in lb/hr. Note that V3, P, T3 and M2 are all given as data. Next

the intake compositions are calculated.

Y2 Y02 1 D / [1 + 1.609 YI] (2)

YN21 = YN2 1D /[ 1 + 1.609 Y1] (3)

YC0 2 ,1 YC02,'D/ [i + 1.609 Y1] ()

YW, 1= 1.609 Y1 / [1 + 1.609 YI]

An elemental balance on hydrogen yields:

[Yw1 F1 + mH M2/2.02]
YW,3 2.746 V3P (T3 + 459.7)
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An elemental balance on oxygen yields:
M2(T 3 + 459.7)

Y0 2 , 3 = 79.52 V3P- (Y02 ,1 + YC02,1 + Yw,)

O- 2co3 - f yco,3 - 3 (7)

An elemental analysis on nitrogen yields:

Si M2 (T3  + 459.7)
,3 + 79.52 VP I YN2

So far, the molar compositions of intake and exhaust have been

calculated. However, there is one more requirement which the exhaust

compositions must satisfy, namely that:

Y02,3 + YN2,3 + YC2, 3 + YCO,3 + Yw,3 = (9)

This can be used as a check for consistency since it has not

been used in the derivation of equations 6 through 8. Let the left

side of equation 9 be Sy, then
1- S,

% Error = x 100 (10)

Another objective of the analysis on the turbine is to account

for the energy being introduced into the system in the form of fuel,

or chemical energy. The material balance equations can be solved in

terms of flow rates rather than compositions to give the following

results:

F1D 1 + 1.6o (9 -)

MW, 3  18 [F1 - F1D + mH M2/2.02] (12)

2.746 V3P
N3D - 28.96 [ 2.7 .- (FI - FiD + mHM 2/2.0 2)] (13)

See Appendix 2 for detailed derivations.

90

-S'



Once F1, F1D, MW,3, and M3D are known, an enthalpy balance can be

performed to calculate the rate of heat loss from the turbine

4t = (HHV) M2 - 1050.4 [M., 3 - 18 (FI-FID)] - W (14)
- M3D (ha 3-128.25) Mw3 (hwv3-1095.4)-2.986xlO-7 (M3D+Mw,3) V3

2

Since the intake stream is taken as the reference state, the only

input of energy is the chemical bond energy introduced with the fuel.

Energy leaves the system in three forms: a) heat loss due to convec-

tion and radiation, b) useful work drawn by the generator and c) inter-

nal energy in the exit exhaust stream in the form of enthalpy and

kinetic energy. In mathematical terms,

Ef - Fuel energy (input) = M2 (HHV) - 1050.4

x EM1.0,3 - 18 (F1 - FID))

Heat loss =

Useful energy = W

Ee = Exhaust internal energy = M30ha,3 + MH20,3 hw,3

+ 2.986 x 10-7 V3
2 (M3D + MW,3)

Note that the fuel bond energy must be the lower heating value

(LHV = AH of combustion with water as a vapor product). Therefore,

the HHV must be corrected by subtracting the heat of vaporization of

water as shown in the first expression above. To account for the

various forms of energy leaving the turbine, the following defini-

tions are used: Qt
% Heat loss - f x 100 (15a)

Ee
% Loss to exhaust X 100 (15b)
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% loss to useful work = % efficiency = -f x 100 (150

In this manner, the energy flow through the turbine is completely

accounted for. To summarize the analysis of the turbine, two tasks

have been completed.

i. Using material balances the compositions of the exhaust

stream have been determined and used to check for consistency of

calculations, and

ii. Using simultaneous material and energy balances, the energy

flow through the turbine has been analyzed completely.

This procedure was used in all 36 sets of data.

Part B. Analysis of the Spray System

This analysis is performed in two parts. First, the cases in

which no spray water was introduced are examined. An energy balance

gives the convective heat loss as follows:

= M3D (ha,3 - ha,5) + Mw,3 (hw,3 - hw,S) (16)

Upon examining the data for these runs, it can be seen that T3

and T5 (the exhaust and cyclone temperatures) are the same. In fact,

in most cases an increase of a few degrees can be seen; this is phy-

sically impossible but it is due to experimental error. As a result,

the terms(ha, 3-ha, 5) and (hW,3-hW, 5) both become zero, indicating no

convective heat losses (adiabatic operation). A mathematical model-

Ing study conducted by Springer (reference 2) also used the assumption

of adiabatic conditions in the spray section. If more doubts remain

as to the validity of the assumption, the runs should be repeated
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using an insulated duct at the spray section in order to achieve adia-

batic conditions experimentally. In the present analysis it will be

assumed that = 0 before the next calculation is made.

Next, an energy balance is performed for the case of spray water

being introduced into the exhaust stream. Upon combining with the

material balance around this section, the amount of liquid water

leaving the system can be calculated.

N3D(ha 3 ha 5) + MW,3 hw 3 + M4 (T4-32) - (Mw,3+M4) hw, 5
MWL,5 T5.32 - hw5

(17)

For purposes of generalization, the above result is converted into

a percentage form as follows:

% Evaporation= Spray water evaporated
Liquid spray water introduced x 100, or

% Evaporation = Liquid H20 introduced-liquid H20 leaving the system 00Liquid water introduced

M4- M WL.5x10

% Evaporation = -H x 100

This calculation was performed for all 36 data sets.
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SECTION V

RESULTS AND DISCUSSION

A. TURBINE

A reader interested in extending the findings of this study to a

full-scale test cell would certainly want to determine how well this

experimental setup has simulated the actual cell. In order to answer

this question and determine the performance characteristics of the

turbine, the results of material and energy balances are presented in

Tables 1 through 4. Table 1 shows the volume percent compositions of

the intake and exhaust streams as well as the results of how consis-

tent the data are. Although the numbers would be of little use for

quantitative prediction of a full-scale turbine, some qualitative

conclusions can be made.

a) Oxygen levels dropped by 2%, thus justifying assumption

5 of Section V;

b) Nitrogen levels remained roughly the same;

c) CO, C02 , and water vapor levels increased considerably

as expected because of the combustion reaction;

d) the percent error column shows that the calculations are

consistent.

Engine performance and distribution of energy are given in

Tables 2 through 4. Table 2 shows what percent of the fuel chemical
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energy leaves as lost heat, useful work, or is carried out by the ex-

haust stream. The break-downs are given for each fuel used. Table 3

contains the same information averaged to eliminate dependence on

fuel. It is worth noting that

a) Percent efficiency increases from 0 to 5, a relatively

low level;

b) Approximately 30% of the energy leaves as convective/

radiative loss while the remaining 70% is carried out

by the exhaust;

c) The magnitude of heat loss (130-200 kBtu/hr) gives an

idea of the size of the system.

The significance of these results is simply the quantitative des-

cription of the system; they show that the data are consistent and

help the reader decide whether the conclusions presented later may be

generalized to a full-scale system.

B. WATER SPRAY SYSTEM

As mentioned before, analysis of Smoke Number and temperature

drop results showed that the spray system is not an adequate parti-

culate control device (reference 1). The results of this part of

the analysis help explain this conclusion by showing what happens to

the liquid water injected at the spray nozzles. Analyses of variance

(Appendix 3) showed that the extent of evaporation of this water de-

pends solely on the load imposed on the turbine. The dependence

appears linear with a positive slope. These results appear in tabular
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TABLE 1. RESULTS OF MATERIAL BALANCES AROUND THE TURBINE

Sum of
VOLUME % COMPOSITIONS exhaust

Engine Intake Engine Exhaust cor-, posi- %
Load 02 N2 CO2 H20(v) 02 N2  CO2  CO' H20(vjtions Error Fuel

20.59 76.72 .049 1.74 18.64 76.14 1.3 .064 2.73 98.87 1.12
20.77 77.42 .050 .86 18.65 76.84 1.5 .064 1.82 98.87 1.13

0 20.69 77.13 .049 1.22 18.57 76.56 1.5 .064 2.19 98.88 1.12
20.64 76.94 .049 1.47 18.60 76.39 1.45 .064 2.39 98.90 1.10

20.80 77.53 .050 .72 18.37 76.80 1.65 .040 1.94 98.80 1.20
20.76 77.38 .050 .92 18.26 76.62 1.7 .040 2.17 98.80 1.20

40 20.69 77.12 .049 1.24 17.91 76.40 2.0 .040 2.46 98.80 1.20
20.65 76.98 .049 1.43 17.92 76.25 1.95 .040 2.64 98.80 1.20

20.67 77.04 .049 1.35 16.40 75.87 3.0 .026 3.31 98.61 1.40
20.72 77.22 .049 1.11 16.74 76.14 2.8 .026 2.95 98.65 1.35

100 20.77 77.43 .050 .84 16.89 76.38 2.75 .026 2.60 98.64 1.35
20.63 76.90 .049 1.52 16.96 75.87 2.55 .026 3.26 98.67 1.33

20.72 77.24 .049 1.08 18.64 76.64 1.5 .064 1.99 98.82 1.18
20.72 77.22 .049 1.11 18.65 76.67 1.5 .064 1.98 98.86 1.14

0 20.72 77.22 .049 1.11 18.58 76.61 1.5 .064 2.08 98.83 1.17
20.72 77.24 .049 1.08 18.65 76.69 1.5 .064 1.96 98.86 1.14

20.62 76.88 .049 1.55 17.43 76.10 2.4 .040 2.78 98.75 1.25
20.71 77.18 .049 1.16 17.62 76.42 2.3 .040 2.37 98.75 1.25

40 20.72 77.24 .049 1.08 17.68 76.48 2.25 .040 2.30 98.75 1.25
20.66 77.02 .049 1.36 17.62 76.25 2.25 .040 2.58 98.74 1.26

20.72 77.23 .049 1.10 16.16 76.06 3.35 .026 2.95 98.54 1.46
20.77 77.40 .050 .88 16.16 76.19 3.35 .026 2.80 98.52 1.48

100 20.68 77.10 .049 1.27 16.36 75.92 3.1 .026 3.13 98.54 1.46
20.72 77.24 .049 1.08 16.50 76.15 3.1 .026 2.81 98.58 1.42

20.83 77.65 .050 .56 18.72 77.73 1.5 .064 1.51 98.86 1.14
20.82 77.59 .050 .64 18.70 77.01 1.5 .064 1.58 98.86 1.14

0 20.78 77.47 .050 .78 18.68 76.90 1.5 .064 1.72 98.87 1.13
20.78 77.47 .050 .80 18.68 78.99 1.5 .064 1.72 98.87 1.13

20.79 77.49 .050 .78 17.90 76.84 2.15 .040 1.95 98.89 1.11 4
20.71 77.22 .049 1.11 17.80 76.50 2.15 .040 2.29 98.78 1.22 -

40 20.82 77.59 .050 .64 17.91 76.86 2.15 .040 1.82 98.78 1.22 o
20.65 76.98 .049 1.43 17.73 76.24 2.15 .040 2.63 98.78 1.22 ,

20.66 77.02 .049 1.36 16.55 75.97 3.0 .026 3.07 98.63 1.37
20.69 77.08 .049 1.28 16.64 76.10 3.0 .026 2.90 98.67 1.33

100 20.78 77.46 .050 .80 16.76 76.49 3.0 .026 2.39 98.66 1.34
20.65 76.98 .049 1.43 16.60 75.99 3.0 .026 3.04 98.66 1.34

From data
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TABLE 2. DISTRIBUTION OF ENERGY LEAVING THE TURBINE FOR
THREE DIFFERENT FUELS

% Heat % Lost Heat Loss
Load % Efficiency Loss to Exhaust kBtu/hr Fuel

0 0 28.05 71.95 133.0
4)

40 3.08 24.74 72.19 164.8

100 5.62 22.40 71.98 204.4

0 0 34.91 65.09 180.8

40 2.88 28.53 68.60 203.5

100 5.23 24.36 70.42 238.7

0 0 31.22 68.78 163.7

40 2.98 24.59 72.43 168.4 Ln

InI

100 5.66 16.12 78.22 146.1O
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TABLE 3. DISTRIBUTION OF ENERGY LEAVING THE TURBINE, OVERALL

% Lost to Rate of Heat
Load % Efficiency Heat Losses Exhaust Loss (kBtu/hr)

0 28.05 71.95 133.0

0 0 34.91 65.09 180.8

0 31.22 68.78 163.7

Ave = 0 Ave = 29.18 Ave = 68.61 Ave = 159.2

3.08 24.74 72.19 164.8

40 2.88 28.53 68.60 203.5

2.98 24.59 72.43 168.4

Ave = 2.98 Ave = 25.95 Ave = 71.07 Ave = 178.9

5.62 22.40 71.98 204.4

100 5.23 24.36 70.42 238.7

5.66 16.12 78.22 146.1

Ave = 5.50 Ave = 20.99 Ave = 73.54 Ave = 196.4
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TABLE 4. RESULTS OF ENERGY BALANCES AROUND THE TURBINE

% Lost % Lost Heat Loss
Load % Efficiency to Heat to Exhaust kBtu/hr Fuel

0 0 30.55 69.46 104.4
0 30.42 69.59 162.2
0 28.58 71.42 151.7
0 22.66 77.34 116.9

40 3.08 24.63 72.29 163.7
3.06 25.29 71.65 169.5
3.09 24.50 72.41 162.4
3.07 24.52 72.41 163.4

100 5.45 22.42 72.12 206.8
5.60 22.41 71.99 194.7
5.74 21.83 72.43 205.1
5.68 22.93 71.39 210.8

0 0 34.05 65.95 176.4
0 39.05 60.95 202.3
0 29.03 70.97 150.4
0 37.50 62.50 194.2

40 2.85 29.13 68.02 209.5
2.90 27.88 69.23 197.1
2.85 29.95 67.21 215.3
2.90 27.17 69.94 192.1

100 5.15 26.03 68.83 258.9
5.15 24.10 70.76 239.6
5.31 21.56 73.13 207.9
5.31 25.74 68.95 248.2

0 0 30.55 69.45 160.1
0 28.06 71.94 147.1
0 33.14 66.86 173.7
0 33.14 66.86 173.7

40 2.99 23.57 73.44 161.4
2.99 23.61 73.41 161.8 "
2.94 26.38 70.63 180.6
2.99 24.79 72.23 169.7

100 5.50 16.06 78.44 149.6
5.71 14.01 80.27 125.8
5.71 17.85 76.44 160.2
5.71 16.56 77.73 148.6

99



form on Tables 5 and 6 and in graphical form on Figures 6 and 7. It

can be concluded that in no case is all of the water completely eva-

porated, a conclusion which confirms observations that use of an

additional spray ring completely floods the system. As load in-

creases, more of the liquid water is evaporated, since the exhaust

temperature is higher. The vaporization process is responsible for

the significant temperature drops which cause hydrocarbon condensa-

tion as mentioned in reference 1. The usefulness of these findings

is that they shed some light on some of the events occurring inside

the exhaust duct by describing them quantitatively.
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TABLE 5. DEPENDENCE OF PERCENT EVAPORATION ON LOAD

Fue l ad 0 40 100

Kerosene 23.07 35.08 52.74

Toluene 20.82 41.08 66.02

50/50 26.15 39.49 61.11

TABLE 6. LINEAR REGRESSION OF PERCENT EVAPORATION
VERSUS PERCENT LOAD

Fuel a b r

Kerosene 29.65 23.09 1.000

Toluene 44.91 21.53 .9984

50/50 35.05 25.78 .9999

Overall 36.52 26.01 .970

X-axis Y Axis - % Evaporation

% Load Kerosene Toluene 50/50 Overall

0 23.07 20.82 26.15 23.35

40 35.08 41.08 39.49 38.54

100 52.74 66.02 61.11 59.96

nt tercept 23.09 21.53 25.78 26.01
Fit

Parameters Slope .2965 .4491 .3505 .3652
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Figure 3. Liquid water evaporation at the spray ring
for three different fuels.
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Figure 4. Liquid water evaporation at the spray ring, average
for all three fuels.
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SECTION VI

APPENDICES

APPENDIX 1 Data

a) Composition of ambient air, dry basis (reference 6).

Component Volume %

N2  78.084 Mwa =28.96

02 20.946

C02  .050

b) Fuel data

Lb Carbon/ Lb hydro- HHV *

Fuel lb. gen/ib. MW API Gravity btu/lb.
Kerosene .9086 .0914 6.019 44.3 19812

Toluene .9141 .0859 6.204 31.6 19304

50/50

Mixture .9113 .0866 6.110 37.7 19548

c) Water data

X- 1050.4 Btu/lb

p - 62.23 lb/ft3  C 1bt/bF

From reference 5, using API gravity values.
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d) Exhaust CO data

Load Volume ppm

0 640

40 400

100 260

e) Load data

PowerLoad Output Btu/hr

0 0

40 20490

100 51220

f) Experimental runs, see Table 7.

g) Exhaust duct cross sectional area, Acs = .1364 ft
2 (501 ID).
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APPENDIX 2 Derivations of Equations

Part A. Turbine

1. Material balance equations used to calculate compositions.

Refer to Figure 4 for symbols. Consider the exhaust

stream; according to the ideal gas law,

P3 = MW3P/RT3

Because of assumption 5, Section V, MW3 
= 28.96. Also, R =

21.85 ft3 in Hg/lb mole OR, so

28.96 (Lb/Lb mole) P(in Hg)
P3 21.85 (ft3 in Hg/Lb mole OR) T(R)

P OR
or P3 = 1.325 T , T3 in (a)

An overall balance based on mass gives:

M 1 + M2 a M3  or MI = M3 - M2

or M, = 60 V3 P3 - M2  where V3 is in ACFM (b)

Note that a factor of 60 is used to convert flow rate from ft3/min

to ft3/hr. Since F1 = MI/MWI and MW, = 28.96,

F1 a- (60 V3P3-M2). (c)

Substitute (a) into (c) to obtain

V3 P M 2

F1 = 2.746 T 3  M2  (1)

Here T3 is in 
0F, all flow rates are on an hour basis.

For the intake stream, F1 a (moles dry air)
hr hr

FW,j ( watehr ) We can express FW,j in terms of Y1 , the mois-

ture content of ambient air, as follows:
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Fw 1 lb water MW a (lb dry air/Lb mole dry air) F (lb moles dry ainw1 1lb dry airy MWw (Lb water/Lb mole water) F ID hr r

or Fw MWa F(1a)

thus F1 FD + 1 M~ FlD28.96
thu F=F 1 +y~a 1 0 F1 0 (1 +1 8 0f V1)

or FlD =F 1/(1 + 1.609 Yj) (1b)
Note that Yj may be found from a psychrometric chart from ambient

temperature and percent relative humidity. Since the given intake

compositions (which are the same as ambient) are given on a dry

basis (water-free air) we can calculate the compositions for moist

air as follows:

YO (Lb moles 02 YOLb moles 02 F 1D(lb-moles dry air/hr)

2y1 1lb-mole moist air~ O2,D lb-mole dry air) Fi(lb-moles moist air/hr)

or Y02,1 =Y2, 1D FT1 (Ic)

Use equation (1b) to eliminate FiD /Fi:

k0 211 = 0o2- 1  .0 + 1.609 Yj) (2)

Similarly for N2 and C02 equations (3) and (4) are derived:

E- 2,1 = YN2, 1 D'(1.0 + 1.609 Yj) (3)

y C02,1 = YC02 ,1D A 1.0 + 1.609Y 11 (4)

For water, we have YW,i = FW,1/Fl or, by introducing equation (1a):

=W' 2 Y (MWa/MWW) (Fl0/Fl)

Use equation (1b) to eliminate FJD/Fj:
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Yw,1 1.609 YI/(1 + 1.609 Y1) (5)

A balance on lb-moles of hydrogen, H, gives:

FH,1 + FH,2 = FH,3 (5a)

Examine each term separately; for the first term FH,l = 2 FW,1 because

each mole of water which enters contains two moles of H. Therefore,

since FW,1 = yW,1 FI

FH, 1 = 2 yW,1 F, (5b)

The second term is:
F 1lb-moles H) (Lb fuel lb H lbH
H,2 ( h-r 2 hr) mH (Lb fue [/1.01 mol)e

or FH, 2 = MH M2/1.01 (5c)

The third term is: FH,3 = 2 FW,3 or FH, 3  
2 Yw,3 F3

Also F3 = M3/MW3 = M3/28.96 or F3 = 60 V3 P3/28.96

Using equation (a) to eliminate r3, we obtain

F3 = 2.746 V3 P/(459.7 + T3) (5d)

Then FH,3 becomes

FH,3 = 5.492 YW,3 V3P/(459.7 + T3) (5e)

Substitute (Sb), (5c), and (5e) into (5a):
mHM2 2.746 V3P

2ywI F1 +f-. = 2 YW, 3 45g.7+T3

Solve for YW,3:

Y3 (yw, FI + mH M2/2.02
w,3 ' , Z.746 V3P ) (T3 + 459.7) (6)

A balance on oxygen, 0, based on lb-moles gives:

2 (tO2,1Fj ) + 2 (yc02,1 F1 ) + Yw, F1 a 2 (Y02, 3 F3) + 2 (yC02,3 F3)

+ YCO,3 F3 + YW,3 F3
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Solve for Y02.3 to obtain

F1 + 1 I (6a)
Y02,3 =T3 (Y02 ,1 + + T "YC 02,3 - YCO,3 - Yw,3

To eliminate FI/F 3, use equations (1) and (5d):

M2  V3P
F1 = F3 - 2 and F3  2.746 3 3

3
Rearrange to obtain

M2 (T3 + 459.7)

FF 3  + 79.52 V3P

Substitute into equation (6a) to obtain:
SM2 kT3 + 4597) 1 1 1

Y02,3[1'+ 79.52 V3P ](Y02,1 y C02 ,1 + I yW ,1  Yc02,3 Yco,3"Yw,3

(7)
A balance on nitrogen, N, on lb-mole basis gives:

YN 2 1F1 = YN 23 F3 orYN2,3 = YN 2 1 F1 /F3

Use equation (6b) to eliminate FI/F3:

YN 3 = + M2 (T3 + 459.7) 1 (8)

2' 79.52 V3P 2'

2. Material balance equations used to calculate mass flow rates

First note that equation (1b) is the same as equation 11. To

calculate Mw, 3  the mass flow of water in stream 3, proceed as follows:

FW, 3 - FWi + (lb moles of H20 generated in combustion/hr) (8a)

(lb-moles H20 generated in combustion) = 1/2 (lb-moles H used in com-

bustion) - 1/2 IHM2  m HM2
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Substitute this result into (8a):

MHM2
FW,3 = FWI + and since FW,1 = F1 - FID

FW,3 = F1FD 2  (8b)

Since MW,3 = 18.0 FW,3,

MW,3 = 18 (F1 - FID + MHM2/2.02) (12)

The flow rate at stream 3, the exhaust, on a dry basis (water-

free) can be calculated as follows:

M3D = 28.96 F3D or M3D = 28.96 (F3 - FW, 3)

Use equations (5d) and (8b) to eliminate F3 and FW, 3

2. 746 V 3P mHM 2
M3D =28.96 [497+T3  -F - FI .02 13

3. Energy balance equations

Knowing Fl, FIDMw,3, and M3D, an energy balance on the

turbine will allow the determination of Qt, the convective/radiative

heat loss from the turbine. Using the intake conditions and water

vapor as a reference state, the first law of thermodynamics is ap-

plied to give:

Ef - Qt + M1hl + M2h2 = M3h3 + KE3 + W (13a)

Each term will be examined separately in order to reduce equa-

tion (13a) to a more useable form. The first term is:

Ef = Chemical energy entering with the fuel

Ef - M2 (HHV) - AW, 770F (rate of production of water by
the combustion reaction)

Ef - M2 (HHV) - 1050.4 1Mw,3 - 18 (F1 - F1D)] (13b)
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Note that HHV is the enthalpy of reaction of 770F with water

liquid as a product, i.e., fuel + 02 -o-H 20(1 ) + CO2. In order to

compute the LHV (enthalpy of reaction with water vapor as a product)

the heat absorbed during evaporation of this water must be subtracted,

and thus the second term in equation (13b). The second term in (13a)

is the desired quantity and needs no further elaboration. The third

and fourth terms are: Mlh I + M2h2 = 0 because of the choice of

reference state. The first term of the right side is:

M3h3 = M3D (ha,3 - ha,77OF) + MW,3 (hWV,3 - hwv,77oF)

or M3h3 = M3D (ha, 3 - 128.25) + MW,3 (hwv,3 - 1095.4) (13c)

Here ha values were obtained from reference 3, and hWV values from

reference 4. The second term of the right side is:

1 2
KE3 = 32c v3

where v3 = V3 ft3/min 1 min. V3
Acs ft 6 sec (.1364)(60) ft/s

and gc = 32.17 Ibm ft/lbf 
sec 2

(M + M b/hr V ft/sec .001286 Btu
so K 3 = 3D w 3) /r 3 .00126_Bt

so KE3  (2)(32.171 Lbm ft/lbf sec 2  (.1364)2 (60)2 ft - Lbf

or KE3 = 2.986 x 10-  (M3D + MW3) V3
2  (13d)

where V3 is in ACFM and KE3 in Btu/hr

The last term, W, is obtained from the data and takes on three

possible values: 0, 20490, or 51220 Btu/hr. Substitute equations

(13b), (13c), and (13d) into (13a) to obtain:

Qt = M2(HHV) - 1050.4 MW,3 - 18 (FI-F 1D) - W -

M3(ha,3 - 128.25) - MW,3 (hWV,3 - 1095.4)

- 2.986 x 10- 7 (M3 + MW,3) V3
2  (14)
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Part B. Water Spray Section

1. Calculation of heat loss

Energy balance with no water entering at stream 4 gives:

Qs = M30 (ha,3 - ha,5) + MW, 3 (hwv,
3 - hWV,5) (14a)

From the data section it can be seen that T4 = T5 so that

ha,3 ha,5 and hWV, 3 = hWV,5. This reduces (14a) to Qs = 0.

2. Simultaneous material and energy balances

Material balance for water on a mass basis gives:

MW, 3 + M4 = MWL,5 + MWV,5 (14b)

For the energy balance in this case it is convenient to use a

reference state of 320F and water in the liquid phase, the reference

used in steam tables (see reference 4).

M3D ha,3 = MWL,5 CpW (T5 - 32) + MWV, 5 hWV,5 (14c)

If (14b) is substituted into (14c) and the resulting equation is

solved for MWL,5, the result is (note that CpW = 1 btu/Ib°F):

SM3 D  ha,3"ha, 5)+ MW ,3h v  M4 T4-3  - MW,3+M4) h(V,5 17)MWL,5 :' (T 5 -32) h hWV,5 7

113
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APPENDIX 3. Statistical Analysis of Evaporation Results

An analysis of variance (ANOVA) is performed on the percent

evaporation obtained from Section V, Part B to determine whether it

varies significantly with load, water pressure or both. A 5% level

of significance is used.

1
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Kerosene

pres. , 0 40 100 Ti  Ti2

10 (15) 39.55 61.83 116.38 13,544.3

30 28.59 34.02 52.52 115.13 13,254.9

60 25.62 31.67 43.86 101.15 10,231.32

Tj 69.21 37,030.5

T.2  4790.02 11,075.5 25,030.4 40,895.9

2 = 13,928.32

T. 2 (332.65)2 = 12,295.11
re 9

2 37,030.5 12,295.11 = 48.39

=St
2  13,928.32 - 12,295.11 = 1,633.21

i 2 = 40,895.9 12,295.11 = 1,336.85

S2e = 1,633.21 - (1,336.5 + 48.39) = 247.97

ANOVA

Due to d.f. s.s M.S. V.R. F (.05)

water 2 48.39 24.20 .39 6.94
pres. (r)

load (c) 2 1336.85 668.43 10.78 6.94

error 4 247.97 61.99 - -

total 8 1633.21 - - -

Conclusion: Percent evaporation varies significantly with load only

(5% level of significance).
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Tol uene

Load
water
res. 0 40 100 Ti Ti2

10 13.09 59.54 76.46 149.09 22,227.8

30 30.57 31.80 76.83 139.20 19,376.64

60 18.80 31.90 44.76 95.46 9,112.61

Tj 62.46 123.24 198.05 383.75 50,717.1

Tj2  3,901.2 15,188.1 39,223.8 58,313.15

Ty2 = 20,785.61

Lc2 = 9 2 16,362.67

rc9
S2 _50,717.1

Sr 16,362.7 = 543.03

St 2 = 20,785.61 - 16,362.7 = 4,422.94

= 58313 15 16,362.7 = 3,075.04

Se = 4,422.94 - (3,075.04 + 543.03) = 804.87

ANOVA

Due to d.f. s.s. M.S. V.R. F (.05)

water
press. (r) 2 543.03 271.52 1.35 6.94

load (c) 2 3,075.04 1,537.52 7.64 6.94

error 4 804.87 201.22 - -

total 8 4,422.94 -

Conclusion: Percent evaporation varies significantly with load only

(5% level of significance).
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Mixture

Load
water
pres. 0 40 100 Ti  T-

10 34.85 45.22 72.95 153.02 23,415.1

30 21.8 36.09 61.58 119.47 14,273.1

60 21.8 37.16 48.8 107.76 11,612.2

Tj 78.45 118.47 183.33 380.20 49,300.4

T.2  6,154.4 14,035.14 33,609.9 53,799.4

2= 18,335.15

T..2 ( (380.25)2re  9 =16,065.56
re 9
2 = 49300 - 16,065.56 = 367.90

Sc2 = 53799.4 - 16,065.56 = 1,867.57

St = 18,335.15 - 16,065.56 = 2,269.6

e = 2,269.6 - (1,867.57 + 367.9) = 34.12

ANOVA

Due to d.f. s.s. M.S. V.R. F (.05)

water

press. (r) 2 367.90 183.95 21.57 6.94

load (c) 2 1,867.57 933.79 109.47 6.94

error 4 34.12 8.53 - -

total 8 2,269.6 -

Conclusion: Percent evaporation varies significantly with load and

with water pressure (5% level of significance).
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4

NOx Emissions from a Gas Turbine as a Function
Fuel-Bound Nitrogen and Other Variables

INTRODUCTION

The study and control of oxides of nitrogen (NOx) formed during

combustion processes, has gained new emphasis in the past few years

as their effect on the environment becomes more well known. These

effects are concentrated into two main areas, the formation of photo-

chemical oxidents which are a cause of smog, and their combination

with water to form dilute nitric acid, which precipitates out as

acid rain.

The contribution of NOx to smog is primarily that of a producer

of free radicals which combine with oxygen and hydrocarbons to form

Ozone and complex hydrocarbon chains.

The NO combines with oxygen in the atmosphere to produce NO2.

This NO2 , along with NO2 emitted in the initial combustion reaction,

is acted upon by ultraviolet light and breaks down into NO and an

oxygen radical. This oxygen radical then can combine with diatomic

oxygen to form ozone, which is a strong oxidizer. The ozone reacts

with hydrocarbons in the atmosphere, forming many of the irritants

which cause irritation of the eyes, nose and throat, and headaches.
1

The ozone also reacts stronqly with many substances causing rapid

degredation of rubber, nylon, and other fabrics and synthetics.
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A rough schematic of the photochemical production of smog is

shown below.
2

NO 30 MINUTE NO2 U.V. LIGHTEN 0 + 0

/ +02
03 (OZONE)

, + HY DROCARBONS
SMOG

Oxides of nitrogen also contribute substantially to the problem

of acid rain. The atmosphere transforms the NOx into nitrates which

combine with moisture in the air to form nitric acid. One Environ-

mental Protection Agency study stated that in some sections of the

western United States up to 80% of the acid content of the rain is

Nx3nitric acid from NOx .

Acid rain has a marked effect on the ecosystems of lakes and

streams. In the Adirondack Mountains of New York more than half of

the mountain lakes over 2000 feet in elevation have a pH of less than

5.0 and 90% of those contain no fish. 4  Near the Canadian Sudbury

smelters it is estimated that between 300 and 500 lakes within a 50

mile radius contain little or no fish at all. 5

Higher than normal acid levels in the water inhibit the repro-

ductive cycle of the fish by disrupting the ability of the mother to

produce or to eject her eggs. If the eggs are fertilized they tend

not to develop, or to develop into abnormal or weakened adblts.
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Acid rain also affects buildings, structures and statues by react-

ing with the stone and construction materials to etch or weaken them.

Other effects of acid rain include rapid corrosion of paints and

finishes on houses and automobiles,-the dissolving of lead solder on

piping (and its introduction into drinking water), and the dissolving

and introduction of mercury into lakes and streams, and thence into

the food chain.

It is mainly for these reasons, their contribution to smog and to

acid rain, that NOx emissions have come under closer study and tighter

control by the Environmental Protection Agency.
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PURPOSE

Studies by the Air Force in the late 1970's indicated that it

would be desireable for the United States to develop its shale oil

reserves as a source of military jet fuel. 6  This fuel would be

readily accessible and is considered sufficient to supply our needs

in the event of national emergency.

Shale oil and synthetic fuels from coal have a higher nitrogen

content, in the form of ammonia and pyridine compounds, than do most

petroleum derived fuels. For this reason, it was of interest to the

Air Force to see what effect this high nitrogen content would have

on NOx emissions.
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THEORY

This section gives a brief overview of the theories and mecha-

nisms which have been proposed as the major pathways of NOx produc-

tion in combustion systems. For a more complete background in this

area, the reader is referred to the book, Combustion, by Irvin Glass-

man7 , from which most of this section was taken.

In fuel injection systems such as a gas turbine, the fuel drop-

lets burn as diffusion flames near the stoichiometric air fuel ratio.

It is only after these fuels are completely vaporized and mixed that

they reach the final air fuel ratios indicated by calculations. As

a result, the reactions take place at a higher temperature than

would be anticipated and the resulting concentrations of NOx are ,igh-

er than would be expected from overall mixture ratios.

Much of the NOx formed is in the form of nitrous oxide [NO] with

significantly smaller concentrations of NO2 and minor amounts of

N204 . For the moment we shall concentrate on production of NO in

nitrogen free fuels. We will then address fuel bound nitrogen kine-

tics and tIo generation of N02.

Thermal NO

NO from the combustion of nitrogen free fuels is highly tempe-

rature dependent and formed primarily by what is called the Zeldovich

Mechanism.
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First proposed by the Russian scientist Ya. B. Zeldovich in 1946,

this model postulates that oxygen atoms are first formed from the

thermal dissociation of 02 or by hydrogen attack on atmospheric

oxygen. This free oxygen atom then combines with atmospheric nitrogen

as shown below.

1 6 + N2 -- NO + N k = 1.4 * 1014 exp (-78500/RT)

2 N + 02 -a NO + k = 6.4 x 104 exp (-6280/RT)

Some later researchers have included the reaction

3 + OH' NO +H k = 2.8 x 1013

although this is felt to contribute to a much lesser extent.

Because of its high activation energy equation 1 is slow and

acts as the control on the reaction. Because of the slowness of the

reaction it was thought that all of the NO was formed in the post

combustion zone. However, experiments made to confirm this showed

that NO concentration profiles extrapolated to the flame front did

not go to. zero. This lent credence to arguments that reactions other

than the Zeldovich mechanism also contributed to NO production.

Prompt NO

The NO formed in the combustion zone has been called Prompt NO.

C.P. Fenimore discovered that Prompt NO is only found in the flames

of hydrocarbons. This observation led to the following reaction

scheme involving a hydrocarbon species and atmospheric nitrogen.
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4 CH + N2 - HCN +

5 C2 + N 2 - 2CN

The N atoms could then form NO partially by the Zeldovich mech-

anism (equations 1 and 2) and the 2CN could form NO by reaction with

diatomic oxygen or by attacking an oxygen atom.

It has also been theorized that if the 0 atom concentration in

the reaction zone were much greater than the equilibrium levels, then

the Zeldovich mechanism could also account for the prompt NO.

The current feeling is that both these mechanisms hold true and

that which predominates depends on the flame temperatures and on the

stoichiometry. In the low temperature regions the Fenimore mechanism

is felt to control the production while in the high temperature areas

the Zeldovich mechanism predominates due to high oxygen atom produc-

tion.

Fuel Bound Nitrogen

When nitrogen is present in the fuel, the NO emissions increase

dramatically. The chemical mechanisms for this conversion are not

completely determined as yet, however a number of possible mechanisms

have been suggested.

The fuel nitrogen compounds probably undergo thermal decomposi-

tion to low molecular weight nitrogen compounds or radicals prior to

combustion. These might include NH2, HCN, CN, NH3, NH, etc.
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Some sumqested oualltatlve conversion routes for NH would be:

6 NH + -NO +

NH + O--t N + OH

N + 02- NO + 0

+ OH - NO +

A conversion route which has been suggested for CN is:

7 CN + 02---, OCN + 0

OCN + 0-- CO + NO

These reactions are quite fast and occur at approximately the

same rate as the energy release during combustion.

NO2 Formation

NO2 is found in significant concentrations in the exhaust gases

of some combustion systems, including gas turbines. This is surpris-

ing as chemical equilibrium calculations and kinetic models would

indicate that it would not be found in appreciable quantities.

Because of this discrepancy, researchers have looked into NO2

production and found that it is formed in the visible regime of all

air flames. In most cases however, it is rapidly converted to NO in

the post flame zone.

The following scheme has been suggested for the production and

consumption of NO2 in fuels containing nitrogen.
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8 a NH + 02 - NO + OH

8b CN + 02 - NO + CO

9 NO + HO2  - NO2 + OH

10 N02 + 0- NO + 02

Reaction 9 is important as there can be significant amounts of

HO2 in the early parts of the flame.

It is also important to note that the reaction rate of equation

10 is two orders of magnitude slower than that of equation 9. Because

of this, it is quite possible that reaction 10 is quenched before com-

pletion in some systems, such as gas turbines. This would account for

the higher levels of NO2 encountered in such systems.
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APPARATUS

The main power plant for this project was an Airesearch Manu-

facturing Company Gas Turbine Generator, Model No. GTGE30-23 with a

turbine engine, model No. GTP30-40. It was a self contained unit

capable of generating up to 15 kw of electricity of AC or DC current.

The package was fully instrumented to show output voltage, frequency,

current and power, DC generator voltage, and percentage of engine rpm.

Additional instrumentation had been added to show fuel pressure, com-

pressor air pressure, combustion chamber temperature and exhaust

temperature. See Figure 1.

The gas turbine system was a simple open cycle coupled turbine

type, consisting of a centrifugal compressor and turbine wheel

mounted on a common shaft and a combustor which exhausted into the

turbine. The combustor was a single can type, as shown in Figure 2.

The turbine was speed governed by the proper metering of fuel.

The fuel flow was adjusted to maintain a constant speed of 48,000 rpm

under varying electrical loads.

The generator was connected to a series of resistors shown in

the back corner of Figure 1. The switching box was able to give one

half and full load to the generator, 6.25 kW and 15 kW, respectively.

Zero load was achieved by opening the AC circuit breaker on the front

panel of the turbine generator.
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Figure 1. Gas turbine generator

Figure 2. Combustor can assembly
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The turbine was supplied with fuel stored and metered in the

fuel control panel, as shown in Figure 3.

Figure 3. Fuel control panel

The control panel had three fuel tanks connected to the fuel

line through a three-way valve, shown in the center. Measures of

fuel flow rate were made by timing the flow of fuel through the 2000

cc burette on the right hand side of the panel.

Assuming that the 2000 cc burette volume was correct, we would

estimate an accuracy to within 0.5% of our average volume flow

rates. (flow at full load was 285 sec).
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The flow rates of the exhaust gases were also measured, using a

Dwyer Pitot Tube and manometer . These values were read as velocity

pressure in inches of water. These values were then converted to the

proper velocity and mass flow rates.

Due to the extreme turbulence in the exhaust duct it was diffi-

cult to estimate the accuracy of these measurements. From the results

of the calculation of air fuel ratio information, and comparison with

air fuel ratios derived from CO2 data, the accuracy would appear to be

fairly reasonable in some cases. However, overall accuracy of better

than 10% of measured values cannot be assumed.

The exhaust sample was run through an AESI model SCM 7900 sample

conditioning system (see Figure 4). The sample was cooled to near

ambient temperatures and the particulate matter and moisture removed.

The sample was then pumped at 12 psi to the analyzers.

The sample was passed to a Scott Model 325 Chemiluminescence

NO/NOx analyzer which, for our study, was used entirely in the NOx

mode.

This analyzer uses the light emissions produced by the reaction

of NO and ozone to measure the concentration of NO in the sample gas.

The intensity of the light is proportional to the flow of NO into the

chamber.

In order to measure NOx (NO and NO2 combined), the sample was

first passed through a thermal converter kept at 5000 C. This dis-

associated the NO2 into NO and the total concentration was then

read as NO. A photograph of the instrument is shown in Figure 5,
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Figure 4. Sample conditioning system

Figure 5. Scott NOx analyzer
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while a schematic of its major components is shown in Figure 6.
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Figure 6. Schematic Scott NOx analyzer

The analyzer was capable of analyzing and measuring NO concen-

trations over full scale ranges of 10, 25, 100, 250, ik, 2.5k and

10k ppm.

The stated accuracy of the instrument was within 1% of full scale

for the ranges of interest. A test of accuracy conducted on January

2, 1982, using various span gases gave values that at most are off by

5% at the outer edges of the range (see Aopendix 1). This test was

conducted under stable ambient conditions.

Under test conditions, changes in ambient temperature caused sub-

stantial drift in zero readings. After many extensive and unsuccessful

attempts were made to try to eliminate this drift, it was decided to

make measurements aqainst frequently measured zero values. It was

found that by usinq this method consistant results could be obtained,

usually within 2 pDmv.
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In some of the later runs it was noted that the relative distance

between the zero and span gases was shrinking, indicating a relative

change in scale. To adjust for this, span gas readings were taken

periodically and measured values adjusted accordingly. An example of

this procedure is given below (taken from the 0 load run 1/8/82):

Sample reading 27.5 ppmv, zero reading 3.5 ppmv

Span gas (45 ppmv) reading - 44 ppmv

Zero with span gas reading = 4.5 ppmv.

Adjustment for zero drift - 27.5 pomv-3.5 ppmv 24.0 ppmv I
Span drift - 45 ppmv actual - (44 ppmv measured-4.5) = 5.5 ppmv

Final Adjusted Value = 24.0 ppmv + 5.5 opmv = 29.5 ppmv.

Other sources of error as cited by Campbell et al. 10 include inter-

ference by water vapor and carbon dioxide. The error caused by these

two factors was considered minimal in these tests. In the case of

water vapor, our sample conditioner removed much of the moisture.

The error caused by the CO2 is at most 0.5 ppm and was therefore

neglected.

In light of the above discussion, it was felt that the measured

values can accurately approximate the true values within an error of

less than 5 ppmv.

The sample gas stream was also routed to a Beckman Model 215A

Infrared Analyzer to determine CO2 levels. The analyzer was cali-

brated to read CO2 concentrations of up to 5% (by volume). The

calibration curve for the analyzer is given in Appendix 2.
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The instruction manual 11 ives the acc-ura cy af n-Is i1nst-r-';me-- 3

within 1" of scale. In our case, tLhis would:r~ :

Considerinq accuracy of the cal ibratioen cujrve and :e:~ee

techniques, an accuracy of - 0.i CO-, was assure.' reasciatz,e.

Figure 7 shows a section of our instrumenrza--on A4-n-n C

analyzer on the bottom, the chart recorder in The cne n

turbine electrical loadina resistors at the too.

Figure 7. CO analyzer, chart recorder and
electrical boadinq device

Both the Scott 325 NJO, analyzer and the Beckman 2:.5A O-'J- v:

er were connected to an Esterline Anqus Str-io --art -eccrder. 7he

recorder had two channels.
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The accuracy of the recorder was given as = 0.35' of scale--

which translates into ± 0.35 ppm for the NOX values and O.,7

C02 for the C02 analyzer.

Additional instrumentation on our system included a series o-

Type K (Chromel-Alumel) thermocouples, which measured seven tempera-

tures. Two of these, combustion flame temperature and exhaus: :e"e-

rature, were used in this study. The thermocouples were connece t

an Omega Model 199 ten-channel digital temoerature indicator, as srcwn

in Figure 8.

Figure 8. Digital temperature indicator

T;. accuracy of the exhaust gas measurements was conservativelv

estimated at ± 10F, taking both indicator and thermocouDle error,
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into account. The combustor flame temperature was measured with a

specially modified Type K thermocouple, shown close up in Figure 9.

This was desiqned to fit through the compressor housing and enter the

final row of holes in the combustor can. These holes can be seen on

the can shown in Figure 2.

The cowl protecting the thermocouple was designed to minimize the

interference of radiational effects on the thermocouple and to allow

free flow of exhaust gas through it. The radiational effect of having

the extremely hot combustion zone just upstream, and of having the

relatively cold surfaces downstream and around it, can often cause

interference with true gas temperature readings.

A photograph of the back of the turbine in Figure 10 shows the

combustor thermocouple entering the housing on the middle right-hand

side of the casing. The exhaust temperature thermocouple can be seen

in the middle foreground just beyond the flange in the exhaust duct.

The wet and dry bulb temperatures were also measured using the

blower and thermometer combination shown in Figure 11.

The overall configuration of the machinery is pictured in Figure

12. The analyzers and loading system are in the back corners, the

fuel measuring system in the foreground and the sample conditioning

system is partially visible behind it.

Most of the calculations for this project were done with a North

Star Horizon Micro-computer, using the BASIC computer language. This

was a small 64 k memory comouter with a CRT and hardcopy attachment.

Copies of the programs used are given in the Appendices.
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Figure 9. Combustor flame temperature thermocouple

Figure 10. Rear view of turbine-compressor
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Figure 11. Wet and dry bulb measurement

Figure 12. Room set up

145



Figure 13. North Star Horizon computer
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PROCEDURES

The fuels were mixed by hand in five gallon quantities and trans-

ported to the test site. Various mixtures of kerosene and pyridine

were used to achieve final fuel mixtures that were of the desired

weight percent nitrogen, 0.5% and 1% nitrogen by weight. (See

Appendix 3 for the calculations)

The constituent fuels underwent elemental analysis conducted by

R. Wielesic of the University of Oregon Chemistry Department. The

samples were tested on a Perkin Elmer Model 240 carbon hydrogen ni-

trogen analyzer. The results obtained were: for kerosene 90.38% C

and 9.09% H (weight percer .), and for pyridine 17.90% N, 75.63% C and

6.68% H. The precision for this test was 0.1% for standards and 0.3

to 0.4% for pure chemicals.
13

It was noted that because of this, the weight percents did not

total 100%, being 99.47% for kerosene and 100.21% for pyridine. It

was decided to adjust the weight percents by taking the difference

between the total and 100% and adding or subtracting an equal amount

from each element to achieve a total of 100%. The adjusted values

used in calculations were therefore, for kerosene 90.645% C and 9.355%

H, and for pyridine 17.83% N, 75.56% C, and 6.61% H.

The test procedure began by letting the analyzers warm up for one

to two hours with a flow of zero gas (nitrogen) through them at the

same rate as the sample and zero gas flows during the run. Both units

were then calibrated using nitrogen gas as the common zero gas and
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using a standard gas containing 45 ppmv of NO for the NOx analyzer and

5% CO2 for the CO2 analyzer. Calibration was done by adjusting the

zero and gain (span) potentiometers on the instruments until the

readings matched the known standards. Several alternate readings of

the zero and span gases were made and the potentiometers adjusted

until consistent results were obtained. Note was next made of the

various ambient conditions, including barometric pressure, dry bulb

temperature and wet bulb temperature.

The specific fuel to be tested was then chosen, and the turbine

generator started at zero load. Experimental values were taken when

a steady CO2 reading was obtained, indicating steady state conditions.

At that time, note was maJ of the CO2 concentration, fuel pres-

sure, compressor outlet pressure, turbine exhaust and combustion

chamber temperatures, and a timing was made of the flow rate of

2000 cc of fuel. The NOx concentration was also determined by alter-

nately checking the sample and zero readings. After a number of

repetitions of the sampling and zero levels, a check was also made

of the span gas reading. These values were used to determine actual

NOx values as indicated in the Apparatus section on the NOx analyzer.

When all the data had been gathered, the ambient temperatures

were again checked and noted. The load was then changed, and the

process repeated for half (6.25 kW) and full (15 kW) loads.

The Appendices contain copies of the data sheet used (Appendix

4) and the complete checklist for a run (Appendix 5).
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RESULTS

Table I contains the measured and derived variables used in the

analysis of this experiment. What follows is a brief description of

each of those variables.

Oxides of nitrogen were measured by the Scott Model 325 NOx

analyzer, as described in the Procedural section. Relatively consis-

tant results were obtained during each run with the largest standard

deviation during a measurement series being 1.4 ppmv. The values

given in the table are the mean values for each measurement series.

The standard deviation around that mean is shown in parenthesis. The

actual measured values for each table point are given in Appendix 6.

The mean NOx values were adjusted to combustor inlet conditions

of 212°F (10(rC), 2 atm, and zero absolute humidity in the exhaust

gas, by the following equation.

373.15 - ( i.n' 2 t

11 NOx t me(NOx)mes exp [.8 at x exp (19H)

where Tin is the combustor inlet temperature in degrees Rankine, Pin

is the combustor inlet pressure in atmospheres, and H is the absolute

humidity, mass H20/mass air, of the inlet air. An equation of this

form was proposed by Lewis 14 to predict NOx emissions and is used by

the Environmental Protection Agency to adjust its NOx standards to fit

different pressure ratio engines. 15
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A similar form of this equation was used to adjust data obtained

by the Electric Power Research Institute in studies they have

done on synthetic fuels (16, 17, 18, 19). The equation they appear

to have used raises the pressure ratio to a power of 1.5. I was un-

able to verify if this was a misprint in the article. In a conversa-

tion with Mr. Cohn of the EPRI it was indicated that this equation

should not have been used for high Fuel-Bound Nitrogen fuels. The

assumptions made in its derivation do not hold true when large

amounts of NOx from Fuel-Bound Nitrogen (FBN) are present.

Reference 16 states on Pg 4:

"The validity of this equation under water in-
jection conditions is only partially established
for low FBN fuels and not yet established for
high FBN fuels".

In spite of these statements, all their data appears to have been

adjusted using this type of equation. It was therefore decided

to use the above equation to adjust all our data and thereby con-

form to their procedure. The pressure ratio was raised to the 1/2

power because it was felt that their use of 1.5 was a typographical

error.

These adjusted values are in Table I in the column on the third

from the right. The adjustment turned out to be minor, with a maxi-

mum change of -2 ppmv.

The actual combustor inlet conditions were determined from the am-

bient dry bulb temperatures and from the compressor outlet pressure.

The compressor outlet temperature was calculated using air tables,

and by assuming a compressor efficiency of 80%. The deriviations



leading to these values are given in Appendix 7. The actual inlet

temperature was probably within 10'F of this value.

The carbon dioxide measurements were load dependent and remained

fairly constant from fuel to fuel. There was some slight variation

but this was well within our expected level of accuracy. The fuel

composition did not effect these measurements. Upon checking the

variation in carbon content of the three fuels used, it was found that

the weight percent of carbon in the three fuels were within 1% of each

other (see Appendix 8). The carbon dioxide levels would therefore not

be expected to change.

The carbon monoxide was measured by reagent tube during the tests

conducted on January 5, 1982. Because there was virtually no change

in the carbon content of our fuel, or much change in our measured

flame temperature, it was reasonable to expect little change in our CO

output. We therefore made the assumption of identical CO values for

the other runs at the same loads.

The measured combustor flame temperature was essentially constant

for all our tested fuels, varying only with load. This might be ex-

pected as our turbine would control the fuel input to give a similar

energy output for the loads, regardless of the fuel. This would re-

sult in similar combustion temperatures for similar fuels.

The value calculated as the combustion chamber temperature was

the adiabatic flame temperature for the calculated air fuel ratio.

This temperature was found to be less than the measured value.

This was unexpected as the energy consumed by dissociation reactions
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in actual flames makes the adiabatic flame temperature (which does

not take these into account) higher than the actual value.

In this case the discrepancy was probably due to incomplete mix-

ing of the incoming air and the fuel at the point of measurement. The

thermocouple was placed through the last set of air inlet holes in the

combustor (see Figure 2). Final mixing of the products of combustion

would then occur downstream of these holes.

Another factor supporting this assumption is that the discrepancy

was greater at higher loads. At higher loads the fuel flow rate through

the combustor was higher, which would cause the combustion zone to

lengthen and ceie closer to the thermocouple. Also, the increased

velocity of the combustion gases would move complete mixing further

downstream.

In short, the adiabatic flame temperature under these circum-

stances would include dilution air in the calculations that did not

actually take part in the combustion process.

In spite of these difficulties the adiabatic flame temperature is

valuable as a general indicator of combustion conditions. It is a

standard calculatable variable which is not prone to the variables

that effect other methods of temperature measurement. It can be made

much more accurate if the air fuel ratios are known for localized

areas. Other methods of measurement such as thermocouples or infrared

spectrometry are subject to interference by radiation from the flame

zone and from the walls. In light of these variables our flame tempe-

ratures should be taken as indicators of trends rather than as absolute
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Appendix 12 for the derivation and data for the adiabatic flame temp-

erature.

In order for the adiabatic flame temperature calculations to be

made, it was necessary that the air fuel ratio be determined. This

was done three ways, by direct measurement, by assuming complete com-

bustion and using chemical balances and CO2 measurements, and by the

procedure receommended by the Society of Automotive Engineer's Aero-

space Section. The latter was considered the most accurate and was

used in almost all further calculations. It was necessary to use the

second method for some points where carbon monoxide measurements were

not available. The direct measurement method was used as a comparison.

For the direct measurement calculation it was necessary to modify

the fuel density measurements to fit ambient conditions, (see Appendix

9) the calculations for the first two methods are given in Appendix 10.

The Society of Automotive Engineers, SAE ARP1256 method, gives
20

the fuel air ratio by carbon balance as:

(% CO vol.) + (% CO2 vol.) + (% HC by' ?,l. as carbon)

F/A 207- 2*CO% - % C02

For the purpose of our test, the quantity of unburned hydrocar-

bons was so small as to consider it negligible.

In order to better comprehend the data, plots of NOx against

different variables were made; NOx vs. measured flame temperature,

NOx vs. adiabatic flame temperature, NOx vs. air fuel ratio and theo-

retical air, and NOx vs. fuel bound nitrogen, at constant adiabatic

flame temperature.
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The plot of adjusted NOx vs. measured flame temperature is shown

in Figure 14. The points are fit very well by a linear approximation.

A linear least squares fit of the results are shown in Table II.

TABLE II

Adjusted NOx vs. Measured Flame Temperature

%N NO 2

0.0 - 9.134+0.0144 Tm .955

0.5 -25.983+0.0437 Tm .994

1.0 -26.917+0.0680 Tm .996

As expected, the rate of production of NOx increases with increased

fuel bound nitrogen.

A comparison of this plot with those produced by the Electric Power

Research Institute on subscale combustors21 shows that these results

are quite similar to theirs. Both tests produce straight line plots

of NOx vs. temperature. Figures 15 through 18 are a sample of some of

their results. These tests were taking substitute fuels with similar

characteristics to the actual synthetic fuels and comparing emissions.

An analysis of their results shows that they arrived at higher

slopes than we did for similar nitrogen content fuels. There are a

number of probable reasons for this. First of all, there are dif-

ferences in the fuels' chemical composition, second their temperature

measurement system was set up differently, and third, their inlet

conditions were substantially different.
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They discovered during their testing that minor iariations in

chemical composition caused differences in emissions from small scale

combustors. As an example, all of the surrogate fuels in Figures 15

through 18 had practically the same nitrogen, hydrogen, and aromati-

city contents as the coal derived liquids that they were trying to

imitate. It was found that small variations in nitrogen, oxygen and

sulphur content can cause significant differences in NOx emissions.22

It was therefore quite likely that there would be some differences

between their results and this test.

Their temperature measurement was done at an inverted hat mixer

at the outlet to their combustor. At that point all their dilution

and combustion air had been added and mixed. Even so, the lowest

temperature for which they took readings appears to be around 10500F.

This is comparable to our half load condition in the combustion cham-

ber itself. Their second lowest measurement was around 1700 0F, higher

than any of our temperatures.

Since these exhaust temperatures are so much higher than our in-

ternal combustor temperatures, it is probable that they had combustion

chamber temperatures much higher than those in this study.

Further evidence to support this conclusion was gained when we

noted that their combustor inlet temperatures and pressures were much

higher than in this study. Their inlet conditions were 4 atm and

600'F, while this turbine had inlet conditions of around 2 atm and

215'F. These factors would greatly effect the combustion condi-

tions.
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It therefore was probable that our temperatures in the combustor

were lower than their values.

It is interesting to note that extrapolation of most of the

curves in Figure 15 through 18 will give zero values for NOx at outlet

temperatures of 500-800'F. As we are getting significant values for

NOx in this range (even with lower inlet conditions), there would

appear to be a slope change in the data.

Another study by the EPRI by Singh et al. 23 confirms this. Un-

fortunately this paper in its entirety was not available. However,

the team members in Part Two of the study, when explaining their choice

of an exponential curve fit for their large scale combustor data state:

This equation form provides a close approximation
for the straight line segments that are believed
to represent the formation of NOx combustors as
discussed under subscale test results in Part I
of this paper. The special fuel tests consisted
of only four or five points for only three fuels
so that characterization bY straight line seg-
ments was not practical.

24

It would seem likely that a number of production rates exist that

vary over combustion conditions, and by being in a lower temperature

range our production rate is therefore lower.

Figure 19 shows the results of a plot of NOx vs. adiabatic flame

temperature. This was also subject to linear regression analysis.

The results of that analysis are given in Table III.

The slopes of the equations are slightly higher for this plot

than against measured temperatures. This would indicate a higher rate

of production of NOx against changes in adiabatic flame conditions.
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TABLE III

Adjusted NOx vs. Adiabatic Flame Temperature

%N NOx = r2

0.0 -14.746+0.0245 Tadia .974

0.5 -49.209+0.0819 Tadia .992

1.0 -52.683+0.1139 Tadia .996

Even though the adiabatic flame temperature does not accurately

reflect true combustion flame conditions in a gas turbine combustor,

it does offer a standard against which other combustors, with similar

overall energy outputs, can be compared.

The adjusted NOx values wereplotted against the air fuel ratio

and theoretical air in Figure 20. These values, too, could be ac-

curately fit to a linear approximation shown in Table IV.

TABLE IV

Adjusted NOx vs. Air/Fuel Ratio and Theoretical Air

Linear Regression

%N NOX = r2

0.0 24.711-0.1525 A/F .970

0.5 80.530-0.4903 A/F .994

1.0 135.259-0.7444 A/F .976

161

,,, t . . .. " - , - : di~ lli



11O . %N
~ 0-5% N

too - I-O%N

90

750 0

w 60 -

30

200

40 0 O 0 4

216



This shows a similar trend as the previous two plots. In this

case, the NO values decrease linearly with increasing air fuel ratios.x

This would be anticipated as an increase in the air fuel ratio causes

a corresponding decrease in the combustion temperature.

Perhaps the most interesting result of this study was the plot of
NO against fuel bound nitrogen in Figure 21. These data were taken

from Figure 19, NOx vs Adiabatic Flame Temperatures, for constant

temperatures. The temperatures chosen were those calculated at the

average air fuel ratio for each load setting.

The plot of NOx vs Adiabatic Flame Temperature was chosen so that

an individual could roughly predict an NOx value for a given fuel, air

fuel ratio and combustor inlet condition. All of these contribute to

the flame temperature.

The data points used are given in Table V. A number of types of

curves were estimated for these data and the results are given in

Table VI.

As can be seen from the plot and the regression coefficients in

Table VI, the best fit equation for the lower temperature curve is an

exponential fit. The best fit for the high temperature data, on the

other hand, is a linear plot.

The production rate was essentially constant (constant slope),

while the production rate for lower temperatures increased (increasing

slope).
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TABLE V

NOX vs Fuel Bound Nitrogen

NOX ppmv

T adai FBN 0.0 0.5 1.0

7350F 3.0 10.8 30.4

887OF 6.8 23.2 48.0

11290F 12.7 43.2 76.0

TABLE VI

NO~ vs. Fuel Bound Nitrogen Least Squares Curve Fits

T adiabatic Power Curve Fit r2  Exponential Curve Fit r

735OF 20.44*FBN(*28) .87 3.126e 2.316FBN .996 f
887OF 35.98*FBN('18) .91 7.391el.954FBN .979

11290F 61.37*FBN( 17) .94 14.175e 1.78 9FBN .957

T adiabatic Linear Curve Fit r

735OF 1.033 + 27.4 FBN .941

887OF 5.4 + 41.2 FBN .986
11290F 12.32 + 63.3 FBN 1.000
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One possible explanation for this is that at higher loads there

were higher amounts of thermal NOx present, which would lower the

relative contribution of the fuel bound nitrogen to overall NOx . At

higher fuel flow rates there may also be reduced primary air penetra-

tion to the center of the combustion zone. This might provide a

sufficiently rich (oxygen starved) area to inhibit the formation of

fuel bound nitrogen NOx , slightly.

The overall production rate still increased with temperature, as

can be seen from the linear approximations of the data. The produc-

tion rate at constant temperature was higher for the high temperatures

(a slope of 63.3) than for the lower temperature (a slope of 27.4).

Comparison of the NOx emissions, for both 0.5 percent FBN and 1.0

percent FBN, as a function of temperature indicates that conversion

of FBN to NOx increases as temperature increases.

These statements say nothing about the amount of conversion of

fuel bound nitrogen to NO x* This is concerned only with the total

production of NOx , both thermal and fuel bound nitrogen NOx , com-

bined.

It was not possible to calculate the percent conversion of fuel

bound nitrogen to NOx due to the inaccuracy of some of the experimental

25
methods. Recent research by Vermes, Toof, and Cohn indicates that

the production of thermal NOx is not constant, which is what the per-

cent conversion method assumes. Their studies indicate that the

presence of NOx from fuel bound nitrogen will inhibit the formation

of thermal NO . For this reason, there is much argument over the
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actual amount of FBN conversion and over the actual thermochemical

balances involved. This is an argument well beyond my area of

expertise.
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CONCLUSION

The results of this work are similar to that generated by other

experimenters. We have measured NO values which are lower than the

other studies; however, the lower values can be attributed to lower

combustion temperatures, and to differences in fuels and inlet condi-

tions.

The production rate of the NOx versus the fuel bound nitrogen

content was found to be less dependent on the nitrogen content at the

higher temperatures than at the lower temperatures. The overall rate

of NOx production drop was found to be higher for the higher tempera-

tures.

A plot of NOx versus fuel bound nitrogen at constant adiabatic

flame temperatures was made. This can be used to predict NOx values

for other nitrogen content fuels of the same fuel type.

Great care should be used in applying these results to large scale
turbines or in using the above plot to predict NOx values for machines

with significantly different pressure ratios. Studies conducted on both

large and small scale combustors by the Electric Power Research Insti-

tute, indicate that the results from small scale studies do not always

accurately predict full scale results.26
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APPENDIX 1

Test of Scott N0X Analyzer Accuracy

112/82 Calibrated on 45 ppniv span gas on 100 ppmv range

Zero pot: initial-2.458 final-2.32 A% scale = 4.3%

Gain pot: initial-4.179 final-4.08 A% scale = 1.0%I

Span Gas Instrument Range Error %
Ppmv 100 ppm v 250 ppmv 10,000 ppmv I
45 45 0

95 97-100 +2-+5

92.5-95 -.-. i
2460 2650 +1.9
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APPENDIX 2

BECKMAN NDIR CO2
CALIBRATION 2-27-81

100

90

80

70

60

Li=50

L40

30

20

10

0
0 1 2 3 4 5

C0 2  %
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APPENDIX 3

Calculation of Required Additive Volume for a Given
Weight Percent of Mixed Fuel

WTA Wt % 1 * (V1 * pl ) + Wt %2 * (V2 * 02)

12 1. Wt %1 Mix = Wt Total - (V1 *01) + (V2 *02)
where Wt % Mix - Weight percent of the desired element in the final

1 mixture

Wt Total - Total weight of the final mixture

Wt % 1 - Weight percent of the desired element in the addi-
tive

V1  - Volume of the additive in the final mix

0I - Density of the additive

Wt % 2 - Weight percent of the desired element in the base
fuel

V2  - Volume of the base fuel in the final mix

P2 - Density of the base fuel

2. Volume total = V1 + V2

SV [ 1 +

V2
3. Taking eq. 1 and solving for V2

V

Wt(Wt % * Pl) + (Wt % 2 2)* ( ) * 0

I + ((L2) * 02)

V11(Wt %1 *01 Wt %2 ) [ 0 V

Wt % 1 * Pl Wt % 2 V2- ) P2v

Wt %1 mix + Wt 1 mix = 1 +  *0 2]
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Wt % 1 * P1  V Wt % 2 * (w)
W t i i x - + ! 2 -2

t JmxV1 2] Wt %Imix

Wt % 1m*ix P, V Wt % 2i

2 t~-) * (1 1
'wt % %mmx i Wt %I i

V 2 W%mx1- %2 1t
.) C(1

Wt% mA 1 mix (1 0)I

4. Solving eq. 2. for V1 (additive Volume)

Volume Total
VV

5. Substituting 3. into 4.

V1 = -Volume Total

1WtPA%1 1
P2- Wt %I0/( 2_ Wt % 2

Wt %Imix~ Wt %I mix~

6. and simplifying

13 V1  Volume Total

(P, Wt % 1 -WA %J mix
P )* Wt% 1mix (1 -Wt %2mi

A computer program employing this equation and a printout of the

results for the nitrogen contents desired in this study follow.
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LIST

10 REM THIS PROGRAM CALCULATES THE VOLUME OF ADDATIVE REQUIRED
20 REM FOR A GIVEN MIX CONCENTRATION OF THE DESIRED ELEMENT
30 'CHR$(27)vCHR(.84)

40 CHRS( 12)
50 PRINT *INPUT THE WIEGHT PERCENT OF THE DESIRED ELEMENT IN YOUR
60 PRINT "ADDATIVE AND YOUR BASE FUEL.(IN DECIMAL FORM.)*
70 INPUT W1,U2
80 PRINT :I
90 PRINT INPUT THE DENSITY OF THE ADDATIVE AND THE BASE FUEL."
100 INPUT D1,D2
110 !"*
120 PRINT *INPUT THE DESIRED WIEGHT PERCENT OF THE ELEMENT IN
130 PRINT "THE MIX PAND THE TOTAL AMOUNT OF MIX WANTED.*
140 INPUT WvVI
150 B-( Wi-U )/( W*( 1-( W2/W)))
160 V2=V1/( +( D11D2 )*B>
170 V3-V1-V2
175 !" "\ !*

180 PRINT "ADD *PV2," ADDATIVE TO *PV3p* BASE FUEL.
185 PRINT "THE ADDATIVE TO BASE VOLUME RATIO IS "pV2/V3
190 END

READY
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Mixes Used

11--iFWTEH F'ENT OF T HE DE SI RE EItE -EN T I f"
PID DAT I VE AND t'OULlR B AS F U C-L IN DECIliAL. FOR16i.

TNPUr E'rrRRET Y'PE

1*1PUT THE DENS3ITY OF THE ADDATIYE A~iTHE BASE FUEL-.

INP'U'T TIHE7 DESIRED WIEGHT PERCENT OFTHE EL-EMENT IN
I i-; m" :D THE TOTIL AMOUNT OF MIX 4ANTED.

~DD 871. 63313 ADDATIVE TO 18"Mi*,017 BASE FUEL-_.-
T'HE AD DlTIVlE TO BASE FUEL VOLUti'IE RATIO IS 4.2176D -/E-34

0.5% Nitrogen
INPUT TH7 WT.EOHT PERCENT OF T11E DESIREDl ELEME.NTN m;

,i 'tuAT ANVE YOUR' BAS ii~ .EL 1( I DEC IM44L. FORM *

INPj~UT T± 'V DENSITY OP- THE ADDATIVE AND TWE BASE FUEL.

:TA4FUT THE, - DES.IRED WIEOHT PER 4'T OF THE El.EM;ENDT IN
HEl tiIX* -AOTHE TOTH".. AMw- O MIX IWANTIED.

A~~z~ArIV;E: ~TO BASE FUE 1410t.J;7 RATOI x4t2EM

130
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APPENDIX 4

GAS TURBINE DATA SHEET

USAF Project -Laboratory Evaluation of Novel Particulate
Control Concepts for Jet Engine Test Cells

Principal Investigator Prof. R. W. Boubel
Oregon State University

Date ____________ Time ___________

Test Crew _______________________________________

Type of Control Device ______________________________

Fuel: % Kerosene _________ % Toluene

Ambient Temperature, 0 ____F_ Barometric Pressure, in. Hg _______

Fuel Flow: Seconds per 2000 cc ______, Pounds per hour _________

Fuel Pressure, psi ______ Compressor Outlet Pressure, psi ________

Turbine Load ( 0, 1/ 2, Full ),Kw_________

Turbine Outlet Temperature, _____F_

NOx ,Reading ___, % _ _ __ _

Velocity Pressure ( 1 in. from top), in. H 20 _ Vel, fp

Smoke Sample: Orifice 4ip, in. HO 2 __0 __ Time, Sec.______

Flow, cfh Gas Volume, cubic feet

Sample Temperature, 0F _______

Rw (Reflectance of clean filter) ____________

Rs (Reflectance of Sample Spot) _____________

Smoke Number _________

Maximum Duct Temperature, 0F________

Remarks Tdbl- Twb2- Tdb2-
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APPENDIX 5

GAS TURBINE OPERATING PROCEDURE (modified 6/26/81)

A. 2 hours before test

1) Place NOx Exhaust and Bypass out window
2) Turn on N2 Cylinder and adjust to 10 psi
3) Turn on Power to CO2 analyzer turnswitch to TUNE
4) Turn on Power to NOx analyzer and push the ZERO and CONV buttons

on NOx system
5) Turn 3 way valve on CO2  system to N2 and adjust flow through CO2

system to 800 cc/min
6) Adjust NOx analyzer to 5 psi (sample valve) and 1 SCFH flow rate

B. Test procedure

1) Open test turbine exhaust duct damper
2) Ensure fuel supply in proper tanks (measuring burette filled)
3) Turn on fuel supply valves to turbine (four valves in all)
4) Connect battery (red to positive)
5) Turn on panel lights (if lights come on battery's are o.k.)
6) Turn on opacity monitor blower (plug in)
7) Turn on opacity monitor and recorder (adjust zero and span on both)
8) Turn on exhaust duct blower (switch is on column next to fuel tank)
9) Turn on electrical load cooling blower

10) Turn on Relative Humidity measuring device
11) Turn on CO2 , NOx span and Air Tanks
12) Adjust CO pressure to 5-6 psi and the NOx and Air Tanks to 10-15 psi
13) Turn on aTl Line Valves (following regulators)
14) With threeway valve in N2 position adjust the CO2 analyzer until the

meter reads zero.
15) Adjust the CO2 recorder to zero
16) Turn threeway valve to C02 adjust the instrument gain to get 100% in

recorder
17) Recheck N2+CO2 until consistant valves are obtained.
18) Turn on compressed air to sample delivery system (on wall near boiler)
19) Plug in sample delivery system (electrical)
20) Turn on Ambient and pump switches on sample delivery system panel
21) Turn threeway valve to sample and adjust CO2 instrument flow to 300 cc'min
22) Dress samp switch on NOx instrument (light should glow)
23) Adjust sample pressure to 5.5 psi
24) Adjust sample flow to 1.5SCHFH b6Pair
25) Turn on OXY button and adjust air pressure to 5.5 psi
26) Turn on U30and NOx buttons
27) Zero adjuTt for Ox

a) Press Zero button, press 100 range switch
b) Zero instrument to slightly positive
c) Check recorder and adjust zero with span (screw driver) if needed

28) Span adjustment for NOx
a) Press Span button and 100 range scale
b) Adjust cylinder until sample pressure reads 5.5
c) Adjust gain to proper value on instrument
d) Check recorder for same value adjust with the zero if necessary



29) Recheck zero and span and adjust as needed to obtain consistant values
30) Make notation on chart of pot settings, date and run nLmber
3.1) Press the Samp switch on the NOx instrument
32) Press the sample switch on the sample delivery system panel
33) Record, Tdbulb, Twb
34) Check turbine panel switches all off or open
35) Start turbine (RPM-l00%, Volts-240, amps &KW-0)
36) Set load switch to position L1 L3 PH 3
37) Select 0, , or Full Load
38) Take all Data
39) Rerecord Tdbulb, Twb
40) Shut down turbine
41) Purge NOx and CO2 instruments with N2 or ambient Air
42) Recheck all calabrations and note changes on strip shcrt
43) Purge sample line and cooling system by pushing the Shop Air and Trap drain

buttons on sample transport system panel
44) Shut down all machinery and equipment in the reverse order of start up
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APPENDIX 6

NOx Values from Data Sheets

(when more than one reading was taken)

Test 1/5/82 Load - 0 Test 1/5/82 Load - 6.25

Fuel 0% N Fuel 0% N

read 0 A read 0 1

1) 5 1.5 3.5 1) 22 11.5 8.5

2) 5.5 1.75 3.75 2) 18 10 8.0

3) 4.5 1.0 3.5 3) 22.5 14 8.5

4) 4 1.5 2.5 4) 21 15.5 5.5 ignore

A = 3.2 y .31 E = 7.6 = 1.4

For 1st 3 A = 8.3 c = .29

Test 1/5/82 Load 14.3 kw Test 1/6/82 Load - 0

Fuel 0% N Fuel -0.5 1 N

read 0 A read 0

1) 40 26 14 1) i0 3 7 ignore

2) 41 27 14 2) 11.5 2 9.5

3) 41 27.5 13.5 3) 13 3.5 9.5

= 13.8 a = .289 4) 13.5 3.5 10

5) 14 4 10

6) 14 4 10

= 9.8 c = .27

Test 1/6/82 Load 6.25 Test 1/6/82 Load

Fuel 0.5% N Fuel 0.5% N

read 0 A read 0

1) 27.5 6.5 21 ignore 1) 50 9 41

2) 30 6 24 2) 50 8 42

3) 31 7 24 3) 51 10 41

4) 31 7 24 4) 51 8.25 42.75
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NOx Values (continued)

5) 32 7.5 24.5 5) 52 10.5 41.5

6) 32 7 25 6) 51.5 9.25 42.25

A = 24.3 a = .45 = 41.75 an1 = .707

Test 1/7/82 Load 0 Test 1/7/82 Load 6.25 Kw

Fuel 1.0% N Fuel 1.0% N

read 0 read 0 A

1) 29 6 23 1) 56 11 45

ignore 2) 31 5.5 25.5 2) 56 10.5 45.5

3) 32 7 25 3) 57 12.0 45

4) 32 6.5 25.5 4) 58 11.5 46.5

5) 32.5 8 24.5 5) 59 12.5 46.5

6) 33 7.5 25.5 6) 59 12.0 47

= 25.2 a = .45 = 45.9 a = 8.6

Estimated span Aadjusted = 30.2 span drift Aadjusted =
drift 5 ppm ppmv 6 ppm 51.9 ppmv

Test 1/7/82 Load 15 Kw Test 1/8/82 Load 0 Kw

Fuel 1.0% Fuel 1.0%

read 0 A read 0 A

1) 83 14 69 1) 28.75 3.0 25.75

2) 83 14 69 2) 27.0 2.0 25
3) 84 15 69 3) 28.0 3.0 25

4) 82 14 68 4) 27.5 2.75 24.75
250 scaleT 5) 37.25 8.75 71.8 5) 28 4.0 24.0
ignore 6) 38 8 75 6) 27.5 3.5 24.0

- 68.75 a = 81.5 X= 24.75 a = .67

span drift adjusted span drift Aadjusted
= 13 ppm = 81.8 ppm a 5.5 ppm aduse

Not likely to be very accu-
rate due to the large span
drift
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NOX Values (continued)

Test 1/8/82 Load 6.25 Kw Test 1/8/82 Load 15.5 Kw

Fuel = 1.0% N Fuel = 1.0% N

Read 0 A Read 0A

1) 48 6.5 41.5 1) 78 8 70 ignore
2) 48.5 5.75 42.75 2) 77.5 6 71.5
3) 50.5 6.0 44.5 3) 79.5 7.5 74.5
4) 49 5.5 43.5 4) 78.5 6 72.5
5) 52 7 45 5) 81 8 73
6) 51 6 45 6) 80 6 74

T 43. 7 1. 4 T73. 1 1.2
span drift =4.5 ppm span drift -5.25

Aadjusted z 48.2 ppmfv Aadjusted 78.35

Test 12/30/81 Load 9.5

Fuel 0% N

Read 0 A

1) 16 6.5 9.5

2) 15.5 7 8.5

T 9 a -.707
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APPENDIX 7

Determination of Combustor Inlet Temperature
Assumptions

1) Air acts as a perfect gas

2) Compressor efficiency is approximately = 80%

The compression process is shown below on a temperature entropy

diagram.

T

S

1) The initial enthalpyhl,and the entropy at constant pressure,

were obtained by interpolation at actual ambient temperatures on

the Keenan and Kaye Gas Tables.
27

2) P2 was measured during the run.

3) The isentropic entropy at P2 was calculated by

141 R P2 1.986 BTU lbmPR x L (2)14 2S- + Ln + /l1' x+ L
*2S l 28.93 M.W. Air

and the corresponding enthalpy, h2s taken at the same conditions.

4) The actual enthalpy was calculated using the assumed efficiency

15 h2  n + h I

and the temperature read from the table at the same conditions.
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APPENDIX 8

Weight Percent of an Element in a Fuel Mixture

It is also desirable to know the elemental composition of a fuel

mixture when the composition of the various components is known. This

can be calculated using equation 12 from Appendix 3.

Wt 1 Wt % 1 * (V1 * Pl) + Wt % 2 * (V2 * 02)

12 Wt iTota (V1 * pl) + (V2 * p2)

where:

Wt % 1 mix = weight percent of the desired element in the fuel
mixture

Wt Total = Total weight of your fuel mix

Wt % 1 = Weight percent of your element in the fuel additive

V1  = Volume of additive in the fuel mix

P1  = Density of the fuel additive

Wt % 2 = Weight percent of the element in your base fuel

V = Volume of the base fuel in the final mix

P2 = Density of the base fuel

A computer program was written to do this calculation. A copy of the

program and the runs for the C, H, and N levels in the fuel mixes used

are shown.

1
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LIST

10 REM THIS PROGRAM CALCULATES THE WIEGHT PERCENT OF AM ELEMENT
20 REM IN A FUEL MIXTURE UHEN THE VIEGHT PERCENTS OF THE ELEMENT
30 REM AND THE VJOLUMES OF THE CONSTITUANT FUELS ARE KNOWN.
40 1 CNR0( 27 ) 9CMR(64
50 ICHR$(12)
60 PRINT 0 INPUT THE IEGHT PERCENT OF THE DESIRED ELEMENT IN YOUR
70 PRINT *ADDITIVE AND THE VASE FUEL.(IN DECIMAL FORM.)
SO INPUT WItW2
90 1* 0
100 PRINT *INPUIT THE DENSITY OF THE ADDITIVE AND THE DASE FUL.'
110 INPUT DIPD2
120 1*
130 PRINT OINPUT THE MUADER OF FUEL MIXTURES TO BE CONSIDERED.*
140 INPUT 14
150 FOR Jul TO H

170 PRINT "INPUT THE VOLUME OF THE ADDITIVE AN4D THE BASE FUEL.*
180 IN4PUT V1.V2
190 Win( W1SV*DIIW25V)2*D2 )g/( VISD1$2*2)
200 1* '\I*

*210 PRINT 'TH4E WIEGHT PERCENT OF THE FINAL MIX IS: ',II100.0,' %"
220 1* *\to'
230 NEXT J..
PRESS RETURN TO. CONTINUE
240 END
READY
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68

p Kerosene Fy-ridlne Mixtures C%
IN"7'UT THE WTEGHT PERCENT OF THE DESIRED ELEMENT IN YOUR

AODII'TIVE AND THE BASE FUEL,( IN DECIMAL FOR;4. )
?o7)6*. 90645

TNPUJT THE DENSITY 1 OF THE ADDITIVE AN4D THE BASE FUEL.
?7.976594,793"t

T1NPUT THE NUMBER Or- FUEL MIXTURES TO BE COiNSIEAERED.
a~ 3%

TNPUT THE VOLUME OF THE ADDITIVE AND THE BASE FUEL.
?0.0 1187,6,65

'THE' WIECHT FPERCENT OF- THE FINAL MIX IS: 90.645004 7.

:U4PLlT TH- VOLUME Or- THE ADDTIVE AN4D THE BASE FUEL.
?433.:7,yl4.700. 1

T(HFE WIEGHT PERCENT Or THE FINAL MIX I50* 90. 221983 X

TIN Z.UT THE VCLj'ifE 0OF THE ADDITIVE AfND THE BASE FUEL.
?S71,,1805 0. 5% N

12E W lEO T PERCENT (73. THE FINAL MIX IS: 89.*78987 7..W

~ PW T177 CH PERCNT OF THE DESIRED ELE"NT Ii Y;pAi.DilrTVE AND, THE BASE FUEL.(, IN DECIMAL FOIRl.)

NPT THE. DE-IT" OF THE ADDITIVE AND THE BASE FUEL#
6 *'v.79"~4

* *7Ia4~ 3

INPUT THE NU; E4ER OF FUEL MIXTURES TO BE CON4SIDERED.

T.NPULlT THE! VOLUME OF THE ADDITIVE AN4D THE BASE FUEL.

TEWIEGHT PERCENT OF THE FINAL MIX IS: 0

YNPU T THE VOLUME OF- THE ADDITIVE ATND THE BASE FUEL.7,433 ., L8493 4,1

T'HE WIEGHT PERCENT OF THE FINAL MIX IS: .49978,654 7 .5%N

:umu~.J THE VOLUME OF THE ADDITIVE AND THE BASE FUEL,

'T*H- WIEGHT PERCENT OF THE FINAL MI1X IS:6 .99796301 7 1. %N
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*Kerosene Pyridine Mixtures %H

INP'UT THE WIEGHT PERCENT Or- THE DESIRED ELEMENT IN YOUR
A'DITIVE ADTHE BASE FUEL* IN DECIMAL FORM,.

INPUT THE DENSITSY OF THE ADDITIVE AVID THE BASE FUEL*

INPUT THE NUMBER OF FUEL MIXTURES TO BE CONSIDERED.

liNPiUT THE VOLUMIE OF THE ADDITIVE AN'4D THE BASE FUEL,
1OOy8926,6

'THE WIEGHT PERCEN4T 03- THE FIN4AL MIX is:0 9.355 X

114PUT TVHE VC)LUM'E OF THE ADDITIVE AND THE BASE FUEL,
;;433.,-, 8493.1

T'HE WIEGHT FERCEINT Or- THE FINAL MIX IS: 9.2780247 0 .5%N

i 41m PT THE VOL(31- O ;-*0F T HE A D DIT I VE ANDIr THE BASE FUEL,

I!V kLUECHT PECRCENT OF' THE FINAL MIX IS: 9.2010519 % 1.O%N
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APPENDIX 9

Fuel Density Calculations

T ambient =75
0F Measured 9/3/81

API gravities were calculated from the measured densities adjusted

to 600F.

Volume coefficients of expansion for petroleum fuels are:
28

API Coefficient A Volume
ATrwr

Below 14.9 0.00035

15 - 34.9 .0004

35 - 50.9 .0005

Density of H20

P H20 = 99905 g/ML 29

CALCULATIONS

1. Kerosene: 25 ML = 40.0798g - 20.2442 g =19,.8356g

16 m tass measured container
volume measured

a) at T amb fl)K16

1985g- .7934 g/ML 7L%* 8.3452 al 6.6210 lb

L
b) at 60OF

- 19.83569 7994A (2)6.6713 -.1
25L+ (25*. 0005*-150nF) -

c) Specific gravity at 60OF (S)

17 S (fuel (600F) *.7994 =.8002

PHI20 (600F)
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1. Kerosene

d) API Gravity

18 API =-131.5

18 S

API = 141.5 -131.5 = 45.3308

2. Toluene 25 ML =41.5338g - 20.1198g 21.4140g

a) at Tamb

25 ML0 .8566 it PL ) [7.1483 -lbT

b) at 60OF
21.4140g _ .81 lb

8617000 ML iL) [7.191325 + (25 *.04* 15 OF) ga 1

C) Specific gravity at 60OF

.8617 =.82

d) API Gravity

API = 15-U 131.5 =.32.5580

3. Pyridine

a) at Tamb 25 ML = 43.9950g - 19.5813g =24.4137g

P 24.4137q. a 76 &- K~ lb1
25M .75itTI [8.1490 gal"T

b) at 60OF

25 + (5 .00035 *15 F)* .81 - - t 8. 9
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c) Specific Gravity at 60°F

.9817S 99905 9826

d) API Gravity

141.5
- .926 - 131.5 = 12.5057

Accuracy of Density Measurements

a) Temperature Variation

) The maximum change in the density of kerosene for the tempe-

rature range encountered was 1.58% when the ambient temperature reached

440F

A p keresene 44°F = .8059 .01577 (1.58%).7934 =.17 15%

ii) The density ratio change for kerosene and pyridine p  waspk

t.9873 9765

20 = . - 7-934) = .0046 ('.46%).9765)

.7934

Therefore for mixing fuels this error can be considered negligible.

b) Investigation of density changes for the various fuel mixtures.

Compare the 1% N mix and pure kerosene at 60'F.

p mix = PP Vp + Pk Vk
VTotal

.9817 g/ML * 871.6331 g/ML + .7994 g/ML * 18055.017 ML
18926.85 ML

= .8078 g/ML

p 8078 - 799 4 = .0105 (1.06%)

J
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For the purposes to which these values are put (i.e. calculation

of A/F ratios), this error is negligible in comparison with the in-

accuracies associated with the air flow measurements.

However, if the fuel flow is known accurately, a comparison of the

A/F ratios calculated directly with the A/F ratios calculated using CO

and C02 measurements will give an idea of the accuracy of the air flow

measurements.

For this reason a determination of the actual fuel densities for

each run was made, assuming that the fuel remained at the initial am-

bient temperature for that day. These values are given in the follow-

ing table.

TABLE VIII

Fuel Densities Used

Tdb P)
Date Fuel Ambient Temp OF Density g/ML L

12/28/81 100%K 0.0% N 50 .8035

12/30/81 100%K 0.0% N 54 .8018

1/5/82 100%K 0.0% N 51 .8031

1/6/82 0.5% N 44 .8101

1/7/82 1.0% N 52 .8110

1/8/82 1.0% N 57 .8090
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APPENDIX lOa

Calculation of A/F Ratios by Direct Measurement

As a check on our calculations based on CO and CO2 measurements,

it was decided to calculate the air fuel ratios directly from measured

variables. Shown below is a derivation of those equations necessary to

achieve this end.

A. Calculation of Exhaust Mass Flow Rate

1) Assumptions

a) The exhaust is treated as a perfect gas with the proper-

ties of air

b) The exhaust is at atmospheric pressure

2) The following derivations were taken from literature supplied

by the F.W. Dwyer Mfg. Co., Inc. 30

3) Air Velocity

22 Vel = 1096.2 (Pv/D) [ft/min]

Pv = velocity pressure [in. H201

D = Air density [lb/ft
3]

4) Air Density

23 D = 1.325 *T [lb/ft3]

Pb = barometric pressure

T = temperature *R (*F + 460)

5) Mass Flow Rate

24 ME = velocity [ft/min] * Duct Area [ft 2) * density [lb/ft3]

= 1096.2* (Pv/D)1 *D *A

= 10962.* (Pv *D)' *A 52

= 1096.2* (Pv * (1.325 * PB/T))i* q '1)2
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Direct A/F measurement (continued)

25 iE = 149.4711 * (Pv*(1.325*PB/T))' [lb/min]

B. Calculation of Fuel Mass Flow Rate

1) Assumption:

a) That the flow rate was essentially constant.

2) The measured value was seconds per 2000 cc.

This value was converted into mass flow rate in lb/min.

AF=2000 cc 6AF --Otf[cc] * Df [kg] . *L [ig]b.60 [- jse ]
Ftfsec 100 -c1 .43 kg min

26 = 263.1579 * DF lb/min

C. The Air Fuel Ratio can then be calculated by

The mass ratio

27 A/F E- F

MF

D. The values calculated are shown in Table IX. The values calcu-

lated by CO and CO2 measurements are also shown for comparison.
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Table 9

Calculation of A/F ratios by Direct Measurement
Cowered to those Calculated from CO2

N1*149.4711 *upvg a (1.3Z5 *PS/T) lb

C OF J lbj
MF263.lS79W T. C]

A/F 'F

MF

lb tF lb
Fuel Load Pv Pb fit H9 T exh M,1 17I OF Sac MF mr A/FM A/FD

12/28/81 10011 011 9 kw 5.3 29.85 ills 64.8094 .8035 338. .62558 102.599 100.62
12/28/81 1001K 011 0 kw 3.8 29.85 920 60.4137 .8035 462. .45768 131.000 145.35

V
1/5/82 1001K 011 0. k 15001 29.93 928 64.1012 .8031 476.5 .44353 143.525 140.350
1/5/82 1001K 01M 6.25 kw 1664~ 29.93 1071 61.6150 .8031 380. .55616 109.786 108.503
1/5/82 1001K 011 14.3 kv 118821 29.93 1277 58.4455 .8031 284 .74416 77.539 77.817

1/6/82 0.5m1 0 kw 3.9 30.36 911 65.2541 .8101 471.2 .45243 143.230 145.348
1/6i/82 0.511 6.25 kw 4.8 30.36 1043 67.6571 .8101 375.6 .56758 118.203 111.478
1/6/82 0.511 15 kw 5.4 30.36 1224 66.2432 .8101 283.1 .75304 86.968 81.756

1/7/82 1.0m1 0 1W 3.9 30.43 925 61.6279 .8110 469.1 .45496 134.458 142.805
1/7/82 1.011 6.25 kw 4.3 30.43 1068 60.2233 .8110 375.1 .56897 104.846 109.971
1/7/8 1.01 15 kw 5.0 30.43 1245 60.1473 .8110 290.1 .73568 80.757 77.817

1/8/82 1.011 0 be 4.1 30.42 930 63.0079 .8090 470.0 .4529 138.103 142.805
1/8/82 1.011 6.25 1m 4.3 30.42 1063 60.3549 .8090 377.5 .56396 106.020 108.503
1/8/82 1.01 15.5 1w 5.3 30.42 1248 61.8408 .89090 285.7 .74517 81.989 78.575

12/30/81 .100% 0ff 9.5 km 4.8 28.8 1131 60. 1521 .8018 330 (*St?62929  93.077 99.69'
Calculated using the equation
derived for keresene as no
CO data was available.
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APPENDIX 10b

Calculation of the Percent Theoretical Air in Combustion
from Combustion StoichiometrY

A. Assumptions:

1) Complete combustion

2) No appreciable disassociation of the combustion products

B. Chemical Reaction Equation (for pure Toluene)

28 C7H8(l) +(9*TA) 02 + (g*3.761g*TA)N2 -47 Co2 + 4 H20 +

(9 * 3.7619 * TA) N2 + (9*(TA -1) 02

TA - Percent theoretical air expressed as a decimal

C. Vol % CO2 Calculation

29 Mol C02
29 1) %C02 zM01 C02 +Mol H20 +Mol N2 + MO"02

2) % CO2 m 7 + 4 + (9 * 3.7619 7* TA) + 9 **(TA-i)

7
11 + TA * (9 * .69+ 9

T 2 + TA * (42.8571)'

3) 2 + TA *(42.8571) 7

30 4) TA %C24287
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D. Modification of Theoretical Air Calculations to fit Kereosene's

Composition

31 1) C7.547 H9.26 + TA*9.862 02 + (TA*9.862*3.7619) N2 -I

7.547 CO2 + 4:63 H20 + (TA*9.862*3 .7619 ) N2 + (9.862*(TA-1))0 2

7.5472) % CO2 = 7.547 + 4.63 + (9.862*3.7619*TA) + (9.862 * (TA-1))

7.547
= 12.177 + TA (9.862*3.7619 + 9.862) - 9.862

7.547
= 2.315 + TA (46.9619)

32 3) TA (kerosene) = 7.547 2.315) * 1
f C2 46.9619

These calculations can be converted to the air fuel ratio by multi-

plying by the Stoichiometric air fuel ratio for the specific fuel in

question.

For kerosene this is found by the following calculation:

Mass Air = 9.862 * 32.00) + (9.862 * 3.7619 * 28.016)
Mass Fuel (7.547 * 12.01) + (9.26 *1.01)

= 13.55

E. Accuracy

The accuracy of the above calculations are highly dependent on the

actual chemical composition of the fuel and the accuracy of the original

assumptions.

While searching the literature a method recommended by The Society

of Automotive Engineers was found. As this method is an industrial

standard, it was used in most cases in place of our derived equations.
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Beeriise of the good correlation between this method and that ob-

tained by direct measurement, (see Appendix lOa), an accuracy of ± 3

in the A/F ratios seems reasonable for this method.
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APPENDIX 11

Calculation of Heat of Formation of Kerosene

A. High Heating Value

34 HHV ( ) = 18,440 + 40 (API-IO)

(Sherman and Kropff equation modified)
31

For kerosene

HHVL= 18,440 + 40 (45.3308-10) = 19,853 BTU

Tlb

B. Accuracy

The text from which the above equation was taken states "[It is]

probably more accurate than would be obtained by an inexperienced ope-

rator using a Bomb Calorimeter"32. As a comparison the 21st edition of

The Handbook of Physics and Chemistry (pg. 1032), gives a value of

19,810 rF as the heat of combustion of kerosene.

In light of the above two facts, it seems reasonable to assume
BTU

that the derived value is accurate to within 75 -T-

C. Heat of Formation

C7 .547 H9. 26 (1) + 9.826 02-7.547 CO2 + 4.63 H20 (1)

35 HHV ='E Hf - Hf 

Products Reactants

rHf - Z Hf +HHV

Reactants Products

Z Hf - Z + H

Reactants 
7 547 H9 .26 /f
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rH = (7.547 x -393,520 KJ--T) + (4.63*-285,830 KgJ)KgHo1 Hf Kg0(l

Products Hf C02(g) H200)

- -4,293,288 MW

HHV(L) 19,853 BTU 1o481 1lb 100 .1000
= 19,853 lb41045924g g M0, T

- 4,616,687.7 kJ

4,616,687.7 kJ

Hf (1) = 4,616,687.7 + -4,293,288
C7 547 H9 26  = 323,399 kJ
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APPENDIX 12

Estimate of the Adiabatic Flame Temperature

A. Assumptions

1) That the air can be accurately modeled as a mixture of

nitrogen and oxygen containing 79% N2 and 21% 02.

2) That complete combustion occurs.

This is a normal assumption for adiabatic flame tempera-

ture calculations. The assumption is considered good for gas

turbine combustors where normally a minimum of 400% excess

air is supplied. Measured values of CO were at most 640 ppmv

(0.064% by volume), while NOx values for the pure nitrogen

free fuels topped out at about 17 ppmv (.0017% by volume).

The presence of these compounds was therefore considered too

small to significantly effect the outcome of these calcula-

tions.

B. Chemical Formula

The equation used for this derivation was that of a pure hydro-

carbon.

36 1 CaHb + (TA*C) 02 + (TA*C*3.7619) N2 --*a CO2 + . H20(g) +

(TA*C*3.7619) N2 + (TA-1)*CO2

where:

a - moles of carbon

b - moles of hydrogen

c - "moles" of air

TA - Percent theoretical air expressed as a decimal
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C. Energy Balance

The Adiabatic Flame Temperature was determined by the solution of

the energy balance equation for the reaction:
33

37 ri Ni (A hf + hT - h298 )i = 7 i Ni (A hf + hT - h298 )i

Products Reactants

The chemical components for this equation are specified in equa-

tion 36.

The numerical values for these calculations were obtained from the

JANAF Thermochemical Tables and from tables supplied by Dr. R. Zaworski

compiled from Selected Values of Properties of Hydrocarbons and Related

Compounds by F. D. Rossini, et al., American Petroleum Institute Research

Project 44, Carnegie Institute of Technology, Pittsburgh, PA, 1953.

D. Example calculation - Toluene

1) The following assumptions were made for this calculation.

a) That touene was essentually a pure compound with a chemi-

cal formula of C7H8 .

Note: An elemental analysis of the Toluene used in these
experiments was performed by the Lab at the Univer-
sity of Oregon. Their test indicated that the
Toluene had a weight balance of 91.225% carbon
and 8.745% hydrogen, giving an equivalent chemi-
cal composition of C7.596 H8.658. Compared

another way, it has a molar balance of 46.733%
carbon and 53.267% hydrogen, whereas pure Toluene
has a molar balance of 46.667% carbon and 53.333%
hydrogen.

Due to the difficulty of accurately determining the true

heat of formation of this mixture, and to the closeness

of the molar balances, the tabulated heats of formation

for Toluene have been used.
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b) That the increase in pressure of the air and fuel had

a negligible effect on their enthalpy.

c) That the incoming thermal enthalpy of the fuel is neg-

ligible. i.e. T = 298K.

2) The Datum for this calculation was taken as 298K at one atmos-

phere to correlate with the JANAF Tables.

calolk cal k cal

3) [4. 32 mo1l- *__ [759 cal02(9.04 -+ O] +)

k (0l k cal) ca'

k ~ ~ k ca + 439ml mol Tolene*(. 08 kJ + -T-0)] k ca

4.8[ ~ 1 *[(9.7605*3* TA) mol 02 *k( + hT-) 970 kca
cal 2

0 N2  hT(0+] kcal) Wc k

4a Fo TA 1 (Solhioleric 200 A/ Ratio)W

+ 15.71 h k)N=Reactants kJ + 40875h

+ (153.7017 *T 3.719)N

mol~ N2*( T-) cl



4b) 31.7967 hTp CO2 k + 18.1212 hTp H20(g) kJ + 153.7017 hT N

= 4049.9983 kJ + 40.8575 hTR 02 kJ + 153.7017 hTRN kJ
2

5) The NOx values have been adjusted to combustor inlet tempe-

ratures of 1000C. Therefore, the enthalpies of the air components

are taken at this temperature

(31.7967 hTp C02+ 18.1212 hTp H20(g) + 153.7017 hTp )kJ

[4049.9983 + (40.8575*.5331)02 + (153.7017*.5229 )N2 kJ

= 4152.1501 kJ

6) As a rough approximation we will ignore the water and carbon

dioxide and solve directly for hTpN2.

4152.1501 kJ k cahTpN2 153.7017 (kJ =  . 01

"cal

From the charts T = 3540 K

7) We will now approach the more accurate solution.

T0K HT CO2  HT H20 HT N2  HT oT A(HToT - H)

2500 29.141 23.653 17.761 4085.104 -66.7740

2600 30.613 24.945 18.638 4290.118 +137.9679

Linear interpolation between these values gives 2532.6K (4099.0'F)

E. Computer Program

A program was written to assist in the solution of these equations.

A copy of the program follows. This program was run for Toluene to ver-

ify that the results match. Once this run was completed, a series of

runs for kerosene were made matching the inlet nitrogen and oxygen

temperature enthalpies with actual test conditions. These were then

used in Table I.
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The program was also run with average theoretical air values for

graphing purposes in the Results section.

For a discussion of the accuracy of these calculations, see the

discussion on the Adiabatic Flame Temperature in the Results section.

2
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LI ST

10 1 CHRSE27)vCHR$( 64)
20 !CHR$( 12)
30 1" THIS PROGRAM AssISTS IN SOLVING THE ADIABATIC FLAME TEMPERATURE
40 !"EQUATION FOR THE COMBUSTION OF A PURE HYROCARDON.THE CHEMICAL
50 !"FORMULA FOR THIS REACTION IS;*
60 "'CiHb( L)+( TA*e )02+( TA*c*3.7619 )N2aaCO2+( b/2 )H20(G6)+( TA*c*3.7619 )N2+,v
70 ''c.*( TA-1 ))02-
so0' NOTE: A NEGATIVE DIFFERENCE INDICATES TOO LOW A GUESS AND VICE VERSA.*
90 1"THE PROGRAM WILL INTERPOLATE BETWEEN YOUR LAST TWO GUESES."
100 REM
110 DIN D(6r7)
120 !\!\PRINT 'INPUT THE MOLES OF CARBON AND HYDROGEN IN THE FUEL (a AND b)"
130 INPUT HI,142
140 143-MI4(12/4) \ RE14 MOLES OF AIR
150 PRINT 'INPUT THE HEAT OF FORMATION OF THE FUEL IN KJ/GRAM MOLE.
160 INPUT Fl
170 !" EN4TER THE PERCENT THEORETICAL AIR AS A DECIMAL*
180 INPUT A
190 A9=A
200 PRINT " INPUT THE INLET AIR TEMPERATURE AND THE CORRESPONDING 02 AND.
210 PRINT "142 ENTHALPIES."
220 INPUT T902PN2
230 !\!\!
PRESS RETURN TO CONTIN4UE
240 REM TEMPERATURE ITERATION LOOP
250 FOR J-1 TO 6
260 PRINT " INPUT THE ESTIMATED TEMPERATURE AND *9
270 PRINT "THE ENTHALPY VALUES FOR C02p"
280 PRINT "H20.N2.,02. ENTER ZERO'S *9
290 PRIN4T " TO END BEFORE THE 6'TH ITERATION."'
300 1INPUT D(JvI )vD(J,2)PD(JP3)vD(JP4)tD(JtS)
310 IF D(Jv1)=0. THEN GOTO 550
320O REM
330 REM CALCUL.ATION OF TOTAL ENTHALPY

350 C 4 4.1B6*M1494.054)

360 D=( 4.1B9M(M2/2)*57.798)
370 F-4.186*13A*C12\ REM THERMAL ENTHALPIY OF ENTERING OXYGEN
380 G"4.186*M3*3.7619*A*N2\REM THERMAL ENTHALPY OF ENTERING NITROGEN
390 H-B+C+D+F+G;
400 REM
410 REM CALCULATION OF TOTAL TEMPERATURE ENTHALPIES
420 H2=(M1l.D(JP2))
430 H3a( ( M2/2)*D(JP13))
440 H4-( Ati3*3.7619*D( .14))
450 H'a( M3tC( A-i )*DC 15 ) )
460 D( .19 6 ).1*(H2+H3+H4+HS)
PRESS RETURN TO CONTINUE
470 REMI
480 REM CALCULATION OF CLOSENESS OF APPROXIMATION
490 Di JP7)aD(Jt6)-H
S00 PRINT *THE DIFFERENCE IS: "tD(JF7)
510 PRINT -
020 PRINT "
530 NEXT J1
540 REM OUTPUT
550 PRINT " "'
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I

,O #" THE PERCENT THEORETICAL AIR IS9 "'A9*100.
170 !'THE INLET AIR TEMPERATURE IS: ",T\T\!
S80 PRINT " T(K) HTC02 HTH20 HTN2 HT02
S90 PRINT "HT TOT (HTTOT-H)"
600 PRINT * *
610 FnR K 1 TO (J-1)
620 PRINT XZ9F3.D(Ke1),ZZ1IF3tD(K,2),D(K.3),D(K.4)D(K5),D(K6),D(K.7)
630 NEXT 1(
640 KJ-1
650 REM
660 REM LINEAR INTERPOLATION
670 REM
680 IF D(K,7)>O.O THEN GOTO 740
690 A-D(K,1)\ REM LOW TEMP
PRESS RETURN TO CONTINUE
700 B-D(Kr7)\ RE14 LOU DIFFERENCE
710 CD((K-1),1)\ REM HIGH TEMP.
720 DuD((K(-1),7)\ REM HIGH DIFFERENCE
730 GOTO 780
740 A"D((K-1 ),1 )\ REM LOU TEMP
750 B9D((K-1),7)\ REM LOU DIFFERENCE
760 C D(Kl)\ REM HIGH TEMP.
770 D-D(K,7)\ REM HIGH DIFFERENCE
780 E-( ABS( B )/( D-B ) )*C C-A )+A\ REM INTERPOLATED TEMPERATURE
790 E2 (E-273.1S)*(9.0/5.0))+32.O\ REM K TO DEGREES F CONVERSION
800 !\I\!
810 PRINT" INTERPOLATION
820 !\PRINT" T(K) (HTOT-H)"
830 !\[\PRINT" ",ZZ9F3tAv, ",ZZ9F3,B
840 !\!" ",pZF3pC" ",ZZ9F3#D
8S0!\!\!"THE INTERPOLATED TEMPERATURE IS: "rEr" K (,E2," F)"
860 END
READY
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Tol uene
tH IS PROGRAM ASSISTS IN SOLVING"7RF-IABATIC FLAME TEMPERATURE

EQUATION FOR THE COMBUSTION OF A PURE HYROCARBON.THE CHEMICAL
FORMULA FOR THIS REACTION IS:
CaHb( L)+( TA*c )02+( TA~c*3.7619 )N2=aCO2+( b/2 )H20( G)+( TA*c*3.7619 )N2+( c*( TA-1 ))02

NOTE: A NEGATIVE DIFFERENCE INDICATES TOO LOW A GUESS AND VICE VERSA.
THE PROGRAM WILL INTERPOLATE BETWEEN YOUR LAST TWO GUESES.

INPUT THE MOLES OF CARBON AND HYDROGEN IN THE FUEL (a AND b)
?7.596#8.658
INPUT THE HEAT OF FORMATION OF THE FUEL IN KJ/GRAM MOLE.
T12.008
ENTER THE PERCENT THEORETICAL AIR AS A DECIMAL

?1.00
INPUT THE INLET AIR TEMPERATURE AND THE CORRESPONDING 02 AND N2 ENTHALPIES.

7373.15,.5331,..5229

INPUT THE ESTIMATED TEMPERATURE AND THE ENTHALPY VALUES FOR CO2p
H20rN2vtO2. ENTER ZERO'S TO END BEFORE THE 6'TH ITERATION.
'250O029.141,23.6 3,7.76118.732
THE DIFFERENCE IS: -67.0421

INPUT THE ESTIiATED TEMPERATURE AND THE ENTHALPY VALUES FOR C02,
HKON2,,02. ENTER ZERO'S TO END BEFORE THE 6'TH ITERATION.
?2600,30.613,24.945,18.638,19.664
THE DIFFERENCE IS: 137.9717

INPUT THE ESTIMATED TEMPERATURE AND THE ENTHALPY VALUES FOR C02,
H20,N2,,02. ENTER ZERO'S TO END BEFORE THE 6'TH ITERATION.
?0.0,0.0,0.3,0.0,O.0

THE PERCENT THEORETICAL AIR IS: 100
THE INLET AIR TEMPERATURE IS: 373.15

T(K) HTC02 HTH20 HTN2 HTO2 HT TOT (HTTOT-H)

2500. 27.141 23.653 17.761 18.732 4065.108 -67.042
2600. 30.613 24.945 18.638 19.664 4290.122 137.972

INTERPOLATION

T( 1) (HTOT-H)

2500. -67.042

2600. 137.972

THE INTERPOLATED TEMPERATURE IS: 2532.7013 K ( 4099.1923 F)
READY
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