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An experimental investigation was conducted, using the Fhillips 2-
inch combustor operated under conditions simulating those in modern aircraft
turbine engines, to determine the effects of differences in JP fusls on flame
radiance and exhaust emissions. Five kerosene-type fusls, spanning the range
in molecular structure (normsl paraffins, isoparaffins, cycloparaffins, and
aromatics), were used in the investigation. Two programs were conducted to
evaluate the effects of fuels and operating variables on flame radiance and
exhaust emissions, One program covered a broad ringe of combustor pressure,
inlet air temperature, and inlet air humidity, with two methods for introduction
of fusl to the combustor {prevaporized and pressure atomized, but was limited
to a single level of heat-input rate., The other program covered a range of

haat-input rates, but was limited in rangs of inlet alr temperature and
cotbustor prassure.

Empirical equations were developed for each of the five responses
(flame radiance, nitric oxide, nitrogen oxides, carbon monoxide, and amoke),
for both programs. The measured values of unburned hydrocarbens in this
investigation were esither zero or very low and s detalled analysis of the effects
of fuels and operating variables on unburned hydrocarbons was not made. Values
were calculated for the responsss of the estimated sguations at the extremes of
the ranges of the operating variables used in developing the equations. These

‘ data are pressntsd in graphical form to allow visual comparisons of the effects
of fuels and operating variables,

Major conclusions drawn from the investigation are (a) where fuel
effects are shown an increasae in fuel hydrogsn content decreases flame radiance,
decreasss smoke emissions, decreasss NO, and NO emissions slightly and decreasses
CO emissions, (b} differences in performance, resulting from fuel prevaporization,
are variable, usually small, and not always beneficial, (c) an increase in inlet
alr humidity decreases flams radiance, decreasas NOy and NO emisaions, increasas
; CO emissions slightly where humidity has an effect, and has no effect on amoke
emissions, (d} an increase in inlet air tempsraturs has a variable effect on
flame radiance, decreases smoke, and increases NO, and NO emissions, (e) an
increase in combustor pressurs increases flame radlance, increasse smoke, and
increases NOy and NO emissions and (f) an increase in heat input rate increases
flama radiance, increases smoke, decreases NO,. and NO emissions at a low level
of humidity, and decreasss CO emissions except at low inlet sir temperature
with low inlet gir humidity.
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BARTLESVILLE, OKLAHOMA
Final Raport
Fer

Naval Air Systems Cemmand Centract NOQ140~-72-(-4528
EFFECT OF PREVAPORIZED FUEL ON COMBUSTOR PERFORMANCE

1. INTROICTION

During the psried frem Juns 19, 1972 to March 19, 1973 an expsri-
mental investigatien was conducted by Phillips Petreleum Company under Naval
Alr Systems Cemmand Centract NO0140-72-C-4528 te determins the effsct which
differences in JP fuele and epsrating variahles can have on flame radiance
and exhaust emissiens of nitregen ¢xides, carben menoxide, unburned hydre- .
carbens, and seet.

It has basen prepesed (1, 2) that pravaperized fuel in aircraft
turbine engines could previde bstter mixing ef fuel and air than with pressure
stomized fuel and result in less emissioens in the combuster sxhasust. A number
of studies have baen conducted by Phillips Petreleum Cempany covering various
aspects of radiatien frem combustien of hydrecarben fuels (3, 4, 5, 6, 7) and
measurements of smoke emissions (7). Experience gained during thess studies
gided in the design ef an expsrimental investigation ef the effect of prevaper-
ized fuel en combustor perfermance (8) which was conducted under Naval Air
Systems Command Centract NOOOL9-71-C-Q486.

Fer the primary pregram ef the previous investigatien (8) five fuels
ware selected to cover the range ef chemical cempesitien ef JP-5 fuels.
Operating cenditions selected included feur levels &f cembuster pressure, feur
1ivels of inlet air tempsrature, three levels of inlet air humidity and single
levels of healt input rate and reference vsleciiy. The cembuster was eperated,
using prevaperized fuel, with each of five test fuels at all cembinatiens ef
cembuster pressurs, inlet air temperaturs and inlet air humidity. Measuremsnts
were made of flame radiance and exhaust emissiens of NO, NOy, €O, CO,, hydro-
carbens and smeke., In Reference 8 it was recommended that the test pPregram be
sxpanded teo include the use ef pressure atomized fuels to maximize the effect
of differences in the physical preperties of the fuels and te extend the
investigation to include additienal levels ef heat input rates with beth pre-
vaperized and pressure atemized fuels,

Quantities of the same five fuels used in Refersnce 8 were availabls
and they were used in the current investigatien. In Pregram 1 the same /48
combinatiens of eperating variables were ussd as in the previeus inveastigatien
(8). The remainder ef the current investigatien was cenducted with 21 combina-
tiens ef combuster pressure, inlet air temperature, heat input rate and inlet
air humidity. The five fuals were intreduced inte the cembuster using beth
prevapsrization and pressure astemizatien. By cembining the data ebtained in
the current investigation with that cbtained in the previeus investigatien (8)
direct comparisons can bs made of the eflfecis of prevapsriucd and pregssurs
atenized fuels en the varieus respeness messured. The analysis of these data
is presented in this repert.
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2. CONCLUSIONS

An experimental investigation was conducted, using the Phillips 2-
inch combustor operated under conditions simulating those in modern aircralt
turbine engines, to determins the effects of differences in JP fuels on {lams
radiance and sxhaust emisaions of nitrogen oxides, carbon monoxide, unburned
hydrocarbons and scot. Kerosene~iyps fuels spanning the range in molécular
structure (normal paraffins, isoparaffins, cycloparaffins, and aromatics)
were used in the investigation. Twoc programs were conducted to provide an
evaluation of the effect of fuels and operating variables on flame radiance -
and exhaust emissions. One program coversd s broad range cof combustor pres-
sure, inlet air temperature, inlet air humidity and two methods of introduce
tion of fuel to the combustor (prevaporized and pressure atomiged) was limited
to a single level of heat input for the five fuels. The other program covered
a range of heat input rates but was limited in range for inlet air temperatures
and combustor pressure. Measured values of unburned hydrocarbons in this in-
vestigation were eithar zero or very low and a detailed analysis of the effects
of fuels and cperating variables on unburned hydrocarbons was not made.

A statistical analysis of the data was made and on the basis of the
statistically significant main effects and interactions empirical equations .
wers developed for the various responses.

The following conclusions may bte drawn from the data:
A. Fuel Effects,

2. Where fuel effects are shown, total radiant energy of the
flame decreases with an increase in fusl hydrogen content.

b. At high levels of heat input rate and low levels of inlet
air temperature, smoke emissions decrsase with an increase
in fuel hydrogen content. In the other comparisons the
level of smcke was below the threshold of visibility.

¢. Fuels, over the range of hydrogen contents included in the
investigation, decrease NO, and NO emissions slightly with
an 1imcrease in fuel hydrogen content.

d. At a high lsvel of heat input and a low inlet air tempera-
ture, CO emissions decrease with an increase in fuel hydrogsn
content. Fuels had no effect on CO emissions at high inlet
air temperatures,

B. Compariscns with Prevaporized and Pressure Atomized Fuels,

a, At high hesat input rates and high combusior preesure, flame
radiance is less with prevaporized fuel than with prassure
atomized fuel at high inlelt air temperature, and is greater
with prevaporized fuel ai low temperature. Al low levels of
hegt input flame radiance was less with prevaporized fuel.
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Smike optical density is less with pravaporised fusl than
with pressure stomized fuel, when the level ia above tle
threshold for visible smokes,.

Only small differences in WOy and NO emiasions are shown
betwsen prevaporized and pressure stomiged fuel with
preveporized fuels bsing the highest.

At a high lsvel of hest input and low inlet air temperature,
CO emissions ars less with prevaporized fuel. At the lower
level of heat input, CO emissions are highsr with prevapor—
igad fus],

Effect of Inlet Air Humidity,

a.

b'

GC.

d.

An increase in inlet air humiZity decreasses fleme radiance.

A change in inlet air humidity has no statistically eigni-
ficant effect on smoke emissions.

An increase in inlet ais humidity decreasses RO, and NO
smissions,

Where inlet air humidity has an effect on CO emissions the
offect 1s to increase emissions with an increass in
humidity,

Effect of Operating Variables,

a.

.

&t & high leval of heat input zn increase in inlet air
tempsrature increases flmme radisnce. At 3 low lewvs] of
haat input, flame radiance dscreaset with aa increase in
inlet alr teampersture,

An increase in combustor pressure incresses flame radiance
by a &small amount.

At high combustor pressure an increase in inlet air temper-
ature dscreases mmoke emissions below the threshold for
visible mmoke, and the rate of decrease is less with pre-
vaporized fusl than with pressure atomized fuel.

An incresss in combustor pressurs increasss smoke emissions,
and the rete of increase is less with prevaporiged fusl.

An increase in inlet air temperature increases NOy and NO
smissions with the rate of increass belng greatest st high
pressure,

An incresse in combustor pressure increases N, and NO
emissions at high temperaturs, but has only a slight effect
at lower inlet air temperaturs.
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An increase in hest input rate incrsases flame radiance,
and the rats of increase is greater with prevaporized fuel.

An increass in heat input rate over the range of the experi~
ment increases smoke optical density although the levsl is
below the threshold of visible smcke.

An increase in heat input rate decreases NO, and NO emissions
at low levels of inlet sir humidity, but has 1ittle effect at
high levels of inlet air humidity.

CO emissions decrease with an increase in heat input rate,
except at low inlet air tamperature with low inlet air
humidity.

-3
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3. RECCMMENDATIONS

It is recommended that sdditionsl dsta ba obtained and a further
study of the data on hand be mads {0 develop a relationship that will provide
a mathod for correcting gaseous smiselons to 3 standard humidity level.
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4. RESULTS AND DISCUSSICON

The objactives of this experimental investigstion were to dstermine
the effacts which differences in JP fuels and operating varisbles heve on flame
radisnce and exhaust emitsions of nitrogen oxides, carbon monoxide ,unburned
hydrocarbon, and soot. Additlional objsctives were to svaluate the effect of
mathsd of introduction of fuel into the combustor on flame radiance and exhsust
amissions by the use of prevaporization and pressure atomization of the fuels.
This also provided an evalustion of the effect of physical properties of fuels
on fiame radiance and exhaust emissions. Five kerossne~type fuels wers selected
to span the allowable ranges in molecular structure: including normal paraffins,
isoparaffins, cycloparaffins ard aromatics. Inlet air humidity was included
as an operating variable in the Iinvestigation.

Two programs were incliuded in this investigation:

Program 1 was an sxtension of the study conducted in the
previocus investigation (8) at four levels of comtmstor
pressure, four levels of inlet air temperature, three
levels of inlet air humidity and single levels of hsat input
rate and reference velocity with the current investigation
conducted wiih preseure atomized rather than prevaporiged
fuels,

The remainder of the investigation (Program 2) consisted
of 21 pointa as shown in Table 5 with both prevaporiged
and pressure atomized fusls to evaluste the effect of

he at input rate as an operating variable on flame radiance
and exhsust emissions.

Detailed data obtained during the curreni investigation are pre-
sentsd in Appendix 2 (Section 8.). The data obtained with prevaporized fuels
at the L8 combinations of operating conditions used in Program 1 are presented
in Tables 16, 17, and 19 of Reference 8 and have been combined with the data
chtained during the current investigation to permit an evaluation of the
effect of the method of introduction of fusl into the combustor on flame
radiance and exhaust emissions. Analysis of variancs techniques were used to
examine the data for flame radiance, asmoke emissions, NO,, NO, and CO emis-
sions for varicus combinations of operating variables, Values for unburned
hydrocarbons were either gero or very low for most of the test points and
detailed analyses of the data were not made. Analysis of Variance of data
for the various reoponses indicate numercus interactions and point by point
comparisons of data for each response would be required for a rigorous statis-
tical analysis. Such an analysis would be very lesngthy and tedicus. Empirical
equations were developed for sach response on the basis of statistically
significant main effects and interactions. Since fusls interacted with other
variables empirical egquations were developed for each of the five fuels for
each of the responszes rather than trying to include the fuels in a single
equation.

Two sguations were developed for sach response with one set of
ecquations tased on the data from Program 1 and the other set of equations
based on data from the small program to evaluate the effect of heat input rate.
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Program 1 consisted of a balanced § x & x 3 x 2 prograr with four
levals of combustor pressure from 7.5 to 15.0 atmospheres, four lavels of
inlet sir temperature from 400 to 1000 F, three levals of inlet air hunidity
from 0.002 to 0.042 pounds of watesr per poum of dry air and two methods of -
introduction of fuel to the combustor (prevaporized and pressure atomized).
The portion of the data with prevaporised fuels was obtained during the pra-~
vious invastigation (8).

Equations for the smsll program were based on selected datz from the .
current invastigaiion and the previous investigation {8} to provide a balanced
program to evaluate the effect of hest input rate on the varicus responses.

The program sslectad was a 2 x 2 x 2 x 2 x 3 program with two levels of inlet
8ir tempsrature of $00 and 800 F, two leveis of combustor prassure of 10.0 and
12.5 atmospheraa, two levels of heat input rate of 15C and 300 Btu per pound .
of e&ir, two methods of introduction of fuml to ths combustor (prevaporized

&nd pressure atomized), and three levels of inlet eir humidity of 0.002, 0.022,
and 0.042 pounds of water per pound of dry air. Dats with & heat input of

300 Btu per pound of air and with pravaporized fuel were cbtained from the
previous investigation {8).

With the wise rangs and multiple levels of the variables in Program
1 the squations developed provide better estimates (at fixed heat input) of
the values of ths responsea coversd than the equations developed for the small
program. While the equations for the small program provide infomation as to
the effect of heat input on flams radiance and sxhaust emissiona interactions
of heat input with other variablas complicatas some of the relationships.

The estimated squations for the two programe and the fiva responses
are shown in Tables 18 to 27 of Appendix 3 (Section 9.}. A primary objsctive
of the investigation was to evaluate the effects of fuels on flame radiancs
and exhaust emissions over s wide range of operating conditioms. Values of
the responsss for each squation were calculated at the extremes of the ranges
of the operating variables used in dsveloping the empirical equations and the
data generated are presented grarhicslly in Figures 13 to 61 in Appandix 3
(Secticn 9.). These figures provide visual comparisons of the effects of
fusls and operating varisbles on flame radiance and exhaust emiasions. The
information presented on the figures is discussed in detail in Appsndix 3 and
the data are summarized in the {2llowing paragraphs.

L.l, Fuyel Effects

In all graphical comparisons of the effacts of fuels on {lame
radiance and exhaust emissions the fuels have boen listed in the order of
increasing fuel hydrogen content. The rangs of ruel hydrogen contents
covered was frox 13.8 per cent for Fusl D to 15.% per cent for Fusl E.

The magnitude of the calculated values of total radiant energy vary
with levels of combustor pressure, inlet air temperature, inlet air humidity,
ard heat input rate; however, where fuel effects wers shown valuss of total
radiant energy decrezsed with ar increass in fusl hydrogen content.

At high levels of heat input and low levels of inlet sir tempsraturs
smoke emissions decreass with an increase in fuel hydrogen content., At jow
levels of heat input or high lavels of inlet air tempersture the level of

7
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smoke emissions was below the threshold of visible smoke (C.200 optical denaity)
and fuele had vary little eoffsct on the level of amoks emisaions.

Differsnces in Puels had very little sffect on B0 and HO emissions;
however, where small differences are shown smissions are reduced with an in-
creases in fuel hydrogen content,

4t the high lavel of heat input and an inlet air temperature of 40U
F GO emissions decreased with an increase in fusl hydrogen content. Fuels
have no appreciablie effect on CO emisaions at higher inlet air itemperatures,

4.2, Effect of Methnd of Fuel Introduction to Combustor

4t high heat input rate and high combustor pressure total radiant
snergy 38 greater with pressure atomized fusl than with prevaporized fusl at
1000 F and less than with prevaporized fusl at an inlet air iemperature of
LO0 F, This reversal may be dus te poor vaporization of the fuel ot the high
prassurs low temperature conditions which may have moved the zone of maximum
intensity of radiation down stream away from the area of measurement, At the
low lavel of heat input total radiant smergy was greater with pressure atomizad
fue]l than with prevaporized fuel at all combinations of opersting conditions
svaluated,
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4t the high level of heat input smoke optical density was grestsr with
prassure astomized fuel than with prevaporized fuel at the high pressure-low
tempersture combination of operating conditions. 3Smoke oplical density was
also higher with preasure atomized fuel at the low temperature-iow pressure
combination of operating conditions with Fuel D which has the lowest fusl
hydrogen content. In the remsining comparisons the smoke optical density was
below the threehold of visible smoke.

The effect of differences in the method of fuel introduction on NO,
and NC are minor with pressure stomization of fuel providing a small reduction
over the levels of emissions with prevaporized fuels. Under ths conditions of
this investigation pravaporization of the fusl did not provide the reduction
in NO, emissions predicted.
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At high levels of heat input and an inlet air tempsrature of 4LOO F
CC emissions, with one exception wera greater with pressurs atomizsd fuel than
with prevaporized fuel. With the lower level of heat input CO emissions were
lower with pressure stomized fuel than with prevaporized fuel.

4.3, Effsct of Tnljet Air Humidity

With one exception, an increass in inlet air hunidity from 0$.002
to 0.042 pounds of water per pourd of dry air decreased total radiant energy.

No statistically significant effect of inleit air humidity on smoke
amissions was found with any of the five fuels.

An increase in inlet air humidity from 0.002 to 0.042 pounds of
water per pound of dry air decreased NO, and NO emissions. The decrease in
smissions varied with fuels and operating varlablea with the magnitude of the
decrease being rom & to 9 pounda of NO, per 1000 pounds of fuel. The rangs

&
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in humidities ia from 10 per cent relative Mwmidity to 100 per cent relative
husidity at 100 F, Thia rangs in humidities could be encountersd with sae-
sonal and geographlic changes and span the 75 grains of water per pound of dry
air that the Environmerntal Protection Agency is recommending as a standard
mmidivy, It is apparent that inlet alr humidity is an important factor im
HOy emissions; however, additional data are needed to provide a singls
correction factor for adjusting the level of NO; emissions to & fixed level,

At the high level of heat input the affect of an increass in inlet
sir famidity on (O emiesions was emall and inconsistent although there was
a spall increase in CO smissions with an increase in humidity in most of the
comparisona. In the smsll program over a narrow range of pressures CO smis-
zions increased with an increase in injet air humidity snd the rate of increase
was graater st a heat input rate of 150 than at 300 Btu per pound of air.

R T e

R s

L.k, Effect of rating Vsriables

Ry YT P

Comparimns of the effscte of inlet air tempsrature, combustor
pressure, and heat input rate on totsl ragiant energy and sxhaust emissions
were confined to Fuel A which was a typleal production JP-5.

At the high level of hest input an increass in inlet air temperaturs
from 400 to 1000 F increased total radiant snergy and the rate of increase
was grsater with pressurs atomized fuel than with prevaporiged fusl. At the
low level of heat input total radiant energy decreased wiih an increass in
inlet air temperaturs fram 6CO to BOO F, 4n increase in combustor pressirs
from 7.5 to 15.0 stmosphersr increased totsl radiant energy and ths rate of
increass was grester with pressurs atonized fuel than with prevaporizsd fuei.
An increase in combustor pressure from 10.0 to 12.5 atmospheres in the small
progran resulted in a2 =mall increase in total radiant ensrgy.

R A A

In comparisons of suoke optical denaity at 15.0 atmospheras combuas~
tor pressure an increase in inlet air temperature from 400 to 1000 F decreamed
smoke to below the threshold for visible smcke., The rats of decrease was
greater with pressurs atomized fusl than with prevaporizad fuel. In other
coparisons the level of smoke was balow the threshold for visible smoke. An
increase in combustor pressure from 7.5 to 15.0 atmespherse increassd smcke
optical densiiy at the low temperature conditions ard the rate of increase in
smoke was greater with pressure atomiged fuel than with prevaporized fuel.

An increase in inlet alr tempsraturs increassd NO, and NO emisaions
with the ratas of increase being greater at the higher pressure. Increasing
combustor pressure increased NGO, and NO emissions st high tempereaiure but had
only & slight sffect on emiassions at the lower inlet air temperature.

An increase in inlet air tamperature decreased CO smissions although
the rets of change varied with operating conditions. An increase in combustor
pressure at high tempsrature had only & small sffect on (O emismions, At ths
low tempsrature conditions CC emismions decreased with an Increase in pressurs
with prevaporized fuml and decrsased and then incrsased with pressure atomized
fuel, This may indicate that fuel vaporizaticn snd combustion at the low inlet
air tempsraturs and high combustor pressure were poor and resulted in incompleste
combustion,
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An increase in heat input rate from 150 to 300 Btu psr pound of air
increasad total radiant energy. The rate of incresase was less with pressure
atomized than with pravaporizsd fuels. An increase in heat input cover the
range of the experiment increassd smoke optical density although the level of
smoke was balow the threshold for visible smoike. An increase in heat input
rate decreassd NO, and NO emiseions at low levels of inlet air humidity but
had only a emall effect at high levels of inlet air humidity. CO emiesions
wers decreased with an incresse in heat input except at low inlst air tem—
persture with lew inlet air humidity.
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7. APPENDIX 1
(Equipment and Procedures)

7.1, Test Facility

Phillips research facility for testing fuels for gas turbine engines,
pictured in part in Figure 1, has been described in detail by Fromm (9). Air
is supplied by rotary Fuller compressors and filtered by a Selas Vape-Sorber,
toth of which can be seen in the foreground. This air is preheated just before
it enters the 2-inch combustor test-way by a Thermal Research heat exchanger.
Fuel and water (when used to control humidity of the combustor air) are
supplied by nitrogen pressurization of their respective tanks. A portioun of

“the metering and automatic control equipment can be seen in Figure 2. In
expsriments with prevaporized fuel, the fuel is heated in a hot-gas heat
exchangar Jjust before injection intoc the 2-inch combustor test-way. Air flow
rates up to 2.0 pounds per second, at inlet air pressures up to 15 atmospheres,
and inlet air temperatures up to 1400 F are attainable.

7.2. Phillips 2-Inch Combustor

Two configurations of the Phillips 2-inch combustor were used during
various phases of this experimental investigation. A scale disgram of the
normal 2-inch combustor for use with atomized fuel is shown in Figure 3. Dia-
grams of the combustor domes used are shcwn in Figure 4. Dome XIX provides
for the introduction of a stream of pressure atomized fuel with a tangentiai
flow of air and Dome X provides for introduction of prevaporized fuel with a
tangential flow of air. Design details for the combustors used with pressure
atomized and prevaporized fuels are shown in Table 1. Basically, the combus-
tors embody the principal features used in modern aircraft-turbine engines,
They are straight-through, can-type combustors with fuel atumized by a single
simplex-type nozzle or introduced as a vapor through a tube into the air
stream, The combustor liners were fabricated from 2-inch Schedule 40,

Inconel pipe, with added internal deflector skirts for film cooling of surfaces
exposed to the flame,

The combustors were equipped with sapphire windows aligned with the
primary and secondary air inlet holes of the flame tube as shown in Figure 3,
This permitted tranemission of radiant energy in the infrared spectral region
cut to five microns to avoid cul-off of significant radiation from flames, as
racommended in Reference 5. '

The design of the test-way permitted easy access to the combustor,
instrumentation, exhaust sample probs, and sapphire windows. The combustor
was inspected, cleaned and reconditioned at fraquent intervals during the
axpsrimental investigation.

Four chromsl-alumsl thermocouples were mounted on equal area centers
at the location indicated in Figure 5, to measure exhaust gas temperature., All
thermocouples ware housed in #-inch diameter Inconel sheaths for protection.
The axhaust section was jacketed with water to increass durability for opora-
tion with high temperature gases, Figure 5 shows the loscation of the cascade
holder for six metal strips used to simulate a turbine ot the combustor outlet
and promots thorough mixing of the exhaust gases prior to sampling. The
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locstion of the exhaust gas sample probe is shown in Figure 5.

The Aerospace Recommended Practice {ARP 1256} of the Society of
Automotive Engineers (10) recommends the use of a mixing probe with a minimum
of twelve sampling points., The exhaust gas sampling probes used in this exper-
imental - program conformed to the SAE ARP 1255.

7.3. Flame Radiation Detector

A leeds and Northrup No. 8890 double-mirrer Rayotube was employed
together with a leeds and Northrup Spessdomax Type G potentiometric recorder to
measure total radiant energy from flamss., This Rayotube has a "total radia-
tion" thermocouple-~type detector, and was modified by the use of a sapphire
~indow to allow tranamission of significant {lame radiation ocut to a wavelength
of five microns, as recommerded by Schirmer {5).

This Rayctube contained an internal shunt to compensate for its tem-
peraturs coefficient. In addition, it was protected by the use of an air
cocled jacket, which served to minimize error caused by tiansient changes in
test cell temperature and stabilized the Rayotube housing well below its
maximun allowable level of 300 F,

Ths Rayotube was positioned, a8 indlcated in Figure 5, to measure
flame radiance from a transverss location across the combustor, It was mounted
on a traversing bracket which allowed for positioning by remote control from
outeide the test cell during operation of the combustor at high pressure and
temperature. This made it possible to change the point of observation of the
flame from the primary air-inlet holes (Station No. 1) to the secondary air-
inlet holes (Station No. 2) in the combustor, without interruption of the test.
Movemsnt of the Rayotube position could introduce an alignment srror. In a
previons study with atomized fuel (6} it was found that with the chosen oper-
ating conditiona the location of the maximum {lame radiance would remain in the
primary combustion zone (Station No. 1), In the previous study with prevapor-
ized fuel (8) it was found thsat over the range of conditions investigated the
maximum flame radisnce would remain in the secondary combustion zone (Station
No. 2). Thus in the current investigation measurements of flame radiance were
made at Station No. 1 for tests with pressure atomized fuel and at Suation No.
2 for prevaporized fuels,

The apparatus usad for the calibration of the Rayotube at tempera-
tures up to 2250 F is shown in Figure 6., The black body targst was designed
in acecordance with Referencs 11 to insure a uniform smissivity approaching
one. The target was enclosed in a muffle furnace, controclled at the desired
temperastures. These were measured by means of a chromsl-glumsl thermocouple
and a Brown potentiometer, and were checked by use of a Leeds and Northrup
optical pyromster, The Rayotube, with the sapphire window in place to simulate
that of the combustor, was focused on the black body target, the spening of
which simulated that in the flame tube. The gensrated emf at the contrelled
temperatures was recorded by the Speedomax for devslopment of the temperature-
millivoltage calibration.

SRR Yoy WY 2 SRPIN

For calibtration st temperatures from 1900 to 3000 F, a Remmey gas
fired furnace with a high alumina {90 per cent) refractory lining was used.
The furnaces cavity was asswoed to be black body., The Hayotube, with the
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sapphire window in place, was positioned to view the ene cubic foot cavity

through a 2-inch diameter port. In this case the temperature of the cavity
was measured with a leeds and Northrup optical pyromster.

The calibration data for the Rayotube used during this study are
given in Table 2 and are plotted in Figure 7, The initial calibration was
made during the investigation reportad in Reference 6 and a check calibration
was made immediately prior to the study under the contract recently completed
(8). WNo significant change in calibration was indicated by the data and the
calibration was used in the current study.

The foilowing equation was developed from the initial calibration
data in Table 2, releting millivoltage (mv) and temperature (T) in degrees
Rankine,

log mv = -14.9906 + 4.5793 log T
This equation is of the expected form (12) and was used in calculating the
relationship tetween rscorder scale reading (mv) and total radiant energy (W)
from the Stefan-Boltzman Law.

W= 1.797 x 107 7%
radiant energy flux per unit area, Btu/ft</nr,

T = absolute temperature of source in degrees Kelvin‘,+ and
1.797 x 10-8 = Stefan-Boltzman Constant, Btu/ft</deg”/hr.

whera: W

The resulting calibration curves, made for Speedomax recorder compensator
gottings of 10 and 30 to increase sccuracy in covering the range in total
radiant energy of interest, are shown in Figures 8 and 9, respectively. A
Speedomax recorder compensator setting of 10 was used_when measuring flame
radiation intensities in the 15,000 to 150,000 Btu/ftz/hr range, and increased
to 30 for measurument of intensities up to 400,000 Btu/ftZ/nr.

7.h. Measurement of Emissions

7.4.1. EXxhaust Smoke Measurement

A Von Brand smokemeter was usad in this investigation to measure
smoke in the combustor exhaust, This meter, which is pictured in Figure 10,
was equipred with a vacuuwm pump, Whatman No, 4 filter-tape, 2-inch per minute
tape drive, and a #-inch smoke trace aperature in a heated filter head. A
portion of exhaust gas was passed through a heated line to a vented 500-ml
flask and samples wers removed by vacuum through the heated filter-head to the
moving filter tape. Samples wers cbtained with a pressurs drop of five inches
of mercury across the filter tape,

The relative degree of "blackness" or density of thes respective Von
Brand filter tapes were measured with a Welch Densichron and an associated
Relfection Density Unit. The Densichron was calibrated with a Welch Gray Scale
based on MgO = 100% reflectance or C.000 Optical Density. The meter scale of
the Densichron may be read in terms of ver cent Heflectance or Optical Density.
The Reflectance scgle is linear and the Optical Density scale is logarithmic.
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On the basie of previous studies (7), smoke evaluations in these studies were
recorded in terme of Opticel Density.

7.4.2. Exhaust Sample System

A sampling system conforming to Socisty of Automotive ingineers ARP
1256 (10) was used to obtain samples of exhaust gas from the combustor. This
system provided close control of temperature of the exhaust gas sample and
provided a minimum of residence time for the gas in the system. As recommsnd-
ed, the system included a twelive-point mixing probe to obizin a representative
sample of the ges across the combustor exit. A schematic of the sample system
is shown in Figure 11.

7.4.3. Measurement of CO, NC, NO,, HC and COo

The following instruments for continuous monitoring of gasecus emis-
sions from the combustor were used during this investigstion.

A. DBeckman Model 402, High Temperature, Flame Yonization, Total
Hydrocarbon, Continuous Analyzer.
0-10/0-100/0-1,000/0~10,000 ppm Carbon {Propans in Air).

B. Thermo Elasctron Model 104, Chemiluminescent, Self-Contained,
Continuous Analyzer.

0-10/0-25/0~-100/0~250,/0-1,000/0-2,500/0~10,0C0 ppm NO-NO..

C. Beckman Model 315BL, Non-Dispersive Infrared, Continucus
Analyzer.
0~100/0-200/0-500 and 0-1,000/0-2,000/0-5,000 ppn CO,

D. Beckman Model 315 B, Non-Dispersive Infrared, Continyous
Analyzer.
0-6,000/0-30,000/0-150,000 ppm CO,.

A Texas Instruments Servo/Riter II, i4-channel recorder was used to racord the

data from these instruments. A view of these instruments is shown in Figure
12.

At each tsst point the exhaust emissions were monitored for five
minutes after stabilization of the combustor. Five minute traces were made of
€0, €O, and hydrocarbon emission measurements and 2% minute traces of NO and
NOy emlssion data were obtained.

T.4.4. Calculation of Emissions

The measursments of pollutant concentration in the exhaust gas from
an engine have no real meaning when comparing a gas turbine with other power-
plants, Overall, the gas turbine operaies with fuel-lean mixtures; thus, ths
emisgion levels of pollutants are reduced simply by dilution with air., To
provide a uniform basie for comparison of emission levels, the measured con-
cantrations of emissions were transformed to emission rates on the basis of

pounds of pollutant per hour or Emission Index based on a welght of fuel
burnad.
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The SAE ARP 1256 (30) provides a guide for sampling, measuring and
axpressing gassous emissions from gas turbine combustors. In ARP 1256 it is
recommended that measurementa of NO as well as NOy be obtained. 4lso it is
recommended that emission rates on the basis of pounds of pollutant per hour
as well as Emission Index based on weight of fuel burned be calculated. The
equations in ARP 1256 sre based upon concentrations of CO, €0, and hydro-
carbons in the exhaust gas and upon the hydrogen-carbon ratio of the fuel used.
Nitrogen dilution of the exhaust gas sample stream wss used to prevent con-
densation of water in the system. Mass emisaions on a pounds per hour basis
are pertinent to only the particular engine or combustor from which they were
obtained while Fmission Index valuss provide information that can be adjusted
for engine or combustor size. Mass emissions have been calculated and are
reported but have not bsen used in comparisons,

7.5. Test Program

% previous investigation {8) was conducted to evaluate the effects
of fuel and operating variables on flame radisnce and exhaust emissions from
a combustor operated with prevaporized fuels to minimize the effect of dif-
ferences in physical propertiss of the fuela, The current experimental
investigation was designsd to include the effect of physical properties of the
tes* fuels on flame radiance and exhaust emissioms from a combustor and to
include heat input rate a2 one of the operating varisbles, The effect of
physical properties of the test fuels were minimized snd maximized by the use
of prevaporized and pressure ztomized fuel introduction into the combustor.

Five test fuels, representing a wide range of compositions, were
usad in the previous program (8). Additional quantities of the fuels were
available and were used in the current program to permmit consolidation of the
data cbtained with that obtained in the previcus program, Pertinent physical
and chemical properties of the fuels are shown in Talle 3.

The test facility used in this investigation is described in Section
7.1, of this report and the design details of the Phillips 2-inch Combustors
selected for use with prevaporized and pressure atomized fueis are shown in
Tsble 1.

Four levels of combustor pressure, four levels of inlet-air tempera-
ture, and three levels of inlet-air humidity were used in Program 1 and the
details of the operating conditione are shown in Table 4. These are the same
operating conditions used in the previous program (8) with the exception that
pressure atcmization was used ratner than prevaporization of the fuels, Thus
direct comparisons of affects of prevaporized and pressurs atomized fuels can
be mads. The five test fuels were selected at random at a given combination
of operating variables gnd the 48 combinations of operating variables were run
in a8 random order, Inlet-air humidity was adlusted by metering watar into a
heat excahanger mounted in the inlet-air system between the air heater snd the
combustor inlet,

A =@mall program was included in the experimental investigation to
evaluate the aeffect of heat input rats as an operating variable on flame
radiance and exhaust emissions with both prevaporized and pressure stomized
fuels., The experiment was & 2 X 2 x 3 factorial design with twc levels of
cembustor preasure, two levels of inlet sir tempersture and thres levels of

18
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inlet air humidity. WNine additionel comblinations of operating variables were
inciuded to provide a mesasure of non-linear responses and the entire experiment
was conducted with both prevaporized and atomized fusls, Details cof the
aoperating conditions for thees tests sre shown in Table 5. Pertinent physical
and chemical properties of the five test fuels are shown in Table 3.

s : ¥easurenents were made of flame radiation and exhsust emissions of

2 smoke, CO, CO,, N0, NO,, and hydrocarbons. Measurements of flave radiation
3 were made at %bp przmary air holes {Station No, 1) for tests with pressurs

& stomized fusls and at the secondary air hoiss {Station Mo, 2) for tests with
- prevaporized fuels., Flame radiance measurements were made using equipment 3
described in Section 7.3. Determinations of exhaust smoke ware made with the
Vont Brand smoke meter as described in Section 7.4.1. The exhaust samples for
determinations of gaseous smissions (CO, CO,, NO, KO, and hydrocarbons)} were ;
diluted with about two parts of heated nitrogen, as shown in Figure 11, to i
. eliminate condensation of water in the test instruments. The instruments and E
techniques for measuring gaseous emissions are deacribed in Section 7.4.3. ‘
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DESIGN DETAILS OF PHILLIPS 2.INCH COMBUSTOR FUR STUDY OF FLAME RADIATION

-

Combustor Number

A

Variatle o DU
Do~e Confizuration X
Air Inlet Diameter, in. 0,875
irlet Tympe Tanrert
Hole Diameter, in, 0,250
Yumber of Holes é
Total Hole Area, sq, in. N.2a%
% Total Combustor Hole Area 7 ,B08
Fuel Tube Diameter, in, 0,250
Fenetration, ine. 0,000
axit Tyre Ovpen
Fyel Meozzle
Tyme v
Snray Patiern cer
Sprar Angle, degress cea
™Mame Tube Confisuration v
Ist Station
Hole Diameter, in. 0.375
Total Fumber of Holes
Total iole Area, sg. in, R
% Total Combustor Hole Area 11.699
Z2nd Siation
Hole Diameter, in, 0,375
Total Kumber of Holes 4
Total Hole Area, sq, 1n. 0,h42
% Total Combustor Hole Area 11,699
Srd Station
ilole Diameter, in, 0.625
Total Numbher of Hnles
Taotal Hole Area, sq. in. 1,224
% Total Comhustor Hole Area 32,398
Yall Cooline Alr
Hole Diameter, in. 0,125
Holes/Station 16
Number of Stations 7
Total Number of Holes 112
Total Hole Area, sq, in. 1.7375
% Total Combustor Hole Area 36,394
Tota]l Combustor Hole Area, sq. in. 3.778
% Cross Sectional Area 1421

SN S

XIX
0.781
Tangent
n.250
6
0.295%
7,808

Simnlex

Semi~S50lid Cone

b5
v

C.375

4

0,442
11,699

0 u375
4

042
11.699

0.625

L

1,224
32,398

0,125
16
7
112

1,375

36,304

3.778
42,1
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CALIsRATIOR DATA FUR TUTAL RADIATION FPYRONETS

Temmerature, P

1230
1300
1395
1405
1485
1600
1669
16G5
1810
1R17
1900
1025
2000
2020
2025
2055
2100
2200
22L5
2720
2300
2aRg

Notest

Appendix 1
TABLE 2
Initial Check
Calibration, Calibration,
millivolts millivolts

=9 Ol§7
aee 0.67

X ] n'93
0-91 (RN ]

(XX 1.16

ves 1.53
1.82 40

(BN ) 1.81‘"'

- 2.33
2.“’0 LN
2,06 (a) vee

+te e 2'010

284 3'3?

e e 3:“’8
3.%5 L
3-93 (a) *rs

“es 4,09

(RN L”c83
S-L"Z row
11.76 (a% cen
13.00 (v ‘es
15.71 (a} cen

(a) Points taken in Remmey Furnace

(t) Leeds ard Northrup factory calibration noint
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FIGURE 10
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¢
P - TABLE &
- A
. PHYILLIPS 2-INCH JOMBUSTUR OF-RATIM GO Iilt0 3 FUR Ura SHLDY o 2P355T0rs (&)
;; Progran 1)
4 Inlet  Inlet  Iele: Puel Fiow, Ws/hr
k Test Combustor Ailr Alr Waier A 5 C b ;
S Cond, Pressure, Temn,, Flow, Filow, BI-67 BI-H7 RI-67 w7 BI-71
e Ko, atm F lufsee 1v/hr -9-G7 ~9-A5 =9-312 -9-Ghk 8-Al
>
£ 1 7.5 Lo C.Boz ., 5.6 81,0 51,5 52,3 48,2
g 2 7.5 400 0.8k 82,2 50,0 L9L b9.8 b ab”
g 3 7Tet koo 0,838 120.7 48,8 48,0 48,3 La,t 4f,7
I u 2.5 600 0,725 .. B1,9 &l 41,8 b2h 19,2
3 ] 7.5 £00 0,701 50,5  LDJ6  Lo.t B0 B1.1 0 37,9
N & 745 £00  0.680 Q7.9 39,3 38.9 3%9.2  39.8 36.8
- ? 7.5 800 0.600  .,, 35,2 3.8 35,1 35,7 32,9
i 8 7.5 500 0.590 42,5 3.1 33,8 34,0 3.8 31,9
§ 9 7S 8oC  0.572  RZ.A4 0 33.1 0 32,7 33.00 3385 20,9
10 745 1000 0,525 ... 304 30,0 30,3 308 284
11 7.5 1060 0,509 36,6 29,4 29,1 29,4 29.8 27,5
- 12 7,58 1000 0,¥93  71.0 28,5 28,2 284 28,9 20,7
? 13 10.0 400 1,19 ... 8.8 68,1 &8.% 69,7 &b
. 14 10,0 BOD 1,15 82,8 66.5 65.8 66,3 T 62,2
15 10,0 OO 1.2 181,37 4.8  6h,1 646 65,6 60,6
: 16 10,0 600 0,965 ,..  S5.8 55.2 5.7 %66 52,2
17 10.0 600 £.935 57.3 sS4 5305 53.9 4,8 50,5
: 19 10,0 800 0.812 ... 47.0 46,5 46.8 U766 L2,9
‘ 20 10,0 800  0.787 56,7 B5.5 45,0 LS54 k6.1 L2.6
{ 21 10,0 800 0,763 109,0 44,1 43,7 who 847 41,3
t 22 10,0 1000 0,701 ... 40,6 L0 404 &1 37.9
: 23 10.0 1000 0.679 48,9 39,3 38,8 3.2 39.8 36,7
; 24 10,0 toe0 0,688 94,8 3Rt 37,6 38,0 IBbH 35.6

(a) Reference Veloclty = 140 fi/sec,
Heat Innut = 300 Btu/1b alr,
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A A bt

PRILLIPS 2-INCH COMBUSILR UPRHMATING CORDITIONS FOR Tak SToU¥ OF E1L.S1WE (a)
{(Program 1)

4 Tnlet Inlet Inlet Fuel Flow, 1bo/nr
. Test Coambustor Alr Alxr Vater A B ¢ b A
X Cond, Pressure, Temo,, Flow, Flow, BI-S7 LJ-07 BIE7  BI-67 kI-71
4 Xo, atm ¥ iv/sec 1pfhr 907 <8-A5 -0-G12 -3-04 .GuA)
E 25 12,3 00 1.9 L., R52 85,2 86,6 A2.3 80,6
; 26 12,8 400 1.4 103.7 83,3 82,4 3.1 Bk 77,9
. 27 12.5 Lo 1.0 2016 A1, 85,1 80,8 gz.0 0 74,7
3
5 28 12,5 600 1.21 eea 70,0 69,2 69,8 70,9 65,4
3 29 12,5 600 1,17 84,2 67,7 66,9  67.5 L84 63.3
4 30 12.5 A00 1.11 189,8  AL.2 0 863,85 &L,Q B0 £0.0
.:; 31 12,5 800 1,02 a5 59,0 =84 28 8 59,8 58,2
. 32 12.5 800 n,984 70,8 55,9 55,3 56,8 57,7 53.2
S 12,8 500 0,954 1374 85,2 4,6 55,0 5,9 51,6
34 12,59 1000 0B .. 59,7 50.1 30,5 51,7 4v.h
4 35 12.5% 1000 0.846 61,1 49,1 48,6 Lo 49,82 ug.g
A 36 12.5 1000 0,823 118,64  L7.,6 47,1 47,9 B2 kb€
-' 37 1SIO QQO i078 [ 103.0 1{\1 .8 102i? 1‘”‘“"‘.3 9(\.3
i 3R 15.0 L00 1,73 126,56 1C0.1 99.0 99,8 1014 93,6
39 15.0 400 1.68 281,99 97,2 95,1 96,9 GR.L 90,9
Lo 15.0 600 1,48 - 83,2 83,0 82,4 85.0 78B.4
L1 15,0 600 1,40 100,88 Bi.,0 80.1  RO,B 8&2.0 7.7
42 15,0 600 1.3 195,8 78,7 77,8  78.¢ 70,7 738
3 43 15,0 800 1.22 veo 70.6 63,8 704 7i.5 66,0
L4y 15,0 800 1.18 8¢,0 68,1 87,5 68,1 69,2 63,8
4s 15,90 300 1,16 164,2 65,9 65,2 65,8 86,8 81,7
4 15,0 1000 1.05 ves 60,7 60,1 60,6 61.5 56,8
by 15.0 1000 1.02 734 59,0 58,4 S8.8 568 55,2
L& 15,0 1000 0.988 142.3  §7.2 86,5 57.0 7.9 53.b

(a) Reference Velcity = 140 fi/sec,
Heat Inmut = 300 Btu/lb zir.
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TABLE §

PRILLITS 2.INCH COMBUSTOR OPERATING O ITVIONS FOR T8 STULY oF ESISSLORS (a)
{Prevanorized and Pressure Alomized Fuels)
{Pramram 2)

Yo

T

o Inlet inlet Fuel Flow, lbs/hr
. Tast Air Water A B ¢ D B
e Cond, Tast Flow, Flow, HRBI-67 BI-A7 BI-67? BI-E7 BI-71
i Ho, Conditions 1bafsec lbs/hr =9-G7? 98 -9-G12 -9-04  -R.A}
" 59 BT, F E 0,965 .., 27.9 276 278  28.3 27.5
3 3 PyTy YL H) 00935 67,3 27,0 26,8 27,0 2.4 26,6
h &7 F, Ty Fy H, 65,907 1730,6 26,2 26,9 26.2 26.6 29.8
; %0 P T, F, Ho 0,812 ces 29.5  23.2 234 23,8 23.1
1 s o2 Ei ) 0987 6.7 22,8 225 227 23 22
é ) pl T F H,  0.763  109.0 22.2  21.8 22,0 224 217
y 21
3 51 P, T, F B 1.1 tes 35.0 DA W9 Fse Wk
55 ? Tj 5'! Hi 1.1? ;u‘,'uz 33.& 3305 3318 3“-3 33'3
b 59 ¥ T, Py Hy 113 62,7 2.7 32,3 32,6 33,0 32,2
b Sz ? Tz F‘l HG 19“2 can 29-5 2902 29!“‘ 29!9 29&0
: 56 Pg To Fy Hy 0,98 70.8 28,5 28,2 28,4  23.3 28,0
) o Py T, Fy Hy, 0,95 137.4 27,6 27,3 27,5 28,0  27.2
: 61 P, T, Fy B 0,962 69,3 B1,7 41,3 B1.6 0 B2,3 0 4t
; €6 e IfFul okl b2 2.8 275 207 2Bz 27
§ 67 RIT, FHL 128 m2 555 9 S5 6.3 ST
= 68 Py Ty Fy Hy 1.30 93.6 56 b 55.8 56.2 57.1 55,5
: 69 B, T3 FEHL 0764 55,0 M. 328 Wy 336 2.6
6 B, T, FeH, 099 ... 83,0 b2,6 42,9 B3 b2
65 P, T, F 52 0,933 1%L 40,5 40,0 40Ok L1,0 39,8
63 BT, Fg © o962 593 18,6 18,3 18,5 18,8 18,3
62 P, T, F3 Hy 0,962 63,3 £4 .9 6L 2 6.8 65.8 63.9

{a) Reference Velociiv = 140 ft/sec,
Combustor Pres,, P0 = 7.5, Py = 10,0, Pz - 12,5, Pj = 15,0, Ph - 11,25 atm,

Inlet Air Temp,, T, = 4OOF, T; = 600F, T, = A00F, TB = 1000F, T, = 700F.
Heat Inmut, Fy = 100, Fy = 150, Fp = 227, Fq = 350 Btu/lb atr.

Inlet Air Humidity, Hy = 0.2, Hy = 2.2, Hy = 4.2 1bs HaU/1b dry air x 100,

!
H
i
s
}

Inlet Temnerature of Prevaporired Fuel = 700F,
Combustor Configuration No, 45 for Prevavorized Fuel,
Combustor Gonfisuration ¥o. 71 for Pressure Atomived Fuel.

e e it e e R




Research and Development Report 6512-73

THIS PAGE LEFT BLANK




[ |
3
L
%
X,
& 5
k:
43 !
A %

ol .
4
£ T
3 4
ki
I b
- i

et

B

e

PRV S Y




Research ani Develo.ment Report 6512-72
Appendix 2

8. APPENDIX 2
(Experimental Results)

9.1. Flame Radiation

Rayotube readings obtained at each test point during the investiga-
tion wers convarted to total radiant energy values using the calibration
curves shown in Section 7. and the vaiuse are preserted ir Tatles 6, 7, and
8. The data presented in Tables 6 and 8 were obtained with pressure atomized
fuels and the Rayotube readings were obtained at Station No. 1 of the flame
tube. The Rayotube readings with prevaporized fusls are shown in Table 7 and
the readings were obtained at Station No. 2 of the flame tube,.

8.2. Exhaust Smoke Measurements

Smoke optical density measurements were obtained with each fuel-
operating variable combination as indicated in Section 7. and the data are
prasented in Tables 9, 10, and 11.

8.3. Gassous Emissions

The concentrations of CO,, CO, NO, NO_, and hydrocarbons in the
diluted exhaust gas at each combination of fuels and operating variables were
measurad using the continuous monitoring instruments described in Section 7.
and the data are shown in Tables 12, 13, and 1l4. The mass of emissions in
1b/hr and the Emission Index in 1ts/1000-lbs of fucL were caiculated for each
test point as described in Section 7. and the data are shown in Tables 15, 16,
and 17. -

LO
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: TAKLE 6
DATA FUR “P™-CT OF PJELS AtD CPSRATING VARIAULES QN FLAHE HADLATION (a)
{®Program 1)
Inlet Inlet . Flame Radiation With Fuels (c)
Test Combustor Ailr Alr A B C D E
Cond. Pressure, Temp., Humidity, K-67 BI-67 BI-67 BI-67 BI.71
No. atzm __ F %z (v) 2987 9.5, =9-G12 9G4 -8-Al,
1 7.5 400 0.2 78,8 46,3 5646 82.8 7.7
2 7.5 400 2.2 57,1 42,3 61.8 87,6 34,9
3 745 400 4,2 61.3 34,0 54,0 26,7 27.0
b 745 600 0.2 107.2 83,4 103.,7 110,86 59,2
5 7.5 600 2.2 95,2 62.5 90,1 9.7 554
6 745 600 4,2 87.8 58,1 79.3 87.8 45.9
7 7.5 800 0,2 137.8  109,2 133,33 164.2 8g,2
8 745 800 2.2 1287 97.3 1240 150,2 79,2
9 745 800 4,2 02,6 67,8 96,6 125,23 5740
10 7.5 1000 0,2 1707 1324 163,3  174,2  116.5
11 7.5 1000 2.2 152,1  115.3 15,9 175.0 100.6
12 7.5 1000 4.2 138,1  106.,3  130,5 162.0 88,4
13 10.0 koo 0.2 66,6 8.5 59.5 95.8 39.9
1 10,0 Loo 2.2 47,5 29,5 Lg,7 28,7 32.8
15 10.0 400 4.2 37,0 2L .8 36,7 6.3 27.4
16 10.0 600 0.2 119,7  91.7 100.,3 130.6  61.0
17 10.0 600 2,2 112,6 77 M 95,4  104.8 61,5
18 10,0 600 b2 97.5 67.7 91.9 118,0 5k, 1
19 10,0 800 0.2 157.9  126.2  167.3 1718 121.1
20 10,0 800 2.2 137,7  1ii.4  131.0  149,7 7.1
21 10,0 800 4.2 124.6 99,0 116.5 143,.2 85.9
22 10.0 1000 0.2 2026  172.9  192.3 194,3  156,5
23 10.0 1000 2,2 82,3 1ho,9  177.6 197,k  135,6
24 10.0 1000 u,2 169.0 133.4 162,0 181,9 119,9

(a) Reference Veloclty = 140 fi/sec.
Heat Inmut = 300 Btu/lb air,

(b) Lbs HoG/1b dry air x 100,
2

{¢) Total Radlatlon Pyrometer (Rayotube), Btu/fté/hr x 10-3,
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TABLE 6 (Continued)

4 UATA FUR IFUECS GE BLEL3 ALJ UPERATING VARIABLES ON FLaME RAUIATION (a)
{(Program 1)

E{ Irlet Inlet Flame Radiation With Fuels {(¢)
3 Test Combustor Alr Air A B C D E
3 Zond, Pressure, Tenmp., Humidity, BI-67 BJ-67 BI-67 BI-67 BI-71
No, atm ¥ % {v) =967 -9-A5 9512 -390k -8-Al
‘ 3 25 12,5 bon 0.2 123.5 50.4 78,06 99,6 5.3
SER. 24 12,5 400 2,2 69,1 37.8 62,2 83,6 45,3
3 27 12.5 400 b2 49,8 3t.0 sl 634 340
28 12,5 600 0.2 43,9 95,3  149,5  161.7 115.2
E 29 12,5 600 2.2 122,7 65,6 101,41 1384 76.2
i 30 12.5 600 4,2 79.3 45,3 78.0  100.7 56,9
1 3 12,5 800 0.2 186.0 1660 177.8 194.9  155.6 ,
'z 32 12,5 800 2.2 168,9 1ko,4  184.8 179,2 131.9 :
1 13 12,5 800 4,2 151.8 127,99 148,8 167.8 116,
3 12.5 1000 0,2 216.9 186.9 221.,6 231.1 185,2
35 12.5 1000 2.2 194.0  168,9 183,23 199.0 163.6
36 12,5 1000 4,2 183,2  14h4,2  174.2  198,3 141,.7
g 37 15,0 Lpo 0.2 W3,0  107.7 184,1 16,2 113,0
B 38 15.0 0o 2.2 138,7 102,2  128,3  139.,7 92,0
Lf ) 15.0 600 0,2 160,9  136,8 1583.0 166.,0 131.3
, 41 15,0 600 2.2 149,3 120,6  143.4 1476 112.8
L2 15,0 600 4,2 133.8  105.5 123.2  141.5 95,4
43 15.0 800 0,2 20,5 183,6 2017 Z212.0 18z.,3
HYN 15,0 800 2.2 187.9 134,  183.2 197,10 169.1
b5 15,0 800 4,2 165,2  106.7 159.5 181,3 13,5
= ué 15,0 1000 0.2 233.5 210.0 224,3  240.8  200.2
3 L7 15,0 1000 2,2 213,8  1B9,6 208,00 222.6 186,5
1 48 15.0 1000 4,2 199.8 176,7 190,6 210,0 172.1

(a) Reference Velocity = 140 fi/sec,
Heat Innut = 300 Btu/1b air.

(b) Lbs Ha0/1b dry air x 100,

{c) Total Radiation Pyrometer (Rayotube), Btu/ftl/hr x 1073,
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DATA FOR SFFECT OF FUELS AND OPERATING VARIABLES ON FLAYE RADIATION (a)

(Prevavnorized Fusls)

Inlet Heat Inlet

Test Comb, Alr Input, Air A

Flame Radistion With Fuels (e)
B C D E

Cond, Pres,, Temp,, Btu/  Humid,, BJ-6? BI-6? BI-67 BI-67 BI-71
No.  atm F ibair % (b)  ~9-G7 ~9-A5 -9-G12 GGl  B-Al
Lo 10.0 600 150 0.2 21.5 20,9 21.9 22,2 21.1
53 10,0 600 150 2.2 22,2 20.2 22,3 23,2 214
57 10.0 500 150 L2 20,3 19.0 19,6 19,8 19.1
50 10,0 800 150 0.2 21.8 20.6 21,6 11.0 21,6
54 10,0 800 150 2,2 19,9 18.8 16,8 18 .4 19.5
58 10,0 80C 150 4,2 19.6 19,1 2043 20.7 19,7
51 12,5 600 150 0.2 22,5 22,0 23,6 27.2 41,9
55 12,5 600 150 2.2 29,66 26,5  4z,1 3.8 48,5
59 12,5 600 150 b,2 22.3 36.6 4k .0 22,7 69,3
52 12.5% 800 150 0.2 23.6 23k 33,3 24,9 24,6
56 12,5 800 150 2.2 21.3 23,2 23,7 21.5 22,0
40 12,5 BoO - 150 4,2 20,3 21,4 20.9 20,2 21.5
61 11.25 700 225 2.2 76.8 56.3 104,9 88,0 68,4
56 7.5 700 225 2.2 60,7 41,1 5647 68,5 48,9
67 15,0 700 225 2,2 125,7 128.9 85,9 114,1 76,1
68 11.25  Loo 225 2.2 86.5 58,1 79.5 99,7 75,2
69 11,25 1000 225 2,2 67,9 58.0 7647 76.5  61.9
6y 11,258 700 225 0.2 2.4 65,6 91,5 98,6 85,0
65 11.25 700 225 4.2 57.0 43.8 90,7 40,2 51 .4
63 11.25 700 100 2.2 10.9 10.8 11.0 10.7 10.9
62 11 .25 700 350 2,2 238.9 151,14  179.9 250.2 199.2

(a) Ruference Velocity = 140 fi/sec.
(b) Lbs H,0/1b dry air x 100,

(¢) Total Radiation Pyrometer (Rayotube), Btu/ftz/hr x 1072,
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ZABLE 8

DATA FUR EFFECT UF FLELS AND OFPERATING VARIABLES UM FLAME RADIATION {a)
{Pressure Atomized Fuel)

3
e,
=
e
33
5
|
i
‘t
-

3 Inlet Heat Inlet Flame Radiation with Fuels (c)
- Test Comb, Air Input, Air A B c D E
3 Cond, Pres., Temp., Btu/ Humid,, BJ-67 BJ-67 BI-67? BI-67 RI-71
& Nog. = atm F 1b air % {b) ~9-G7 = -9-A5 9012 9.G& ~8-A1
3 49 10,0 600 150 0.2 111.0  76.4  111.8 1233 1.9
4 53 10,0 600 150 2.2 90,7 62,6 89,4 108.8 58,7
57 10,0 600 150 4,2 66,9 6,6 65.6 7942 i1
i 50 10.0 800 150 0.2 72.% 52,9 74,7 72,0 52.7
4 54 10,0 800 150 2.2 58.5 47.8 61.8 64,1 48,9
E 58 10,0 800 150 b2 54.3 By b S b 58,5 b3.6
3§
% 51 12.5 600 150 0.2 123.1 85,5 131.3  150.3 84,9
. 55 12.5 600 150 2.2 98,1 71,8 102.5 123.,9 £:9.6
. 59 12.5 600 150 b2 80.8 56,3 Bl 1004 55,3
B 52 12,5 800 150 0.2 106,1 77.9 102.0 132,7 72,7
g 56 1245 860 150 2,2 80.0 57.9 80.8 93.8 5945
. ' 69 12-5 800 150 1&.2 69‘1" 52.‘* 69;8 ?7-2 55.8
N 61 11.25 700 225 2,2 176.5 120.2 1714 196.9  113.7
g 66 2.5 700 225 2.2 89,3 51.8 89.0 114.8 49,9
- 67 15,0 700 225 2.2 201.4 1646 192,2 217,8 157,2
4 68 11.25 40N 225 2.2 119,9  B80.7 116.7 3.4 68,9
: 69 11.25 1000 225 2,2 175.8 122,55  170.6 200.4  126,5
Giv 11.25 700 225 0,2 198,6 1521 197.,6 222.1 144,2
65 11,25 700 225 4,2 47,9 99.4 11,7 174D .7
63 11,25 700 100 2.2 31.9  31.5  33.6 30,3 339
62 11.25 700 350 2,2 thh 4 113.8 133.,6  159.7 100,.7

(a) Reference Yelocliy = 140 ft/sec,
(v) Lbs Hy0/1b dry air x 100, _
{c) Total Radiation Pvrometer (Rayotube), Btu/ft /hr x 107,
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| TABLE 9
= JiTh POL SFFACL 0T < EL3 A'U OPERATING VARIABLAS b SlanysT SHGKE (a) f
. (Promranm 1) '
N Inlet Inlst Snoke Optical Density With Fuels (c)
. Test  Combustor Ailr Ajlr A B ¢ D B
R Sond, Pressure, Temp., numidity, BI-67 BJI-67 BJ-67 BI<67 BI-71
No, atm F % (v ~9G7 =9-A5 =9-Gl12 -~9-Ck  -8-Al
. 1 7.5 400 0.2 0.292 0,174 0,208 0,351 0.100
. 2 7.5 400 2.2 0.045 0,000 0,000 0,397  0.000
8 3 745 400 L2 0,600 0,084 0,031  0.364 0,053
.
T b 745 600 0.2 0,072 0,088 0,092 0,0t6 0,003
1 5 7.5 600 2.2 0.186 0,050 0,138 0,115 0.052
3 2 7.5 800 0.2 0,171 0,101 0.1sF 0,184  0.061
: 8 7.5 800 2.2 0,169 0.141 0,176 0,219 0,063
4 9 7.5 800 4,2 0.572  0.070 0,114 2,193 0,027
:
3 10 7.5 1000 0.2 0,064 0,031 0.0k9 0,05 0,014
"2 11 7,5 1000 2.2 0,000 0.030 0.048 0,071 0,020
g 12 7.5 1000 L2 0.072 0,040 0,062 0,108 0.027
. 13 10,0 100 0.2 0.220 0,105 0,202 0.282 0,082
E . - 14 10,0 400 2.2 7,190 0,076 0,196 0.253 0,072
E 15 10.0 400 4.2 0.116 0,044 0,107 0.178  0.060
- 16 10,0 600 0.2 0.268 0.209 0,210 0,320 0,059
3 7 11,0 600 2.2 0.324 0,208 0,276 0.300 0,180
3 18 16.0 600 4,2 0.310 0,176 0,226 0,330 0.082
. . 19 10.0 800 0.2 0.172  0.i44 0,162 0,021  0.111
E 20 10,0 800 2.2 0.210 0,168 0,200 0.230 0.100
e 21 1040 800 b2 0.258 0,170 0,220 0.282 0,09
22 10,5 1000 0.2 0.030 0,011 0,046 0.080 0,014
23 10.0 1000 2.2 0,048 0,026 0,057 0,071 0.021
2 10,0 1000 4,2 0.052 0.033 0,052 0.072 0,007

(s) Reference Velocity = 120 ft/sec,
Heat Input = 300 Btu/lb air,

(b) Lbs Hp0/1b dry ai:s x 100,

{¢) Von Brand Smokemster. '
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Avpendix 2
TABLE 9 {(Contirued)
4 DAA uR AFFSLT UF PUBLS AND UREZRRTL G VARIADLES ON EXiAUST SMCKE (a)
8 (Prorram 1)
i Inlet Inlet Spmoke Ontical Density With Fuels {e}
A Test  Combustor Air Air A B ¢ D E
-5 Zend, Pressure, Tamp., Humidity, BI-6? BI-67 BI-ET  AI-67  BI-71
; Yo, atn ¥ 7 {n) 0.7 -9-A% -9-G12 -GGk ~8-Al
? 25 12,5 Leo 0.2 0,390 0,153 0,280  ©,300 0,145
A 24 12.5 L4nn 2.2 0.236 0.106 0,222 0,282 0,1ib
E 27 12,5 400 4,2 0.078 0,072 0,202 0,250 0,004
] 27 12,5 6an n.2 0,224 ©,108 0,193 0,218 0.110
- 20 12,5 600 2.2 0.182  0.077 0,148 0,178 0,074
4 30 12,8 400 b4 ,2 0,110 0.031  0.122  0.161  0.058
3 4 12.5 800 0.2 0.157  0.182  0.133 0,172 0,066
4 32 12.5 800 2.2 0,005 0,150 0,187 0,185  0.127
3 33 12.% 850 L2 0.170  0.187 0,2 0.228 0,102
: 3 12.5 1900 0.2 0,000 0,007 0,006 0,014 0,00k
e : 35 12,5 1200 2.2 0,037 0,083 G,013 0,016 0.019
3 . % 12.5 1000 4,2 0,030 6.015 0,035 C.040 0,012
' o 15,0 500 6.2 0,525 0432 0440 0,555 0,732
y 33 15.0 £00 2.2 0,450 0.3/0 0445 0,520 0,238
1 19 15.0 L00 4.2 0,500 0.ML0O0  0.545 0660 0,370
3 B 15.0 600 0.2 0,490 0,445 0,465 0,500 0,370
41 15,0 620 2.2 0490 0,395 €455 0,580 0,335
L2 15,0 600 L.2 0,430 0,388 0,418 0,475 0,304
4 53 18,0 800 0,2 0,200 0,123 0,175 0,197 0.063
3 by 15,0 800 2.2 0.165 0,07 0,147  0.158 0,158
. Lg 15.0 800 u,2 0.125 0,08 0,118 0,152 0,000
u4 15,0 1000 0.2 0,015 0,044 0,005 0.060 0,000
, 47 15,0 1000 2,2 0,000 0,037 0,000 0,051 0.025
i L8 15.0 1009 W,z 0.070 0,018

0.051 0,032 0,049

(a) Reference Velocity = 14 fi/sec,
Heat Inmut = 300 Btu/lb air,

() Lbs ib0O/1b dry air x 100,

v sy,

(¢) Von Brand Smokemeter,
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TABLE in

DATA FoR BEFFECT OF FUELS ARD OPEHATING VARIABLES UN EXHAUST SEUKE (a)
{Prevavorized Fuels)

¢

[ mW’ﬁi

4
E Inlet Heat Inlet Smoke Cprical Density With Fusls (c}
i Test Comb, Air Input, ALir A R C D E
E Cend. Pres,, Temp,, Btu/ Humid., BI-67 BI-67 RI-67 RI-67  BJ-71
| No,  atm F 1b air % (v} «OuG7  Gad3 20012 9G4 Bl
i 49 10.0 600 15 0.2 0,062 0,052 0.056 0,075 0,040
il 53 10.0 600 150 2,2 0.066 0,03 0,054 0,073 0,042
A 57 10.0 600 150 4,2 0.013 C,00% 0,000 0.05% 0,000
‘E 50 10.0 800 150 0.2 0.019 0,002 0,007 0,021 0,003
F: sk 10,0 800 150 2.2 0.014 0.006 0.012 0,014 0,003
o 58 10,0 A00 150 L2 0.017 0,003 0,025 0.036 0.006
3 51 12,5 600 150 0,2 0,068 0,081 0.030 0.08% 0,082
55 12,5 600 150 2.2 0.145 0,075 0.140 0,080 0,170
<9 12,5 600 150 4,2 0.100 0,100 0.210 0.100 0,260
52 12,8 300 150 0,2 6.038 0,026 0.043 0,060 0,027
E 56 12,5 800 150 2.2 n,018 0.010 0,015 0,027 0,011
. 60 12.5 800 150 4,2 0,019  0.013 0.016 0.017 0,012
. 61 11,25 700 22% 2.2 0,163  0.135 0,285 0.176 0,142
é § ) 66 7.5 ?00 225 2.2 0.188 0¢085 0-168 0;190 0:126
g 67 15,0 700 225 2.2 0,238 0,290 0.124 0,200 0,125
g 68 11,25 00 225 2.2 0,252 0.150 0,320 0,300  0.222
. 69 11,25 1000 225 2.2 0.053 0,038 0,040 0.035 0,036
i 6l 11.25 700 225 0.2 0,168 0,125 0,140 0,152 0,150
: 65 11,25 700 225 4,2 0,146 0.080 0.258 0,069 0.130
: 63 11.25 700 100 2,2 0,007 0,003 0.005 0.005 0,006
: 62 11.25% 700 350 2.2 0,320 0.135 0,188 0,35 0.255

(a) Feference Velocity = 140 ft/sec,
Ebg Lbs H,0/1b dry air x 100,
¢) Von Brand Smokemeter,

[
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b Apperdix 2
‘ TABLE 11
4
3 DATA FCH EFFECT OF FUELS ANU UPERATING VARIABLES ON BXHAUST SMOKE {a)
B {Pressure Atomized Fuel)
Inlet Heat Inlet Smoke Optical Density With Fuels (e}
Test, Comb, Alr Input, Ailr A B G D K
Cond, Pres,, Temp., Biu/ Humid., BJ=67 BI-67 BI-67 BJ-67 BI-71
No,  aim P ibatr £ (b} = =967 9-A5 =962 =9-Gh  -B-AL
hg 10.9 600 150 0.2 0.025 0,008 0,026 0,028 0,006
-4 57 10.0 600 150 b2 0,000 0,010 0.010 0,025 0.000
%’ 50 10,0 800 150 0.2 0,000 0,000 0.000 0.000  0.000
z 54 10.0 800 150 2.2 0,060 0,000 0.000 0,000 ©,000
i 58 10.0 800 150 4.2 0.000 0.000 0.000 0.000  0.000
j ‘ 51 12.5 600 150 0.2 0.016 ©.004 0,048 0,018 0,006
. 55 12,5 600 150 2,2 0.016 0,005 0.010 0.028 0,002
E 59 12,5 400 150 4,2 0,026  0.004 0,018 0,038 0,004
.
3 52 12.5 800 150 0.2 0,000 0,003 0.005 0,006 0.000
i 56 12,5 800 150 2.2 0.004 0,000 0.005 0.003  0.000
| 60 12.5 800 150 4,2 0,000 0.000 0,000 0.002 0.005
: 51 11,25 700 225 2.2 0,108  0.046 0,097 0.104 0,03
¥ 56 745 700 225 2.2 0.01% 0,008 0.005 0.016  0.005
: 67 15.0 700 225 2.2 0.08% 0,087 0.100 0,132 0.058
&8 11.25% Loo 225 2.2 0.191 0,102 0,143 0.206 0,082
69 11.25 1000 225 2.2 0.004 0,000 0.004 0.007 0.004
&k 11,25 700 225 0.2 0.000 0,040 0,074 D092 0,042
65 11,25 700 225 b2 0.076 0,030 0.08¢ 0,086 0.023
63 11,25 700 100 2.2 0.000 0,000 0,000 0.00C 0.000
62 11,25 700 350 2.2 0,320 0.260 0,310 0,370 0,220

gag Reference Velocity = 140 fi/sec,
b) Lbs Hy0/1b dry air x 100.
{¢} Von Brand Smokemeter,

48
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; . Appardiz 2 :
e TARLE 12 i
g DATA POR EFFECT OF FUEL3 AYD CPERATINT VARIABLES OF EINISSIunS {a) '
E (Program 1) :
E: Inlet  Inlet Raw Imissions in Biluted Exhausi Gas,
oA Test fombt, Alr Air Sanple Concentration 1 t {o
% Cond, Pres,, Temp., Humid,, €0y, d d e
; No, aum £ % {b) Fuel _PFPM GOz co X0 _HO, HC_
4 1 7.5 Ly 0.2 & 32,200 12,500 754 17,3 206 O
B 31,900 11,900 68,7 15.4 1.2 0,1
| C 33,300 12,600 71,k 16,2 20,6 1.5
i I 33,000 12,500 77.0 18,0 20.3 .1
§ E 30,100 11,300 sB.,0 148 198 ¢
p 2 7.5 400 2.2 A 33,000 12,800 77.5 11.5 147 1.1
B 31,500 13,200 74,1 10,0 14,2 1.0
¢ 22,800 12,800 78,6 11,3 154 1.0
D 33,100 11,800 81,0 12.7 13,5 O
. E 30,500 11,400 66,7 10,3 14,3 1,0
k| 3 7.5 Loo t,2 A 31,900 12,000 72.2 8.5 11,9 t.b
b | B 32,200 12,000 88,0 7.8 10,9 2.1
. ¢ 32,500 12,300 76,5 9.1 11,3 1.4
- . D 32,500 12,500 Bs.6 11,0 11,3 1.4
k é B 30,400 11,840 658.8 10,1 10.8 1.6
- 4 7.5 600 c.2 A 30,900 11,500 37.4 259 32.1 0
S B 31,100 11,100 44,7 23,3 29.2 ©
E C 30,800 11,300 45.9 23,5 0.1 O
P! D 30,800 11,500 4ia4 27,0 313 0.3
3 : B 28,400 10,400 37.1 23,1 29.2 ©
.
5 5 745 600 2.2 A 32,400 12,100 B4,2 17,7 214 O
; B 29,700 11,300 39,1 15,9 21k 0
: C 31,400 11,800 42,4 18,6 23.0 1.0
T 30,800 11,300 1%1.9 12.0 Zi.4 Q.
E 29,100 11,100 35.2 17,9 21,8 1,0
6 7.5 600 b,2 A 30,500 11,500 &2.3 13,2 16,0 1.1
B 28,600 11,200 36,8 12,1 15,6 1.2
C 29,600 11,600 42,7 12,7 15,8 0
D 30,300 11,200 257.9 13.0 15.5 39.7 :
E 27,900 11,700 33.0 11,9 15,6 1.0 §
-4
‘ (2) Refersnce Velocity = 140 fi/sec, i
| Heat Input = 300 Btu/1% air, ¢
. (v} Lbs H,0/1b dry air x 100, ¥
(c% Diluted with 2-parts Ny per f-part of exhausi gas, :
{d8) Measured as NO, |

(e} Measured as earbon.
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Appandix 2

UATA FOR TFFHCY oF PUELS ALD OPERATING YaRIABLES oF ERISSIONS (a)

{Prorram 1)
Intet Inlet Raw Emissions in Diluted Exhaust Gas,
Test Comb, Ailr Ar Samnle Concentration in Prk (o}
Cond, Pres,, Temp,, Humid,, £0z, {d) ¢y (=)
No. atm F Z () Fuel PPM HO%Y co NG NO, HC
7 7.5 300 Ge2 A 30,700 11,700 24,2 L&,3 k7,0 ¢
B 30,200 11,500 23,5 43,6 87,6 0
C 32,300 12,100 24,5 47,0 51.2 ©
D 3:,500 12,100 24.5 #7.0 50,6 O
E 28,000 11,080 23.0 44,7 48,2 0o
8 7.5 800 2.2 A 31,600 11,700 24,6 135.1 38,7 ©
B 30.600 11,500 23.8 32,1 35,2 O
T 32,200 12,100 25,2 3.4 7«9 0
b 31,900 12,100 26,5 354 3I7.G O
E 29,500 11,000 26,5 32,9 35.8 0O
9 7.5 8n0 4,2 A 31,400 12,120 22,5 25,9 26,1 0.2
B 30,900 11,300 21,0 23,8 24,6 ©
C 3,606 11,200 224 25,1 26,6 O
D 32,800 12,100 22,7 25,2 26,2 0
E 29,000 11,000 2i.0 23.6 25,3 ©
10 75 1000 0.2 A 31,200 12,600 19.0 89,1 914 0
B 29,800 12,100 12.3 88,3 633 0
C 31,600 12,700 10.0 96,8 101.6 0
D 31,300 12,700 9.5 Q7.4 1013 ¢
Z 28,800 11,800 110.0 90,3 6$6.9 0
11 7.5 1000 2.2 A 30,800 12,500 15,7 65.8 88,5 ©
B 30,600 12,300 17.4 647 664 0O
€ 31,500 12,800 15.2 67.8 69.8 o
D 30,700 12,300 19,7 68,1 70,2 ©
E 28,800 11,800 20.1 64,9 67.2 0
12 7.5 1000 4,2 & 31,600 12,100 17.9  39.9 42,5 O
B 30,300 11,900 20.6 38.3 40,1 0
C 31,600 12,500 20,8 41,7 42,6 O
D 31,600 12,400 20,5 B0,9 42,4 0
B 29,800 11,200 20.8  39.4 41,3 ©
{a) Reference Velocity = 140 ft/sec,

{v
{e
{d
{e

et S s Sapa?

deat Inmut = 300 Btu/lb air,
Lbs HpO/1b dry air x 100,
Diluted with 2-marts Ny per l-part of exhaust gas.
Feasured as NQO,
Meazurad as carbon,
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% i TABLE 12 (Continued) ;
- DATA POR SFFECT oF FUELS AND OPERATING VARIABLES (i =NISSIUNS (a) '
‘. (Program 1)

;§' Inlet Inlet Raw Emissions in Diluted Bxhaust Gas,
3 Test Comb, Air Air Sanmnle Concentration in PPE (c
Cond, Pres., Temp., Humid., GGy, é a €
o ¥o, atn P £ (v Fuel P%M COo co RO NO,  HG
.g 13 10,0 400 0.2 A 31,000 11,300 33,8 18,9 22,7 1.0
4 B 30,400 11,800 35.4 16,6 21,3 ©
5 C 31,300 11,800 37.8 16,6 21,5 O

- D 32,800 12,260 43.6 18,8 22,0 0.3
: B 28,500 10,800 30,06 16,7 21.0 ©
; 14 10,0 boo 2.2 A 30,200 12,900 6. 13,2 15,0 1.2

o B 28,480 11,000 30.8 11,1 13,8 1,2
; c 32,800 12,500 59,0 12,0 14,3 1,2
2 D 30,800 13,100 62,5 .4 164 1,2
3 E 29,200 11,100 49,9 11,1 w1 1,2

E - 15 10,0 b0 B2 A 30,800 12,77 59,7 11,3 il 1.7
- B 29,800 12,600 80,5 10,2 1il.i 3.5
E c 30,600 11,700 65.9 G4 10,6 1.6
g D 31,700 12,006 72.5 9.8 1i.0 1,8
¥ E 28,400 11,300 52.8 10.0 10,2 1,3
g 16 10.0 600 0.2 A 30,800 12,800 38.0 314 2.9 1.0

- . B 30,100 12,800 35.6 27.0 32,1 1.0
s C 31,700 13,300 33.7 32.5 359 1.0

" D 31,700 13,500 42,2 k.5 385 1,0

; E 20,500 12,500 27.4 30.3 33.7 1.0
17 10,0 600 242 A 31,500 13,000 37,7 21.9 28,3 1,1
B 30,500 13,500 32.7 22.7 23.9 1.0
C 32,300 13,300 37.8 21,9 24,2 1,0
D 31,700 13,300 38.2 23,9 24,1 1,0
E 29,000 12,200 36,7 20,1 23.2 1.0
18 10.0 600 b2 A 31,000 12,900 32.7 15.3 16.9 1,0
B 31,000 12,600 33.0 13,6 18,1 1,1
C 31,900 13,200 38,5 17.0 17,5 1.0
D 31,500 13,000 364 174 17.5 1,0
E 29,700 12,000 28,0 15.+ 16,2 1,1

[ N Y TP

{a) Reference Velocity = 140 f+/sec,
Hpat I?‘_p’lt = 00 Btu/lb 2ir.
(bg Lbs Hy0/1b dry air x 100,
gc Diluted with 2-parts of N, ver l-part of exhaust gas.
d) Measured as NO,
(e) Measured as carbton.
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& mmaFM{E?ETLFFumSND&mMMTmGVMn@&ggm:auxJWSLgL
i TProcram 1)
ﬁl Iniet Inlet Raw Emissions in Diluted Exhaust Gas,
i Test Comb., Air Air Sanvle Concentration in PPM_(c)
iy Cond. Pres,, Temn., Humid., G0, , {d) (@) ()
o, atm F % {1b) Fuel P%M COo co O NG HC
12 10,0 800 0.2 A 2,000 12,800 15.0 52,0 51,7 0.2
g 29,300 11,300 14.8  <l.2 3,8 0O
¢ 32,%00 12,500 18,8 2.3 538 O
D 31,400 12,300 16,1 53,0 3.5 O
g 29,100 11,300 16,8 4B.7 si,b O
23 1C.0 200 2,2 A 132,600 12,800 20,5 7,6 39,8 0
B 30,600 11,900 20,4 36,7 37,9 O
¢ 32,700 12,800 20.8 40,8 410 0
D 32,600 12,700 21,0 41.3 L1,7 0
E 30,100 11,900 18.0 37.7 39,6 0
21 10,0 800 4,2 A 32,000 12,300  17.0  25.9 27,2 0
B 31,400 11,800 17.0 26,0 26,2 O
& 33,900 12,700 19,3 28,1 29.1 0
D 23,500 12,900 18,7 27,5 27,0 O
E 29,900 11,500 16,k 26,8 27,0 O
22 16,0 1000 0.2 A 28,100 42,200 15.2 90,2 6.4 1,1
B 27,000 11,600 12,8 Bh.h 90,2 1.1
¢ 130,600 12,900 13.8 97,1 102,.,3 1.0
D 3,200 14,700 12,0 104.0 109.2 1,0
E 27,000 11,400 12.2 86,6 93,4 1.0
23 1040 1000 2.2 A °G,50n 12,400 13,2 66,2 69,9 1.0
B 29,3¢0 12,200 11,9 65,5 68.7 0
¢ 30,500 12,1iC 12,1 8.7 v2.8 0 0.7
D 30,600 12,300 12,k 71,0 73,3 0
B 2%,000 11,800 12,5 &,,0 60,2 0
24 10,0 1000 L2 A 29,500 12,700 11,1 L8.9  53.1 1.0
B 29,200 12,000 1l.1 k6,7 K6.9 0.
¢ 51,000 12,600 11.7 51,8 3.0
D at,00n 12,000 12,40 5120 53D 0.3
£ 26,000 11,600 11.5 46,0 k9.0 0
(a) Reference Veloclty = 140 £1/s280.

Heay Inmut =

300 Btu/lb air.

(1) Lbs Hy0/1b dry air x 100,

(¢} Diluted with 2-varts Np per l-rav of sxhaust gas.
(d) veasured as MC.

{e) Moasurea 28 carbon,
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TAMLE 12 (Continued)

DATA FUR EFFECT OF FLELS AMJ (OPERATING VARIABLES M EEISCIONS (a)

(Prosram 1)
Inlet Inlet Raw Emissions in Diluted Exhaust Gas,
Test Comb, AAT Air Sample Concentration in PPM _ic¢
Cond. Pres., Temp., Fumid., CO-, é 4) €
No, atm F % (o) Fuel ju Coz. co NO NO, HC_
25 12,5 400 0.2 A 31,500 13,100 69,9 20.7 2k, 1.2
B 31,500 12,500 39,5 19.0 22.3 1.1
¢ 131,800 13,000 58,6 21,7 282 1.1
. D 33,000 13,200 40,2 22.2 2573 1.4
' E 30,000 12,000 31.6 18.8 23.1 1.1
26 12.5 Lno 242 A 31,800 12,800 45,8 15,1 17,3 1.1
B 32,100 13,100 55,0 13.2 16,1 0
¢ 32,000 13,300 953.7 15.1 16.2 0
D 32,100 13,3500 55.0 1547 17.4 ©
£ 20,800 12,500 46 13.6 16,0 ©
27 12,5 400 4,2 A 130,500 13,200 60.5 11,9 12.2 1.
B 29,800 12,200 62, 1l.2 11,6 1.t
c 30,200 11,°00 61,3 10.8 12.5 1.2
D 31,300 12,800 66.6 1L.3 12,8 1.2
E E 28,200 11,800 g82.1 10,8 11,8 1.3
| 28 12.5 600 0.2 A 33,100 13,900 257 394 k2.5 1.2
; B 30,600 13,300 252 37,0 &1,0 1.
3 ¢ 32,k00 13,800 26,4 38,1 43,0 1.1
i D 32,800 14,100 26,5 42,3 b45.1 1.2
i_i B 29,200 12,600 25.1 39.2 32,2 0.1
|
| 29 12.5 600 2,2 A 30,900 13,500 L34 25.3 2004 0O
) : B 30,300 13,100 W2 25.4 28,5 0
. ¢ 30,900 13,100 6,6 27.4 29,6 1.1
< p 22,300 13,800 45.0 29.3 31.2 0
g 28,100 12,000 43.5 241 26,7 0O
30 i2.5 600 L2 A 30,900 13,100 31,0 19,3 20,9 0
3 29,800 12,600 3k.2 17.6 19,4 0
¢ 30,600 13,100 36,3 18,7 20,9 ©
D 32,300 13,800  39.0 20,5 21.3 O
; g 28,k00 12,000 34,5 16.7 18.8 0
‘,Q ; {a) RetTer=nce Yeliocliy = 1i0 ft/aece

Heat Iamit = 300 Btu/lb air,

Lbs Hy0/1b dry air x 100.

Diluted «ith Z-marts Ng ver {~part exhaust gas,
¥Meggured as NO.

Measured as catrbon.

e W W
OB = T e B
el N o Bl

< e e A TR AR

ORI



Hesearch and Develorment Revort 6512-73
Appendix 2

TABLE 12 (Continued)

DATA FOR KFFECT OF FUELS AFD OPERATING VARIABLES Of EMISSIONS (a)

53

O e DO
.

)
O NO D

QOO0

[ ]
[

QDO QO [ NoNeRo Nel [ B0 2w R o)
v =
NN

OO0

(Proeram 1)
Inlet  Inlet Raw Emissions in Diluted Exhaust Gas,
Test Comb, Ailr Alr Sampnle Concentration in FPM {c
Cond, Pres., Temp., Humid., Co,, d d
No, atm b % (1) Fuel PFM 80 g0 NO NO,
31 12,5 800 0,2 A 32,200 12,800 14,5 55.6 61,7
B 32,200 12,500 13.4 56,1 60,9
¢ 32,800 13,000 15.9 59.5 62,9
D 32,800 12,800 15,4 59,5 62,2
E 30,000 11,900 13,9 s4,7 8.8
32 12,5 200 2.2 A 32,400 12,600 13,3 4l,5 42,2
B 31,600 12,3C0 16,2 37,9 38,5
c 32,900 17,500 16,5 39,6 41,4
D 32,900 12,900 17.1 4oL 413
E 31,900 12,770 13,5 36,7  L0.1
33 12,5 800 4.2 A 33,000 12,600 14,9 29,7 30.0
B 31,600 12,300 15.9 Z27.4 28,5
¢ 32,800 11,600 19.1 26,0 26.4
D 33,300 11,000 17.7 27,1 26.9
3h 12,5 1600 0,2 A 32,200 13,100 12,2 1134 123,5%
B 31,600 12,800 8,4 110,33 122.7
¢ 32,200 13,100 9.3 121,8 128.,2
D 32,200 13,100 10.9 124.3 126.0
B 29,700 12,200 8,1 108,1 114,8
35 12.5 1000 2,2 A& 31,000 12,800 11,2 74,1 78,5
B 31,500 12,300 13,1 644 68,8
0 32,700 12,600 12,2 70.6 4.2
D 132,800 12,900 11,9 73.1 76,0
E 20,200 11,100 12,9 644 70,2
36 12.5 1000 4,2 A 32,900 12,800 12,3 4.3 6.9
B 31,700 12,3060 13.6 49.3 539
¢ 33,100 12,900 12,0 56,3 583
D 33,100 13,200 12,2 58,2 594
B 30,400 11,800 12,0 49,1 5247
(a) Reference Velonity = 140 ft/sec,

T, T A, T
(=TI 3
i S st S

Heat lnnut = 300 Btu/lb air.
Lbs HZO/lb dry air x 100,
Diluted with Z-paris Fs per l-mart exhaust gazs,
Measured as NQ,
Measured as carbon,

54
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L TABLE 12 (Continued)
’ {f : DATA FUR EFFECT OF PUELS AMD OFERATING VARIABLES uN ENISSIONS (a)
g ' (Program 1)
v% : Inlet Inlet Raw Emissions in Diluted Bxhaust.(as,
ﬁ Test Comb, Alr Air Sample Concentration in FPM (c
-3 Cond. Pres,, Temp.,, Humid., Cos, (@) Zd; )
ok No, atm F # (b) _ Fuel _PEM coa ce NO NO,  HO
4 W 15,0 400 0,2 A 30,100 10,500 6.5 22.4 214 0
3 B 3C,100 10,500 41,6 21,7 21,5 O
S ¢ 29,100 10,100 39.8 22,2 21.8 ©
; D 31,000 10,500 51,1 21,7 21.2 O
E 28,300 9,500 32.6 22,0 21,7 O
38 15,0 400 2.2 A 29,800 10,500 62.8 15,8 16.0 O,k
B 29,100 10,200 48,9 15.8 15.9 0
¢ 29,700 10,200 47,2 16,0 16.1 ©
b 30,800 10,500 S7.9 16,1 15,9 O
E 28,400 9,900 43.4 15,2 16.0 O
39 15.0 400 4,2 A 31,400 11,000 62.5 12,2 12,5 1.6
B 30,800 10,200 63.5 12.1 11,7 1,5
C 30,400 10,200 68,6 12.0 11,8 1,5
D 31,50 10,500 83.8 11,7 11,4 1,7
29,100 10,200 63.7 11,3 12,3 1.5
40 15,0 600 0.2 A 30,300 12,600 33.5 38,7 34.5 0
B 30,900 12,500 3.2 36.5 36.3 0
C 29,200 10,600 32,7 29,7 33,0 0O
D 31,000 7,940 28,8 26.9 24,1 0
E 29,000 11,700 30,9 35.5 35.8 ©
L1 15.0 600 2,2 A 29,500 11,480 47,3 25.8 2,7 0
B 30,600 12,200 50,0 24.8 25,8 0
¢ 31,200 12,500 50,9 25.6 25.1 0O
D 31,600 13,000 56,3 264 26,1 0
E 29,800 11,100 41,2 24,2 23,8 ©
u2 15,0 600 0.2 A 30,900 11,800 57.0 17.7 174 1.0
B 30,600 11,500 53.7 16.1 15,7 ©
¢ 31,600 11,800 8.5 16,6 16,0 ©
D 32,300 11,800 61, 17,2 16,4 0
B 29,200 10,800 50.0 16.0 15.8 1.0

) {a) Reference Velocity = 140 ft/sec.
i Heat Innut = 300 Btu/lb air,
; ibg Lbs Ho0/1b dry air x 100.
. Diluted with 2-parts Np per l-mpart exhaust gas.
(d) Measured as NO,
{e) Measur=d as carbon,

-
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3; TABLE 12 (Continued)
i1 DATA FUR EFFECT OF FUELS AND OPERATING VARIALLES ON EMISSIONS (a)
§ (Prosranm 1)
H Inlet Inlet Raw Emissions in Diluted Exhaust Gas,
53 Test Comb, Air Alr Samnie Concentration in PPM gc}
i§ Cond. Pres,, Temp,, Humid,, COyy d 4 &
. Mo, atm _ _F % (v} Fuel FPPM R o Ji{o] NO, . HC
. 43 15,0 800 0.2 A 31,000 13,000 344 61,3 63.9 0O
2 B 31,200 13,%0 30,7 65.1 68,8 0
4 ¢ 31,300 13,100 3.7 62,7 65,8 0
5 D 33,400 13,900 36.7 68.6 72,1 0 j
: E 29,300 12,300 33.4 58.8 65.5 0 ;
h
by 15.0 800 2.2 A 30,700 14,360 21.1 534 50,1 O 5
B 29,400 12,800 21.5 45,3 46,9 ©
b ¢ 30,700 13,420 22,4 50,0 50,1 0
; D 33,400 14,100 21,5 51,6 52,2 O
e E 29,000 12,400 21,5 42,6 43,4 0O
2
g L5 1540 800 4,2 & 31,300 12,700 26.8 33.2 334 O
& B 30,000 12,500 32,6 31,0 32,7 ©
: ¢ 31,600 12,700 30,2 33.6 3.6 0
é D 32,400 13,500 31i.1  35.2 36,0 ©
! E 29,300 11,600 32.7 28,8 30.4 O
L6 15,0 1000 0,2 A 33,700 14,500 9,3 124,83 127.8 ©
B 33,200 13,400 9.0 109.8 117.7 ©
C 34,600 14,300 9.1 12k,2 131,6 t.1
D 33,300 12,900 9,3 1i8.4 126,3 0.2
3 E 30,100 11,900  $.5 110.4 118.9 0
. iy 15.0 1000 2.2 A 31,100 12,240 13.2 80, 86,0 O
E . B 31,200 12,200 15,4 73.0 79.5 O
| ¢ 32,500 12,833 14,7 81,3 86 0O
D 133,300 12,%0 16,1 83.8 85,2 0
E 30,600 11,600 14,7 73,1 78, O
48 15,0 1000 b2 A 33,000 12,500 10.4 58,9 61,5 0.2
B 31,800 11,960 11.4  53.9 57.9 1.0
C 33,800 12,560 11.5 58.1 604 1.0
D 33,000 12,200 il.4 58,3  58.1 0.5
E 30,000 11,400 10,7 53.8 %6.2 0.6

(a) Re“erence Velocity = 1k0 ft/sec.
Heat Input = 300 Btu/l1b air,
(b) Lbs Hy0/1b dry air x 100.
(c) Diluted with 2-parts N» ver l-rart exhaust gas,
(d) Measured as NO.
(e) Measured as carbon,
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TABLE 13

DATA FOR EFFECT OF FUELS AND OPERATING VARIABLES Ob EMISSIONS (a)
{Prevavorized Fuels)

R Inlet  Heat Inlet Emissions in Diluted Exhaust Gas,

9 Teat Comb, Alr Input, Alr Concentration in FPM (c

73 Cond, Pres,, Temp., Btu/  Humid., d {d €

b No, atm F ipair £ (b} COa co_. _KO NOp HC

B 49 10.0 600 150 0,2 7,280 16.8 25,0 27.1 ©

-2 7,050 17.2 24,3 26,0 0
7,9 7,280  17.2 25,5 27.2 0

L 7,280 16.8 24,0 26,0 0

| 53 16.0 600 150 2.2 2,420 27.6 17.3  17.8

1.3
6,666 31,7 16,9 170 2.1
7,035 28,9 17.3 18.2 1.1
1.0
1.8

7,232 29.2 17,9 18,7
6,357 29.8 15.9 17,2

Fusl
A
B
c
D
E
A
B
¢
D
B
" A &7 10,0 600 150 b,2 A 7,009 45,6 114 12,1 0O
E ¢ 7,029 49.5 il 12,0 ©
o D 7,05 51.5 11,9 12,2 0.5
E E 6,858 49,0 10,6 11,3 t.i
E 50 10.0 800 150 0.2 A 7,065 17,6 41,3 44,3 0
F B 6,948 17.2 42,2 L4b 0O
5 c 7,090 17.1 42,6 45,7 ©
: P 7,053 16,3 44 47,2 O
3 E 7,025 17.1 41,2 43.9 O
; 54 10,0 800 150 2.2 A 6,285 19,0 22,0 23,3 ©
B 6,063 17.6 21.7 23.3 0
C 6,250 17.5 22,9 24,2 ©
D 6,189 17.2 23.5 25.,5 0O
B 6,210 18,0 20,9 22.6 O
58 10,0 800 150 b2 A 6,139 30.8 154 16,0 ©
B 5,986 35,7 15.0 16,5 ©
: D 6,311 W™,0 15,6 16,9 ©
’ E 6,206 3W,0 14,8 15,7 O
{‘ (a) Reference Velocity = 140 fi/sec,
; (v) Lbs Hy0/1b dry air x 100,

Measured as NO,

¢} Diluted with 2-parts N, per l-part of exhaust gas,
; Measured as carbon.
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TABLE 13 (Contirued)

DATA FOR EFFECT OF FUELS AND OPERATING YARIABLIS ON EMISSIONS (_&l
{Prevaporized Fuels

Inlet  Heat Inlet Emissions in Dijuted Exhaust Gas,

Teat Comb. Alr Input, Alr Concentration in P ¢

Cond, Pres,, Temp., Btu/  Humid., ) d e

¥o. atm F lbair % (b} Fuel _CO» co KO RO, HC.

51 12.5 600 150 0.2 A 6,670 10,9 24,9 26,0 0O
B 6,315 114 25,3 264 ©
4 6,682 10,7 26,2 28,6 ©
D 6,521 11.6 256 26.5 0
B 6,200 12,9 21,2 22.6 ©

55 12,5 600 150 22 A 6,200 27.8 1.2 15,5 1.2
B 6,010 28,8 1k.0 14,6 0,6
c 6,408 3.0 15,3 14,7 1.0
D 6,23 25,8 16,0 16,5 ©
E 5,988 32,1 129 13,9 ¢

59 12,5 600 150 4,2 A 6,039 42,0 10,9 114 o0
B 5,753 49,1 10,1 10.1 0.4
a 54957 60,1 9,0 11.3 2,0
D 6 Lo 43,6 11,5 11,8 ©
B 5 825 67.8 8.3 9,0 4.1

52 12.5 8op 150 0.2 A 7,010 16,3 45.9 47,1 ©
B 6,860 15.8 44,0 45,5 0O
C 6,776 15.5 424 49,3 ©
D 7,169 15,5 47,8 43,3 O
E 6,845 15,3 43,3 45,8 o

5 12.5 800 150 2,2 A 6,467 19,3 24,9 26,5 0
B 6,mB 18,9 24,2 251 0O
¢ 6,517 18,8 25,0 26,7 O
b 6,561 18,0 254 27,5 O
E 6,457 18,5 24,0 25,5 O

60 12,5 800 150 L,2 A 6,477 90,2 17,2 18,6 ©
B 6,214 31,0 15,5 16,7 ©
¢ 6,359 30,1 17.5 17.6 ©
D 6,353 28,8 18,0 16,2 ©
E 6,286 31.0 15,9 17.2 0O

éa) Reference Velocity = 140 fi/sec,

b) Lbs Hy0/1b dry air x 100,

{c Dilutad with 2-parts N5 per l-part of exhaust gas,

(d Measured as NO,

(e} Measured as carben,
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TABLE 13 {Continued)

DATA POR EFFECT OF FUELS ARD OPERATING VARIABLES ON EMISSIONS (a) §
Prevaperized Fuels )

g

Inlet  Heat Inlet Emissions in Diluted Exhaust Gas,
% Test Comb. Alr Input, Air Concentration in P c
b Cond, Pres., Temp., Btu/  Humid,, ) d e
Mo, atm F b air % (b Fuel _CQg co NG MO HZ.
“ 61 11.25 700 225 2,2 A 9,166 27.5 22,5 23.2 © :
3 B 9,006 30,0 21,6 22,4 0
c 9,01k 36,7 20,3 21,6 ©
b D 9,58 27,8 24,9 251 ©
: E 9,069 30,0 22,6 23.6 0
s 66 7.5 700 225 2,2 A 9,34 28,1 18,7 20,6 0
3 B 9,050 22,9 18,2 19,6 ¢
= D o,kl6 251 19.5 21,1 ©
- E 9,190 26,5 19,2 20,7 ©
Ee |
- 67 15.0 700 225 2.2 A 8,816 4o 27,0 338 0
B 8,643 42,9 258 254 0
c 8,800 37.9 25.8 26,0 0
D 8,659 137.9 27.0 26,6 0
E 8,709 39,1 244 24,3 0
68 11.25 400 225 2.2 A 8,967 50t 12,7 134 O
B 8,585 47,9 12.0 12,5 0
¢ 8,395 73.0 11,9 11.B 47
D 8,56 49,0 13.6 13.3 0O
E 8,738 6n.6 12.0 13.3 1.3
69 11,25 1000 225 2,2 A 8,650 2.4 Wh,7 46,2 0
B 8,511 27,6 43,1 M7 0O
c 8,967 27,7 44,9 48,7 ©
D 9,023 24,9 47,5 47,3 0
E 8,807 25.0 43,6 450 0O
3 11.25 700 225 0.2 A g6 16,9 31 36,1 O
B B,640 15,8 30.5 32.b 0
c 9,272 15.8 34 38,1 0 ;
D 9,2 16,3 35.6 37,1 0 i
E 9,178 16,7 .3 36.1 0 :
(a) Reference Velocity = 140 ft/sec,
(b} Lbs Hp0/1b dry air x 100, 3
{c) Diluted with 2-patis N, par l-part of exhaust gas, 3
(d§ Maasured as NO, ;
(e) Measured as carbon.
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TABLE 13 (Continued)

DATA FCR EFFECT UF FUELS AND OPERATING YARIABLES O EMISSIONS (a)
{Prevanorized Fuels

: Inlet Heat Inlet Enrissionz in Diluted Exhaust Gas,
: Test Comb. Alr Input, Alr Concentration in PPM (c
Cond., Pres,, Temp,, Btu/ Humid., d d e
- No. . atm F ipair % (b) = Fuel _CO; o NO O NO, HC. :
9 65 11.25 700 225 4.2 A 9,081 65.3 16,4 164 0 5
L B 8,841 65.5 154 16,6 0
3 D 8,593 68,7 14,2 15,2 ©
4 E 8,910 65,8 15,7 1o.6 O
E: 63 11.25 700 100 2.2 A 4,788, LS4 22,5 23,6 O
g B 4,725 30,8 22k 23,3 o
b € 4,849 30,5 22.3 23,4 0
o D 4,776 30,0 22,2 22,9 ©
B 4,796 33,2 21,8 22,2 0
62 11.2% 700 350 2.2 A 1,339 44,7 42,8 42,5 O
BO14,353  B4.0 40,8 L4t O
€ 1&,200 52,7 39.7 40.0 O
D 15,026 55,5 43,4 43.2 0
E 14,18 48,5 40.2 43,2 ©

Lbs Hy0/1b dry air x 100.
c) Diluted with 2-parts Np per l-part of exhausi gas.
d)} Measured as NG,
e

ga Reference Velocity = 140 ft/sec,
1o
{e} Measured as carbon.
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TABLE 34

DATA FOR EFFECT OF FUELS AND OPERATING VARIABLES ON EMISSIONS (a)
(iressura Atonized Fuel

Injst Heat Inlet

Test Comb, Air Invut, Alr Concentratl
Cond, Pres,, Temp., Btu/  Humid., d
No, atm F 1b air % (v Fuel _COp €0 NQ
49 10,0 600 150 0.2 A 5,867 7.5 18,3
B 5,930 7.5 17.0
c 54947 7.5 18.1
D 5,518 7.0 19,0
E 5,841 7.5 17.0
23 10,0 600 150 2.2 A 5,678 134 11.1
B 5,503  13.5 104
¢ 5,711 13,0 11,6
? 5,800 13.0 12,0
E 5,600 13.5 10,8
57 10.0 600 150 4,2 A 6,950  25.9 9.5
B 6,500 26,0 8.4
c 6,533 27.9 3.5
D £,550 27.9 8.9
E 6,500 27.2 7.9
50 10,0 800 150 0.2 A 6,7 6.8 38,8
B 6,120 8,0 34,0
¢ 6,370 7.7  35.6
D 6,135 7.6 37.5
E 6,184 8.2 133.8
54 10,0 800 150 2.2 A 6,209 11.0 24,9
B 6,126 12,6 23.1
C 4,204 13,0 23,8
D 6,120 11,8 25,0
E 6,292 12,2 23.1
58 ic.0 800 150 4,2 A 6,230 22,7 15,6
B 6,131 25,8 14,3
c 6,286 27.3 15.2
D 6,286 27,3 15.2
E 6,277 27.0 14,8
(a% Reference Velocity = 140 ft/sec.
(b) Lbs Hy0/1b dry air x 100,

Diluted with 2-parts N, per l-part of exhaust gas,
Measured as NO,
Measured as carbon.

c
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Enissions in Diluted Exhaust Ces,
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TABIE 14 (COntinued)

DATA FOR EFFECT OF FUBLS AND OPERATING VARIABLES ON EMISSIONS (a)
Pressure Atomized Fusl

Inlet Heat Inlet Emissions in Diluted Exhaust Ges,
Test Comb, Alr Input, Alr Concenirat FMM _ic
Cond, Pres,, Temp.,, Btu/  Humid,, ) d s
Ro, atn F lbair %£(b) Fuel CO; €O _NO = _NOy G,
51 12.5 600 150 0.2 A 6,900 1.2 224 23,6 O
B 6,713 108 21.2 22,7 ©
2 c 6,950 10.8 224 23,5 ©
3 D 6,530 10,8 23.4 24 o
3 E 6,850 1.6 20.9 22.6 0
3 £g 12,5 600 150 2.2 A 5,7% 13,8 12.0 1z2.2 O
B 5,959 1.4 117 119 ©
4 e 6,120 14,0 12,54 12.7 ©
| D 6,200 14,0 13.0 12,7 0
. E 6,105 14,2 11,9 12,1 0
: 59 12,5 600 150 4,2 A 6,000 20.7 9.5 9.4 O
S B 5,750 21,7 8.2 8.4 0
c 6,080 22,2 8,5 8.8 0
k! D 6,050 21.5 9. 9.3 0
B 5,940 21,7 8,2 8.5 0
é 52 12.5 800 150 0.2 A 6,983 B, L2.4 42,9 ©
B 6,769 8,6 39.4 404 O
4 c 6,824 9.0 41.3 43.2 ©
D 7,08 86 k2,2 3.8 0
4 E 6,707 8,8 386 40,7 O
: 56 12,5 800 150 2,2 A 5,555 13,7 23.1 23,6 ©
i c 5,900 12,5 22,9 23.1 ©
; D 5,800 11,9 23.4 23,9 ©
] E 5,592 13,8 20.8 20,8 0
H
60 12,5 800 150 4,27 A 5,700 22,5 4.4 14,8 0
B 5,500 25,7 13.8 14,1 O
c 5,600 24,5 14,9 14,7 ©
D 5,550 25,7 15.3 15.6 0
B 6,050 0.1 17.5 17.8 0O
(a) Reference Velocity = 140 fi/sec,
gb Lbs Hp0/1b dry air x 100,
¢j Diluted with 2-parts N, per l.mart of exhaust gas,
di Measured as NO,

Measured as carbon.
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TABLE 34 (Continued)

TR

DATA FOR EFFBCT OF FUELS AND OPERATING VARTABLES ON EMISSIONS (a)
Prassure Atomized Fuel
e Inlet Heat  Inlet Emissions in Diljuted Exhaust Gas,
Test Comb. Alr Invut, Alx Concentrat ¢
i Cond, Pres,, Temp., Btu/  Humid., d ] e
- Ho, atm ¥ lb air % (b} el .C0: co NO o, M
61 11,25 700 225 2.2 A 8,771 197 18.8 20,2 ©
( G 8.666 1909 19&7 20.9 o
D B,430 20,2 19.6 21,2 ©
3 E 8,080 208 18,3 19.6 0O
b5
3 66 7.5 700 225 2.2 A 8,600 17.8 16.2 18,0 0
- B 8,380 17.9 158 16.5 0O
; ¢ 8,080 17.2 15.9 18,0 ©
': i D 9.090 i?.B 1?.“‘ 190? ¢
| E 8,357 17.9 151 17,0 ©
67 15,0 700 225 2.2 A 9,803 19,9 25,3 24,2 0
~ B 9,384 22,1 21,7 22.2 ©
D 9,503 21,4 24,3 24,8 ¢
[ 9,516 20,5 23,4 23.2 ©
.-
4 68 11.25 400 225 2,2 A 9,727 B0 10,2 11,9 0
3 B g9,u70 36,2 9.8 104 ©
c 9,930 41,5 11.5 11,8 ©
D 9,060 Lo4 11,2 12,0 ©
E  9,%7 3.5 103 11,9 0
i3 69 11,25 1000 225 2,2 A 9,260 15.9 41,3 LAk Q
B 9,140 18,0 39.4 L1,3 0
E~ c 9,223 17.8 42,5 Ahb O
i3 P 9,366 163 42,8 w3 0
E 9,180 164 Lob 426 0
i 6l ’ 11,25 700 224 0,2 A 9,390 16.“ 32.6 3‘5’-7 0
b B 9,l20 15.2 31,7 M, 0
: c 9,923 15.2 M4 37.0 O
D 10,000 16,3 W8 36,5 ©
B 9,670 16,3 33.5 36.1 ©
{a) Reference Velocity = 140 ft/sec,
{b) Lbs H,0/1b dry air x i00.
(c) Diluted with 2-varts N; per i-part of exnaust gas.
(d) Measured as NGO,
{(e) Measursd as carbon.
&3
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o TABLE 14 (Continued) !
g = f
3 DATA FOR EFFECT OF FUELS AND CPERATING VARTABLES O EMISSIONS (a}) i
& {Pressure Atomized Fuel) i
Inlet Heat  Inlet Bmissions in Diluted Exheust Gas, |
ﬂg- Test Comb, Air Innui, Afr Concentrat} c
:‘i Cond - ?1"03 .y TGR'D. $ Btu/ Hlmid. » d d &
5 Ko, atm F 1b at= % (b} Fuel _CO4 co .1 NO,. .
65 11.25 700 225 b2 A 9,13 W9 153 159 0
e B 8,880 36,0 14,3 154 0
- c 9,149 39,0 W8 15,9 O
3 E 8,927 38,1 14,2 151 O©
3 63 1125 700 100 2,2 A 4,830 17.6 154 15,9 0 :
B 4,800 17,0 15,0 15.9 O |
¢ 5,066 16,1 16,9 17,5 © i
D 4,789 16,3 15,2 159 © ;
E 4,990 164 17.0 17.4 © §
62 11.25 700 350 2.2 A 12,55 30,2 25,5 27,6 O |
B 14,200 39,3 28,7 30.6 0O |
C 14,719 41,0 .2 31,7 © !
E 11.900 2?'5 2“'.{) 26!3 0 i

(a) Reference Velocity = 1b0 fi/sec,
Ebg Lbs Hy0/1b dry air x 100, :

Diluted with Z-rarts N, per l-rart of exhaust gas,
Measured as RO,
Measured as carbon.,
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TABLE 4%
gf { CALOULATED ENISSIONS WITH VARIATIL(MS IN FUBLS AND OPSHATING CONDITIONS (a)
, % i -{Program 1)

Emission Index,

- Test ¥ass of Emissions, 1bs/hr 1hsé1600~;h$ fuel
. Cond, Test Test b b c) b b {c
E No,  Conds, = Fuel _KO. _HO co He NO, _NO co e
- 1 Pg Tog Hy A 0.278 0,233 0.615 O 5,38 4,52 12,0 O
' B 0.275 0,214 0,580 0.0006 35,39 4,15 11,4 0.01
g c 0.275 0,216 0,580 0.0060 5,36 4,20 11.3 0.12
E D 0,277 0.245 0,639 0.0064 529 469 12,2 0.08
i B 0.272 0.203 0485 © 5.6 4,22 10,1 ©
b 2 Py Ty Hy A 0,188 0,147 0,603 0.,0043 3,95 2,94 12,1 0.01
§, B 0.172 0,121 0.%7 0.0039 3,48 2,45 11,1 0.01
3 e 0,191 0.143 0.607 0.0040 3,84 2,88 12,2 0.08
4 D 0.190 0.179 0.69% © 3.75  3.53 13.7 0
3 E 0,188 0.13% 0.535 0.0042 L,ob 2,91 11.5 0.09
1 3 Po To Mz A C.157 0,412 C.5f0 0.0056 324 2,31 12,0 0.12
. B 0.41 0,101 0,602 0.0083 2,94 2,10 1hb 0,17
S C 0.150 O.1i4 0,587 0,005 3,11 2,37 12,2 0.1l
D 0.146 0.142 0,671 ©.0055 2,96 2.8 13,7 0.11
, E 0,138 0.129 0.503 0.,0063 3,046 2.84 1.1 0.4
: 4 Py Ty Hy A 0,383 0,309 0.272 0 9.1 7,38 6,45 0
¢ B 0.353 0.282 0.329 © 8,53 6,81 7,95 ©
§ c 0,34 0,284 0.738 0 8,70 6.80 B,08 0
i D 6,377 0,325 0,326 0.0010 8,95 7,72 7,73 0.02
- ] i E ¢.355 0.281 0.275 0 g.06 7.16 2,006 0
5 Py Ty Hy A 0,235 0.19% 0,206 0 5,79 4,79 7.28 0
B 0,286 0,195 0.27% 0 6.1 4,85 6,84 ¢
¢ 0,258 0,208 0.289 0.003% 6,38 5,16 7,16 0.08
D 0.25 0.182 1,024 00337 6,17 346 24,9 0.82
E 0.260 0,197 0,236 00038 6,34 5,20 6.23 0.09
6 Py Ty Hp A 0.179 0.148 0,329 0.0037 4,55 3,76 8,37 0,10
B 6,176 0,136 0.252 0.0042 L£,52  3.50 6,49 0,11
c 0.175 0,140 0,287 0 Lub 3.8 7.33 0
! D 0,177 0,149 1,795 0.1378 L4.45 3,73 451 3,45
E 2,173 0.132 0,223 0.003 4,70 3,59 6,06 0.4y
(a) Reference Velocity = 140 fi/sec.
Heat Input = 300 Btu/1b air.

Combustor Pressure, P, = 7.5 atn,

Inlet Air Temperature, T, = 400 F, Ty = 600 F.

Inlet Air Humidity, Hg = 0.2, Hy = 2.2, Hy = 4.2 1bs Hp0/1b dry air x 100,
Ebg Calculated as HOp

Calculated as Carbon,
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TABLE 1 (Continued)

. WITH VARIATIONS IN FUELS ANy OPERATING CONLITIUNS (a)

{Prozram 1)

Emission Index,

Test, Mass of Bmissions, 1hs/ 1b8/1000-1bs fuel
Cord, Test Test  (b) ) (cs (L) (x) {c)
¥o, Conds, Frel _MO. _NO co HE RO, NO co HC
? PoTo Hy A DA77 0437 0,148 0 13.4 12,0 L,13 0
B 0,472 0,432 0,142 O 13,6 12,4 4,08 o
o 0Lk D.LL7 0,142 0 13.9 12,7 Lok o
D 0oz 0,457 0,145 O 13.8 12.8 L.og o
E D462 0,429 0,13 O o 13,0 L8 0
3 P(J Ta ﬁl A 0.370 0:336 0.1“’3 0 10.8 908‘4’ k.20 ¢
- b 5,339 0,309 0,140 0O 10.0 9.1%  L.13 ¢
¢ 0,39 0,317 0,141 0 10,3 0,31 4,15 0
b 0.357 0.33% 0,152 O 1043 9,60 4,39 0
B 0,335 0,308 0.151- 0 10,5 9,66 w74 0
9 Py T2 Hy A 0,23 0,232 0,123 0.0005  7.65  7.01  3.71 0,02
B 0.231 0,224 0,120 © 7,08 6,84 3,68 0
c 0,257 0,242 0.5z O 7,78 7.4 3,59 0
D 0,239 0,230 0,126 © 7k 686 3,76 0
5 0.230 0.214 0,116 © 745 6,93 3,76 0
10 Py T3 Hy A 0.724 0,706 0,002 0 23.8 27,2 3.01 0
B 0,75 0,712 0.060 © 252 2347 2.01 0
¢ 7.79% 0,758 0,048 T 26.2 25,0 1.57 0
D 0.211 0.780 C,0L6 O 26,3 25.3 1.50 O
E 0,75 0,703 0.047 0O 26.6 ZbL,B 1.67 ©
11 0 T3 Hy A 0,525 0,504 0,073 0 17.8  17.1 2.49 0
- B 0,51% 0,h08 0,082 0 17,6 17.1 2,80 0
¢ 0.%26 0,511 0,070 0O 179 174 2.7 0
D 2,561 0,544 0,006 0 18,8 3,2 3.2 0
B 3,524 0,506 0.095 © 19,0 18,4 47 0
12 Po Ty Hy A 0,329 0,308 0,084 © 11,5 10,8 2,96 0
B £,309 0.295 0,097 0O 11,0 1045 142 0
¢ 0,317 0,310 0,094 0 11,2 10.9 3,32 0
b 0,326 0.314 0,09 0 1.3 10,9 3.31 0
B 0,318 0,303 0,098 0 11.3  11.4 3.65 @
fa) Refersnce Veloclty = 140 ft/sec.
Heet Inmut = 300 Btu/lb air,
Combustor Preasure, Pn = 7.5 atm,
Irlet Alr Temnerature, Tp = 800 F, Tq =~ 1000 F,

Inlet Aixr Mumidily, Hg = G2,
Calculated as NOZ.,
Calculated as Carbhon.

}{1 L 2025 Hz =

h,2 1% Hz0/1b dry air x 100.
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TABLE. 1g (Continued)

CALCUIATEY FHMISSIONS WITH VARIATIONS IN FUSLS Aly UPERATING GONDITIUNS (a)

{Provram 1)
Emission Index,
Test Mass of Emissions, lba/hr 198/1000-1bs fuel
Nond, Test Test b b c (1) (v) (c)
No, Conds. Fuel NO, NO Co HC N0y NO Co HC
13 Py Tog Hy A 0,853 0,377 0.410 00,0061 6.58 5,48 5,96 0.09
B 0,399 0,311 0,404 © 5,86 4,57 5,93 0
) 0,412 0,352 0.497 0,0015  5.90 5,06 7,12 0,02
B 0,404 0,321 0,352 0O 6,28 4,99 546 0
1h Py TopHy A 0.253 0,223 0.579 0,0062 3,80  3.3%5 8.7L 0.09
B 0,268 0,215 0,600 0,0072 4,06 3,27 ©.11 0,1
c 0.248 0,208 0,622 0,0063 3.7%  3.14 9,39 0.10
D 0,277 0,2ih 0,643 . 0,0061 4.41  3.61 2.3 0,09
E 0.255 0,200 0.%8 O0,0067 L,09 3,22 8.82 0,11
15 Py Todp A 0,180 0,187 0,603 0,0086 2.84 2,80 9.30 0,13
; B 0.183 0,168 0,806 0.,0177 2.B5 2,62 12.6 0,28
G 0.191 0.169 0.723 0,0088 2,96 2.62 11,2 0,14
D 0.197 0,176 0,792 0,0008 3,01 2,68 12,1 0,15
E 0,176 0.173 0.555 0,0069 2.91 2,85 9,16 0.11
16 Py Ty Hy A 0470 C,4L8 0,330 O,00u4 8,42 8,03 5,92 0,08
B 0,450 0.378 0.303 0O,0043 8.44% 6,85 5,50 0,08
e 0,492 0Q.446 0,281 O,0042 8,84 B,00 5,05 0.08
D 0,476 0.476 0,355 0,n042  8.41 B4l (.28 0,07
B 0454 0409 0,225 O,00k2 8,71 7,82 L.31 0,08
17 Py Ty Hy A 0,331 0.299 0.313 O,0086 6,12 5,52 5.78 0,08
: B 0.308 0.292 0.25% 0.0060 5,75 5.46  4.79 0,07
{ o 0,321 0,290 0.305 0,000 5,96  5.39  5.56 0,08
& D 0.7 0,326 0,316 0,0081 4,11 5,92 5,76 0.08
: g | B 0.311 0.269 0,250 0,0081 4,09 5,32 4,55 0,08
£ |
e S | 18 Py Ty Hy A 0.225 0,204 0,266 00043 4,29 3,80 5,06 0,08
S B 0.715 0,18 0,269 O,00ki 4,15 3,50 5,18 0,08
i ¢ 0,227 0,220 0.272 0,0042 4.3% 4,22 5,21 0,08
H D 0,23 0,23 0,299 C,n043 4,43 441 5,61 0,08
E 0,218 0,203 0.225 0,0044 4,36 4,14 4,59 0,09

e VoI

T (a) Refe-ence Velocity = 140 ft/sec,
T Heat Tnput = 300 Btu/lb air,
3| Combustor Pressure, P, = 10.0 atm,
| Inlet Air Temperature, Ty = 4CO F, Ty = 600 F,
: Inlet Alr Humldity, Hy = 0.2y, Hy = 2,2, 1y = 4,2 1bs HgO/lb dry air x 100,
(b) Calculated as W05,
{(c) Calculated as Carbon,
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. TABLE 15 (Continued)
CALCULATED EMIZSIUNS WITH VARIATIONS IN FUELS AND OPERALING CONDITIONS (a)
(Prosranm 1)
Emission Index,
Test Mass of Emissions, 1bs/hr 1bs/1000-1bs fuel
Gond. Test Test % b ¢ ) () (e)
No, Conds, Fuey _NO, NO co T NO, _NO co HC

3 19 Py T, Hy

A 0.638 0.647 0,114 0.00M8 13,6 13.8 2.4z 0.02
i B 0.720 0,685 0,120 0 1845 14,7 2.59 0
i G D.666 0.647 0.142 O 14,2 13,8 2,02 9
D 0683 0,476 0.125 0 14,3 4.2 2.63 0
E 0645 0,612 0.128 O W7 13.9 2,92 0
20 Py Tp Hy A 0464 0,435 0,146 0O 10,2 9.64 3,20 0O
B 0466 0451 0,153 O 104  10.0 2,39 0
c 0477 0478 0,147 © 10.5 10.4 524 0
D 0.459 0,494 0,153 © 10,8 10,7 3,32 0
E 0.k58 0.43% 0,127 © 10.8 10,2 2.98 0
21 Py Tp H, A 0,320 0,305 0.122 © 7426 6,91 2,76 0
B 0:.298 0,296 0,118 o 722 7.6 2,85 0
g 0.330 0.319 0.133 © T80 7425 3,05 0
D 0,308 0,314 0.130 © 6.0 7.03 291 ©
E 6,313 0.311 0.116 © 7.9 7.53 2,81 0
22 Py T3 Hy A 1,053 0.985 0.101 0,0036 25.9 24,3 2,49 0.09
B 1,014 0,949 0.088 0.,0036 25,3 23.7 2,18 0,09
c 1,050 0,997 0,086 0,0033 26,0 24.7 2,13 0.08
D 1,007 0.959 0,067 0.0029 24,5 23.3 1,64 0,07
E 1.006 0.931 0.080 0,003 26.5 24,6 z.12 0,09
23 Py T3 Hy A n,727 0,689 0,084 0.0032 18.5 17.5 2,13 0.08
B 0,711 0.578 0.07% O 18.3 17,5 1,93 0
] 0,769 0,730 0.078 0.,0022 19,6 18,6 2,00 0.06
D 0.782 0.758 0,081 0 19,7 19,0 2.02 0
E 0,696 0,664 0.076 0 . 19,0 18.1 2.08 0
2k Py T3 H, A 0,523 0,482 0.067 0.0030 13,7 12,6 1,75 0.08
B 0.509 0,476 0.069 0,0010 13,5 12,7 1.83 0.03
G 0.516 0,498 0,069 0 13,6 13,1 1,81 0
D 0.523 G.506 0,073 0.0009 13,6 13,1 1.88 0.02
E 0486 045 0,070 © 13,7 12,8 1.95 ©

(2) Reference Velocity = 1LD ft/sec.

Heat Input = 300 Btu/1b air,

Combustor Pressure, Py = 10.0 atn,

Inlet Air Temmnerature, Ty = 800 F, T, = 1000 F

Inlet Alr Humidity, Hpy = 0.2, Hl = 272, Hy = 4,2 1bs HzOflb dry air x 100,
(v) Calculated as ¥0,.

(¢) Calculated as Carbon,

!

[P g shbnifolage. '
;- 1) .

- &8

[ NSRBI RE RO, rimrenamm e es oo s




A Teaam e PR 3 T TS

Research sand Development Report 6512-73
Appendix 2

TABLE 15 (Continued)

CALCULATED EMISSIONS WITH VARIATIONS 1IN FgEL? AND UPERATING CONDITIONS (a)
A Program 1

Emission Index,

Tesat ase of Emlssi he 108 /1000~
Cond, Test Test b b ] b b
skt ¢o i

bs _fue
]
No, Conds, = Puel Ng%i NOy ND GO HG

25 P, T Hy A 0,516 0.b45 0,915 0.0078 5,99 5,16 10.6 0,09
B 0,511 0,417 0,528 0.0074 6,00 4,80 6,19 0.09
¢ 0.523 0,469 0,771 0.0072 6,08 5.6 8,97 9,08
D 0,551 0,483 0,533 0.0072 6.31 5,5 6,10 0,08
B 0,501 0408 0,417 0.0074 6,21 5,06 5.18 0,09
26 Py Tp Hy A 0,369 0,322 0,646 0.0070 4,42 3,86 7.7% 0,08
B 0.328 0,269 0.684 0 .98  3.27 8,30 0
g ¢ 0,345 0,308 0,668 0 L6 3,70 8,03 0O
5 k- D 0,352 0,323 0.688 0 4,17 3,82 B.,16 O
5 : T 0.322 0.273 0.546 0 boa13  3.51 7,00 O
T 27 Py Tp Hy, A 0,245 0,239 0.739 0.0086 3,02 2,95 9,12 0,11
SR ‘ B 0.247 0,238 0.804 0.0091 3,08 2,97 10.0 0,11
i o C  0.287 0,248 0,856 0.008% 3,55 3,07 10.6 0.10
H i D 0.267 0.236 0.8L7 0.0076 3,26 2.88 10,3 0.09
4 -3 E 0,244 0.223 0.656 0.0083 3,22 2.95 8,66 0,11
i3 28 Py Tq By A 0.702 0,646 0,258 0.0060 10,0 9,23  3.69 0,09
i B 0.693 0.626 04,259 0.0057 10.0 9.0 3,75 0,08
i C 0.713 0.621 0,266 0.00%6 10.2 9,05 3.81 0,08
E D 0.747 0,701 0.267 0.0060 10.5 G9.89 3,97 0,08
i E 0.657 0,590 0,256 0.,0007 10.0 9.02  3.92 0,01
¢ 29 P, Ty Hy A 0467 0416 OM34 0 6.89 6,14 641 0
L BO0.473 0421 0,5 O 7.06 6,30 5.6 0
i C  0.499 0.457 0,478 0.0056 7.39 6,77 7.08 0,08
¢ D D.510 0,077 O848 0O 74k 6,99 6.53 O
X E O.454 0400 0,451 0 7,18 647 7.2 0
30 P, Ty H, A 0.336 0.310 0,302 © 5.:23 4.83 472 0
B 0,317 0,288 0,341 0 5,00 L.,5B 5,37 O
i o 0.33% 0,299 0,353 0 5,22  4.67 5.52 0
D 0.330 0,318 0,368 0 5,08 4,86 5,66 0
E 0,303 0.270 0.339 0 5.06 L,19 5,65 0O

(a) Rnference Velocity = 140 ft/sec,

Heat Input = 300 Btu/lb ailr,

Combustor Pressure, P, = 12,5 atm,

Inlet Air Tenperature, T, = 400 F, Ty = 600 F.

Inlet Air Humidity, Hy = 0.2, Hy = 2.2, Hy = 4.2 1b= Hy0/1b dry air x 100.
(v) Calculated as NO,.
(cs Calculated as Carbon.
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TABLE 15 (Continued)
CALCULATED EMIS3IONS WITH VARIATIONS IN PUEL3 AND OPERATING CONLITIUES (a)

Emission Index,
1bs/1000-1bs fuel

)y (v (e}
NO, NQ Co HE
15,8 14,3 2.26 0
15,8 14,6 2,12 0
15.9 15.0 2.4 9,08
16,0 15.3 2.57 0.07
16,0 14.9 2,30 0.08
11.0  10.8 2,10 0
10,2 10,0 Z.61 0
10,9 10,4 2.63 0
10.6 1043 2.66 0
10.5 G.65 2.5 0
7,82 7,oh 2,36 ©
7.5%  7.24 0 2,56 0
7046 7,35 3,28 0
8,06 B,12 3,23 0
7.0 7,96 2,63 0O
31.0 28,4 1.86 0.01
31.2 28,0 1,30 0
32,1 30.5 .42 0,02
31.? 31 .3 1.67 0.02
30.4 28,7 130 0
20,1 19,0 1,75 O
18.2 17,0 2.11 0
19,3 18,4 1,93 0
19.4 18.7 1,85 0
20.4 18,8 2.29 0
the6 13,9 1.92 0
14,2 13,0 2.19 o
4.8 143 1.86 ©
14,8 14,6 1.8 ¢
1.4 13,5 2,00 0

X 100-

(Program 1)
Test Mass of Emissions, 1bs/hr
Cond, Test Test -TEE (1) )]
Ko, Conds. = Fuel _NO NO co .
31 Py Ty Hy A 0.93 0,841 0.3k 0
B 0.925 0,852 0,124 0
c 0.933 0,882 0,144 0.0045
D 0.958 0,917 0,154 0.0040
E  0.882 0.820 0,127 0.0046
32 Py To Hy A 0.626 0,615 0,120 ©
i B 0.573 0.564 0,147 0
c 0.597 0,571 0,145 0
D 0,609 0,596 0,154 0
] 0.561 0,513 0.115 ©
33 P, T, H, A&  0.432 0,427 0,130 0
= B 0411 0,396 0,140 ©
c 0,410 0O.k04 0,181 0
b 0451 0,454 0,180 0
E 0.410 0.k01 0.136 ©
34 Py Ty Hy A 1,570 1,641 0.0% 0.0005
B 1,53 1,4L05 0,065 0
C 1,621 1.840 0.072 0.0009
D 1.628 1.606 0,086 0.0010
35 P, Ty Hy A 0,989 £,933 0,086 0
B 0.884 0.828 0.102 0
¢ 0,9k6 0,900 0.795 0
D 0,968 0,931 0.092 ©
E 0.939 0.861 0,105 0
36 P2 T3 Hz A 0,695 0,633 0.001 0
B 0.671 0,614 0,103 0
c 0,704 0.680 0,088 0
D 0.716 0.701 0.090 0
E 0.543 0,599 0.089 0
(a) Reference Velocity = 140 fit/sec.
Heat Input = 300 Btu/1b air,
Combustor Fressure, P, = 12,5 atm,
Inlet Alr Temperature, T, = 800 F, T3 « 1000 F,
Inlet Air Humldity, Hy =70.2, H; = 272, Hy = 4,2 1bs HZO/lb dry air
(bg Calculated as NO,.
(c) Calculated as Carbon.
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,éﬁ JABLE 15 (Continued) ?
7; i CALCULATEL EMISSIONS WITH VARIATIONS IN FUELS AND OPERATING CONDITIONS (a) §
3 (Proaram 1 ?
g / Em}ssiau Index,
i Test Mass of Emissions, 1bs/hr 1b/1000-1bs fuel
3 Cond, Test Test  (b) {6 {c) (b) {b) {e)
% No, = Conds. = Fuel _NO, _NO co HC NO NQ co BC
5 37 PgToHy A 0,687 0.719 0,909 0 6,67 6,98 8.82 0
E B 0,676 0,682 0.79% o© 6.64 6.70 7.82 ¢
g D 0.692 0,708 1.016 ¢ 6,64 6,79 9.7 0
9 E  0.710 0,719 0.649 © 7:37 747 6,74 O
‘.;'
5 38 PyTgHy A 0,498 0.452 1,191 0.0042 4.98 4,92 11,9 0,04
E B 0,500 0,497 0.93 © 5.0 5.02 9,45 0
3 E 0.488 0.463 0.805 o 5.20 4,95 8,60 ¢
f? 39 PyToH, A 0360 032 1.099 0.0t4l 371 3.62 11,3 0.1k
; B 0,357 0.369 1.178 0.0140 3.71 3,84 12,3 0,15
i C 0,366 0,372 1,29 0.01482 3,77 3.84 13,4 0,15
/ D 0.35 0,359 1,566 0,0158 3.56 3,65 15,9 0,1>
E 0,353 0,326 1.112 0.0133 3.88 3,5 12.2 0,15
' 40 Py Ty Hy A 0,753 0,845 0,45 0O 8.98 10,1  5.30 0
B 0,783 0,787 O.u49 0 9,43 948 540 0
C  0.852 0.767 0.514 ¢ 10,2 9,17 6,15 0O
D 0.845 0,948 0,618 ¢ 9.99 11,2 726 O
E 0.744 0,768 0.407 0 9,88 0,80 5,19 0
4 b1 P4 Ty Hy A 0,570 0.596 0.665 0 7.04 7,36 6,21 0
; B 0,549 0,526 0.648 © 6,86 6,59 8,09 0
3 € 0.530 0.341 0,655 0 6.56 6,70 8,10 0
5 D 0,50 0,548 0,711 0 6.59 6,68 8,57 0
- 3 E 0,523 0.532 0.552 0 6,92 7.03 7.29 0
§ b2 PyTy By A 0,380 0.386 0,757 0.0069 4,82 4,91 9.61 0,09
9 B 0,38 0,353 0.717 ¢ Lz 4,9 9,21 0
.3 C 0,348 0,361 0774 0O 4,43 L60 9,86 0
. D 0,364 0,382 0.824 0 L.,57 4,79 10,3 0
E E 0.7 0,351 0.668 0.0068 4,71 4,77 9,08 0,09

(a) Reference Velocity = 140 fit/sec,
. Heat Inout » 300 Btu/1b air, ;
3 Combustor Pressure, Po « 15,0 atm, !
Inlet Air Temperaturs] Tq = 400 F, T, « 600 F,
5 Inlet Air Humidity, Hy » 0,2, ¥, = 202, Hy = 4,2 1be H,0/1% dry air x 100, ;
1 (bg Calculated sz NOs, i
(¢) Calculated as Carbon,
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TABLE 15 (Continued)

CALCULATED EMISSIONS WITH VARIATIONS IN FUELS AND OPERATING CONDITIONS (a)
- (Program 1

o

TR

Emission Index,

% Test ss of Emissions, 1bs/hr bs/1000-1bs fue
& Cond. Test Test b b ¢ b L) c
% No, Congs, Fuel HO“ RO £o HC !0“ NO Co HC
g 43 Py Tp Hy A 1.1% 1.091 0.,3%% 0© 16.1  15.5 5459 0
; B i -170 1:10? 0'318 0 16.8 15.8 u‘cSS 0
g c 1,157 1,103 0.372 © 164 15,7 5.28 O
9 D 1.222 1,162 0,378 0 17,1 16.3 5.29 0
g B 1,135 1,018 0,352 0 17,2 15.4 5.3 0
.- bdy Py T, Hy A 0.782 0,63+ 0,200 0 114 12,2 2.9 0
g B 0.830 0.802 0.232 o 12,3 11.9 343 0
y c 0,833 0,832 0.227 © 12.2 12,2 3.33 ©
i D 0.845 0.835 0212 O 12,2 12.1 3,06 0
i E 0.722 0,708 0.218 0O 11,3 1141 341 0
pts ?
g | b5 PyTp Hy A 0.568 0,565 0,238 © 8,63 8.5 4,21 0
| B 0,55 0,525 0.336 0 8,50 B8.05 5.6 0
E c 0.587 0.570 0.312 0 8,92 8,66 4,74 0
k| D 0.%87 0.574 0,309 0 8,79 8,59 4,62 0
p | E  0.522 0,494 0.32 0 8,46 8,01 5,54 0
48 Py Ty Hy A 1,770 1.728 0.078 © 29,2 28,5 1.29 ©
c 1.830 1,727 0.¢77 O,0045 30,2 28,5 1,27 0,07
D 1.987 1.863 0.089 0.0011 32,3 30,3 144 0,02
E 1.836 1,704 0,089 0O 32.3 30,0 1.57 0
N 47 P, T3 Hy A 1,361 1,268 0.127 0 23,1 21,5 2,16 0
© g B 1,238 1,136 0.146 0 21,2 19,5 2,50 0
¢ 1.298 1,222 0.13% 0 22,1 20.8 2,25 0
D 1,338 1.316 0.153 © 2.4 22,0 2,57 0
E 1,202 1,124 0,138 © 21.8 204 2.i9 0
48 Py Ty Hy A 0,924 0,885 0,095 0.0011 16.2 15.5 1,66 0,02
B 0,890 0,828 0,107 0,0047 15.8 14,7 1.88 0,08
: c 0.899 0,665 0,104 0,0045 15,8 15,2 1.83 0,08
: D 0,910 0.913 0,109 0,0023 15,7 15.8 1.88 0,04
; E 0.851 0.815 0,099 0.0027 15.9 15.3 1.85 0,05

{2) Reference Velocity = 140 ft/sec,

Heat Input = 300 Btu/1b air,

Combustor Pressure, P, « 15,0 atm,

Inlet Air Temperature; T, = BOO F, T, = 1000 F,

Inlet Air Humidity, Hy = 0.2, Hy = 292, H, = 4,2 1bs H,0/1b dry air x 100,
gbg Calculated as NO,.

Calculated as Carbon,
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| TABLE 16 §
O - 1
g CALCULATED EXISSIONS WITH VARIATIONS IN FUELS AMND OPERATING COMDITIONS (a) §
E (Prevaporized Fuels) !
9 Emission Index, i
5 Test ¥ass of Emissions, 1bs/hr 1bs/1000-1bs fusl
3 Cond, Test Test b b c [)) (1) {e)
. Nea, Copds, Fuel _NOx NO Lo e EG" N0 co HC
b B 0.3% 0,308 0,13 0 12,4 11,1 4.9 o
9 C 0,350 0,319 0,13t © 12,2 11,5 &7 0
- D 0.355 04333 0.133 O 12,6 11.8 47 ¢
E | E 0,316 0.22 0,127 © 11,5 10,6 4.6 ©
- 53 P,T.FH, A 0,221 0,215 0,208 0,0049 8,18 7.95 7.72 0,18
= B 0,222 0,220 0,251 0,0083 8,26 8,22 3.38 0.3t
- ¢ 0,228 0,217 0,221 o,0042 8,46 8.04 8,18 0,16
- D 0.233 0.223 0,222 0,0038 8,50 8,14 8.08 0,14
- B 0.212 0,196 0,22k 0,0068 7,97 7,36 8,40 0,26
s | 14 PTFH, A 014 0.137 0,335 0 5,57 5.2 12,8 0
- B 0.143 0,142 0,360 0.0048 5,50 S5.46 13.8 0.19
3 C  0.,146 0.138 0,366 0 5,57 5,29 1.0 0O
b D 0,151 0,147 0.388 0,0019 5.67 5.53 14,6 0,07
B 0,137 0.128 0,351 0.,0041 5,30 4,97 14,0 0.16
: 50 BTFH, A 0483 0,50 0,117 © 206 19.2 L,97 o
1 B 0.482 0458 0.1 © 20,8 19,7  L4.90 ©
k C  0.494% oMm60 0,112 O 21,1 19,7 4.81 0
3 D 0.525 0494 0,110 O 22,0 20,7 L.64 O
E E  0.466 0,438 0.110 0 20.2 18,9 4,78 0
L sk P,T,F, K A 0.277 0,262 0,138 0O 12.2 11,5 6,03 O
. 1 B 0,281 0,261 0.129 O 12.5 11,6 5.7% 0
3 C 0,288 0,272 0.127 © 12,7 1z2.0 5.5 0
3 D 0.313 0.289 0,129 © 13.6 2.5 5.57 0
¥ E 0,263 0,243 0.128 0 11.8 10,9 5,70 O
4 58 P,T,F H, A 0,189 0.182 0.222 ¢ 8.52 8,20 9.9% 0
B 0.19% 0,177 0.2% 0 8.92 8.11 11.8 O
C 0,194 0,181 0.228 © 8,80 8.23 103 ©
D  0.197 0.182 0,241 0 B.B0 8.12 108 O
E 0,176 0.166 0.232 0 8,09 7.63 10.7 O

(a) Reference Velocity = 140 ft/sec,
Combustor Pressure, P, = 10,0 atu,
Inlet Air Temnerature T, = 600 F, T2 = 800 F,
Heat Input, F, =» 150 Buh 1b 2ir,
Inlet Alr Hunldity, Hy = 0.2, H,
(bg Calculated as NO
{c) Calculated as ca$bon.

[

RIS BTG O

- 2.2, Hy = 4,2 118 H,0/1b dry asr x 100.

mtf}g
_?g
.:é
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TABLE 16 {Continued}

CALCULATED EMISSIONS WITH VARIATIONS IN FUELS AMD UPERATING CONDITIONS (a)
{Prevaporized Fuels)

Emission Index,

Test Masz of Emiscions, 1bs 1be/1000=-1bs fue
Cond, Test Test b &) e k- b ¢

- No, = Conds,  TFuel RO, _NO co HC N, _NOQ co o]
- 51 P,T,F.H, A 0.8 0.429 0.114 O 12,8 12,2 3,26 ©
e B 0470 0,451 0,124 © 13.6 138 3.58 0
: C  0.482 0,451 0.117 O 13,8 12.9  3.21 O
i D 0.4%% 0458 0.126 0 134 12,9 3.57 O
4 55 P,ILFH A 0,276 0.253 0,302 0,0065 B8.18 7,49 8.93 0.19
: 1 B 0.2684 0.253 0,317 0.0036 7.87  7.55 0.45 0,11
k. C  0.253 0,266 0,33 0,002 7.49 97.80 9,93 0,16
3 D 0.298 0,289 0.284 0O 8,70 8.4 8,28 0
3 B 0,249 0.231 0.3%0 O 747 6,04 10.5 0
E 59 P,T,FH, A 0,202 0,193 0.k52 0 6.16 5.8 13.8 0
o B 0.183 0,183 0.%%2 0.002k 35.67 5.67 16,8 0.07
4 D 0.210 0©.205 0473 O© 6.35 6.1% 14,3 0
: E 0,150 0.147 0.730 0.0224 4,94 4.% 22,7 0,70
3 52 PTFH, A 0,650 0,633 0.137 0 22,0 21,5 L.64 0
1 B 0.629 0.608 0,133 0O 21,5 20.8 4,58 ©
* C  0.672 0,674+ 0,134 0 22,9 22,9 4.5 0
D 0,678 0,657 0.130 © 22,7 22,0 4,3 0
E  0.627 0,592 0,127 0 21,6 20.4 £,39 0
56 P,TF H A 0,383 0,30 0,170 © 13.4 12,6 5.95 0
j 211 g 0,32 0,49 0,166 0 12,8 12,4 588 o
1 C 0.381 0,357 0.163 0 13.4 12,6 5.75 0
; D 0,398 0.367 0,158 0 13.8 12,7 5.50 0
3 E 0,357 0,336 0.158 0 12.7 12, 5,63 0
60 P,LFH, A 0.259 0,240 0.25 O 9.40 B.69 9.29 ©
21% p 0,238 0,221 0.269 0 8,71 8,08 9.8 0
C  0.249 0,287 0.259 0 .04 8,99 G442 0
D 0.280 0.261 0.2% 0 9,99 9.31 9.07 ©
E  0.240 0,222 0.263 0 8,81 8,15 9.67 ©

{a} Reference Velocity = 14D fi/sec,
Combustor Pressure, P, = 12,5 atn,
; Inlet Air Temperature, T, = 600 F, T, = 800 F,
i Heat Input, F, = 150 Btu/lb air.
Inlet Alr Humldity, Hy = 0.2, Hy = 2.2, H, = L,2 1v= ﬁzo/ib dry air = 1CC.
§bg Calculated as NO,.
¢} Calculated as carbon,
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TABLE 16 {Continued)

CALCULATED EMISSIONS WITH VARTATIONS IN FUBLS AND OPBRATING CONDITIONS ()
(Pravaporized Fuels)

i Emission Index,

Test ass of Emissigns, lbs/hr | ‘*;ngé;gon—lbs fuel
Cond, Test Test, 5b$ fb; c) ) b {c)
KO ggo HC

Mo,  Conds, = Fuel _NO Ko, XO g0 HC

. 61 PTFH

& W Foty A D36 0.335 0.250 O 8.29 8,04 5,98 0
g B 0,333 0.319 0.272 © 8,07 7.71 6.58 0
4 C  0.329 0.306 0,337 © 7.91 7.36 8,10 9
g D 0,34 0,362 0,246 © 8,61 8,55 5,81 ©
3 66 POTquﬂl A 0,201 0,182 0,143 O 7.23 6.% 5.5 0
3 B 0.193 0,180 0.138 © 7,03  6.53 5.00 O
. ¢ 0,199 0.190 0.15 © 7.19 6,84 563 0
67 P FH, A 0.696 0.556 0,552 0 12,5 10,0 994 O
‘g B 0.%23 0.531 0,538 0 9,52 9,67 9.79 0
. € 0.535 0.531 0,475 0 9.66 6,58 8,57 0
E | D 0.569 0.577 0.493 © 10,1 10.2 8.76 ©
: E 0592 0,494 0,482 0 8,95 9.03 8,581 ©
_ 68 BT FH A 0.276 0,261 0.631 O 4,88 4,63 112 O
: 021 3 0,263 0,253 0.614 0 B,70 4,53 11,0 O
C  0.257 0.259 0.968 0,0312 4,57 4,61 17.2 0.%
D 0.291 0.298 0,653 O 5,10 5,21 11,4 0
E  0.272 0.245 0,753 0,0082 4,89 441 13,6 0.15
69 P,T.F H A 0,579 0.561 0.186 0 17.5 16.9 5,63 0
F 321 3 0.559 0.5% 0.210 0 17.0 164 641 0
- C 0.588 0.582 0,206 O 17.8 16.4 6.6 ©
4 D  0.580 0.582 0.186 0 17.3  17.3 5.53 0
4 E  0.538 0,521 0.182 © 16,5 16.0 5,58 0
) 6l P,T FH A 0,539 0.509 0.1% © 12,4 11.8  3.57 ©
p 20 g 0,519 0.489 0.15% 0 12,2 11.5 3.62 0
; € 0.578 0.522 0,6 0 13.5 12,2 340 0
3 B 0.%539 0,512 0,152 -0 12,7 12.0 3.58 0
3 () Reference Velocity = 1k0 ft/sec,
o Combustoxr Pressure, Po = 7.5, Po= 150, P, = 11 25 atnm.
3 Inlet Air Temperaturs, T, = LOO-F, T3 = 1000.F, T;, = 700 F,
s Hsat Input, P, = 225 Btu/lb air,
Inlet Air Humfdity, Hy = 0.2, Hy = 2.2 1bs H,0/1b dry air x 100,
gb; Calculated as NO,.
¢} Calculated as carbon,
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TABLE 16 {Continued)

CAICULATED EMISSIONS WI'TH VARIATIONS IN FUELS AND OPEHATING CONDITIONS (a) :
{Prevancrized Fuels)

Emission Index,

Test Mass of Emissions, lbs/hr 1bs/1000-1bs fuel
Cond, Test Test b b ¢ () {v) {e}
No. Conds., Fuel N 0‘ NG GO HC RO“ HO [#14] HC

65 Pgrquxz A 0.240 0,240 0.581 o 5.92 5,92 14,3 0

B 0,243 0,225 0.583 0O 5,07 5.83 4.6 0
C 0.225 0,196 0.730 0.0057 S.57 4.8B6 18,1 .14

D 0,238 0,222 0.65% © 5.80 5.41 15,9 ©

B 0,238 0.225 0,575 © 5,99 5,686 144 0

83 hTuFoxi A 0,298 5.285 0.350 O 16,0 15,3 18,8 0

B 0.292 0,281 0,235 O 15,0 15.3 12,8 o

€ 0,288 0,278 0,231 0 15,8 15,0 12.53 0O

D 0.296 0.287 0.236 © 15,7 15,3 12,6 o

B 0,272 0,267 0,248 0 .o W5 13.5 0O

62 T&F Hl A 063 0,635 0,40k 0 2.7 9.78 5.22 0

3 B 0.680 0.592 0,388 0 9,97 9.23 6.06 0

C 0,597 0.5937 0479 © 9.71 G4 7,39 0

D 0,631 0,621 0487 o 9.59 G 7h0 O

B 0.628 0.58% 0.429 © 9.82 9,14 46.72 ©

(a) Reference Velocity = 140 ft/sec,

Combustor Pressure, Py = 11,25 atm,

Inlet Air Temperature, Tb = 700 F.

Heat Input, Fy = 100, F, = 225, F, = 350 Btu/lb air,

Inlet Air Humgdity, Hy 22 2, H2 24,2 10e Hzo/lb dry air x 100,
(b) Calculated as NO,.
(¢} Calculated as carbon,
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TABLE 17

CALCULATEL BMISSIONS WITH VARIATIONS IN FUELS AKD OPERATING CONLLTLONS (a)
{Pressure Aiomized Fue]

Emission Indiex,
Test

bs ~138 fue
Cond, Tess Tent b b @
¥ CO Ho

Mase of Emiesions, lbs/hr
) b ¢
No, Conds, Faal N0, 18] co HC NOo 4]

%
%
|

i
3

o
3
=

§:

49 PTFH, A 029 0.286 0.,07% ¢ 10,6 16,2 2.5 ©
1 B 0,271 0,257 0.069 0O .82 9.312 2.5 ©

C  0.293 0.277 0.070 © 10,5 9,98 2,52 o

D 0,319 0,300 0,067 O 11,2 10,6 2,38 0

B 0.276 0.2%59 0.070 0O 10,0 9.41 2.53 ©

53 piris' H, A 0.179 0.173 0,127 © 6.6 6.1 221 0
t B 0.17% C.i6k 0,130 0 6.6 6,48 4,85 0

C 0.187 0.180 0,123 ¢ .90 6,65 4,586 O

D 0.198 0.187 0.123 © ?.20 6,82 L.s0 o

E  0.173 0.166 0,126 0 6.52 6.23 k74 ©

57 P,T F H, A 0.123 0.117 0,195 © 4,71 448 7,43 0
1 B OJth 0,109 0,205 0 4,39 4,19 7.90 ©

¢ 0,118 0.411 0.223 @ L,50 4,25 B,50 ©

D 0,126 0.119 0,227 © a2 LU47? 8,57 0

E 0.1it o0.i01 0,212 © 4,32 3,92 8,21 ¢

50 P,T,FH, A 059 0,445 0,048 ¢ 19.5 18,9 2,02 0
B 0440 0.419 0,060 O 19,0 18.1 2.56 0

C o.ssh 0,429 0,056 ¢© 19,0 18.3 241 0O

D o.ko4 0,480 0,059 O 20,8  20.2 249 0

B 0,425 0408 0,060 0 18,4 17,7 2,61 0

sh PiT Fiﬂl A 0,316 0,300 0,081 ¢ 13.8 13,2 3.5 0O
2 B 0.285 0,276 0,092 0 12,7 12.2 4,07 ©

€ 0.298 0.281 0.094 © 13,4 12,4 4,2 0

D 0,327 0,311 0,089 0 1.2 13,5 3,87 0

E  0.276 0,266 G.08% © 12,3 11.9 3.81 ¢

58 P,T ¥ H A 0,192 90,181 0,160 o 8,67 8,20 7,27 ©
1272 3 9,472 0.165 0.181 © 7,88 7.% 8,31 o0

¢ 0.18:s 0,174 0,190 © 8,37 7,90 8,64 0

D 0,197 0,474 0.193 0 8,80 7.73 8,6t ©

E  0.170 0.156 0,186 o 7.83 7.21 B.5% 0

{2) Reference Velocity = 140 ft/sec.

Combustor Pressure, P, » 10,0 atn.

Inlet ASr Tempesrature, T, = 600F, Ty = 800F

Heat Input, P, = 150 Btu/1ld air,

Inlet Air Humidity, H, = 0,2, H; = 2.2, Hy = 4,2 1be Hzoflb dry air x 100,
?b% Calculated as NOp,
¢) Calculated as carbon,
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TABLE 17 {(Continusd)

i
PR P

S EMISSIONS WITH VARIATLONS IR FUELS AND OPERATING CUNLITIONS (a)
E: {Pressure Atomlzed Puel)
,f‘ Enission Index,
T Test ¥ass of Emlssjons, lbs 1000-1bs fus
& Cond. Test Teat (by (b ! (c§ ) éa& )
g Yo, Conds, Fuel KO, _¥NO e i No,.. _NQ co HC
R 51 P,T. P Hy A 0,393 0373 0.1k 0 11,2 10.6 3,2k 0
5 ! B 0,380 0.355 0.110 O 11.0 10,3 3.18 0
i € 0.387 0.3%9 0,108 0 11,1 10,6 3,10 O
3 D 0.411 0,389 0,111 © 11,6 11,0 3.1
9 E 0,366 0©.339 0.1k © 106 9.85 3.33 0
3 55 P,IFK, A 0,235 0,231 0,162 0 6,35 6.8 4,79 0
> B 0.217 0.214 0,160 © 6,49 6,38 4,78 0
38 C  0.230 0,224 0,15 0O 6.80 6.6 4,5 O
: D 0,232 0.237 0.155 0 6.75 6.91 4,53 ©
d B 0.213 0,210 0,152 0 640 6,30 4,57 O
: 59 PleFiﬂ A 0,462 0.170 0,225 O 4,97 5.19 6,88 o
' , 2 B 0,153 0,189 0,281 0 b7 B.63 745 0
o 0.isk 0.149 0,237 O 4,73 4,57 7.27 O
D 0,168 0,165 0,237 0 5,00 4,98 7,16 ©
E  0.148 0,183 0,231 0O bl A5 7,16 0
52 pszwiaO A 0,595 0.588 0,068 0O 20,2 19.9 2,32 0
B 0,37 0,553 0,073 © 194 18,9 2.52 0O
C 0,610 0,583 0.077 O 20,8 19.8 2,62 0
D 0,612 0,590 0,073 0 20.5 197 2,45 0
E 0,569 0.540 0.02% © 19.6 18,6 2.8 ¢
56 P,T F.H, A 0,397 0,389 0,140 © 13.9 13,6 4,92 0O
2 B 0,39 0.337 0,135 0 12.6 12,0 4,79 ©
C  0.364 0,361 0.120 0 12,8 12,7 4,23 ©
i D 0,385 0,377 0.1i7 o 134 13.8 k05 0
i B 0.33 0.33% 0,136 0 12,0 12,0 L85 0
60 P.T.F.H A 0.235 0.228 0,217 © 8,50 8,27 7.87 0
2212 3 0,227 0,222 0,252 0 8,31 8.3 9.22 0
C 0,23 0.239 0.239 0 8,58 8,70 8,71 o
D 0.259 9,25 0.260 0O 9,24 9,06 G.27 O
B 0.258 0.253 0,265 0 948 9,32 9.76 0O

{a) Reference Velocity = 140 ft/sec.
Combustor Pressure, P, = 12,5 atm/
Inlet Alr ngpnratmre, T, = £&00 F'= T2 = 860 Fa
Heat Input, Fy « 150 Btu/1lb air,
Iniet Alr Huaidity, Hy = 0.2, Hy = 2.2, Hz = 4,2 1bs HZO,’lb dry air x 100,
(t? Calculated as NO,,
falculated as carbon,
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TABLE 17 (Continued)

e e SN

CALCULATED EMISIIONS WITH VARIATIONS IN FUELS ANO OPERATING CONDITIONS (a)

{Pressure Atomized Fuel)

BEmission Index,

Fatssi bs /1000
o] b I
Conds , Fuel . ¥O, NG co Rf}* 18] b 4

'8

61

67

&9

(a)

8

PTFH, A 0,315 0,293 0,187 0 7.55 .7.03 448 0
B 0,328 0,297 0.193 © 7.8 7,19 4,67 0

C 0,329 0,310 0,190 © 790 745 4,58 O

P 0,350 0,324 0,203 0O B.28 7,66 4,81 o

E 0,322 0,300 0.208 0 7,82 7.31 8.5 0

BT FH A 0,191 0.172 0.115 ¢ 5,86 6,18 4,13 o
21 B 0,176 0,168 0.i116 0 6,440 6,13 .22 0

¢ 0,192 0,170 0.i12 0O 6,95 6.4 L,0h O

D 0,201 0.178 0.108 o 7.4 6,31 382 ©

E 0,180 0,160 0.1i5 O D57  SJBB  4.2t O

PjTanﬁi A OJHg 0,L5F 0,228 O 8,10 8,13 4,88 ©
B 0.423 0.413 0.2%6 0 7.70  7.53 4.7 O

C  0.453 0442 0.239 © 8,18 7.98 4.3 ¢

D 0,k85 0,455 0,28 0 8.25 8,09 434 0

E  0.431 0.4% 0.232 O 7.88 7,94 L32h O

BT FZH1 A 0.226 0,194 0,439 © Lol 3.3 7.79 O
0 B 0,199 0,187 0,421 © 3.56  3.36 7.5 ©

C  0.218 0.213 0.468 © 3.88 3,79 8.32 o

D 0,226 0,211 o.né4 © 3.96 3,70 8,12 o

E 0,223 0.193 0416 0 4,01 3,47 749 0

P,T.FH A 0484 0.521 O.114 O h,6 15,7 3.43 ©
321 3 0,482 0,460 0.128 0O 1,7 1,0 3,90 0

C 0,52 02.500 0,127 0 15,8 15.1 3.85 ©

D 0.524 0,506 0,117 0O 15.6  15.1 349 0

B 0.463 0.:88 0,114 0 14,2 15,0 3.5 0

P“?aF Ho A 0,521 0,490 0,150 O 12.1 11,4 349 0
2 B 0.508 0.466 0,136 0 11.8 16,9 3.19 0

C  0.524 0488 0,131 0O 12,2 11.4 3.06 0O

D 0.525 0,500 0,143 O 12.0 11,8 3.27 0O

E 0.511 0.“75 0.1“1 O 12,1 11,2 3-32 0

Reference Velocity = 140 fi/sec,

Combustor Pressura, PD » 7.5, PB = 15,0, Py = 11,25 atm,

Inlst Alr Temperature, T = 4OOF] T. » 1000 F, T, « 700 F,

Heat Invui, Fp = 225 Btu/lb air.

Inlet Air Humidity, Hy = 0.2, Hy = 2.2 1bs Hy0/1b dry air x 100, ,
Calculated as NOy. }
Calculated as carbon,
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TABLE 17 (Jontinued)

CALCULATED EMISSIONS WITH VARIATIONS IN FUELS AND OPERATING CONDITIONS (a)
{Preasure Atomized Fuel)

Emission Index,

Tast Mass of Emissions, lbs/hr Lbs&lOOO-lbs fuel
Cond, Test Test ibi fb) c b {b c

i No, Gonds,  Fuel _NO NQ co HC NO, KO co HC
65 PTFH, A 0.231 0.222 0,308 0 5,70 S5.48 7,62 ©
i B 0.226 0,210 0.322 0O 5.6 5.25 B,04 0
. G 0.230 0,214 0,33 0 5.68 5.26 B8,L8 O
¥ D 0.23 0.226 0.3%B 0 5,76  5.51 8,50 O©
b E  0.217 0,204 0.333 0 5,5 5,13 8,38 0
4 63 BT Fy A 0,200 0.194 0,135 0 10,8 104 7,26 ©
3 0 B 0.197 0,186 0.128 o 10,7 10.1  7.00 O
b ¢ 0.209 0,202 0.117 0 11,3 10,9  6.37 0
i D 0.205 0.196 0.128 ¢ 10.9 104 6,82 0
3 E  0.202 0,201 0,118 0 11.1 11,0 B.45 9
¢ 62 P,T,FH A 0.470 0,43 0,313 0 7.24 6,69 L,B2 0
: 31 B nuho 0.2t 0,351 O 7.00 6,5 5,47 0
RE - C 0497 0,437 0,360 O 7.05 674 5,55 0
v D G.47% 0,459 0,3% O 7.21 6,98 5,41 0
r E  0.456 0,416 0,290 © 7ol 6,51 Lok O
B
e (a) Reference Veloeity = 140 fit/sec,
1§i; Combustor Pressure, Py = 11.25 atn,
. Inlet Air Temperature, T, = 700 F,

Heat Input, F, = 100, F, = 225, F, = 350 Btu/lb air,

Inlet Air Humgdity, By = 2.2, Hy = 4,2 1bs Hzo/lb dry air x 100,
Caleculated as NOZ'

Calculated as carbon.
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‘ Appendix

9. APPENDIX 3

(Statistical Analyses of Data)
the objeclives of this experimental investigation were to deterzine
the ariects which differences in JP fuels and operating variatles have on
‘lame raliance and nxhaust emissions of nitrogen oxides, carbon monoxide,
unturnad hydrocarbons, and soot, Five kerosene-type fuels were selected to
span the a'lowable range in molecular structure: including normal paraffins,
Lgopareffins, cycloparaffins and aromatics. Prevaporization and pressure
atomization of fuels introduced to the combustor were included to minimize ani
maximize differences in physical properties of the fuels. Inlet air humidity
was included as an operating variable in the investigation.

The experimental investigation was divided into two segments.
Frogram 1 was en extension of the study conducted in the previous investiga-
tion (8) at four levels of combustor pressure, four levels of inlet-air temper-
ature, three levels of inlet-air humidity and single levels of heat input rate
and reference velocity. The current study was conducted with pressure atomized
rather than prevaporized fuels., The remainder of thes investigation consisted -
of a 21 point program with both prevaporized and pressure atomized fuels to
avaluate the effect of heat input rate as an operating variable on flame
radiance and exhaust emissions.

Detailed data obtained during the current investigation are presented
in Appendix 2 (Section 8.). The data obtained with prevaporized fuels at the
42 combinations of operating conditions used in Program 1 are presented in
Tablas 16, 17, and 19 of Reference € and have been combined with the data
obtained during the current investigation to evaluate the effect of the method
of introduction of fuel into the combustor. Analyses of Variance of data for
flame radiance, smoke emissions, NO,, NO, and CO emissions for various combina-
tions of opsrating variables were made. Values for unburned hydrocarbons were
~ither zero or very low for most of the test points and detailed analysss of
the dats were not made. TFmpirical equations were developed for each response
on the basis of statistically significant effects and interactions to use in
the evaluation of the data obtained.

Two equations were developed for each response with one set of
squations based on data from Program 1 and the other set of equations based on
a small program to evaluate the effect of heat input rate. Progran 1 ccnsisted
of al x4 x3 x 2 experiment with four levels of combustor pressure from 7.5
to 15.0 atmospheres, four levels of inlet air temperature from 400 to 1000 F,
three levels of inlet alr humidity from 0.002 to 0.042 pounds of water per
pound of dry air and two methods of introduction of fuel to the combustor
(pressure atomized and prevaporized). Equations for the small program were
based on a 2 x 2 x 2 x 2 X 3 expsriment with two levels of combustor pressure
of 10.0 and 12.5 atmospheres, two levels of inlet air temperature of 600 and
800 F, three levels of inlet alr humidity of 0,002, 0.022 and 0,042, two
methods of introduction of fuel to the combustor (pressure atomized and pre-
vaporized) and two levels of heat input were obtained to provide a balanced
sxperiment by combining data at a heat input rate of 150 Btu per pound of air
in the small program with data at a heat input rate of 300 3tu per pound of
air in Program 1. Program 1 with the wider range and multiple levels of
variables provides better estimates (at fixed heat input) of the responses
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coversd than the aguations developed for the small program. While the equationa
from the smaller program provide a msesure of the effect of heat input rates
over a narrow range of the other operating variables the interactions with heat
input rate complicate the relationships, The estimated squstions are presented
in Tables 18 to 27. Velues of ths responses for sach equation were calculated
at the extrames of the ranges of the operating variables for the empirical
=quations to provide comparisons of ths effects of fuels on flame radiance and
exhanst amissions over a wide range of operating conditions. The calculated
vaiu: 3 are presented graphically in Figures 13 to 61 to provide comparisons of
the effects vf fuels and operating varisbies on flame radiance and sxhaust
smissiony,

9.1, Fuel Effects

In all graphical comparisons of the effects of fuels on flame radi-
ancas and exhaust emisaions the fusls have been listed in the order of increas-
ing fuel hydrogen content. As shown in Table 3 hydrogsn content of the fuels
vary from 13.8 per cent for Fuel D to 15,5 for Fuel E.

The efects of differences among the five fuels on total radiant
energy sre shcown in Figures 13, 14, and 15. The magnitude of the calculated
total radiant ensrgy varies with the levels of combustor pressure, inlet air
temparature and inlet air humidiiy; however, the trend is for a decrease in
Flame radiance with an increase in fusl hydrogen content. In the =small pro-
gram total radiant ensrgy with prevaporized fuel at the low heat input level
was very low and either did not change with fuel hydrogen content or increased
sligntly, With pressurs atomized fuel at the low heat input level total radi-
ant ensrgy decreased wath fuel hydrogsn content. At an inlet air temperature
of 800 I and high inlet air humidity the change in totsal radiant energy with
fuel hydrogen content was amall.

The effects of fuels cn zmoke emisslons are shown in Figures 16 and
17. At high levelis of hez- input and low inlet air temperatures smoke emia-
sions decreased with an increase in hydrogen content of the fuels, At either
low luovels of heat input or high levels of inlet air temperasture thne level of
smoke erissions is below the threashold of visible smoke (0.200) and fuels have
little effect on the level of smoke emissions,

The relationships betwean fuels and NO_ and NO emissions are shown
in Figures 18 to 23. At tiue high ievel of heat input in Program 1 the small
diffsrences in smissions ars probably not of practical significance. With the
low level of heat input amd #00 F inlet air tempersture and low inlet air
huanidity an increass in fusl hydrogen content reducea emissions slightly.

The sffects of fuels ou CO emissions are shown in Figures 24, 25, and
26, Wi*h a heat input rate of 300 Btu per pound of air and an inlet air tem-
perature of 400 F CO emissions decreasc with an increass in fuel hydrogen con-
tent and fusis have no appraciable effect on CO emissions at higher inlet air
tenperatures,

9.2. Eifect of Hethod of Fuel introduction te Combumt-x

—

Differences ir total radiant energy with the introduction cif fuel to
ths combustoc: oy prevapurization and pressure atomization are shown in Figures
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27, 28, and 29, In Program 1 with s heat apubl rate of 300 Btu per pound of
alr total radiant snergy was greater with pressure atomized fuels than with
pravaporized fuels with an inlet air temperature of 1000 F and was less with
an inlet alr temperature of 400 F. With a high beat input rate and low inlet
air tempsrature combustion of ithe fuel may have been delayed axd the point of
maximum total radiant energy may have moved down stream from ihe point of
observation., With a heat input rate of 150 Btu psr pound of air total radiant
anergy was greater with pressure atomized fusl than with prevaporized {uel at
all of the combinations of operating conditiona evaluated,

S e e S o B 403

Comparisons of the effecte of prevaporized snd pressurs atomigzed
fuels on mmoke emissions are shown in Figures 30 and 31. At 300 3tu per pound
of air heat input rate smoke optical density was greater with pressure atomized
fusl than with prevaporized fuel at the high pressmwe-low temperature conditions, .
Smokte optical density was also greater with pressure atomized fuel feor Fuel D
at the low temperature-low pressure condition. At the low pressurs-low temper-
ature conditions for the cther four fusls with higher fuel hydrogen contents
the level of =mmoke was below the threshold of visible smoke. At the high tem-
perature conditions and with 150 Btu per pound heat input rate the lsvel of
smoke was also bslow the threshold for visible smoke,

Comperisons of the effect of methods of fusl introduction on NO, and
NO emissions are shown in Figares 32 to 37. The sffect of differences in the
method of furl introduction on NO, and NO are minor but pressure atomized fusls
produce a smail reduction in smisasions.

The differsnces in €O emissiona with fuel introduced to the combustor
by pressure atomization or prevaporization are shown in Figures 38, 39, and 40.
In Program 1 with a heat input rate of 300 Btu per pound of air and an inlet
air temperature of LOO F CO emissions, with cna exception, increased with pres-
sure atomized fuel. At the low temperature~low pressure conditions the increase
in CO emissions bscame =maller as fuel hydrogen increased, At 1000 F inlet
air temperature the change in CO amissions was very =mall with a slight decrease
with pressure atomigzed fuels., At a hest input rate of 150 Btu per pound of air
CO emissions were lowsr with pressure stomized fuel than with prevaporized fuel
and the largeat rsductions wers shown with the high inlet air humidity.

9.3, Effect of Inlet Air Humidity

The effects of inlet air humidity on flams radiance and exhaust
emissions of NO,, NO, and CO with each of the [ive test fuela are shown in
Figures 41 to 50. RNo statistically significant effect of inlet air humidity
on smoke emissions was found with any of the five fuels.

With one exception, an increase in inlet air hunidity from 0,002 to
0.042 pounds of water per pound of dry air decreassd total radiant enargy.

An increass in inlst air humidity from 0,002 to 0.0L2 pounde of water
per pound of dry air decreased NO, and NO emissions., The decreuase in emiasions
varied with fusls and operating variablea with the magnitude of the decreass
being from 5 to 9 pounds of NO, per 1000 pounde of fuel. The range in humld-
ities 18 from 14 to 294 graina per pound of dry air or {rom 10 per cent
relative humidity at 76 F to 100 psr cent relative humidity at 100 ¥, The
range in humldities could be encountered with seasonal and geographic changes

8,
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: and span the 75 grains of water per pound of dry air that the Environmental

- Protection Agency has sdopted as a standard humidity. It is apperent that

' intake air humidity is an important factor in KO, emissions; howsver, addition-
: al data are needed to provids a single corrsction factor for adjusting the

. A level of NOy emissions to a fixed level.
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In Frogram 1 with a heat input rate of 300 Btu per pound of air the
effect of an increase in inlet air humidity wes small and inconsitent although
in most comparisons the (O emissions increased with an increass in humidity
over tha range investigated. As fuel hydrogen content increased the sffect of
humidity on CO emimssions tended to incresse, In the small program CO emissions
increased with humidity and the rate of increase was greater with a heat input
rate of 150 Btu per pound of air than with a heat input rate of 300 Btu per
pound of air.

9.4. Effect of Cperating Veriables

Comparisons of the effects of inlet air temperature, combustor pres-
sure, and heat input rate on total radiant snergy and emissions are shown for
Fuel A and the compariscns are shown in Figures 51 to 61. While the compari-
aons are shown for Fuel A only, comparisons for the othar fuels may be obtained
from the equations if desirsd. )

In Program 1 with & heat input rate of 300 Btu per pound of air an
increase in inlet alr temperature frem 400 to 1000 F incresases totsal radisnt
snergy and the rate of increase was grester with pressurs atomigsd fuel than
with prevapcrized fusl. With a heat input rate of 150 Btu per pound of air
total radiant emergy decreased with an increase in inlet air tempersture from
00 to 800 F. An increass in combustor pressures from 7.5 to 15.0 atmospheres
increased total radiant energy with the rate of increase being greater with
pressure atomized fuel than with prevaporized fuel. An increase in combustor
pressure in the small program from 10.0 to 12,5 atmospheres increased total
radiant energy.

In Program 1 smoke optical density 1s below the threshold of visible
smoke st a combustor pressure of 7.5 atmospheres., Al 15.0 atmospheres pressure
an increate in inlet air temperature from 400 to 1G00 F decreassd smoke optical
density to below the threshold of visible smoke. The rate of decreass was
grester with pressure atomized fusl than with prevaporized fuel. In the small
program smoke optical density was below the level of visible smoke at both of
the temperature and pressure comparisons. In Program 1 an increase in combus-
tor prsssure fram 7.5 to 15.0 atmospheree increasad smoke optical density at
the low tamperature conditions and the rats of increase in smoke optical density :
wad greaiusr with pressure atomized fuesl than with pravaporized fuel. ;

In Prograu 1 an incresss in inlet air temperature frow 400 to 1000 ¥
increased NOx and NO smissions with the rates of incresse heing greater &t the :
higher pressurs. In the amall program an increasse in inlet air tempersture
from 600 teo 800 F increased NHO, and NO emimsions. Increasing cozbustor pree-
surs from 7.5 to 15.0 stmospheres increased NO; and NO emissions at the higher
temperaturs but had only a #light effect on the smissions &l the low inlet alr
temperaturs. In ths small program an increase in combustor frar 10.0 to 12.5
atmospheres increased NO, and NO emissions slightly.
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An incresase in inlet air temparature decreassd CO emissions in eszh
of the comparisons although the rate of decreass was graater in FProgram 1. In
Progrsm 1 a change in combustor pressure had oniy a small effsct on CO emis-
sions at the high temperature conditions. At low inlet air temperaturs with
pravaporized fuel an incresse in combustor pressure decreased CU emissions and
with pressure atomized fuel CC emissions decreased with a small inervase in
combustor prassare and then incrsased rapidiy. At high pressure and low
temparature vaporization and combustion may be delzyed to the extent that com-
busticn is not completed inm the time available in ths combustor. In the small
program a change in combustor pressure from 10.0 to i2.5 atmospherss had oniy
a amall effact on CO amissions,

An increase in heat input rate from 150 to 300 Btu per pound of air
increased total radiant energy in all comparisons; however, the rate of in-
crease at low temperaturs with pressurs ptomized fusl was considerably less
than st the other combinstions of operating conditions. At the high heat
input rete with low inlet air temperaturs vaporigation of fuel and combustion
may have bean delayed and peak emissions may have ccourrad past the peint of
detection in the combustor. An increase in heat input rate from 150 to 300
Btu per pound of air increassd smoke optical denaity bul the jevel of smoke
was stil]l below the threshold of visible smoke at the highest lavel of heat
input. An increase in heat input rate from 150 to 300 Btu per pound of air
decreased NO, and N0 emissions gt low levels of inlet air humidity and hed
very little effect at high lavels of inlet air humidity. The lowsr levels of
NQy and NO smissions with pressure stomized fuel may have been dus in part to
cooling of the mixture by vaporigation of the fuel. CO emiasions were decrsas-
ed with an increase in heat input rate from 150 to 300 Btu per pound of alr
except at low inlet air temperature with low iniet air humidity and pressire
atumized fuel., At the low heat input rates CO smissions were ths lowest at
these conditions but as the heat inpub rate was increased a delay in vapori-
zation of a portion of the fuel may heave retardesd complete combustion,
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FE COMBUSTON PASSSURE, ATHORCKERES
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CALCULATED RADIANT ENERGY FOR COMPAR?SONS
OF METHODS OF FUEL INTRODUCTION
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RESEARCH ANMD DEVELOPMENTY REPORT 6512~-73
APPENDIX 3

P T COMBUSTOR PAESSURE, ATMOSPHERES

W T INLET AIR HUMIDITY , LBS WATER PER LB DRY AIR X 100

T = IMLET AIR TEMPERATURE ( F

M = HEAT INPUT, BTU PER LB AIR

; ¥y = PREVAPORIZED FUEL AND F, = PRESSURE ATOMIZED FUEL
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| FIGURE 30
: CALCULATED SMOKE EMISSIONS FOR COMPARISONS
OF METHODS OF FUEL INTRODUCTION
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RESEARCH AND DEVELOPMENT REPURT §%12-73
: APPEMDIX 3 -

P = COMBUSTOR PRESSURE, ATMOSPHERES
. W T OINLET AIR HUMIDITY , L.BS WATER PER LB DRY AIR X 100
T INLET AR TEMPERATURE , F
H = HEAT iNPUT, BTU PER LB AR
F, = PRIVAPORIZED FUEL AND F, ¥ PRESZURE ATOMIZED FUEL
W= 0.274.2
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