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ABSTRACT

An experimental investigation of the effects of the interaction between
physical and chemical processes on pollutant formation and destruction in a
liquid fuel turbulent diffusion flame burner has been carried out. In this
investigation, the effects of fuel type, inlet air swirl, inlet air temperature
and combustor pressure on the spray characteristics and the time-mean and fluc-
tuating flow field structure have been determined using probing and optical
techniques. Changes in the spray and flow field structure have been correlated
with changes in pollutant emissions from the burner. The results of this inves-
tigation show that variation of these operating parameters produce major changes
in spray dynamics and vaporization rates and in the time-averaged fuel/air
distribution within the burner which significantly influence energy release rates
and pollutant formation and destruction. TIn addition, it was found that there
are significant differences between the mean velocities of the gas and fuel
droplets which likely influence droplet vaporization rates and mixing of the
vaporized fuel and air.
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SECTION 1

INTRODUCTION

A large number of continuous combustion devices, including furnaces and
gas turbines, operate on liquid fuels. Investigations of pollutant emissions
from these devices indicate that changes in injector design which change the
droplet size distribution in the spray and variations in air inlet conditions
which alter the interaction between the fuel spray and the surrounding gas stream
(Refs. 1-6) can have a significant effect on pollutant formation and destructionm.
Norster and Lefebvre (Ref. 1) found that atomization techniques can affect
pollutant emissions, particularly exhaust smoke, in a gas turbine combustor.
Grobman (Ref. 2) reported that improving fuel atomization reduces hydrocarbon
and carbon monoxide emissions during idle in a wide range of conventional and
experimental gas turbine combustors. Mellor and his co-workers (Refs. 3,5)
and Pompei and Heywood (Ref. 4) have attributed changes in carbon monoxide and
nitric oxide emissions from gas turbine combustion with fuel injection pressures
to changes in fuel atomization and vaporization rates. Inlet air temperature
and swirl, combustor pressure and combustor reference velocity* significantly
influence hydrocarbon, carbon monoxide and nitrogen oxide emissions (Refs. 1-3,6).
Hence, it appears that appropriate modifications of fuel atomization techniques
and combustor inlet conditions can result in significant reductions in the
emissions of most pollutant species from continuous combustion devices.

The combustion of liquid fuel sprays is a complex process involving
simultaneous heat, mass and momentum transfer and chemical reaction which are
influenced by the fuel characteristics, the droplet size distribution and number
density, the relative velocity between the droplets and surrounding gas and the
ambient gas temperature and composition. Although qualitative models and
empirical correlations of pollutant emissions from liquid-fueled combustors have
been developed (see, for example, Refs. 7 and 8), our present understanding of
spray burning is insufficient to permit quantitative predictions of the effects
of changes in fuel injection techniques and operating conditions on pollutant
emissions. Investigations of burning sprays have been hampered by difficulties
associated with measuring the characteristics of the spray and with determining
the interaction of the spray with the surrounding gas stream. However, recently-
developed optical and probing techniques appear to be promising diagnostic tools
for measurements on burning sprays,

*The combustor reference velocity, V,..g, is a measure of combustor residence
time and is defined by Vyer = Mair/pai,2nax Where Majy = air flow rate,

. o= 5 i ity and = ximum combustor cross~sectional area.
Pair inlet air density Aoy = maxim



The present report documents the results of an experimental investigations
sponsored by EPA under Contract 68-02-1873, of the effects of several operating
parameters on the spray characteristics and flow field structure in a liquid‘
fuel turbulent diffusion flame burner and the subsequent effects on pollutant

formation and destruction.



SECTION II

EXPERIMENTAL APPARATUS AND INSTRUMENTATION

The experimental apparatus and approach used in this study are similar to
those employed previously to study pollutant formation and energy release in
gaseous-fuel turbulent diffusion flames (Ref. 9). The only significant change
in the combustor configuration is the fuel injector modification required for
liquid fuel operation. A schematic diagram of the water-cooled combustion
system is presented in Figure 1. It consists of an electric resistance-type
air heater, a 12.2 cm-dia water-cooled cylindrical combustor section having a
centrally located pressure-atomizing fuel injector and an extension section
which contained an exhaust probe rake and a water—cooled orifice plate which
can be installed to increase the combustor pressure. As in the gaseous fuel
study, flame stabilization in the high velocity flows investigated was achieved
by producing a recirculation zone in the initial region of the combustor by
imparting a swirl component to the airflow. Swirl was imparted by inserting
replaceable sets of straight swirl vanes into the annular passage which
surrounds the fuel injector. The trailing edges of the swirl vanes are located
upstream of the injector exit plane to permit measurement of the airflow charac~
teristics entering the combustor. The combustor was designed to permit inde-
pendent variation of each of three operating parameters —- inlet air swirl,
combustor pressure and air preheat -- which are known to significantly influence
emissions from liquid-fuel combustors.

In the present study, three fuels were investigated -- liquid propane,
iso-octane, and No. 2 distillate fuel. These fuels provide an orderly pro-
gression in complexity of molecular structure and distillation characteristics
and permit an evaluation of the effects of chemical and physical properties of
fuels on pollutant formation and energy release. Typical liquid fuel properties
and the results of limited quantitative fuel analyses are given in Appendix E.
The injector assembly was water—cooled so that the fuel was not heated by the
high-temperature inlet air, and fuel injector design and injection pressure
were chosen to ensure liquid injection. A conventional pressure-atomizing
swirl-type nozzle which produced a nominal 60 deg hollow-cone spray with a
nominal droplet Sauter mean diameter of 100 ym in quiescent air at atmospheric
pressure was used for iso-octane and No. 2 distillate fuel. This type of
nozzle proved unsuitable for propane since vaporization occured internally due
to expansion in the nozzle swirl chamber. Therefore, a tangential-feed, pressure-
atomizing nozzle in which the full pressure drop occurred across the exit orifice
was used to maintain the propane liquid to the point of injection. The direction
of rotation imparted by the swirlers to both the fuel and the air streams were
identical for each of the configurations tested. The fuel injectors, air swirl
vane designs, and the fuel injector assembly are shown in Appendix A,
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Measurements in the combusting flow were made through 6.4-cm dia window
ports in the combustor sections (Fig. 1). A pair of window ports 180 deg apart
are present at each location and permit the use of optical measurement techniques
(e.g., laser velocimetry and laser holography). The location of a port directly
downstream of the injector exit plane allowed an unhindered view of the flame in
the vicinity of the fuel injector and permitted acquisition of flow field data
close to the injection plane. The combustor probing devices are compatible with
all window ports and may replace a quartz window or water—cooled plug in any
given port. In addition, the entry section was designed to permit axial reloca-
tion of the fuel injector between tests, thereby increasing the number of axial
locations at which radial traverse can be made. A porous-metal disc installed
in the air entry section serves to provide a uniform inlet flow, which was
verified by laser velocimeter measurements, and the combustor wall temperature
was maintained at a constant value (NSOOOK) along the entire 100 cm length by
regulating the coolant flow rates.

The concentration of nitrogen oxides (NO, NO,), oxygen (0,), carbon
monoxide (CO), carbon dioxide (C02), and unburned hydrocarbons (THC) within the
combustor were measured using cooled traversing sampling probes coupled to on-
line analytical instrumentation. Nondispersive infrared analyzers were used
to measure the CO and CO, concentrations in the gas sample and a para-magnetic
analyzer was used to measure Oy concentrations. The NO and NO, concentrations
were measured using a chemiluminescence analyzer. An exhaust probe rake was
used to aspirate gas samples from equal annuli for determination of the average
concentrations of pollutant species in the exhaust flow. The inlet flow into
the gas sampling probes was maintained choked, resulting in aerodynamic cooling
of the sample by means of a rapid internal expansion. The combined effects of
expansion and wall-cooling served to quench further chemical reactions. A
liquid-vapor phase-discriminating sampling probe and a heated flame ionization
detector were used to measure the total hydrocarbon (i.e., liquid plus vapor)
and gaseous-hydrocarbon concentrations. The flow was sampled isokinetically
and phase separation was achieved within the probe by aspirating a portion of
the flow into a perpendicularly-oriented vapor-only sampling tube. Temperature
distributions at the exhaust plane and within the combustor were obtained using
a traversing calibrated-heat-loss thermocouple probe. Although conventional
thermocouple materials are limited to temperatures below 2000°K, cooling the
exposed junction by conduction extends the range of thermocouple utilization
to gas temperatures above the melting point of the material to the 2000-2500°K
range. In order to obtain the local stream temperature, the measured stream
thermocouple temperature must be corrected for conduction and radiation heat
losses; therefore, calibration data were acquired simultaneously with the re-
quired temperature measurement, Mean and rms gas and droplet velocities were
measured using a dual-beam, frequency-offset laser velocimeter and single-
particle time-domain signal processing. This velocity measurement technique



removes directional ambiguity errors which arise in recirculating flows. The

laser velocimeter also provided a qualitative measure of droplet number densities
in the burning spray which could be used to establish the spray trajectory-
Selective seeding of the airstream with micron-sized phenolic resin partiC1eS

was used to obtain a sufficient signal-to-noise ratio in regions of low fuel
droplet number density to permit measurements of the local gas velocity. The
number density, trajectory and mean diameter of droplets in nonburning and

burning liquid fuel sprays were determined using an off-axis, transmitted-light
type laser holography system. Fringe patterns were produced on a holographic
plate by the interaction of an object beam, directed through the combustor
section, and a reference beam, directed around the combustor section. Reconstruc-
tion of the holograms was accomplished with a second optical system and the data
were reduced manually using a 12-power loupe. High-speed color motion pictures
(500 frames per second) of the flame in the vicinity of the injector were
obtained to assist in the interpretation of the test results. Detailed descrip-
tions of the sampling probes and associated instrumentation are given in Appendix

A,



SECTION IIT
EXPERIMENTAL RESULTS

Description of Experiments

The principal objective of the experimental program was to investigate the
interaction of physical and chemical processses in heterogeneous combustion on
pollutant formation and destruction. This was accomplished by (1) determining the
effects of combustor operating conditions on pollutant emissions, (2) obtaining
detailed maps of the combustor flow field, and information on fuel spray charac-
teristics and liquid-vapor concentration distributions for a range of operating
conditions, and (3) correlating changes in flow field structure with changes in
pollutant formation and energy release. The experimental results will be used to
assist in assessing the validity of various models for turbulent transport and
droplet burning.

The combustor was designed so that it would be amenable to analytical
modeling and yet would exhibit many of the essential features of practical burners.
Ultimately, it is intended that the information obtained from the experimental
and complementary theoretical studies will be utilized for evaluating potential
emission control strategies.

The experimental program comprised two different types of tests: (1) input-
output tests to establish the relationship of liquid fuel and air input conditions
to average exhaust species concentrations, and (2) flow-field mapping tests to obtain
radial and axial distributions of temperature, species concentration and mean and
rms gas and droplet velocities within the combustor and to evaluate fuel spray
characteristics. The matrix of combustor operating conditions for tests conducted
using iso-octane, No. 2 fuel oil and propane is presented in Table 1. These con-
ditions were selected to encompass variations in operating parameters which, based
on the results of Refs. 9 and 11, are believed to have the greatest influence on
pollutant emissions. Tests were conducted at nominal combustor pressures of 1 atm
and 3.3 atm, inlet air temperatures of 533K, 644K, and 755K, and for fuel-air
equivalence ratios in the range 0.9 to 0.5 (10 to 100 percent excess air). The
inlet airflow rate was held constant at a nominal value of 0.137 kg/sec and the
swirl number was varied from low (S = 0.3) to moderate (S = 0.6) by interchanging
swirl vanes. (Swirl number is defined in Table 1.) In the input-output tests,
measurements were made at the exit of the combustor extender section (see Fig. 1),
while in the mapping experiments detailed measurements were made within the com-
bustor at a minimum of four axial locations. Variations in the average exhaust
concentrations with overall fuel-air equivalence ratio and detailed flow field
maps describing the effects of inlet air swirl, combustor pressure and air preheat

are summarized below.



TABLE 1.

Swirl Press.
*

Fuel No.

(atm)
Iso-0Octane 0.3 1.0
0.3 1.0
0.3 1.0
0.3 1.0
0.3 3.3
0.6 1.0
No. 2 0il 0.3 1.0
0.3 1.0
0.3 1.0
0.3 1.0
0.3 3.3
0.6 1.0
Propane 0.3 1.0
0.3 1.0
0.3 1.0
0.3 1.0
0.3 3.3
0.6 1.0

* . .

As defined in Ref. 11:
3
S i_(_l:_z._)_ tan n
3 (1-z5Ht5
where Z = hub-to-tip ratio

n

angle of vanes

NOMINAL TEST CONDITIONS

Tarr

(K)

533
533
644
750
533
533

533
533
644
750
533
533

533
533
644
750
533
533

(kg/sec)

o O O O OO

o OO0 OO o

S OO o o O

MATR

137
137
.137
.137
137
.137

.137
.137
.137
.137
.137
.137

.137
.137
.137
.137
.137
.137

Equiv,.
Ratio

-0.9
.65
.65
.65
.65
.65

Input-
Output

MM K X X X WK oMW M oKX

KoM oM XM X

Mapping



Input-Output Tests Results

Emissions data showing the effects of fuel type, inlet air swirl, combustor
pressure, and air preheat at equivalence ratio 0.65 are summarized in Table 2.
A complete tabulation of all (input-output and mapping) species concentration data
is given in Appendix I. Because neither the Total Hydrocarbon Analyzer nor the
sample transfer line were heated to prevent condensation of high molecular weight
hydrocarbon species, exhaust THC concentration measurements were obtained only
for tests in which propane fuel was used. However, use of the phase-discriminating
sampling probe and the discrete-sampling heated hydrocarbon analyzer for the flow-
field mapping tests permitted determinations of the total hydrocarbon (i.e., liquid
plus vapor) and gaseous hydrocarbon concentrations within the combustor. These
measurements are discussed in subsequent sections of the report. The high concen-
trations of oxygen (compared to equilibrium) measured with the exhaust rake and the
low exhaust CO, concentrations, particularly for propane and iso-octane, are not
indicative of incomplete combustion but rather of a sampling problem. It is likely
that the problem was caused in part by the limited number of ports sampling a flow
stream with sharp concentration gradients and the potential for blocking of some
of these ports by particulates generated during combustion. Significant particulate
loading was noted for propane (because of the narrow angle fuel injector employed)
and for iso-octane. NO, NO7 and CO concentrations are presented in Table 2 as
measured and also corrected by the ratio of measured oxygen used to equilibrium
oxygen used. Variations in the corrected exhaust concentrations of NO, NO, and CO
with overall fuel-air equivalence ratio are illustrated in Figs. 2-4.

Tests conducted at fixed inlet conditions using each of the three fuels
resulted in similar trends in exhaust emissions with increasing overall fuel-air
equivalence ratio -- NO, CO and CO, exhaust concentrations increased while the
exhaust concentration of 0y decreased. These general trends are similar to what
would be predicted for gas-phase premixed combustion. Calculated equilibrium
exhaust concentrations for premixed, adiabatic combustion are presented in Table 2
for comparison. As would be expected for finite residence times, measured CO
levels exceed equilibrium levels and measured NO, levels are far below equilibrium
levels.

Comparison of the emissions data obtained for each of the fuels tested indi-
cates a dependence of exhaust emission on fuel type. These trends reflect in part
the different carbon/hydrogen ratios of the fuel but also suggest that differences
in the atomization, vaporization and mixing characteristics of the three fuels can
affect pollutant formation and destruction. Detailed data describing the influence
of fuel spray characteristics on the combustor flow field are discussed in subse-

quent sections of this report.

The influence of inlet air swirl on exhaust species concentration levels was
evaluated using each of the three fuels at a combustion pressure of 1 atm. The
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TABLE 2. EXHAUST SPECIES CONCENTRATIONS®
Test  Swirl Press. T, = Equiv. 05 COp Cco cocgj;_ NO oC::; O, Xeorr., — THC CBalance
No. (atm) K Ratio Mole?, Mole% Moledb  Mole% ppm ppm_. ppm ppm, C -ategéﬁésgg
i-CoHl g

1 0.3 1.0 527 0.65 8.6 8.15 0.22 0.24 58 6L 82 90 - 8.6
2 0.3 1.0 637  0.6u47 9.k 8.0 0.15  0.18 92 107 118 138 - 10.6
3 0.3 1.0 7h7 0.65 9.4 8.0 0.10 0.12 148 17h 185 217 -—— 11.6
L 0.3 3.3 532 0.652 10.2 7.5 0.25 0.31 39 L9 Y7 59 -—— 15.6
5 0.6 1.0 530 0.651 10.9 6.67 0.30 0.40 T 62 52 70 _— 24,0

Equil. 1.0 533 0.65 7.5 9.2 0.022 4410 0

No. 2 0il
6 0.3 1.0 532 0.65 7.7 8.6 0.20 0,20 86 88 87 89 — 10.4
& 7 0.3 1.0 Snn 0.655 8.8 - 0.08 0.09 120 135 121 136 - ——

8 0.3 1.0 7L8 0.64L 7.7 8.98 0.041 0.041 166 169 167 170 - T.3
9 0.3 3.3 533 0.655 6.8 10.4 0.06 0.06 116 112 116 112 - -5.6
10 0.6 1.0 530 0.655 7.7 8.9 0.0075 0.0078 66 69 72 75 - 9.9

Equil. 1.0 755  0.65 7.27 9.71  0.01k 6883 0

C3Hg

11 0.3 1.0 533 0.65 11.3 7.3 0.26 0.36 62 87 62 87 h61 12.0
12 0.3 1.0 6L4 0.655 10.9 7.65 0.18 0.24 89 121 89 121 336 9.7
13 0.3 1.0 750 0.655 11.5 7.1 0.08 0.12 110 160 113 164 2h1 17.3
1k 0.3 3.3 533  0.655 8,11 7.3 0.025 0.027 9k 100 ok 100 186 15.7
15 0.6 1.0 539 0.66 10.9 6.8 0.15 0.20 82 112 82 112 -——- 20.8

Equil. 1.0 533 0.65 7.56 8.56 0.028 4322 0

*Expressed as measured on a dry basis

+N0, = NO + N
**Corrected by

o%he ratio of measured oxygen used to equilibrium oxygen used,



emissions data, summarized in Table 2, indicate significant changes in concentration
levels as a result of increasing swirl. In addition, variations in the trends of
the exhaust composition data were observed for different fuels suggesting that there
are differences in the structure of the flow fields which affect the pollutant
formation and destruction. These differences were explored in greater detail in

the mapping tests discussed in the following sections. Increasing the inlet air
swirl from S = 0.3 to S = 0.6 resulted in increased exhaust concentration of NOy

in the liquid propane tests but in decreased NO, concentrations in the iso-octane
and No. 2 fuel oil tests. The trends observed for liquid propane are in agreement
with those previously reported for gaseous propane and natural gas and are
characteristic of a flow field having high fuel concentrations near the centerline
(Refs. 9 and 11). Visual observations of the combustion process in the vicinity of
the injector revealed that liquid propane was being injected in a concentrated stream
having a very narrow spreading angle. The opposite trends observed in tests con-
ducted with iso-octane and with No. 2 fuel oil probably are due to differences in
the fuel/air distribution in the combustor. The effects of swirl on the combustor
flow field are discussed later on in the report.

Input-output tests were also conducted to determine the effect of combustor
pressure on exhaust species concentrations. Increasing the combustor pressure
while maintaining constant inlet mass flow and temperature results in longer
residence times and generally higher temperatures and reaction rates which produce
increased NO emissions and decreased hydrocarbon emissions. These trends were
found for liquid propane (cf., Tests 1l and 14) and No. 2 fuel oil (cf., Tests 6
and 9). However, the iso-octane tests show opposite trends with combustor pres-
sure (cf., Tests 1 and 4). The measured exhaust NO concentration level decreased
significantly and the exhaust CO concentration increased for combustion of iso-
octane at 3.3 atm, suggesting a change in the fuel spray characteristics or fuel/
air distributions at elevated pressure for this fuel. TFor the 3.3 atm iso-octane
test, the exhaust gas temperature levels decreased and high concentrations of par-
ticulate carbon were observed, indicating a reduced combustion efficiency. The
effects of pressure on mixing and vaporization are discussed later in the report.

A final series of input-output tests was conducted to determine the effect of

inlet air temperature on pollutant emissions. Increased inlet air temperature

should result in higher combustion temperatures and more rapid oxidation of fuel
and CO and more rapid NO formation. The combustor temperature distributions (dis-
cussed in the following section) and the exhaust emissions data presented in

Table 2 indicate that an increase in inlet air temperature from 533K to 750K
resulted in a significant increase in the exhaust NO concentration and reduced

UHC and CO concentrations. Other investigators (Ref. 12) have reported similar
emissions trends with inlet air temperture, and similar increases in NO emissions
levels were measured in previous natural gas combustion tests (Ref. 11).
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Flow Field Mapping Results

. Examination of the results of the input-output tests indicates that pollutant
emissions levels are particularly sensitive to inlet air swirl, combustor pressure
and inlet air temperature. Variations in these parameters produced some experi-
mental trends which cannot be predicted on the basis of thermochemistry alone,
suggesting that there is significant coupling between the fluid dynamic and chemical
processes in the combustor. Such a coupling was observed in the previous gaseous
fuel tests (Ref. 9). Therefore, detailed maps of the flow field and holograms of
the fuel spray were obtained for the six test conditions listed in Table 1., These
conditions were selected to encompass variations in combustor operating conditions

which have the greatest influence on pollutant emissions, as determined from the
input-output tests.

As in the gaseous fuel tests referenced above, the combustor mapping data were
reduced to isopleth form to permit visualization of the radial and axial variation
of individual flow field parameters and to facilitate comparisons between these
parameters for each of the flow configurations investigated. However, since the
radial distributions of mean flow properties were determined at a discrete number
of axial locations within the combustor, some interpolation between stations was
required. Typically a radial traverse consisted of 9 to 15 measurements spaced
approximately uniformly across the combustor diameter. A complete tabulation of
the experimental data is presented in Appendices G-I.

High-~Speed Motion Pictures

High-speed (500 frames/sec) color motion pictures of the reacting flow in the
vicinity of the fuel injector were obtained for each of the six test conditions.
With the exception of the test using liquid propane, the fuel spray was visible for
all test conditions. For the time resolution of the film, the fuel spray appeared
steady; however, as will be seen later, the laser velocimeter data indicate that
there are fluctuations in the droplet velocities. These films also showed that
there were large-scale fluctuations in flame luminosity for all test conditions.
These luminosity fluctuations were somewhat smaller in scale than the fluctuations
observed in the gaseous fuel tests with low air/fuel velocity ratios (Ref. 9).
These visual observations of the flame structure support the conclusions drawn
later from laser velocimeter data regarding the fluctuations of the flow in the
initial mixing regions. Analysis of the transient pressure data, discussed below,
and limited laser velocimeter data obtained using the frequency tracker indicate
that for the conditions investigated there were no significant resonant pressure
or velocity fluctuations. Hence, the observed fluctuations are primarily fluid
dynamic in origin and are not the result of coupling of the combustion process
with the acoustic properties of the combustor or mechanical properties of the fuel

injection system.

15



Transient Pressure Measurements

The results of gaseous-fuel combustion tests, conducted in earlier phases
of this program (Ref. 9) have indicated the possibility of the occurrence of
combustion instabilities during operation at 1 atm and near stoichiometric mix-
ture ratios. Pressure oscillations having a frequency of approximately 120 Hz
and amplitudes of up to * 6 percent were reported. The present liquid-fuel com-
bustion studies were initiated with a series of screening tests to evaluate the
stability characteristics of the combustor, in order to insure that the config-
urations and test conditions selected for detailed mapping would be essentially
free of combustion instabilities. The amplitude and frequency of the pressure
fluctuations occurring for each of the mapping experiments were determined by
analyzing the output signal of a close-coupled pressure transducer installed in
the combustor window port nearest the injector.

As in the gaseous-fuel tests, a pressure fluctuation having a frequency
of approximately 120 Hz (the fundamental acoustic mode of the combustor duct) was
measured for tests conducted at 1 atm, S = 0.3 and equivalence ratios in the range
0.5 £ ¢ £ 0.9. Although the frequency of the oscillations was relatively insensi-
tive to changes in the overall equivalence ratio, the amplitude decreased rapidly
as the equivalence ratio decreased and was less than % 0.5 percent for ¢ 2 0.7.
The use of an orifice plate to increase the combustor pressure changed the
acoustic characteristics of the duct and significantly reduced the natural fre-
quency and the amplitude of the oscillations. Based on results from these tests,
an overall fuel/air equivalence ratio of 0.65 was selected for the mapping tests.

The Effect of Swirl on Flow Field Structure and NO Formation

When a gaseous fuel is injected axially into a swirling air flow the primary
mode of dispersion of the gaseous fuel is turbulent transport and the primary
effects of increasing swirl are to increase local mixing rates and to increase
radial and axial pressure gradients. Previous tests with natural gas (Ref. 9)
have confirmed that energy release rates increase with increased swirl. However,
liquid fuels of low volatility injected with a radial component of velocity may
penetrate the airstream primarily as a result of droplet inertia. 1In this case,

swirl would influence relative velocities between fuel droplets and air and would
affect droplet vaporization and burning rates.

The input-output tests indicate that the effects of swirl are very different
for the three fuels tested. For propane, increasing swirl results in a decrease in
CO levels and an increase in NOyx. Here, propane behaves like a gaseous fuel and
combustion rates are enhanced by increased turbulent transport rates. However, it
is found that with iso-octane, CO levels increase and NO, levels decrease with
increased swirl. This result suggests that insufficient vaporization occurs close
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to the injector to achieve the rapid air/vapor fuel mixing allowed at higher swirl
number with an entirely vaporized fuel. 1In addition the effect of increased swirl
is to shift air flow radially outward and increase the radial pressure gradient;
this would tend to retard the penetration of small, partially vaporized fuel drop-
lets. Since shear levels decay rapidly with axial distance, vaporized fuel intro-
duced further downstream into the annular airstream does not burn rapidly.

For No. 2 fuel o0il, increasing swirl results in a decrease in both CO and NO,,
levels. Temperature and composition profiles presented later on in this report
indicate that radial droplet penetration was the dominant mode of dispersion of this
fuel. Once the fuel is dispersed across the airstream, the droplet combustion
rates are probably increased with increasing swirl by higher relative velocities
and turbulence levels. More rapid combustion and smaller flame standoff distances
in burning droplets or droplet arrays would result in lower levels of both CO and
NO, .

Flow field mapping tests conducted with iso-octane confirm the results of the
input-output tests and allow some tentative conclusions to be made about the inter-—
actions of swirl with fuels of wmoderate volatility. The time-mean temperature dis-
tributions obtained for iso-octane/air combustion at one atmosphere pressure and
for inlet air swirl levels of 0.3 and 0.6, respectively, are presented in Fig. 5.
An initial examination of the data reveals the similarity of the flow field struc-
ture obtained for each of these liquid-fuel test configurations and a general
correspondence with the flow fields obtained previously using gaseous fuel (Ref. 9)
i.e., the characteristic shape usually associated with axisymmetric, turbulent
diffusion flames. The contours are characterized by peak temperatures occurring
off the centerline in an annular region. Variations in liquid fuel and air inlet
conditions altered the relative rates at which heat was released within the com-
bustor, and specific trends resulting from these variations are evident with more
detailed analysis of the data.

The temperature contours are not symmetric about the combustor centerline,
but instead are displaced slightly toward negative values of R/R,. Since the
uniformity of the inlet flow was verified by laser velocimeter measurements and by
temperature measurements in the inlet section, the apparatus was eliminated as
the source of this asymmetry. Furthermore, the species concentration distributions
appear symmetric about the combustor centerline. Therefore, the asymmetry must
be the result of blockage introduced into the flow by traversing the comparatively
large thermocouple probe (see Appendix A) from the positive to negative radial
direction.

Specific trends resulting from systematic variation of the inlet swirl are
evident from the temperature data. For example, increasing the swirl level from
0.3 to 0.6 results in an initial increase in the axial rate of heat release
(X/D<2), followed by a gradual decrease in the axial rate of heat release (X/D>2).
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FIG. 5
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This initial increase of heat release rate is attributed to more rapid mixing of

the vapor fraction. However, insufficient initial penetration of fuel droplets

leads to an extended flame as indicated by the radial temperature gradients which
remain steeper for a greater axial distance. For the case of 0.3 swirl, the greater
part of the available chemical energy was released within an axial distance of
approximately six combustor diameters (X/D = 6) and the downstream temperature dis-
tributions are relatively flat. Isotherms corresponding to S = 0.6, on the other

hand, indicate a larger flame length, as evidenced by peak temperatures extending
the full length of the combustor (X/D = 14),

Mean axial gas- and droplet-velocity contours obtained for iso-octane/air
combustion at one atmosphere pressure are presented in Figs. 6 and 7. Differences
between the local gas and droplet velocities are apparent near the injector, as
are areas of flow recirculation. Also, some unsteadiness of the flow was indi-
cated by fluctuations in the droplet velocity measurements. Farther downstream
(X/D>1.0), droplet sizes and concentrations are reduced by evaporation and combus-
tion and droplets are convected at the local gas velocity. At S = 0.3, it was not
possible to distinguish between local fuel droplet and gas velocities in the
vicinity of the spray near the centerline because of the high droplet concentration.
Consequently, no gas flow recirculation is shown; however, the existence of a re-
circulation zone may be inferred from the droplet velocity data, Fig. 7a. Gas
velocity measurements were possible at S = 0.6 and a torroidal-shaped recirculation
zone was identified (Fig. 6). A primary effect of increasing the inlet air swirl
from 0.3 to 0.6 was to shift the regions of droplet recirculation closer to the
injector, thereby influencing flame stabilization and energy release in the initial
region of the combustor.

The local time-mean axial velocities are somewhat higher at S = 0.6 and the
diffusion-flame-like flow field structure persists for a greater axial distance.
The insensitivity of the fuel droplet axial velocities to the level of inlet air
swirl is also apparent from the similar appearance of the droplet velocity distri-
butions in the initial mixing regions; however, at S = 0.6, high droplet velocities
persist farther downstream. Spray trajectories, as determined from laser
velocimetry and laser holography measurements are also shown in Fig. 7 and are in
good agreement with the nominal spray angle of 60 degrees. The persistence of
droplet velocity and the higher gas velocities at § = 0.6 are associated with the
increase in recirculation zone size and consequent increase in mass flux density
outside the recirculation zone. This increase in mass flux density was enhanced
by the confined geometry of the combustion facility.

Gas composition contours for low (S = 0.3), and moderately (S = 0.6) swirling
flows, discussed above, are shown in Figs. 8, 9 and 10. These data indicate the
tendency of increased swirl to suppress mixing beyond a zone of rapid initial
mixing near the injector. Radial concentration gradients are sharper with increased
swirl and CO burnout is slower. Further insight into the effect of swirl on
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iso-octane vaporization and combustion is obtained from comparisons of total
hydrocarbon concentration distributions (Fig. 11) together with profiles of the
percentage c¢f hydrocarbons vaporized (Fig. 12). 1In the upstream section of the
combustor, total hydrocarbon concentrations are higher for the lower swirl number
(Fig. 11 ), while the concentrations of unvaporized fuel (computed from the product
of total hydrocarbon concentration from Fig. 11 and 1 minus the fraction vaporized
from Fig. 12) are about the same. In this upstream region increased swirl promotes
mixing of vaporized fuel. However, for the higher swirl number unvaporized fuel
persists further downstream and the total hydrocarbon concentrations are greater
in the downstream sections even after the fuel has vaporized. It is likely that
this is a result of reduced droplet penetration into the airstream with increased
swirl and the rapid decay of swirl (shear) induced mixing with axial distance.

NO concentration distributions are shown in Fig. 13. The regions of high NO
concentration within the combustor are coincident with the regions of locally
high temperature. At low swirl, higher concentrations of NO were measured close
to the combustor centerline and in the vicinity of the injector. In contrast,
at moderate swirl the reaction zone is moved rapidly outward and closer to the
injector, and NO formation occurs in a narrow annular region. The combined effect
of low oxygen concentration and low temperature result in a reduced rate of NO
formation and, therefore, lower NO exhaust emissions levels at S = 0.,6.

The mapping data indicate that, in the present combustor configuration, in-
creasing swirl from 0.3 to 0.6 increases mixing of partially vaporized fuel with air
in the initial region of the flow, resulting in increased energy release rates.
Hence, increased swirl tends to move the region of flame stabilization closer to
the fuel injector. Beyond this initial region, increasing swirl appears to suppress
vaporization of the liquid fuel and subsequent mixing of the vaporized fuel with
air. At sufficiently high swirl numbers, the radial pressure gradients reduce
penetration of partially vaporized droplets into the airstream, resulting in a
relatively cold fuel-rich region on the combustor centerline. The reduced vapori-
zation rates result in an extended mixing region. In addition, axial decay of
swirl-induced shear levels tends to reduce mixing rates downstream from the injec-
tor. Reduced mixing rates result in generally slower fuel oxidation and CO burnout
rates and in lower NO formation rates.

Effect of Pressure On Flow Field Structure and NO Formation

Previous tests (Ref. 9) with natural gas have demonstrated several effects of
pressure on exhaust emissions at constant mass flow rate. Increasing pressure
from 1 to 3 atmospheres decreased CO levels and increased exhaust NO levels
principally because combustor residence time increases with pressure. However,
the local rate of energy release decreased indicating that mixing rate was
suppressed at higher pressure. This would be expected since shear levels decrease
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with decreasing velocity. This conclusion is supported by the fact that at even

higher pressure, 7 atm, exhaust hydrocarbon levels increased despite the increased
residence time.

For two of the liquid fuels investigated, No. 2 distillate oil and propane,
increasing pressure from 1 to 3.3 atmospheres decreased CO levels and increased
NO levels. However, when iso-octane was used as a fuel, CO levels increased and
NO emission decreased as the pressure was increased from 1 to 3.3 atmospheres.

The flow field mapping tests conducted using iso-octane confirm the results of the

input-output tests and indicate the effect of pressure on the flow field structure
and pollutant formationm.

The time-mean temperature distributions, Fig. 14, indicate that longer flames
are obtained at higher pressure. Furthermore, peak temperatures are lower at higher
pressure suggesting lower energy release rates. Examination of the species concen-
tration distributions obtained for iso-octane/air combustion at elevated pressure
are consistent with the temperature data. Examination of Fig. 15 reveals that at
3.3 atm pressure, the 0y cencentrations near the combustor centerline are lower,
indicating a reduced mixing rate. Similarly, initial breakdown of the fuel to CO
and oxidation of CO to COp is slower at 3.3 atm (cf., Figs. 16 and 17). Figure 18
shows that NO is formed in an annular region close to the injector at approximately
the same radial location as the peak temperature. There are steep radial gradients
and low NO concentration levels at the combustor centerline. Peak NO concentra-
tions at the elevated pressure are much lower than were observed at atmospheric
pressure. An increase in pressure from 1.0 atm to 3.3 atm results in a significant
decrease in NO emissions which may be attributed in part to lower temperatures.

One possible explanation for the different effect of pressure on flow field
structure for iso-octane in comparison with natural gas, propane and No. 2 dis-
tillate oil is as follows: The propane rapidly vaporizes on injection into the
combustor. Hence, both natural gas and propane may be considered gaseous fuels.
In spite of reduced mixing rates resulting from the reduced shear levels associated
with the lower air velocities, combustion is enhanced and NO emissions increase
due to increased residence time and increased reaction rates. In contrast, No. 2
distillate oil burns largely inhomogeneously since vaporization rates are rela-
tively low due to higher boiling points. Increased droplet penetration at higher
pressure partially offsets the effect of reduced mixing due to shear and combus-
tion goes to completion because of increased residence time. TIso-octane is more
volatile than No. 2 distillate oil, and droplet vaporization tends to limit drop-
let penetration. With relatively little penetration of iso-octane liquid, com-
bustion efficiency would be governed largely by droplet vaporization rates. But
the droplet vaporization rate is a function of droplet boundary layer thickness,
which in turn is a function of the product of gas density and relative velocity
between droplets and air. For air moving at a velocity higher than the droplet
velocity, as pressure increases the relative velocity might well be reduced far
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FIG. 17
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more than the density is increased. This could reduce vaporization rate with

increasing pressure. Increasing boiling points with higher pressure would also
tend to reduce the heat transfer rate with vaporizing fuel which is proportional

to the difference between the ambient temperature and the boiling point temperature.
Increased reaction rates due to increased Pressure and increased residence time

do not compensate for reduced shear levels, poorer penetration and lower vaporiza-
tion rates and a significant amount of fuel vaporized prior to burning.

Effect of Fuel Type On Flow Field Structure and NO Formation

Liquid propane, iso-octane and No. 2 fuel oil differ widely in the physical
properties which influence the atomization and vaporization (velocity, surface
tension, heat capacity, latent heat of vaporization, vapor pressure). The energy
added to the airstream by combustion at a given equivalence ratio is of similar
magnitude for each of the three fuels; thus little difference in flow field struc-
ture or emission levels can be expected on the basis of equilibrium thermodynamic
considerations. Also, the amount of fuel-bound nitrogen found in all of the fuels
is quite small, and thus this factor is not believed to contribute significantly
to the overall level of nitric oxide production. Typical properties of the liquid
fuels and the results of limited quantitative fuel analyses are given in Appendix E.

Significant differences existed between the temperature patterns observed in
the burner when using liquid propane as compared to patterns produced when using
iso-octane or fuel oil -- see Fig. 19. This difference in pattern is due largely
to the difference in the fuel distributions achieved when injecting propane. These
fuel pattern differences are illustrated in Fig. 20 which presents levels of total
unburned hydrocarbons within the combustor as determined by use of the phase-dis-
criminating probe. Most of the propane was found to be concentrated near the
centerline of the combustor; this fuel distribution is believed to have resulted
from flashing of the liquid propane within the injector with the result that a
conical spray was not achieved. Because of the initial fuel distribution, combus-
tion was slow and peak temperatures were not achieved in the initial regions of
the combustor (Fig. 19a). 1In the case of the iso-octane and fuel oil, spray
patterns were similar and fuel penetrated to the outer combustor radii within two
test section diameters (see section on Spray Characteristics). Temperature patterns
produced were also qualitatively similar (Figs. 19b and 19¢), the most significant
difference being the higher temperatures at the outer radii of the combustor in
the case of the fuel oil. Combustion appears to be more intense in the case of
the iso-octane spray resulitng in slightly higher peak temperatures and steeper
temperature gradients. The lower volumetric heat release rates in the case of the
fuel oil are probably associated with the fuel oil droplet characteristi?s. The
fuel o0il droplets were somewhat larger than the iso-octane droplets initla%ly ?nd
the fuel oil vaporizes less rapidly than iso-octane. Thus, although the d?strl—
bution of unburned fuel in the initial region of the combustor is qualitatively
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FIG. 2
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similar for the fuel oil and the iso-octane (Figs. 20b and 20c), the fuel oil
droplets were larger and required greater time, and hence, distance to burn
completely. The fact that a greater amount of reaction took place in the outer
radii in the case of the fuel o0il is confirmed by measurement of the oxygen con-

centration which shows that lower oxygen concentrations were found in this region
(Fig. 21).

Effect of Air Preheat On rkiow Field Structure and NO Formation

An increase in the inlet air temperature will influence flow field character-
istics by affecting flow velocities, chemical reaction rates, and heat transfer
rates. With all other conditions held constant, an increase in temperature will
result in correspondingly higher temperatures throughout the combustor and will
create higher flow velocities. These higher flow velocities will have the primary
effect of decreasing the residence time of the combustor gases. The diminished
time available for completion of the chemical kinetic processes is in most cases
more than offset by the strong temperature dependence of individual reaction rates.
Decreased time available for the droplet vaporization will be compensated for by
the increased heat transfer rate associated with the greater temperature difference
between the gas and the droplets.

Examination of the temperature patterns (Fig. 22) obtained for the case where
the entrance temperature was increased by 220K (a 40 percent increase) shows that
the combined effect is primarily to increase the temperature levels -- qualitatively,
the temperature pattern did not change significantly. Correspondingly, the inlet
temperature change resulted in only small changes in the unburned fuel pattern
(Figs. 23a and 23b). As would be expected, the fraction of the unburned fuel

existing in the vapor state was greater for the increased temperature level case
(Figs. 23c and 234).

The rate of formation of nitric oxide is very sensitive to local temperature
and accordingly, the increased temperature levels resulted in an approximate
doubling of the local NO concentration ratios (Fig. 24). This dramatic increase
occurred over the complete equivalence ratio range tested in the input-output
experiments. Emissions of CO would be expected to decrease with increased preheat
level because of the increased rate of CO oxidation and higher temperature levels,
and this, indeed, was found to be the case.

In conclusion, the effect of the increased preheat level was primarily to
increase the temperature levels throughout the combustor and thereby to increase

the production of nitric oxide; temperature patterns and composition patterns
remain relatively unchanged.
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FIG. 22
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Spray Characteristics

As noted previously, the characteristics of the fuel spray play a determining
role in establishing the emission characteristics of a spray combustion device.
From the standpoint of achieving low emissions of nitrogen oxides and carbon
monoxide it is desireable to obtain a homogeneous mixture of gaseous fuel and air
where the local stoichiometry is everywhere lean such that the resulting flame
temperature is low enough to reduce the NO formation rate but high enough to pro-
mote complete oxidation of CO. This implies that the injection device must distri-
bute the fuel throughout an appropriate volume of air, and must finely atomize the
fuel to obtain high surface to volume ratios such that the liquid fuel will quickly
vaporize and diffuse through the surrounding oxidizing atmosphere. Attainment of
a high degree of atomization is crucial to the attainment of rapid vaporization; in
addition, however, high vaporization rates also may be obtained by the use of high
volatility fuels, high air temperatures, high turbulence levels, and by flow
situations where large differences exist between the mean fuel velocity and the
mean air velocity. The combustor pressure level affects vaporization rate by
changing the velocity and by raising the temperature at which droplet boiling
occurs. In the current program many of the aforementioned parameters were varied
and the influence on the spray pattern, the state of vaporization, and the
production of nitric oxide was observed. In the following paragraphs these obser-
vations are reported and comparisons between observed behavior and anticipated be-
havior are drawn.

The pressure-atomizing swirl type injector (Fig. A-1l) used in this program
imparts a tangential velocity component to the liquid with the result that a
hollow-cone spray is formed. When such an injector is employed, it is important
that the cone angle be sufficiently large that the fuel is spread throughout the
surrounding air but not so large that the fuel impinges on the combustor walls.
Measurements of the spray cone angle for various operating conditions in these
tests were obtained from both the laser velocimeter data and the holographic data.
In the case of the laser velocimetry system, spray surface coordinates were taken
to be those coordinates where the data rate was highest in the case of unseeded
flows (see Appendix C). The spray cone angle was determined by plotting these
coordinates as measured in a horizontal plane as a function of axial location and
measuring the angle between lines faired through the data points (Fig- 25). In
the case of the holographic system, the spray angle was determined from the best
fit between the surface coordinates obtained from a reconstructed image of the
spray and surface coordinates of a right circular cone (Appendix K). Tab?lateé
data giving the spray cone angle under both burning and nonburning condi?lons is
given in Table 3. The estimated error in the derived cone angle as obFalned from
these measurements was approximately two to three degrees for most of the cases
examined. Excellent agreement between measurements made with both systems-was
obtained. Examination of the data indicates that the spray cone ang%e varied
between 64 and 69 degrees for both iso-octane and No. 2 distillate oil at the
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TABLE 3. SUMMARY OF SPRAY DATA OBTAINED USING HOLOGRAPHIC SYSTEM

Fuel

Iso-octane

Iso-octane

No. 2 0il

No. 2 0il

No. 2 01l

No. 2 0il

Iso-Octane

Iso~Octane

Iso=Octane

Iso-0Octane

Propane

Propane

Pressure
(atm)

1.0
1.0

1.0

1.0
1.0

1.0

Temperature
(°K)
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5Th
739
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523
532
541
537
551
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532

532

Swirl
No.

Cone Angle
degrees
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69
68
5T
75
65
T1
6L
N/A

67

Mean Drop - SMD
dia. (u)

118
105
14k
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N/A
140
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N/A
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low inlet temperature condition. A change in the air swirl had no discernible
effect on the spray trajectory in the region where these measurements were made

(0 < X/D < 0.6). A change in pressure level within the combustor from one to
three atmospheres did not appear to have a significant effect on spray distribution.
A noticeable change in spray angle occurred only in the case when the inlet air
temperature was raised from 520K to 760K or when making a transition from a
noncombusting flow condition to a combusting flow condition. No firmly documented
explanation for the influence of inlet temperature is available. A possible
explanation far this observation is that in higher temperature or combusting flows
the dynamic pressure of the gases (sz) is greater and therefore the increased
drag forces tend to produce a somewhat flatter droplet trajectory, resulting in a
narrower cone angle. The most dramatic change in the character of the spray
occurred when liquid propane was used as the injectant. In this case the spray
emerged from the injector as a columnar jet; no droplets were discernible within
this jet. This behavior is probably associated with the flashing of the propane
fuel as the fuel pressure decreases from the injector pressure to the combustor
pressure,

The value of the mean droplets size (Sauter mean diameter) within the spray
was determined by measuring the diameters of individual particles in the image
of the reconstructed holograms. The mean droplet diameters were found to range
from 100 to 150 microns. The results indicate that only the fuel type had a
significant influence on droplet diameter; mean droplet sizes evaluated for the iso-
octane sprays ranged from 105 to 128 microns, whereas the size range for No. 2
fuel o0il sprays was from 138 to 144 microns (Table 3). Mean droplet size data were
obtained both under combusting and noncombusting flow conditions; the droplet size
in the combusting flow cases was found to be slightly smaller than for the non-
combusting flow cases but the measured size difference is too small to be considered
significant. Qualitative information on the distribution of droplet sizes within
the spray cone are available from the laser velocimetry data. Because the strength
of the signal received from the spray increases monotonically with the size of the
scattering particles (particle visibility) it is possible to obtain size informa-
tion by signal strength threshold level below which returned signals are rejected
by the data acquisition system. Size information obtained in this manner is given
in Fig. 26. As can be seen in this figure, at high threshold levels, where
only the velocity of the large droplets are recorded, two major peaks (which
correspond to the time-average spray location) are recorded as the combustor diam-
eter is traversed. When the threshold level is reduced such that signals from
the smaller droplets are accepted, the maximum droplet number densities are sig-
nificantly higher and double peaks appear which suggest that there are large num-
bers (clouds) of smaller droplets surrounding the main trajectory. The existence
of these smaller droplets adjacent to the main spray trajectory is consistent with
the fact that the smaller droplets can be affected by the turbulent gas velocity
fluctuations and therefore will tend to spread more rapidly into the surrounding
gas than will the larger droplets.
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With respect to the vaporization of the sprays, it is anticipated that the
fuel oil sprays will persist for a longer period of time or, equivalently, through~
out a greater spatial extent of the combustor than will the iso-octane sprays
because of the lower volatility of fuel oil. This expectation is confirmed by
both the laser velocimetry data and the phase-discriminating probe data. Com-
parison of the 10 mps contours constructed from the LV data for the fuel oil
(Fig. 27b) and the iso-octane (Fig. 28b) sprays shows the greater spatial extent
of the fuel oil spray. Because the gas phase velocity profiles for these two tests
(Figs. 27a and 28a) are quite similar and because the initial liquid velocities
were nearly the same, it can be argued that it is the decreased rate of vaporiza-
tion of fuel o0il which is responsible for the greater contour dimension. With
respect to the phase discriminating probe data, comparison of the data presented
in Fig. 29 in the region to which the spray cone penetrates (R/R, = 1.0, -1.0;

X/D = 1.0) indicates greater concentrations of iso-octane were found than No. 2
fuel o0il, but that the iso-octane exists in the gaseous form whereas significant
amounts of liquid fuel oil persists (Fig. 30).

The fact that detectable amounts of liquid hydrocarbons were measured in the
vicinity of the combustor wall raises the question as to whether the spray persists
for a sufficient period of time that appreciable quantities of liquid fuel pene-
trate to the wall. The magnitudes of the percent carbon in the total samples as
determined from the phase-discriminating probe indicate that this was not the case.
Noting that the level of unburned hydrocarbon in the liquid phase can be determined
by multiplying the total percentage of unburned hydrocarbons (e.g., Fig. 29b),
by the percentage unvaporized (Fig. 30b), it is determined that the largest value
of the percent carbon (0.5) due to the existence of liquid fuel is found down-
stream of the anticipated point of impingement as predicted from spray trajectory
data and is small in magnitude compared to that value corresponding to stoichioc-
metric mixtures (13.2 for iso-octane). Furthermore, no buildup of carbonaceous
material on the cooled combustor wall was detected nor was any evidence of streak-
ing or staining of the combustor walls noted during the periodic inspections of
the test apparatus.

As noted above, the results of the phase-discriminating probe tests indicate
that liquid fuel exists in the downstream region of the combustor; that is, down-
stream of the region associated with the spray cone itself. Existence of liquid
fuel in this region is expected since the largest droplets require long burning
times and will thus travel significant distances before being consumed. Again,
one would expect to find more liquid fuel in the case of the tests conducted with
fuel oil than in the case of tests with the more volatile iso-octane. Comparisons
of the unburned hydrocarbon data for the two different fuels (Fig. 29) indicate
that no major differences in the spatial pattern of the total (liquid plus vapor)
unburned hydrocarbons exists and, surprisingly, somewhat higher levels of unburned
hydrocarbons exist for iso-octane than for fuel oil. This may well be due to the
differences in reaction rates associated with differences in liquid fuel penetra-
tion into the air stream. According to expectations, the fraction of the unburned
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FIG, 29
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fuel that is in the liquid state is indeed higher for the fuel oil case than
in the iso-octane case (Fig. 30).

Data obtained for propane, Fig. 31, show extremely high levels of unburned
hydrocarbons near the combustor axis which is a result of aforementioned poor

fuel distribution obtained with propane. The existence of significant amounts of

liquid propane in the downstream region is indicative of the fact that the high
fuel concentrations cause a reduction in the local gas temperature which precludes

further vaporization until sufficient aerodynamic entrainment of the hot surround-
ing flow occurs,

The effect of a change in inlet temperature from 530K to 750K on the distri-
bution of hydrocarbons is illustrated by the contour patterns in Figs. 29b, 30D,
and 32. Again, it can be seen that no major change in the pattern of unburned
hydrocarbons occurred; however, as expected, the fraction vaporized was somewhat
higher in the higher temperature case.

Another feature of the fuel spray which bears comment is the location of the
spray relative to the locations of the low velocity regions which act as flame
stabilization sites. 1In highly stable combustion systems employing pressure
atomizing fuel nozzles, the fuel is injected directly into large regions of recir-
culatory gas flow located on the combustor axis downstream of the fuel injector
(Ref. 13). Typically, the bulk of the injected spray passes through the recircu-
lating flow while a fraction of the smaller droplets remain in the recirculating
flow and combine with entrained oxidizer thereby maintaining a hot gas core which
serves as a flame stabilization region. As was discussed previously, particle
visibility problems precluded velocity measurements in the vicinity of the spray
at low swirl and, consequently, no time-mean recirculating flow is shown. However,
a torroidal-shaped recirculating flow was detected in the high swirl case and
positive gas velocities existed at all points on the combustor axis (see Figs. 28
and 33). Curiously, local regions of negative mean droplet velocity existed in
the low swirl case (as well as in the high swirl case) even though the time-mean
gas velocity was everywhere positive (see Figs. 27b and 28b). It is also noted
that very large fluctuations in the velocity of the droplets occur within this
device under both the moderate and low swirl conditions (Figs. 28c and 33c). These
observations together with the previously reported transient pressure and luminosity
fluctuations confirm that transient aerodynamic phenomena are influencing the
behavior of the flow in the vicinity of the injector and that the applicat%on of
the frequency tracking laser velocimetry techniques will be required to gain a
thorough understanding of the detailed time-dependent flow processes.

The laser velocimetry system was also used to measure the tangential com-
ponents of the gas velocity and of the fuel velocity (see Fig. 34). The fact that
the sense of rotation of the air (solid symbols) is the same as that of the fuél
(open symbols) is evident in the figure; also evident is the increase% tangential
velocity component of the gas in the moderate swirl case. Note that in the
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moderate swirl case vaporization of fuel spray should be enhanced by the large
velocity differences which exist between the liquid and gas flow. Measurements
taken at a second downstream station (X/D = 0.335 vs X/D = 0.123) indicate that
a slight decay of the velocity difference between the gas and fuel droplets has
occurred; however, the fuel and droplets still maintain distinctly different tan-
gential velocities (Fig. 35).

To summarize these observations, the holographic and laser velocimeter measure-
ments indicate. that within the region close to the injector (within one combustor
diameter downstream of the injector tip) the fuel spray was observed to maintain
the structure of a hollow cone and to penetrate throughout the cross-section
of the swirling airflow. Large differences between air and fuel time-mean veloc-
ities exist in this region as do large fluctuations in the local gas and droplet
instantaneous velocities. These velocity field characteristics probably influence
the vaporization and consumption of the smaller droplets in this region and thereby
affect flame stability, but the impact of the velocity fluctuations on the larger
droplets constituting the major portion of the fuel spray is undetermined. The
phase-discriminating probe data indicate that significant amounts of liquid fuel
exist for at least the first five combustor diameters, particularly near the outer
radii of the combustor. The initial mean droplet size of the fuel oil spray is
larger than that of the iso-octane spray; this together with the lower vapor pres-
sure of the fuel o0il would result in longer droplet burning times and hence are
probably responsible for the greater concentrations of nitric oxides produced in
some of the tests conducted with fuel oil.
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SECTION IV

RECOMMENDATIONS

The experimental investigations carried out under EPA contracts 68-02-1092
and 68-02-1873 have shown that variation in inlet conditions, e.g., pressure,
inlet air swirl and inlet air temperature, produce major changes in the mean flow
field, including vaporization and mixing rates, within a liquid fuel turbulent
diffusion flame burner which result in subsequent changes in energy release rates
and pollutant formation and destruction. The variation in pollutant emission
trends with fuel type, found in the present investigation, serves to illustrate
the difficulty in obtaining general relationships between pollutant emissions and
inlet conditions in liquid fuel combustors. Pollutant formation and destruction
are intimately connected with the flow field structure within the combustor and
the structure depends on the spray pattern and on the interaction of the spray
with the gas flow. The present data base is inadequate to permit definitive
correlations of the flow field structure and pollutant emissions with burner

inlet conditions.

Additional data on the effects of changes in inlet conditions on the mean
and fluctuating flow field structure of liquid fuel turbulent diffusion flames
and the subsequent effects on pollutant formation and destruction are required.
Particular emphasis should be placed on determining spray characteristics,
including droplet trajectories and size distributions, and in measuring fuel
vaporization rates. Existing optical techniques for spray visualization in com-
busting flows should be refined to permit resolution of fuel droplets in the 5-50
ym range for spray particle densities of interest in real combustion devices to
assist in these measurements. For each liquid fuel examined, separate fundamental
experiments should be used to shed light on (a) the thermal decomposition of the
fuel and (b) the combustion of droplet arrays. The complementary droplet combus-
tion experiments would be particularly useful in examining the combustion character-
istics of fuels containing bound nitrogen.

Recent studies of pollutant emissions from liquid fuel combustors have
shown that changes in operating conditions which produce decreases in NO emissions
generally result in significant increases in particulate emissions. Results from
the present investigation followed similar trends. These observations suggest
that future studies should be concerned with the effects of variation in operating
conditions on formation and destruction of multiple pollutant species, including
particulates (size, number density and composition) and various amine and cyano
compounds.
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APPENDIX A

DETAILS OF EXPERIMENTAL APPARATUS AND INSTRUMENTATION

Combustor Facility

A conventional pressure-atomizing swirl-type nozzle, Fig. A-la, which
produced a nominal 60 deg hollow-cone spray with a nominal droplet Sauter mean
diameter of 100um in quiescent air at atmospheric pressure was used for iso-
octane and No. 2 distillate fuel. A tangential-feed pressure-atomizing nozzle,
Fig. A-1b, with a similar spray angle and in which the full pressure drop occurred
across the exit orifice was used with propane to maintain the fuel liquid to the
point of injection. The direction of rotation imparted by the swirlers to both
the fuel and the air streams were identical for each of the configurations tested.

The air swirl vane designs, shown together with the fuel injector assembly
in Fig. A-2, are similar to those used previously in the gaseous fuel test pro-
gram (Ref. 10). The swirl number, S, was computed from the injector geometry Z,
and the angle of the swirl vanes, n, according to the following expression
(Ref, 11):

L i -23)
3(1-22)8

—

S = ?On‘q .

(a-1)

The swirl number is simply the ratio of the angular momentum flux to the axial
momentum flux multiplied by an effective nozzle diameter.

The 12.23-cm diameter, 100-cm long instrumented combustor is divided into
five water-cooled zones of approximately equal length. Water flow can be set
independently in each zone, as needed, to keep wall temperature (v500°K) roughly
constant along the entire length of the combustor. Wall temperatures are set
and monitored using thermocouples installed on the outer surface and at various
depths in the combustor wall and cooling passages. Static pressure taps are
also installed at several locations along the combustor. Flow exhausts from
the combustor and extender sections to the facility exhaust stack. Combustor.
extender pieces, 33.4 cm in length, are inserted when required to fu%ly contain
the flame; the extender section consisted of two extender pieces during all of
the current experimental effort.

Gas Sampling and Temperature Probes

. . . et measured
Species concentration distributions within the combustor were

. i ke and a
using a traversing gas sampling probe, an exhaust gas sampling ra
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phase-discriminating sampling probe. Composition information is determined
on-line by aspiraﬁing flow through the cooled probes and analyzing the gas
sample using a Scott Model 119 Exhaust Gas Analyzer and g heated discrete-
sampling hydrocarbon analyzer. Pressurized hot water at 4009K was used as
the probe coolant to minimize wall-catalyzed reactions and to prevent water
and fuel condensation and loss of species within the sampling lines.

The exhaust probe rake, located at the exit of the extender section, consists
of five identical probes centered on equal area annuli (Fig. A-3). The individual
probes are manifolded downstream and a single mixed sample is transferred to
the gas analyzer. Radial traverses are made at selected axial locations within
the instrumented combustor section using a single gas sampling probe of similar
design (Fig. A-4). The inlet flow into both sampling probes was maintained choked,
resulting in aerodynamic cooling of the sample by means of a rapid internal ex-
pansion. This expansion combined with the wall cooling effect served to quench
chemical reactions involving stable species,

Temperature profiles at the exhaust plane and within the combustor were
measured by traversing a calibrated-heat-loss thermocouple probe across a
combustor diameter. Although conventional thermocouple materials limit applica-
tion of these sensors to temperatures below about 2000°K, cooling the exposed
junction by conduction heat transfer extends the range of thermocouple utiliza-
tion above the melting point of the material to the 2000-2500°K range. In order
to obtain the local stream temperature, the measured stream thermocouple tempera-
ture must be corrected for conduction and radiation heat losses; therefore, cali-
bration information is acquired simultaneously with the required temperature
measurement., The probe consists of three thermocouples including an iridium -
10 percent rhodium/iridium thermocouple which protrudes from a water-cooled
éopper base into the reacting flow, and two platinum - 10 percent rhodium/platinum
thermocouples installed on the ends of the iridium wire to record the base tempera-
ture and thereby permit calculation of the conduction heat loss (Fig. A-5). A
thermocouple probe of this type was applied without difficulty in the combustion
environment of the present program. Confidence in the accuracy of the temperature
measurements was established in the previous contract effort by measurements
made at identical test conditions using a conventional thermocouple probe and a
double-sonic-orifice probe (Ref. 10).

Gas Sampling System

The gas samples withdrawn through the five-probe exhaust rake or the traversing
probe are analyzed on-line to determine the time-averaged concentrations of carbon
dioxide (CO,), carbon monoxide (CO), oxygen (0;), nitrogen oxides (NO, NOj) and
unburned hydrocarbons (THC). The samples are transferred to the analytical
instruments through a teflon-coated, flexible line which is heated (v 400°K)
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electrically to prevent water condensation. The sample is then directed through
a condensate trap (v 277°K), where most of the water is removed, and it is pumped
through an unheated, teflon coated, aluminum line to a Scott Model 119 Exhaust
Analyzer, A schematic diagram of the sampling system is shown in Fig. A-6.

A stainless steel bellows pump increased the sample pressure from subatmospheric
levels to 1 atm as required by the Exhaust Analyzer. The Analyzer, located in
the combustion facility control room, approximately 10 m from the combustor, was

used to measure the molar concentrations of CO, C02, 02, NO, NO, and THC.

The Scott Model 119 Exhaust Analyzer, (Fig. A-7), is an integrated system,
with flow controls for sample, zero and calibration gases conveniently located
on the control panel. The incoming gas sample passes through a refrigeration
condenser (v 275°K), to remove residual water vapor. As the sample passes from
the condenser, it is filtered to remove particulate matter. The Exhaust Analyzer
is comprised of five different pieces of analytical instrumentation. Beckman
Model 315B Nondispersive Infrared (NDIR) Analyzers were used to measure the CO
and CO, concentrations (mole fractions) in the gas sample. Concentration ranges
available on the CO analyzer were from 0-200 ppm to 0-15 percent on several
scales. Concentration ranges available on the COj analyzer were 0-4 percent
and 0-16 percent. The accuracy of the NDIR analyzers is nominally + 1 percent
of full scale. A Scott Model 125 Chemiluminescence Analyzer was used to measure
the NO and NO2 concentrations in the gas sample. Concentration ranges available
with this instrument were from 0-1 ppm to 0-10,000 ppm on several scales, with
a nominal + 1 percent of full scale accuracy. The thermal converter used in the
chemiluminescent analyzer was stainless steel, and was operated at a temperature
of approximately 1030°K. The converter efficiency (i.e., percent NO2 dissociated)
was determined using the method outlined in Refs. 10 and 15. 1In the present study
a converter efficiency of 99 percent was measured, with an uncertainty in the
measurement of 4 percent. A Scott Model 150 Paramagnetic Analyzer was used to
measure the 0, concentration in the gas sample. Concentration ranges available
with this instrument were from O-1 percent to 0-25 percent on several scales,
with a nominal accuracy of + 1 percent of full scale. A Scott Model 116 Total
Hydrocarbon Analyzer was used to measure the hydrocarbon concentration in the
gas sample. This analyzer utilizes an unheated flame ionization detection
system to provide for measurement of hydrocarbons (as carbon) in concentration
ranges from 0-1 ppm to 0-10 percent, with a nominal accuracy of + 1 percent of
full scale. The unheated analyzer was used to measure exhaust hydrocarbons only
for propane. Output signals from the various analyzers are displayed on chart
recorders. The Analyzer was calibrated prior to each test by flowing zero
gases and calibration gas mixtures having compositions known to within one per-
cent. Typically, at each test point, sampling data were acquired for a period
of 2-4 min.
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Phase-Discriminating Sampling Probe

The mole fractions of the vapor fuel and of the total (liquid + vapor) fuel
within the combustor were measured by traversing a cooled phase—discriminating
probe across the combustor diameter at selected axial locations downstream of
the fuel nozzle. The probe designs employed were based on the work of Wadleigh
and Oman (Ref. 16) who investigated the effects of the probe geometric design
parameters and flow rates on the probe performance. Previously, uncooled phase-
discriminating sampling probes have been designed, built and employed to measure
the state of vaporization of nonburning fuel sprays (Ref. 17). The current study

represents the first attempt to employ this probe design in a combusting flow
field.

A schematic diagram showing the construction of the tip of the cooled phase-
discriminating probe employed in this study is given in Fig. A-8. The central
passage acts as a conventional gas sampling probe and collects the total (liquid
vapor) sample. Isokinetic flow is established within this passage by adjusting
the flow rate through the tube so that the static pressure close to the tube lip
is equal to the combustor static pressure. A tube oriented perpendicular to the
axis of the total-sample tube is used to extract the vapor sample. A suction
tube surrounding the vapor tube is used to purge any liquid which collects on
the surface of the total-sample tube and which otherwise would spill over into
the vapor sample tube and contaminate the vapor sample. Water jackets surround
the sampling tubes so that the collected samples can be quickly quenched. Also,
provisions were incorporated into the design for introducing a flow of nitrogen
into the sample close to the probe tip in order to quench vaporization and chemical
reaction. This purge feature was not employed in the present study. Water
cooling also is required to enmsure structural integrity of the probe. Heat trans-
fer analyses of the probe design indicate that the probe tip can withstand gas
temperatures of 2500°K and pressures of 7 atmospheres for a water flow rate of
0.3 kilograms per second. A water supply pressure of 4 x 10° Newtons/meter? was
adequate for providing this flow rate. It further is required that over-cooling
of the probe be avoided since this would lead to condensation of the fuel vapor
samples. Temperatures of the samples were monitored by a thermocouple inserted
into the total-sample line at a location 15.2 cm from the probe tip (Fig. A-9).
The probe coolant flow rate was regulated so that the measured temperature was
maintained above 560°K.

+

A photograph showing the phase-discriminating probe assembly.is given in
Fig, A-10. The probe is held in position by a water-cooled mounting plate )
which can be installed in any of the window ports in the combust?r test sect:.t?:;.1
The probe is traversed by a hydraulic actuating mechanism which is equipped wi

a slide wire probe position indicator.
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FIG.A-9
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Fuel Analysis System

TFe conc?ntration of f?el in the samples withdrawn by the phase~discriminating
probe %s ?bta%ned from on-line determinations of the hydrocarbon content using a
flam? ionization detector.. A schematic diagram of the sampling system is shown
in Fig. A-11. The Sample.ls pumped from the probe through electrically-heated
stainless steel lines, which maintain a sample temperature of approximately 500°K,
and through glass wool particulate filters to the gas analysis equipment. Sample
flow rates are controlled using electrically-operated throttling valves. Flow
rates are determined from orifice pressure measurements. The pressures upstream
and downstream of the orifices are measured by use of a Validyne DP7 Diaphragm
Magnetic Reluctance Transducer employing a +3.4 atm diaphragm. The transducer used
in establishing the pressure differential between the total sample tube and the
combustor is a similar unit having a + 7 x 10—3 atm diaphragm. The flows then
pass through MB-158 High Temperature Welded Bellows Pumps which increase the
sample pressure from subatmospheric levels to one atm as required by the analyzer
system. Stainless steel bellows pumps are used to prevent contamination of the
samples. The metal bellows pumps are contained in ovens equipped with temperature
limit switches which only permit operation of the pumps at the elevated tempera-
tures required to prevent sample condensation. Because the flow fate in the
total sample line required to ensure isokinetic conditions at the probe tip is
greater than the flow capacity of the metal bellows pump, a bypass pump is
connected to the total sample line upstream of the bellows pump. The flow rate
through this GAST Model 0522 rotary vane vacuum pump is controlled by an
electrically-operated throttling valve. Flow is passed around the metal bellows
pumps when operating the combustor at above-atmospheric conditions. The wvapor
and total samples are passed to the ionization %auge via a ten-port sampling
valve. Pressure relief valves having a 2 x 107 atm cracking pressure are in-
stalled in the lines upstream of the sampling valve in order to ensure atmospheric
pressure in the ionization gauge. The flow in the suction line, which is not
analyzed, is transferred to an exhaust line.

The ten-port sampling valve permits uninterrupted flow of a carrier gas, argon
and gas samples through the ionization gauge (Fig. A-12). Conventional hydfo—
carbon analyzer systems employing flame ionization detectors provide a continuous
sampling capability, but for the purposes of analyzing fuel sprays wh?re.loc?lly
high fuel/air ratios exist, a method of preventing saturation of the,IOHIZ?tlon
gauge must be provided. The sampling valve employed in this system 18 de51g?ed
to extract small discrete samples from either of the transfer l%nes and to dilute
those samples with carrier gas prior to delivery to the ionizatlon gauge. As
shown in the figure, as the valve slide is repositioned a discrete a?ount off
either the total fuel sample or vapor fuel is injected into the carrier gas h?i
delivery to the ionization gauge. The peak concentration of the sample reiﬁel g
the ionization gauge is determined by the length and size of the loops Znthe
sampling valve and the length of the line between the sampling valve an

ionization gauge.
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A Gomac jonization gauge and signal conditioner (electrometer) are used to
measure the hydrocarbon concentration in the gas samples. The ionization gauge
is piloted with a hydrogen air flame using a 60/40 hydrogen/nitrogen fuel supply.
A photograph showing the ionization gauge and ten-port sampling valve in a con-
stant-temperature oven is given in Fig. A-13.

All of the components of the gas analysis system are installed on an instru-
mentation cart which was designed to withstand the harsh environment encountered
in combustion facility test cells. A photograph showing installation of the
equipment on the instrumentation cart is given in Fig. A-14. The instrumentation
cart is located approximately 2 meters from the base of the probe. The probe
hydraulic drive mechanism, flow control valves, and sampling valves are operated
from a control room where the output of the ionization gauge is recorded on a
strip chart recorder (Fig. A-15). The recorder displays the hydrocarbon concen-
tration as a function of time and also mechanically integrates the concentration
with respect to time. A typical trace is displayed in Fig. A-16. The system is
capable of analyzing a gas sample every 30 seconds.

Laser Holographic System

A laser holographic system was developed and used to measure the spatial
location of the fuel droplets and mean droplet size in liquid fuel sprays
emanating from the fuel injector. A schematic diagram of the off-axis holo-
graphic system used to make these measurements is shown in Fig. A-17, The beam
from a Q-switched ruby laser (Korad Model K-1QP) is separated into an object beam
and a reference beam by a beam splitter. A Tropel Model 280 expander/collimator
is used to expand the reference beam, which initially is less than five milli-
meters in diameter, to an approximately 12.5 c¢m diameter beam which strikes the
holographic plate. The collimator is adjusted so that the wavefronts emanating
from the lens of the collimator are plane. The reference beam is oriented so
that the angle of the reference beam with respect to the object beam is approxi-
mately 45 deg. This angle is a compromise between larger angles which would
cause the fringe patterns developed on the holographic plate to become very
closed spaced, thereby reducing resolution, and smaller angles which would
require the holographic plate to be moved away from the object. It is desirable
to keep the holographic plate close to the object in order to maintain the high
f-number optics required for good resolution and to permit the use of high f-
number reconstruction optics which provide a short depth of focus.

The portion of the laser beam which is undeflected by the beam-splitter
passes through a lens to a diffuser (ground glass plate). The diffuser causes
the rays of light to be transmitted to the object (the spray over a large range
of angles relative to the optical axis.) The light emanating from the spray is
the true object beam, and consists of light transmitted through the transparent
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FIG. A_15
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FIG.A-17

SCHEMATIC DIAGRAM OF LASER HOLOGRAPHY SYSTEM
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droplets, reflected from the surface of the droplet and refracted by the edges
of the droplet. Light from each point in the spray reaches all points on the
holographic plate thereby providing the information required to reconstruct a
three-dimensional image of the spray. Depending on the distance traveled by
the light emanating from the spray, the object beam will either interfere with
or be reinforced by the reference beam, thereby producing fringes. The holography
system employed is of the transmission type, since light from the diffuser is
transmitted through the object to the holographic plate. With such systems

the reconstructed images of the objects appear as silhouettes if the objects
are opaque. In the case of a transparent droplet, the edge of the droplet
appears dark because light at the edge is refracted out of the field of view

of the holographic plate. Light that passes through the center of the droplet
reaches the holographic plate and, therefore, the droplet image appears as a
dark outer ring with a bright center. The dark outer edge represents the true
dimension of the transparent droplet in the object field.

To reduce fogging of the holographic plate by light emitted from the hot
combustion gases, a filter was installed between the test section window and
the holographic plate. Both a gelatin filter (Kodak Wratten No. 29) and a
high quality interference filter were employed. These filters, the transmission
characteristics of which are shown in Fig. A-18, were equally effective in
blocking the radiation emitted from the combustion gases. The holograms were
recorded on Agfa Scienta Type 10E75 film on a 4 x 5 in. glass base. A remotely-
controlled film magazine capable of holding eight film plates was utilized so
that a series of holograms could be obtained without entering the test cell or
disturbing the alignment of the optical components.,

A schematic diagram showing the components used to reconstruct the holograms
is given in Fig. A-19. A Spectra-Physics Stablite Model 124A helium-neon laser
was used as the light source. The laser beam was expanded by a Tropel Model 280
expander/collimator to produce a beam of light approximately 12.5 cm in diameter.
The light illuminated the holographic plate mounted in an articulated holder to
facilitate precise orientation of the hologram relative to the incident laser
beam. Light diffracted from the hologram formed a real image of the spray. This
image was examined by eye using a l2-power loupe mounted on a tripod and rack-and-
pinion mechanism so that the loupe could be translated in three-dimensions.

The traversing mechanisms were equipped with index scales having 1-mm divisions
so that the coordinates of the object being viewed could be determined. The
loupe was equipped with a reticle having square outlines ranging in size from
100 to 250 microns. This size range was comparable with the range of sizes of
the larger droplets observed in the spray.
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Laser Velocimeter

In the gaseous fuel test program (Ref. 10), a laser velocimeter was used
to measure the mean and rms gas velocities in the initial regions of the reacting
flow. .IF is'desirable to obtain similar data in the liquid fuel program, and
in addition it would be worthwhile to obtain data on droplet velocities and tra-
jectories. However, in liquid fuel combustors the flow field immediately down-
stream from the fuel injector is complex, and the utility of laser velocimeter
measurements in these flows is uncertain. Significant questions arise concerning
the effect of the spray on the propagation of the laser beam within the combustor
and concerning the ability of the laser velocimeter to discriminate between large
fuel droplets, which generally have velocities different from the gas stream,
and small droplets or seed particles, which move with the gas stream. Accordingly,
a series of tests were carried out to evaluate the laser velocimeter as a
velocity measuring technique in liquid-fuel turbulent flames and measurements of
mean and rms gas-and droplet velocities were obtained for several test conditions.

The laser velocimeter used in these tests was identical to the one employed
in the gaseous fuel test program (Ref. 10). The measurements were made with a
dual beam velocimeter utilizing an argon ion laser and a crystal Bragg cell
which acted as a beam splitter and frequency shifted the first deflected beam. A
schematic of the optics and signal processing instrumentation is shown in Figs.
A-20 and A-21. The sensing volume determined by beam crossover volume, off-axis
collection and photomultiplier pin hole size was elliptic with principal axes of
0.2 mm and 2.0 mm, respeétively. The velocity component sensed with this optical
arrangement lies in the plane of the two incident beams and is perpendicular to
their bisector. Single particle, time domain signal processing was used to build
up the velocity probability density distributions from which both the mean and
rms velocities were obtained using the following equations:

N .
U:z% (a-2)
= (N 42 .\,
o= u'2=(_Z_'_-u?-) (A-3)

a minimum of 1000 instantaneous velocity determinations

In the present experiments, etern
This number of determinations

was used to build up the probability denmsities. .
results in a statistical error of less than 5 percent in the computer values o
both the mean and variance with a confidence level of 95 percent (Ref. 10). ign
line signal processing to determine the local mean velocity, turbule:;oin;;zzn y
and probability density function was achieved using the instrumenta
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FIG. A-20
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FIG.A-21

SCHEMATIC DIAGRAM OF THE LASER VELOCIMETER DATA PROCESSING EQUIPMENT
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in Fig. A-21. A limited number of measurements of droplet velocity were made
using a frequency-tracker. These measurements were limited to those regions of
the burning spray where valid data rates were in excess of 20,000/sec.

The optical sensitivity of the forward scatter system used in the present
study was such that naturally occurring submicron particles could be used for
the gas velocity determinations in regions far from the fuel spray. However,
to increase the signal to noise ratio and thus, increase the data acquisition -
rate in these regions, the air flow was seeded with micron sized particles dis-
pensed from a fluidized bed. Since for these flows more than 95 percent of the
turbulence energy is likely to be in scales corresponding to Eulerian frequencies
below 25 kHz (turbulence scales less than 1/10 of the combustor dia), errors due
to particle response (in the Lagrangian frame) should be negligible (Ref. 10).
To determine gas velocity in regions of moderate fuel droplet concentration the
air flow was selectively seeded as discussed later.

To avoid problems associated with directional ambiguity (which can result
in data interpretation errors in highly turbulent and/or recirculating flows)
(Ref. 18), zero velocity frequency offset was achieved by combining the primary
and modulated beams at the detection volume where they generated moving fringes
so that a stationary particle produced a Doppler frequency, fo' Thus, in the
flow field, moving particles generated Doppler frequencies of fo.i fp depending
on their velocities normal to the moving fringes. Hence, the sign as well as
the magnitude of the instantaneous velocities could be determined as follows:

U= (fD _ fo))‘ ' (A-4)
2sin8/2

where A is the wavelength of the laser light and 6 is the angle between the
incident laser beams.

However, in the case of fuel droplet velocity studies there is another
reason to use a moving fringe laser velocimeter system. Consider first a
stationary fringe system where the peak to peak fringe spacing, d, is

- N __ =2
25inB/2 8 (A-5)

when 0 is small.

Since the (1/e2?) diameter of the focal region is given by
4 f
2bg=— A — (A-6)
7 " 20
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where £ is the focal length of the lens and 2b is the bean diameter at the
focusing lens. The number of fringes contained within the probe volume is
therefore, given by s
D

N:4—
T 2b

(a-7)

where D is the beam spacing at the focusing lens. Thus, the maximum number of
fringes is independent of the focal length of the focusing lens and is determined
solely by the ratio of input beam spacing to diameter ratio. Increasing the
number of fringes will increase the accuracy of the velocity measurements by
providing a greater number of signal cycles from which the average value may be
determined. Since most commercial counting devices require a minimum of eight
cycles this provides a lower fringe number limit. Unfortunately, most practical
liquid fuel sprays have a size distribution over a wide range (up to 250 um)

with typical mean droplet sizes between 75 and 150 pm. So this minimum fringe
number requirement may raise a problem of spatial resolution associated with
stationary fringe systems, since optimum signal/noise requirements dictate that
the fringe spacing should be greater than or equal to the maximum fuel droplet
diameter. Thus, for 250 um droplets, the focal volume diameter would be approxi-
mately 2 mm. Even with off-axis light collection the probe volume dimension
limiting spatial resolution (i.e., ZbO/sinG/Z), which typically is an order of
magnitude greater than the focal volume diameter (% 2 ecm), would render the
spatial resolution of most optical systems open to question.

Fortunately, frequency biasing increases the number of effective fringes in
the focal volume and hence, the number of cycles of useful information. Again,
the fringe spacing is given by Eq. (A-5) but now the fringes are propagating

with a velocity U, given by

Ug= fod (A-8)
thus, the actual number seen by a droplet is
Ng= N[fo/fD + |] (4-9)
In the present system NS < 45N so that sufficient fringe crossings can be

achieved with adequate spatial resolution.

i reen
In the experiments using iso-octane, measurements were madé usfzg ;:smgthe
line (X = 514.5 nm) from the laser. Because of the intense luminosity
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No. 2 fuel oil flames, an improved signal-to-noise ratio could be obtained using
the blue line () = 488.0 nm). However, a limited number of measurements on No. 2
fuel oil flames were made using the green line to verify the velocity data.

Laser Velocimeter Statistical Errors and Particle Dynamics
Statistical confidence levels within stated error limits in the determination

of both the mean and variance of any quantity with a Gaussian probability variation
may be defined according to Ref. 19 as

= P(IR-B1<Ky 53X :
Error= P(1X~-B1)< yﬁ Ym (A-10)

Error:P(lez— 0'21)< Ky \f_—_:
N-1

YT
(A-11)
where x is a random variable; N is the number of samples;
| N
X= —(Z x) = calculoted mean (A-12)
N\ 5 |
‘—
N , :
g2. b [Z ] . colculated variance
gL (A-13)

. 2 . .
B is the true mean and o“ is the true variance.

For the particular case of the laser velocimeter measurements let us replace
the random variable, x, by the measured Doppler frequency (fp). Then the confi-
dence level for the mean velocity determinations may be written

(A-14)
IfD‘BD\' St !

— —

—— <K= -y
o LTV A
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since
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S¢.
2f. (a-15)
fD
we see that
fo-B9| (W)'
= <Ky l—)=
o Uu./N s (A-16)
The confidence level for the standard deviation may be written as
2 2
sé- o 2[s¢- o l
£- o 2lss
— Pk, 2 (A-17)
O-f O_f .

Now since s. and fD are functions of the same random variable (fD), the error in
ou/U is the sum, not the square root of the sum of the squares of each error, i.e.,
the confidence level in ou/U = vy * Yo

For normal distribution functions, confidence levels may be calculated using
the following table:

Y 0.5 0.68 0.9 0.95 0.98 0.99

KY 0.675 1.00 1.6 1.96 2,33 2.57

For example, if at a particular location, the local turbulence level was 1 percent
and 100 instantaneocus velocities were measured, 50 percent of the mean measurements
would be in error by less than 0.0675 percent of the true value. Whereas only 1
point in a hundred would be in error by more than 0.257 percent.

For a spherical particle of diameter D_ suspended in a sinusoidally vibrated

column of air and acted on by Stokes drag, the ratio of particle velocity to
8as velocity can be expressed as (Ref. 20):
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Yp. K +( Z’Tf) ] (A-18)

where

' 2 A-1
Pp s Dp (A-19)

where u_ and u are the rms velocities of the particle and the gas p_ is the
particle density, f is the vibration frequency, £ is the molecular mean free path
of the gas and K is the Cunningham constant (% 1.8 for air). Thus, a 5 um phenolic
resin microballoon in air at ambient conditions will follow velocity fluctuations
up to 10 kHz within 10 percent. Power spectral density measurements in the shear
layer of nonreacting jets (Ref. 20) indicate that for the reacting flows investi-
gated in the present study more than 95 percent of the turbulence energy will be
associated with Eulerian frequencies below 25 kHz. Hence, the scale of the
smallest energy containing eddy will be on the order of

A u/f = 100m/sec/25 kHz=4x10"°m - (4-20)

In the Lagrangian frame, this scale corresponds to the frequency on the order of

f- (U'Uc)/szOm/sec/4xlo-3m=SkHZ (A—Zl)

so that errors due to particle response should be negligible.
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APPENDIX B

PHASE-DISCRIMINATING PROBE TEST PROCEDURES

Hydrocarbon Data

For each mapping test condition, a series of measurements was made by traver-
sing the phase-discriminating sampling probe at various axial locations to obtain
percent carbon as a function of radial distance. Before and after each test the
calibration of the hydrocarbon analyzer was checked by using three different
calibration gas compositions (lOO‘percent, 4.5 percent and 0.09 percent methane).
After the combustor airflow conditions were established, the probe was traversed
to the desired radial position and the sampling line valves opened. Isokinetic
conditions were established in the total sample line at the probe tip by adjust-
ing the total sample flow rate to match the probe and combustor static pressures.
The vapor-sample mass flux was set to between 10 and 20 percent of the total
sample mass flux, and the suction flow rate was set to between 30 and 60 percent
of the total-sample mass flux. The background level of hydrocarbons in the
combustor flow was then measured to insure that no hydrocarbon contaminants were
present, Combustor fuel flow was initiated, the flow was ignited, and steady
state conditions were established within the combustor. Sample line flow rates
were readjusted and the attenuation levels on the electrometer were adjusted
to give reasonable concentration peak heights on the chart recorder. For most
tests, two measurements of the hydrocarbon content of the total sample and two
measurements of the vapor sample were obtained at each probe condition.

For each of the flow field mapping tests, see Table B-1, the phase discrimin-
ating probe was positioned at window port locations 3 through 6. The axial location
of the probe tip at these four positions is given in Table B-1. For each sample,
values of the integral of percent carbon versus time were obtained from the
mechanical integrator output. This information was combined with the hydrocarbo?
analyzer calibration curve to obtain the local value of percent carbon. Tabulations
of the experimental data are presented in Appendix H. The tables indicate the
combustor test conditions and present data on the percent carbon in the total
and in the vapor samples at various probe psotions.

the data were re-
bon as a function

ons (e.g.,

To assist in interpretation of the experimental results,
duced to isopleth form. To accomplish this, plots of per?ent carbe
of radial position were generated for each of the four axial positl
Fig. B-1), and data crossplotted to obtain the isopleths.
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TABLE B—1: PHASE—DISCRIMINATING PROBE TEST MATRIX

AXITAL WINDOW

TEST FUEL PRESSURE ATM SWIRL TEMP oK 3 4 5 6
1 ISO—OCTANE 1 0.3 533 X X X X
4 ISO—OCTANE 3.3 0.3 533
5 1ISO—OCTANE 1 0.6 533 X X X X
6 NO. 2 FUEL OIL 1 0.3 533 X “ X X | x
8 NO. 2 FUEL OIL 1 0.3 755 X X X | x
Ll PROPANE 1 0.3 533 X X X | x

PHASE—-DISCRIMINATING PROBE TIP POSITION

¢=0.65
PRIOBE

WINDOW TIP LOCATION,"
X (em) X/D

3 14.83 1.21

4 31.83 2.60
5 48.82 3.99

6 65.81 6.38

*FUEL INJECTOR TIP IS AT X =0
D=12.23CM
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PERCENT CARBON

TYPICAL RADIAL PROFILES OF PERCENT CARBON
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APPENDIX C

LASER VELOCIMETRY TEST PROCEDURES

The use of LDV in liquid-fuel combustor experiments presents unique problems
because of the presence of the fuel droplets. The basic mechanism for LDV
techniques is scattering of incident laser light by particles. If motion of the
spray were the only phenomenon of interest, the potential problems would be
limited to the effects of particles outside of the measuring volume on the
signals. These effects (opaqueness, background luminosity, beam wander and
divergence) were not apparent. Thorough investigation of combustor flows, how-
ever, requires knowledge of the gas velocities as well. To obtain such information,
the air supply was seeded with particles. Two methods of data analysis were used
to distinguish between gas and spray velocities. In regions where the spray drop-
let density was relatively low, testing with and without seeding in the air supply
allowed the two velocities to be separated. In regions of high droplet demsity,

a method based on relative signal (or visibility) was employed. Selective seeding
of the air supply was used in regions of the flow where the gas and fuel droplet
velocities were substantially different so that characteristic bi-modal velocity
probability density functions were apparent, as illustrated in Fig. C-1. With
seeding, the probability density function at R/R, = 0.75 is heavily weighted toward
the local gas velocity since the seen particle number density is much larger than
the number of fuel droplets in this region. The situation is reversed as the point
of measurement approaches the mean droplet spray trajectory (R/RO = 0.63). The
method used to separate the two mode velocities is illustrated in Fig. C-2, where
probability densities obtained with and without airstream seeding are presented.
Without seeding, the fuel droplet velocity distribution is determined directly
since the natural particle data rate is small. This distribution is normalized

by the total number of velocity determinations and then subtracted from the bi-
modal distribution obtained at the same location with air seeding. The result
represents the local gas velocity distribution from which the mean velocity and
the variance can be determined.

Typical mean axial velocity profiles obtained with and without seeding are
presented in Figs. C-3, C-4, and C-5. Close to the injector (X/D = 0.164) large
differences between local fuel droplet and gas velocities occur and there is
evidence of gas flow recirculation which is indicated by significant numbers of
negative seed particle velocity occurrences close to the half radius locations.

At X/D = -.409 there is agreement between velocity measurements obtained with and
without seeding which could be interpreted to mean that, except in the wall region,
the fuel droplets are following the local gas flow. However, away from the wall
the velocity data acquisition rates showed no significant changes when seed parti-
cles were introduced; thus, it was apparent that fuel droplets were dominating
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FIG. C~1

AXIAL VELOCITY PROBABILITY DENSITY FUNCTIONS WITH SEEDING
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FIG. C-2

AXIAL VELOCITY PROBABILITY DENSITY FUNCTIONS WITH AND WITHOUT SEEDING
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FIG. C-3

MEAN AXIAL VELOCITY PROFILE
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the velocity probability density distributions at this location. Except in the
region close to the wall where a sufficiently high seed particle/fuel droplet
number density ratio could be achieved, there was no evidence of bhi-modal dis-
tributions and therefore gas velocity data could not be extracted. Farther down-
stream (X/D = 1.64) droplet concentrations are sufficiently reduced by evaporation
and combustion so that the addition of seed material can once again influence

the data acquisition rate. Thus, the agreement between the seeded and unseeded
velocity measurements at this location shows that the fuel droplet and/or particu-
late combustion products are convected with the local gas velocity.

In regions of high droplet number density (X/D = 0.409 for example) an alter-
nate method which utilizes particle visibility variations can be employed to in-
fer local gas velocity. The visibility of the photomultiplier output signal which
is a measure of the relative amount of oscillation in the signal, is defined for
the current application as

I - I .
max min
v = ————— (c-1)
I + I
max min
where I and I , are the collected scattered Intensities when a particle is

max i N
centered in a brlgﬁt and dark fringe, respectively.

The visibility is dependent on several factors: incident laser power, measur-
ing volume dimensions, location within measuring volume of the particle, and
electronics conversion factors. Incident laser power was monitored on the laser
power supply and held constant. Fixing the incident and receiving optics for the
entire test, the measuring volume dimensions were held constant, subject to
beam wander due to temperature and spray effects on local index of refractiom.
This latter effect was deemed small, principally because of no noticable dropout
which would occur if the volume produced by the incident beams did not coincide
with the collecting volume. This is not a completely satisfactory argument, how-
ever, since the incident volume was necessarily large because of the small included
angle between the incident beams. It is conceivable that the receiving volume
could move relative tc the incident volume producing apparent signal variations
while maintaining essentially continuous signal output. The location within the

measuring volume (defined by the overlap of the incident and receiving volumes)
determines the incident power level since the Guassian intensity distribution of the

incident beams results in an intensity distribution within the volume. This problen
can be minimized by controlling the offset frequency. Careful selection of the value
can limit the fraction of the incident volume over which the residence time of
particles within the volume is sufficient to permit the counter processors to validate
the data. Again, the relatively small included angle between the beams limits the
effectiveness of this procedure. The electronics conversion factors convert a scat-
tered light intensity to a signal voltage. Within the test period for the current
effort, variations in these factors were negligible.
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The use of the visibility, subject to the Testrictions
graph, is dependent upon the interaction of particles and
manner. For particles in an airstream, the velocity 1la
to the gas is a function of the drag on the particle,
velocity lag is a function of the square of the particle diameter. For a limited
range of particles, assumed spherical, the signal level or visibility can be
considered linear with particle size. (Acutal Mie scattering is much more com-
plicated.) The result is a dependence of velocity lag on the square of the visi-
bility defined by Eq. C-1. An example is shown in Fig. C-6, where extrapolation
to zero visibility coincides with the gas velocity (anticipated in this instance
by the secondary peak noted on the histogram shown schematically). Visibility
variations were achieved by altering the trigger level necessary for a signal
from a particle to be input to the processor. Thus it is often possible to distin-
guish between spray and gas velocities in this manner.

of the previous para-
gas in the following
g of the particle relative
For simple models, the

Careful consideration should be given, however, to the various limitations
and assumptions necessary for the procedure. For example, well inside the fuel
spray, the variation of velocity with particle size was found to be the opposite
of that for Fig. C-6. It is possible that this apparent lower gas velocity com-
pared to the spray velocity is indicative of a gas recirculation region which has
little influence on the spray with its relatively higher momentum. It is also
possble that the mechanism is not applicable for this case. If the particle
momentum is such that the spray droplets are not carried by the gas flow (with a
velocity lag due to particle drag) but rather interact in some more complicated
manner, the general dependence of velocity on visibility may change over the range
tested.

In conclusion, therefore, the use of visibility as defined within this report,
provides additional information subject to several restrictions and assumptions.
The general application of the method would require more detailed attention to
these procedural limitations; but in principle, the potential exists to not only
extract local gas velocity but possibly also relative particle size distributionms.
This ultimate effect of the limitations on the accuracy of the results is unknown
based on work to date.

A new method was used to determine droplet spray trajectory on the present
work which provides a relatively simple and convenient means of trajectory docu-
mentation. The technique, which involves droplet velocity number density
measurements, is illustrated in Fig. C-7 which shows the velocity data rat?
variation across the combustor at X/D = 0.164. The two peaks define the tlm?-
averaged hollow cone spray location. Measurements at a series of axial stations
can then be used to determine the time-averaged spray trajectory.

The overall root-mean-square turbulent velocity measurement techniquis ipgiisd
in the program represent the simplest characterization of combustor-turbu en o
field. Such measurements are therefore limited in the extent to which ;hizr:iient
used to obtain physical insight into the mixing process. M?asuremiztbz desirable
velocity length scales as a function of frequency and position wou
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INFLUENCE OF VISIBILITY ON MEASURED LOCAL MEAN VELOCITY
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since they would assist in the understanding of the relative importance of varying
length scales on the mixing process. For example, 1s the mixing process governed
by the large eddy structure or do such eddies act as a gross transport mechanism
with the mixing rate determined by small scale eddy interaction? In general,

LV measurement of turbulent velocity cross-power spectral density, which would
provide frequency dependent length scale information, does not appear practicable
in combustor flows at this time. Two-point LV velocity correlations are possible,
however, and these measurements would provide eddy convection velocity information
and frequency integrated (overall) eddy length scales. From the behavior of the
cross-correlation function sin space and time (i.e., zero time delay amplitude
verses separation distance and amplitude versus delay time at fixed separation
distance) it may be possible to obtain information concerning the various length
scales and their associated convection velocities. Such two-point measurements
are to be preferred to single point correlations (auto correlations) for which
Taylor's hypothesis ("frozen-flow'" assumption) must be invoked to infer length
scales from Eulerian time scales. For the high turbulence levels encountered in

a combustor, Taylor's hypothesis would be expected to be invalid.

Prior to performing such two-point LV correlations in a combusting flow,
validation of the technique should be carried out in a cold flow simulation. In
addition to establishing the ability to perform correlations when the data rate
is insufficient to permit use of a tracker, such a simulation would provide
correlation data of use in the planning of a combusting flow measurement program.
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APPENDIX D

LASER HOLOGRAPHY TEST PROCEDURES

In the tests which employed the holographic system, the optical apparatus was
aligned with the first window in the combustion rig so that the field of view
included the region immediately downstream from the fuel injector, Fig. 1. 4
crlindrical ring containing calibration wire and having an internal diameter of 5 cm
was installed in the window so that the unobstructed viewing area was defined by
a 5-cn dia circle with a center located 4.2 cm downstream of the injector tip.
Hence, the nozzle tip was outside the field-of-view.

During initial testing of the holographic system an interference filter,
which was mounted adjacent to the quartz window in the test apparatus, failed due
to overheating. To preclude further failures, the filter~holder was moved away
from the window, cooling air was flowed over the surface of the filter, and the
combustor was operated only for the time required to establish steady flow conditionms.

To obtain the holographic data, the optical components were aligned and the
magazine containing eight unexposed film plates was loaded. Airflow was initiated,
the electric air heater was activated and the combustor was brought up to tempera-
ture as evidenced by a steady reading of the inlet air temperature. Fuel flow was
initiated and a hologram was exposed to record the behavior of the spray in non-
combusting flow. The duration of the fuel-on portion of this test was less than
ten seconds. Holograms were not recorded during the first five seconds to insure
that a steady fuel flow had been achieved prior to the recording of data. After
fuel shut-off, hot air continued to flow for approximately one minute to purge
the combustor of any accumulated fuel. The film magazine was advanced, fuel flow
was initiated, the flow was ignited and after a period of approximately ten seconds
a hologram was exposed to record the spray characteristics in combusting flow.

The combustor was shut down and the interference filter was replaced with the
gelatin filter and the test sequence repeated.

After development of the holographic plates, the reconstructed images of ?h?
holograms were examined and the better of the two holograms taken at each condition
(one with the gelatin filter, one with the interference filter) was SEleCt?d for
detailed examination. The first step in the reconstruction process was a%lgnment
of the holographic plate relative to the incident reference.beam. The»trlpoq;Ed
mounted loupe was then placed so that the entire field-of-view could bz.exitz
by moving the rack-and-pinion traversing mechanisms. The surface coor 1naurfaceS
of the hollow cone spray were determined by focusing on the far and ne%r son e
as illustrated in Fig. D-1. This technique was used rather than ficu51:§ide oo
upper and lower edges of the cone because those edges were generzl ylZis of finite
viewing area. The spray surface is,in fact, a diffuse layer of drop
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thickness; the "surface" coordinates recorded are the coordinates of the center of
the region being viewed. The center was established by fixing the x and z
coordinates and traversing along the y coordinate through the volume containing
droplets. The image viewed was of a wave of droplets passing across the object
field. The y coordinate was established by centering this wave in the object

field.

Estimates of the mean droplet size in the spray were obtained by counting
droplets of various diameters at several locations as shown in Fig. D-1. These
regions were established at values of z in the range from 2.5 to 4.7 cm. The value
of z could not be fixed at a specific value for all holograms because the location
of the injector tip, which was not in the field of view, could only be estimated
at the time of data acquisition. The volume of the individual regions examined
for droplet size were defined by a 3.6 x 1.0 mm rectangle and a depth equal
to the spray layer thickness. Typically, seven volumes were examined in each
hologram.

Tabulated results giving the spray surface coordinates and the derived spray
cone angle are presented in Appendix M. The spray coordinates given are for a
transformed coordinate system in which the z axis lies along the centerline of
the injector and the apex of the cone lies at the injector tip. The reported cone
angle was obtained by determining the best fit between the data and the surface
coordinate of a right circular cone by use of the regression analysis described
in Appendix K. The estimated error in the derived cone angle was approximately
2 to 3 deg for most of the cases examined. A plot showing a typical distribution
of data as projected on the y-z plane is shown in Fig. D-2. Data were not obtained
in the x = 0 plane. The projected edges of the cone appear as boundaries for the
data.

Measurements of the thickness of the spray cone and of the size of the
observed droplets downstream of the injector tip also are given in Appendix M.
The coordinates y; and y, represent the observed coordinates of the inner and
outer edges of the spray on the side of the hollow-cone spray closest to the
observer. The coordinate z gives the downstream distrance at which the measure-
ments were obtained. Occasionally a droplet might be observed outside of these
coordinates; however, it is estimated that over 90 percent of the observed drop--
lets reside between y; and y; in any of the measurements. Because of the limited
number of measurements made on spray thickness, the error in the spray thickness
determined from the holograms is estimated to be approximately 30 percent. How-
ever, there is generally good agreement between the estimates of spray thickness
obtained from the laser velocimeter data and the values obtained from the holograms.
The droplet count tables give the number of droplets in a range of sizes from
2 mils to 10 mils in diameter. Conversion of the data into microns and application
of the correction for the magnification caused by the fact that the holograms were
reconstructed using a laser wavelength, different from the wavelength used to
generate the hologram (by a factor of approximately 1.1) results in the numbers
shown.
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proplet size could be measured with greater accurac
of this classification schedule, however,

for the study.

: y than required by the fineness
a finer classification Was not warranted

The Sauter mean diameter (SMD) generally is regarded as the appropriate
diameter to be used to characterize a spray for use in analyses in which surface
phenomena such as vaporization or combustion are of interest. The SMD is computed
by the expression:

z nidi3
}
SMD = >
z&nidi (D-1)
where: n; - number of droplets of diameter di
d; - droplet diameter

The SMD ranged from 100 to 150 microns for the holograms examined. In the table
of reduced data, the quantity N-counted, which is determined by dividing the

total mass of the counted droplets by the mass of thedroplets having a diameter
equal to the SMD is given. This quantity represents, on average, the number of
droplets counted and is approximately 50 for most of the holograms examined. The
quantity N-measured represents the number of droplets passing the plane per unit
time at which the droplet measurements were made based on the number of droplets
counted, the measured spray diameter, and an assumed value for the velocity of the
droplets.

Vv /4 (Dg+1)2 - (Ds—~ t)2)xb

N-measured =N counted x— X (D-2)
b a X b X Npjock
where: DS - Spray diameter
t - Spray thickness
a, b - Dimension of block

- k nted
Nblock Number of blocks cou

V - Droplet velocity

The magnitude of the droplet velocity, V, was taken to be 19 m/sec, a value
obtained from LDV measurements of the droplet velocity in an iso-octane spray .
at a location five centimeters downstream of the injector tip (Fig. C—4z ApPendlx
C). The quantity N-calculated represents the number of droplets per ?nlt time
passing the plane as computed from the measured fuel flow and the derived mean
droplet size;
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N-calculated: ———— (D-3)
Tdm3p
where we - Fuel flow
p = Fuel density

dp - Mean droplet diameter

In general it was found that the value of N-calculated was less than that of
N-measured.

The value of the fuel flow rate as calculated from the measured droplet size,
number density and velocity (as determined from the laser velocimeter measurements)
was generally found to be one half the measured fuel flow rate. This discrepancy
could arise from an under estimate of the mean droplet size, failure to account
for the mass of the small droplets in the spray (which are not counted), the
influence of vaporization or an under estimate of the velocity of the droplets.

The fact that little change in the magnitude of the discrepancy occurred when
changing from combusting to noncombusting flows suggests that the vaporization
effects are not the cause. The laser velocimetry data indicates that it is unlikely
that the spray velocity is significantly greater than the assumed value of 20
m/sec. For typical droplet size distributions obtained for pressure atomizing
nozzles, droplets smaller than the SMD can account for as much as 20 percent of

the mass flow; therefore, this factor could account for a portion of the discrepancy.
Finally, because the cube of the SMD enters the calculations, an error of 17 percent
in the droplet sizing measurements could result in the observed difference. It

is probable that the latter two factors were major contributors to the observed
difference. ) B

Several observations of general interest were made during examination of the
reconstructed holograms. First, no direct evidence of combustion could be observed
in any of the holograms; i.e., there was no change in resolution or evidence of
index of refraction gradients for the cases for which combustion was occurring.
During testing, there was a large amount of radiation emitted from the gases
in the region being examined by the holographic system, therefore combustion
gases were certainly present in this region, at least on the time average.

The quality of the holograms was more or less independent of the type of
filter used to block visible radiation from the combustor. It did not appear that
the superior ability of the interference filter to block transmission of the
combustion-generated radiation had a beneficial effect on hologram resolution,
nor did the optical qualities of the filters appear to affect resolution (as
determined from the noncumbusting flow cases). In each of the sprays, there
were a few large droplets having diameters approximately 5 times the mean droplet
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diameter, and the size of these droplets appeared to increase with distance from
the injector. These observations suggest the occurrence of agglomeration of
smaller droplets; however, there are insufficient data to substantiate this point.
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APPENDIX E

TYPICAL PROPERTIES OF LIQUID FUELS

Propane Iso-Octane No. 2 0il
Specific gravity (@ 298 X) - 0.70 0.85
H/C 2.67 2.25 1.75
Wet. fraction N 0 0 5-20 x 10~0
Viscosity (€S @ 298 X) - 0.8 5.3
Surface Tension (dynes/cm
@ 298 K) - 18 2L

Initial Boiling Pt. (deg K) 231 373 L5k
End Boiling Pt. (deg K) - - 603
Specific Heat (Cal/gm K) - 0.52 0.45
Heating Value (Cal/gm) 11064 10600 10570
Heat of Vaporization

(Cal/gm) 102 65 153
Molecular Wgt. gk 11k 195 (nominal)
Stoichiometric Ratio (by wgt.) 064 .066 .069
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APPENDIX F

COMBUSTOR HEAT BALANCE

A thermal balance was performed on the combustion system for a typical operating
condition to evaluate the magnitude of the heat transferred to the combustor walls
and to provide a check on the accuracy of the exhaust gas temperature measurements.
The heat transferred from the system was determined from measurements of the flow-
rate and the temperature rise of the cooling water, The results of the heat
balance are summarized below:

Swirl No. = 0.3 Iso-octane - Air
P =1 atm Equivalence Ratio = 0.65
T . = 533°% m . = 0.137 kg/sec
air air
L
Air Heater 7.7 kg cal/sec
Fuel: 61.9 kg cal/sec
69.6 kg cal/sec
Qut
Combustion Products: 43.04 kg cal/sec
Cooling Water: 17.90 kg cal/sec
Unreacted Fuel: 0.72 kg calsec
61.6 kg cal/sec
QN - Qour | 445
Qrn
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APPENDIX G

TABUIATED TEMPERATURE DATA
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TABLE G+1. TEMPERATURE DISTRIBUTIONS - TEST NO. 1

Iso=-Octane
% = 0,65 .01
Preasure = 1.0 atm

I+

Inlet Alr Swirl No. = 0.3
Inlet Air Temperature = 5

R/RO Temperature, °x
X/D=0.34  1.73 3.12 L,52 5.91 14.59
-0.88 - 1109 1334 1354 1265 --
-0.75 - 1431 1558 1557 1431 -
-0.67 - -- - - - 1381
-0.62 - 1622 1718 1648 1582 ik
-0.50 -- 1706 1830 1769 1708 1458
-0.37 - 1718 1864 1887 1815 1521
-0.25 - 1662 1779 1868 1761 1558
-0.12 -- 1646 1754 1796 1721 1573
0.00 -- 1690 1888 1910 1800 1550
0.13 - 1787 1870 1906 18L7 1508
0.25 - 1701 1776 1809 1717 1459
0.38 - 1585 1608 1656 1587 1392
0.k2 568 - - -- _— -
0.50 677 1347 143k 1535 1455 1327
0.58 692 - - - - -
0.63 - 1112 1233 1348 1310 1276
0.67 630 - - - - -
0.75 555 1L 1056 1107 1134 1210
0.83 516 - -- - - ~
0.87 -- 743 858 866 886 1105
0.92 W76 - - - == mC
1.00 411 466 L3k k26 L58 510
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Iso-0Octane
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TEMPERATURE DISTRIBUTIONS - TEST NO. L

TABLE G-2.
Tnlet Air Swirl No. = 0.3
.01 Inlet Air Temperature = 529 & 70 K
3.3 atm
Temperature, °K
X/D=1.73 3.12 4,52 5,01 14.59
1105 928 1197 753 --
1Lkh9 1405 1453 1133 -
-- -- -- - 1192
1066 - - - -
- - - 1291 -
-- -- - -- 1269
836 876 888 — -
-- - - 877 880
et 810 860 787 -
- - - - 1107
702 786 © 1075 779 -
681 802 1180 1155 -
— - - - 1296
690 1382 1395 1hos 1234
1163 1636 1529 1584 1191
121k 1ko7 1405 1502 -
== == -= -- 1095
1058 1055 10h47 1270 -
725 857 810 990 -
== - -- -- 983
613 769 713 774 -
582 678 641 660 638
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TABLE G-I TEMPERATURE DISTRIBUTIONS - TEST NO. 5

Iso=-Octane Inlet Air Swirl No. = 0.6
@ = 0065

Inlet Air Temperature = 530 iy 50 K
Pressure = 1.0 atm

R/Ry Temperature, °X
X/D=1.73 3.12 L,52 5.91 14,59
-0.89 1488 1543 1168 1255 --
-0.75 1797 1908 1745 1679 -
-0.67 -- - - 1809 -
-0.62 1766 1880 1858 1775 -
-0,58 -- -- -- 1821 -
-0.50 1545 1678 1169 785 -
-0.37 1085 -- -- 797 1046
-0.35 -- -= -- -- 923
-0.25 11h7 1122 1070 902 -—
-0.18 - - . -— 1045
-0.12 1ho7 1476 1339 1101 -
0.00 1639 . 1610 1360 1241 1225
0.13 1724 1736 1605 1376 1597
0.25 1801 1869 1940 1832 -
0.31 - - - -~ 1375
0.38 1747 1931 1898 1673 --
0.50 1478 1632 1479 1224 1225
0.63 1159 1256 1090 897 1129
0.75 ok1 893 564 718 --
0.81 - - - - 1087
0.87 72l 738 497 6LO -~
1.00 393 385 373 129 b5k
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TABLE G-4-. TEMPERATURE DISTRIBUTIONS - TEST NO, 6

No. 2 0il Inlet Air Swirl No. = 0.3
§ = 0.67 Inlet Air Temperature = 529 & 6° g
Pressure = 1.0 atm

R/RO Temperature, °K
X/D=1.73 3.12 h.52 5,91 14.59
~0.89 1088 k52 1546 1520 -
-0.75 121k 1523 1645 1611 -
-0.66 -- -- - -- 1439
-0.62 1343 1605 1711 1662 -
-0.50 1hs1 1684 1738 1719 1501
-0.37 1472 1726 1803 1771 -
~0.33 -- -- -- -- 1538
-0.25 14h7 1717 1764 1789 -
-0.17 -- -- -~ -- 1553
-0,12 1bol 1669 1711 1763 -
0.00 1428 1720 1736 176k 15he
0.03 - - - 1711 -
0.13 1406 1723 1745 -- --
0.17 - -- - - 1486
0.25 1294 1639 1693 1654 -
0.33 -- -- -- -- 1h12
0.38 1195 1585 1653 1595 --
0.50 1081 1525 1579 1551 1347
0.63 1008 1466 1502 1489 -
0.67 - - - - 1267
0.75 92k 1400 1384 1410 -
0.83 -- -- - - 1206
0.87 837 1290 1211 1276 -
1.00 623 685 739 762 196
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TABLE ¢-5 . TEMPERATURE DISTRIBUTIONS - TEST NO. 8

No. 2 Oil Inlet Air Swirl No. = 0.3
@ = 0067

Inlet Air Temperature = 751 + LO g
Pressure = 1.0 atm

R/R, Temperature, °K
X/D=1.73 3.12 h,52 5.91 1k.59
-0.89 1kho 1667 1649 1646 -
-0.75 1478 1797 1736 1693 --
-0.68 - - - - 1489
-0.62 1524 1865 1819 1782 -
-0.50 1592 1918 1899 1890 1643
~0.37 1581 1918 19h2 1925 --
-0.33 - - - -- 1721
-0.25 1559 1883 1863 1872 -
-0.16 - - -- -- 1732
-0.12 1536 18h2 18L6 1876 -
0.00 1553 1903 1905 1879 1698
0.13 1550 1903 1926 1817 --
0.17 - -- - -- 1594
0.25 1ko7 1857 1831 1716 --
0.33 - - - - 1489
0.38 ko1 1783 1752 1659 --
0.50 1361 1738 1671 1599 1383
0.63 1336 1639 158k 1553 -
0.67 - -- == =" 1338
0.75 1341 155 1455 1468 -~
0.83 - -- -= - 1235
0.87 1308 117 1267 1303 ="
1.00 1050 1048 687 695 613
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Propane
3 = 0.65
Pressure

R/Ro

-0.88
-0.75
-0.68
-0.62
-0.50
~0.45
-0.37
~0.25
-0.16
-0.12
-0.04
0.00
0.13
0.17
0.25
0.33
0.38
0.50
0.63
0.67
0.75
0.83
0.87
1.00

o+

TABLE G-6. TEMPERATURE DISTRIBUTIONS - TEST NO. 11
Inlet Air Swirl No. = 0.3
.01 Inlet Air Temperature = 536 + 6° ¥
1.0 atm
Temperature, °K
X/D=1.73 3.12 k.52 5.91 1k.59
33k 1161 102h 868 -
1195 1367 1392 1hak -
-- - -- - 1467
1398 1030 171 793 --
1310 - - - -
-~ 996 865 759 1580
1193 - - 8ol 1658
1127 1088 932 890 -
- -- -- -= 1628
1118 - - 1019 -
-- - 1084 - -
1076 1265 - 1128 1696
1129 1387 - 1239 -
== - -- -~ 1691
1232 1561 1311 1545 -
- == -~ -~ 1533
1379 1h77 1ho1 1643 -
1324 1088 1529 1hog 1396
997 720 989 1095 -~
== -- - - 1260
677 551 570 693 -
== - - - 1098
ko7 Loo W76 501 -
375 39k 370 33k 181
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APPENDIX H

TABULATED PHASE-DISCRIMINATING PROBE DATA
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TABLE H-1

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY
PHASE-DISCRIMINATING PROBE
TEST NO. 1

Iso-Octane
§ = 0.65

Pressure = 1 atm

Inlet Swirl No.

= 0.3

Inlet Air Temperature = 533K

D =12.23 cm

R, = 6.17 cm

X/D = 1,21 Percent Carbon
R/R, THC VHC THC VHC THC VHC
672 1.04 1.15 1.10 1.19 1.08
RIS 1.1h4 1.28 1.17 1.17 1.16
.161 3.63 h.67 3.53 4.86 4.60
-.0L8 5.95 3.48 6.41 38,02 5.54
-.257 3.93 2.15 3.58 2.34
-.297 1.59 2,26 1.h2 1.21 1.17
-.505 1.48 1.14 1.06 1.05 1.39 1.14
-.505 1.10
-.795 2.16 1.89 2.48 1.94 2.27
X/D = 2,60
.673 L917 .868 .923 .860
457 410 .388 371 .387
148 1.36 1.47
L1kl 1.50 .44
-.053 2.07 1.40 1.63 1.59 1.96 1.58
-.259 1.105 .THhO 1.24 JITL 1.15
-.508 .29 .39 271 .369
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TABLE H-1 (Cont'd)

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY
PHASE-DISCRIMINATING PROBE

Iso-Octane Inlet Swirl No. = 0,3
3 = 0.65 Inlet Air Temperature = 533°K
Pressure = 1 atm D =12.23 cm

R, = 6.17 cm

X/D = 3.99 Percent Carbon

R/R, THC VHC THC VHC THC VHC
.593 .56k .376 .54 413 .528 .396
475 .127 .106 L1k .0868
222 .537 BRI .553 .532 .513

-.023 1.5 1.31 1.h44 1.32

-.318 296 27 .382 .266 .235

-.550 .123 .08L3 .083kL .103 .109

-.785 .985 .670 1.02 787 . 766

X/D = 5.38

675 471 .593 .556 535
572 .191 292
L5k .061 .0868 .0527 L0871 oyl
.336 .105 .129 J111
.078 .722 . 793 .862 847

-.026 1.08 .607 1.04 .658

-.319 .Oh7h .0305 .0536 .0349 .03k

-.360 .0Lko5 .0317

-.53h .0639 L0551 .07 .0596 L0762

-.672 .3k .188 .349 .188

-.779 .685 L6z 645 LLh7
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TABLE H-1 (Cont'd)

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY
PHASE-DISCRIMINATING PROBE

Tso-0ctane Inlet Swirl No. = 0.3
§ = 0.65 Inlet Air Temperature = 533%
Pressure = 1 atm D =12.23 cm

R, = 6.17 cm

X/D = 5,38 Percent Carbon

R/R, THC VHC THC VHC THC VHC
.560 .013 .0155 L0077 L0275 .0187 .0235
.31h .013 .02 .0059 .01k
.ok .10k .056 .093 .058
.021 RN .086 .073
.021 L113 .083 L1l .081 .16 L 081

-.206 .36 .3 .36 .3

-.599 2.25 1.2 1.58 1.25 1.81
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TABLE H-2

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY
PHASE -DISCRIMINATING PRORE
TEST NO. 5

Iso-Octane Inlet Swirl No. = 0.6

§ = 0.65 Inlet Air Temperature = 533°%K
Pressure = 1 atm D =12.23 ¢cm

R = 6.17 cn
o

X/D = 1.21 Percent Carbon
R/R, THC VHC THC VHC. THC VHC
671 214 .063 .225 .059 .061
617 254 .155 .239 .135 .239
252 RIS 455 5.49 .51
-.287 .972 .097 .592
-.61kL .76 .566 (o) .51
-.791 .373 .35 376 .31
X/D = 2.60
LOTh .204 .225 .236 279
L6Th 2h1
254 127 iL 1.06 .36
.064 .01 .326 .79 3l .29
.064 .331
-.238 X 207 1,01 .326
-.470 .63 .335 .62 .362
785 .67 .24 .3hk .h62
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TABLE H-2 (Cont'd)

PERCENT CARBON DISTRIBUTION AS DETERMINED BY

PHASE~DISCRIMINATING PROBE

Tnlet Swirl No. = 0.6

Iso-Octane
3 = 0.65 Inlet Air Temperature = 533%
Pressure = 1 atm D = 12.23 cm
R,= 6.17 cm
X/D = 3.99 Percent Carbon
R/R, THC VHC THC VHC THC VHC
.56k .Th6 iyl .683 .b29 .65 .bo5
.56 3% .Loo .Los
460 .62
.323 .89L 797 .889 .822
.050 .120 1.124 718 1.02
-.255 1.17 .858 1.13 .923 .997
-.5039 .20L .225 RILIIN
-.5039 437 .209 .196
-.785 .986 1.4h 1.h1 .44 .93
-.785 .97 1.06
X/D = 5,38
669 .60 .60 .63k .634
.363 .528 .53 .528 .528 .493
.139 .613 .613 669 .67
.067 LT75 775 1.06 1.06
-.026 1.197 1.20 1.13 1.1
-.212 .915 .92 .986 .99
-.299 .986 .98 .986 .98
-.459
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No. 2 Fuel 0il

TABLE H-3

PHASE-DISCRIMINATING PROBE

TEST NO. 6

Inlet Swirl No. = 0.3

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY

8 = 0.65 Inlet Air Temperature = 533°K
Presgsure = 1 atn D = 12.23 em
R =6,17 enm
O
X/D = 1.21 Percent Carbon
R/R, THC VHC THC VHC THC VHC
.673 .0809 .0396 .122 .0335
458 .36 .31 .307 376
.263 .67 .689 .808 732 .Th8
.168 1.36 753 1.0 .739 1.18 .723
.04o 1.79 1.68 1.89 1.5 1.54 1.60
-.155 1.68 1.48 1.8Y4 1.33 1.69
-.279 .895 .60L 781 487 LTTh
-.366 .918 .593 .827 .613 .749
-.569 .542 .403 U478 .309 .340
-.786 .317 274 Rit-5t .282 .510 .322
-.786 .54l

131



TABLE H-3 (Cont'd)

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY
PHASE-DISCRIMINATING PROBE

No. 2 Fuel 0il
§ = 0.65

Pressure = 1 atm

Inlet Swirl No.

= 003

Tnlet Air Temperature = 533°K

D =12.23 cm

R =6.17 cm

O

X/D = 2.60 Percent Carbon

R/R, THC VHC THC VHC THC VHC
671 .288 .254 .38 .248 .39 272
671 .385
L52 .185 .239 148 234 .191 .198
L52 .20 .254 .169
.264 .313 .781 .203 .351 126
.130 1.02 1.05 .87 1.12 .91 1.12
.130 1.05
.056 1.31 1.48 1.37 1.29 1.25 1.32

-.0Ls 1.59 1.43

-.049 1.91 1.72 1.69 1.9

-.158 1.08 1.29 1.08 1.25 1.12 1.16

-.158 1.26

-.252 .512 .7 .512 .658 .523 .626
.252 .713 .596 .594 .582 .61

-.582 .43k .348 .388 .322 .322 .298

-.766 .569 405 778 .521 .87 .585

-.766 .753 537 . 135 .53k
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No.

=

2 Fuel 0il

0.65

TABLE H-3 (Cont'd)

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY
PHASE~-DISCRIMINATING PROBE

Pregsure = 1 atm

Inlet Swirl No. = 0.3

Inlet Air Temperature = 533°K

D=

RO

12.23 em

= 6.17 em

X/D = 3.99 Percent Carbon

R/R, THC VHC THC VHC THC VHC
666 .304 .0739 .118 .109 .195 L116
o5 L0713 .0361 .oke2
.2h6 L1445 .137 L11 .126
242 .092 .13
0 L1115 .858

-.00k .968 .902

-.175 487 426 42 41

-.hes .0593 .0536 L0241

-.448 .0531

-.571 .169 .136 .109 .156

-.798 1.52 1.11 1.81 1.25 1.,b7 3,11

-.798 1.4 1.24

X/D = 5.38

.676 21k .133 .293 L1490 243 .162
.4ho .0821 .0858 .065 .072 . 0646
.322 L0154 .0202 .0118 .0253
.088 L35 .363 296
.027 .352
.010 .38 .598 .34 .666 572
.010 .683 -

-.1ko .3h3 .2h9 .221 .

-.326 .0232 .0213 .019k L0171

-.548 .258 .0894 ,182 , 064 .154 .0515

-.788 .367 127 Loz L1k
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TARLE H-L

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY
PHASE-DISCRIMINATING PROBE

No. 2 Fuel 0il

$ = 0.65

Pressure = 1 atm

Test No. 8

Inlet Swirl No. = 0.3

Inlet Air Temperature = 755K

D =

RO

12.23 cm

= $6.17 cm

X/D = 1.21 Percent Carbon

R/RO THC VHC THC VHC THC VHC
675 .31 .281 .326 .323
675 .333
pran 27 .257 262 .32
252 817 .84k . 784 .710 .637 .726
.252 .61k
.135 1.48 1.46 1.51
.060 3.43 3.07 3.07 3.14 3.05

-.055 3.1k 3.08 3.10 2,92

-.158 2.53 2.89 2.50 2.71 2.72

-.261 1.32 1.105 1.09 1.09

-.373 .255 .158 .187 L17h 206 .166

-.373 .185

-.460 671 .356 .48s .323

-.579 .119 .133 .12 12 .169

-.67h .96 .503 771 .428

-.787 1.44 .668 .987 .656 1.2k4 .669

-.787 1.406 .656 1.h41
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TABLE H-k (Cont'd)

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY
PHASE~-DISCRIMINATING PROBE

No. 2 Fuel 0il Inlet Swirl No. = 0.3

§ = 0.65 Inlet Air Temperature = 755°K

Pressure = 1 atm D =12.23 em

R, = 6.17 em

X/D = 2,60 Percent Carbon

R/RO THC VHC THC VHC THC VHC
.66L .312 .166 .313 .20k
A7 .061 J1h1 .0916 .139 .0787 226
RIYal .098 .158
271 .137 .379 .133 375
271 .265 .258 .218
Non 1.01 1.0k .98 1.1 1.08

-.076 1.26 1.31

-.082 1.15 1.25 1.11

-.175 .896 .68 .895 .752 .88 .838

-.251 A1 L6 463 .528 RITS .58

-.251 b7 486

-.388 .09 .183 .061 .156

-.569 .218 .223 .199 .212

-.783 524 .268 .566 .3hk .38
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TABLE H-4 (Cont'd)

PERCENT CARBOW DISTRIBUTIONS AS DETERMINED BY
PHASE-DISCRIMINATING PROBE

No. 2 Fuel 0Oil Inlet Swirl No. = 0.3

3 = 0.65 Inlet Air Temperature = 755° K

Pressure = 1 atm D = 12.23 cm

RO = 6.17 cm

X/D = 3.99 Percent Carbon

R/R, THC VHC THC VHC THC VHC
.672 .012h L0124 LO1LL L0202 .0158 .0196
466 .00298 .0035 . 00266
211 L1h5 137 .153 .128 .129 .120
211 J117
.028 .653 .639 .596 .523 .566

-.062 .29 .273

-1l .235 .182 .184

-.218 .235 .189

-,232 172 .21

-.390 .0063 . 00681 .00636 .00836 .00888

-.390 . 00675

-.596 .0043L . 0045 .ook17 . 00466

-. 794 .154 .103 .15 115
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TABLE H-4 (Cont'd)

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY
PHASE-DISCRIMINATING PROBE

No. 2 Fuel 0il Inlet Swirl No. = 0.3
§ = 0.65 Inlet Air Temperature = 733°K
Pressure = 1 atm D = 12.23 em

R, = 6.17 cm

X/D = 5.38 Percent Carbon
R/R, THC VHC THC VHC THC VIC
.676 . 00075 .0ok25 .0029k4
-4ho .00188 .00188
246 .00573 .01L .0128
.213 .0063 .0132 .00883
.113 .513 4ol
.033 .23 -355
-.028 .23 .309 273
-.125 .358 .375 .278
-.205 102 .107 . 065
-.389 .00171 .00276 .00134 .00251
-.57k .00349 .0048 .00243 .00593 L0057
-.786 . 0264 .0384 .0232 L0470 .0235 .ol8L
-.786 .0186
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TABLE H-5

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY
PHASE-DISCRIMINATING PROBE

TEST NO., 11
Propane Inlet Swirl No. = 0.3
3 = 0.65 Tnlet Air Temperature = 533°K
Pressure = 1 atm D =12.23 cm

R, = 6.17 cm

X/D = 1.21 Percent Carbon
R/Rq THC VHC THC VHC THC VHC
.67h .L2g L4k 3.61 .0387 .257
435 12.83 5.09 9.86 5.56
.250 36.77 26.43 27.34 27.17 28.655 27.34
.150 40.55 34. k2 41.32 31.17
.057 35.51 32.89 37.36 33.16 36.55 32.62
-.362 35.19 32.57 31.03 28.74
-.575 15.37 13.98 12,16 7.22 12,95
-.783 .268 .08 .118 .273 .0868 .118
X/D = 2.60
676 .133 374 1.02 .280 .131
676 .123
.635 .387 D7 .729 .68
.580 2.81 1.57 1.66 2.49 1.38
456 8.32 5.08 8.11 7.6L 7.97
267 12.12 10.14 12,67 9.27
.04l 13.74 10.22 11.84 11.01
-.166 15.21 12,67 15.9 12.12 15.37
-.360 12.04 2.35 15.01 10.46
-.he2 11.13 7.93 7.95
-.577 1.63 1.37 2.13 1.39 1.25
-.669 0.0 , .0169 .0103 0.0

138



TABLE H-5 (Cont'a)

PERCENT CARBON DISTRIBUTIONS AS DETERMINED BY
PHASE-DISCRIMINATING PROBE

Propane Inlet Swirl No. = 0.3

& = 0.65 Inlet Air Temperature = 533°%

Pregsure = 1 atm D =12.23 em

RO = 6.17 cm

X/D = 3,99 Percent Carbon

R/R, THC VHC THC VHC THC VHC
.6h1 .0168 ,026
554 .19 .3 .0365 .2 Nonn .0281
3T 4h.02 3.64 2,704
.263 2.29 1.43 3.05 .8Y
.026 .075 .075

-.014 9.93 10.26

-.170 5.1 .075 5.25 L. ok

-.365 7.25 7. 74 7.69

-.365 6.67 6. Uk 6.76

-.705 486 .098 .503 L0709 439 .0709

-.705 .439 .098 RICH
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TABLE H-5 (Cont'd)

PERCENT CARRON DISTRIBUTIONS AT DETERMINED BY
PHASE-DISCRIMINATING PROBE

Propane Inlet Swirl No,., = 0.3
3 = 0.65 Inlet Air Temperature = 533°k
Pressure = 1 atm D = 12.23 cm

R, = 6.17 cn

X/D = 5.38 Percent Carbon

R/R, THC VHC THC VHC THC VHC
.634 .113 .09 L0497 L0677
.634 .054 .0549 .0452
.634 .ohko1
571 87 1.01 .68 1.04
LLhs 4,58 L,56 Lo 3.97 Iy Q62
J4hs 3.471
429 4. 483 3.394 4.66 3.799 L.o2
.2L0 6.01 5.35 6.15 5.77 5.99
.033 7.98 7.59 7.68 6.79 7.18

-.152 7.3 5.81 7.02 5.77

-.370 L.o8 3.53 3.95 3.52

-.4é5 3.24 2.72 2.80

-.582 1.17 1.07 1.228 1.24 1.67

-.684 .105 .159 .109 .156

-.782 .0232 .0387 .0287 .0383 .0321 .0389
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APPENDIX T

TABULATED SPECIES CONCENTRATION DATA
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TABLE I-1. SPECIES CONCENTRATION DISTRIBUTIONS - TEST NO. 1

Iso=-0Octane Inlet Air Swirl No. = 0.3

¢ = 0.65 £ .01 Inlet Air Temperature = 530 ¥ 3%k

Pressure = 1.0 atm

NO, ppm
B/Ry  X/p = 1.2l 2.60 4.00  5.38
-0.80 3 1 6 -
-0.58 23 22 Ll -
-0.48 W1 - - -
-0.38 58 91 101 -
-0.17 75 127 16 167
0.04 71 112 116 133
0.24 70 127 158 172
0.45 Lo 68 101 73
0.66 6 145 26 13
0.85 1 - 3 3
0.88 - 3 - -
NOx, ppm

B/Ro X/D=1.21 2,60 L4.00  5.38
-0.80 5 13 24 -
-0.58 36 L6 66 -
-0,48 - - - -
-0.38 - 119 127 -
-0.17 - - - -
0.0k 71 - 165 -
0.24 - - - 186
0.45 69 89 111 104
0.66 23 35 L5 38
0.85 8 - 1h 13
0.87 - 13 - -
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TABRLE I-1. SPECIES CONCENTRATION DISTRIBUTTONS

(Continued)

R/R CO, Mole %

o X/D=1.21  2.60 %.00 5.3
-0.80 0.90 0.56 0.54 -
-0.586 3.00 1.18 0.85 -
-0.48 5.80 - - -
-0.38 8.10 3.50 2.10 -
-~0.17 11.h4o 7.50  6.80  5.60

0.04 12.20 10.00 10.20 10.00

0.2k 10.6 5.95  5.30  3.90

0.45 6.20 2.10 1.80 0.75

0.66 1.80 0.80 0.80 0.48

0.85 0.78 - 0.50 0.38

0.87 - 0.60 - -
R/R, COp, Mole %

X/D = 1.21 2,60 L4.00 5.30
-0.80 2.3 3.4 5.3 -
-0.58 6.5 7.9 8.1 -
-0.48 7.6 - -
-0.38 7.6 9.k 10.2 -
-0.17 7.6 9.0 9.k  10.0

0.04 7.2 8.0 8.0 8.6

0.24 7.6 9.4 10.2 10.7

0.45 7.4 9.0 10.0 9.4

0.66 5.0 6.2 7.0 6.2
0.85 1.8 - 3.4 3.3
0.87 - 3.5 - -

02, Mole %

B/R, X/D = 1.21 2,60 4,00 5.38
-0.80 16.85 15.86  1L.cO -
-0.58 9.00 10.1k 8.15 -
-0.48 4.68 - L.3k -
-0.38 2.4h2 3.77 - -
-0.17 0.65 0.78 0.95 1.15

0.0k 0.52 0.29 0.26 0.40

0.2h 1.22 1.17 1.03 1,65

0.145 L,81 5.59 L3 6.75

0.66 11.96 11.57 10,20 12.13

0.85 7.50 - 16. 16.20
0.87 - 14,43 - -
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TABLE I-2. SPECIES CONCENTRATION DISTRIBUTIONS - TEST NO. 4

Iso-Octane Inlet Air Swirl No. = 0.3
® = 0.66 Inlet Air Temperature = 5
Pressure = 3.3 atm

33 ¥ L%

NO, ppm
BB, X/D = 1.21 2,60 L.00 5.38
-0.84 3 - 2 -
-0.80 - 10 - 3
-0.66 58 L7 66 18
-0.57 92 - - -
-0.45 - 90 76 73
-0.28 68 - - -
-0.24 - h 55 66
-0.0k4 70 58 54 50
0.17 63 - 60 53
0.38 81 91 75 79
0.58 90 Okt 71 L5
0.69 71 - - -
0.76 12 - - 15
0.80 7 6 6 -
NOy, ppm

R/RO X/D = 1.21 2.60 L.,00 5.38
~0.84 13 - 10 -
-0.80 - - - 10
-0.66 Y 60 91 32
~0.57 - - - -
-0.45 - - - -
-0.28 - - - -
-0.24 - - - -
-0.04 - - - -
0.17 - - - -
0.38 - - - -
0.58 - 109 12 70
0.69 - - - -
0.76 17 - - 29
0.80 12 - - -
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TABLE I-2. SPECIES CONCENTRATION DISTRIBUTTONS

(Continued)
CO, Mole %

R/Rq X/D =1.21 2.60 L.00 5.38
-0.84 0.00 - 0.25 -
-0.80 - 0.12 - 0.05
~0.66 2.10 0.80 3.Lo 0.40
-0.57 7.30 - 7.30 -
-0.145 - 5.5 - 4.6
-0.28 9.8 - - -
-0.2k4 - 8.85 8.5 7.4
-0.0h 9.6 9.kt 8.6 8.4

0.17 10.05 - 7.75 8.1

0.38 8.70 7.55 6.9 5.92

0.58 7.00 3.15 L.2 1.62

0.69 3.35 - - -

0.76 0.36 - - 3.50

0.80 0.40 0.12  0.30 -

COs, Mole %

R/R,  X/p = 1.21  2.60 k.00 5.38
-0.84 0.5 - 2.1 -
-0.80 - 1.95 - 0.85
~0.66 7.3 6.0 8.8 b.1
-0.57 7.95 - - -
-0.145 - 8.6 8.0 10.2
-0.28 6.1 - - -
-0.24 - 6.95 T.lh2 8.4
~0.04 5.9 6.7 7.5 7.25

0.17 5.9 - 8.0 T.75

0.38 6.3 7.75 845 9.3

0.58 8.15 8.85 9.h 8.75

0.69 8.1 - - -

0.76 2.6 - - 3.65

0.80 3.25 1.6 2.k5 -

145



TABLE I-2.

R/R

-0.84
-0.80
-0.66
-0.57
-0.45

0.0k

.38
.58
.69

.76
.80

O O O O o

SPECIES CONCENTRATION DISTRIBUTIONS

(Continued)
O, Mole %
X/D=1.21  2.60 L4.00 5.38
20.38 - 18.23 -
- 18.39 - 19.61
7.83 11.80  3.00 = 15.05
0037 - - -

- 0.87 0.18 0.63
0.07 - - -
0.25 0.26 0

0 0.12 0.13 0.25

0 - 0.13 0.06

0

0

.13 0.37 0.13 0.18

.75 2.98 1.78 6.37
L.72 - - -
16.6 - - 15.56
17.27 19.14 17.69 -
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TABLE T-~-3. SPECIES CONCENTRATION DISTRIBUTIONS - TEST NO. 5

Iso=Octane Inlet Air Swirl No. = 0.6
¢ = 0.65 Inlet Air Temperature = 530 £ 5%
Pressure = L.0 atm

NO, ppm

B/R X/D = L.21 2,60 4,00 5.38
~0.85 3 L 4 8
~0.66 ho 35 12 39
-0.45 87 o7 23 187
-0.2h4 71 22 103 99
-0.04 65 16 76 72

0.17 63 19 81 80

0.38 - 25 160 127

0.48 0 - - -

0.58 50 86 55 79

0.80 1 5 3 Iy

NOX—; ppm

R/R X/D = 1.21 2.60 .00 5.38
-0.85 18 10 10 14
-0.66 72 LL 22 Ll
-0.h5 - - - -
-0.24 - - - -
-0.04 - - - -

0.17 - - - -

0.38 - - - -

0.48 - - 195 -

0.58 - 87 65 83

0.80 18 7 1L 6

co, Mole %

B/R, X/D - 1.2l 2.60 L.oo  5.38
-0.85 0.3 0.45 0.2 0.40
-0.66 2.0 1.00 0.50 0.25
-0.45 9.55 6.6 5.2 5.7
-0.24 11.1 9.7 12.6 12.5
-0.04 11.25 11.25 13.5 11.7

0.17 11.25 11.h 13.2 13.2

0.38 - 9.0 8.9 11.1

0.48 8.15 - 2.1 -

0.58 k.7 1.45 k.0 0.15

0.80 0.35 0.43 0.k 0.45
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TABLE I-3. SPECIES CONCENTRATION DISTRIBUTIONS
(Continued)

COs, Mole %

R/Rg
X/D =1.21 2.60 L.oo  5.38
-0.85 1.35 2.6 2.45 3.5
-0.66 8.0 7.45 5.45 6.6
-0.45 7.5 7.9 9.8 9.95
-0.24 6.7 7.0 7.3 7.05
-0.,04 6.4 6.05 6.8 6.3
0.17 6.55 6.6 6.85 6.7
0.38 - 7.6 8.65 7.5
0.48 8.1 - 10.75 -
0.58 8.3 8.5 7.0 9.5
0.80 1.9 3.5 2.6 3.8
R/RO 05, Mole %
X/D = 1.21 2.60 .00 5.38
-0.85 18.8k 17.33  17.46  16.26
-0.66 5.47 8.78 13.69 11.59
-0.45 0.05 L.27 1.1h 0.51
-0.24 0.00 1.01 0,05 0.18
-0,04 0.00 1.14 0.02 2.40
0.17 0.00 1.39 0.02 0.08
0.38 - 1.27 0.25 0.63
0.48 0.38 - 2.5 -
0.58 3.31 5.95 9.0 9.33
0.80 18.33 16,02  17.43  15.75
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TABLE I-4. SPECIES CONCENTRATION DISTRIBUTIONS - TEST NO, 8

No. 2 Fuel 0il
¢ = 0.67
Pressure = 1.0 atm

Inlet Alr Swirl No. = 0.3
Inlet Air Temperature = 755 K

NO, ppm
R/R, X/D = 1,20 2,60 4,00 5.38
-0.8L 1k - - 103
-0.80 - 23 39 _
-0.66 31 - - 157
-0.57 - Lo 101 -
-0.45 47 - - 209
-0.38 - 83 143 g
—O.EM 79 - - 205
-0.17 - 154 196 -
-0.0L 108 - - 290
0.04 - 188 201 -
0.17 108 - - 280
0.25 - 188 203 -
0.38 56 - - 005
0.45 - 135 151 -
0.58 L1 - - -
0.66 - 83 119 157
0.80 1k - - -
0.84 - 55 8l -
NO,, ppm

B/R, X/D = 1.21 2.60 1,00 5. 30
-0.84 19 - - -
-0.80 - 32 73 -
-0.66 38 - - -
~0.57 - 57 105 -
-0.45 an - - -
-0.38 - 95 146 -
-0.2h - - ~ -
-0.17 - - - -
-0.0L - - - -
0.0k - - - -
0.17 56 - - -
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TABLE I-4. SPECIES CONCENTRATION DISTRIBUTIONS

(Continued)
R/R, NOx, ppm
X/D = 1.21 2,60 4,00 5.38
0.25 - - - -
0.38 83 - - 225
0.45 - 135 - -
0.58 - - - -
0.66 - 83 119 157
0.80 27 - - -
0.84 ~ - - -
R/R, co, Mole %
X/D = 1,21 2,60 L,o0  5.38
-0.84 1.47 - - 0.38
-0.80 - 0.86 0.77 -
-0.67 1.11 - - 0.3k
-0.58 - 0.87 0.62 -
-0.45 1.9 - ~ 0.8
-0.38 - 1.21 1.06 -
-0.24 3.99 - - 2.6
-0,17 - 3.0 3.43 -
-0.0k4 6.19 - - 5.88
0.0k - 7,18 8.46 -
0.17 6.05 - - 4.06
0.25 - 5.18 L 43 -
0.38 2.82 - - 1.25
0.45 - 1.65  1.46 -
0.58 1.52 - - -
0.66 - 0.83 0.77 0.65
0.80 0.97 - - -
0.8k - 0.63 0.55 -
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TABLE I-4. SPECIES CONCENTRATION DISTRIBUTIONS
(Continued)

COo, Mole %

B/Rq X/D=1.21 2.60 4,00 5.38
-0.84 h.01 - - 7,43
-0,80 - 6.1% 7.39 -
-0.67 5.07 - - 8.3
-0.58 - 6.95 8.24 -
~0.45 6.07 - - 9.0
-0.38 - 7.85 8.96 -
-0.24 7.81 - - 9,7k
-0.17 - 8.25 9.7 -
~0.,0L 7.92 - - 9.28
0.0h - 8.73 8.65 -
0.17 7.98 - - 9.53
0.25 - 9.3 9.25 -
0.38 7.4 - - 9.3
0.L45 - 8.l 8.87 -
0.58 5.79 - - -
0.66 - 7.1 8.9 8.56
0.80 L7 - - -
0.84 - 6.1 7.4 -
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R/R

-0.84
-0.80
-0,67
-0.58
-0.45
~-0.38
~0.24
-0.17
-0.0h
0.0k
0.17
0.25
0.38
0.45
0.58
0.66
0.80
0.84

I-L. SPECIES CONCENTRATION DISTRIBUTTONS

(Continued)
0,, Mole A
X/D = 1.21 2.60 Iy,00 5.38
1h.7 - - 10.1
- 12,4 9.8 -
13.3 - - 8.0
- 10.8 8.15 -
10.8 - - 6.2
- 8.7 6.1 -
5.3 - - 2.5
- 3.7 1.7 -
2.9 - - 1.1
- 1.1 0.38 -
3.2 - - 2.0
- 1.7 2.1 -
7.k - - 5.1
- 6.9 5.9 -
12.0 - - -
- 10.5 7.5 7.4
1,2 - - -
- 12.4 9.7 -
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TABLE I'-5. SPECIES CONCENTRATION DISTRIBUTIONS - TEST NOC. g4
No. 2 0il Inlet Air Swirl No. = O
¢ = 0.67

Pressure = 1.0 atm

-0.
-0.
-0.
-0.

8L
80
66
58

-0.45

=0
=0

-0

o O OO

.38
24
-0,
Nollt
LOb
A7
.25
.38

7

0.5
0.58
0.66

0.
O.

80
8l

Inlet Air Temperature =

NO, ppm
X/D = 1.21 2,60 ko0  5.38
- - - 39
- 19 37 -
- - - 62
- 29 66 -
- - - 119
- 52 95 -
- - - 132
- o7 120 -
a7 - - 132
- 112 103 -
83 101 - 119
- 93 105 -
ué - - 110
51 L2 86 -
o1 - - 102
30 2l 53 -
5 - - 65
15 17 5 -
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TABLE T-5, SPECIES CONCENTRATICN DISTRIBUTTONS

(Continued)
NOX, pom
B/%o X/D = 1.21  2.60 k.00  5.38
-0.84 - - - -
-0.80 - 32 b1 -
~0.66 - - - 66
-0.58 - 36 69 -
-0.45 6l - - -
-0.38 - 58 - -
-0.2k4 - - - -
-0.17 - - - -
-0.0k - - - -
0.0L - - - -

0.17 - - - -
0.25 - - - -
0.38 66 - - -
0.45 - L8 - -
0.58 38 - - -
0.66 - 26 - -
0.80 19 - - -
0.84 - 23 - -

CO, Mole %

R/R, X/D = 1l.21 2.60 4,00 5.38
-0.84% 1.46 - - 0.62
-0.80 - 1,28 1.08 -
-0.66 1.3 - - 0.66
~-0.58 - 1.17 0.97 -
-0.45 2.82 - - 1.4
-0.38 - 1.49 1.23 -
-0.24 5.07 - - 2.6
-0.17 - 3.47 3.79 -
~0.04 6.57 - - L.5
0.04 - 7.48 5.83 -
0.17 5.82 k.3 - 3.36

0.25 - 2.8 3.7 -

0.38 2.97 - - 1.39
0.45 - 1.09 1.51 -
0.58 1.52 - - 1.03
0.66 - 0.89 1.10 -
0.80 0.99 - - 0.55
0.84 - 1.13 1,22 -
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TABLE I-5.,

R/Ro

SPECIES CONCENTRATTON DISTRIBUTIONS
(Continued)

COs, Mole %
X/D = 1.21 2.60 L,00 5.38

3.01 - - 6.6
- 5.47 6.53 -
5.11 - - 8.06
- 6.1k 7.73 -
6.94 - - 9.36
- 7.48 8.92 -
8.35 - - 9.65
- 9.12 9.62 -
8.45 - - 9.45
- 8.87 8.87 -
8.hh 8.86 - 9.24
- 8.96 9.39 -
7.33 - - 9.05
- 7.15 8.87 -
5.43 - - 8.73
- 5.65 7-98 -
3.17 - - 7.28
- 5.31 6.95 -

05, Mole %

X/D = 1.21 2.60 L.0o0  5.38
15.9 - - 11,7
- 12.6 11.6 -
13.1 - - 8.
- 11.9 9.2 -
8.5 - - k.9
- 9.1 6.3 -
3.0 - - 3.3
- 4.0 2.2 -
1.7 - - L.9
- 0.89 2.5 -
2.9 - - 3.3
- - 3.58 -
7.8 - - 2.1
- 10.1 5.9 -
12.6 - - 6.6
- 13.0 8.k -
16.4 - - 106
- 13.4 10.4 -
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TABLE I-6. SPECIES CONCENTRATIONS DISTRIBUTIONS - TEST NO. 11

Propane Inlet Air Swirl No. = 0.3
3 =0.64 T .01 Tnlet Air Temperature = 521 £ 8° K
Pressure = 1.0 atm
R/RO NO, pprm
X/D =1.21 2,60 L,00 5.38
~-0.80 5 3 1l L
-0.58 8 20 75 16
-0.38 L7 70 75 8k
-0,17 55 70 h 6k
0.04 5k 71 68 61
0.24 48 69 70 78
0.45 23 68 - 78
0.59 - - 72 -
0.66 2 7 - 10
0.70 - - 10 -
0.85 1 3 2 3
R/R, NO,, ppm
X/D = L.21 2.60 4.00 5.38
~0.80 - - 23 Iy
~-0.58 11 - - -
~0.38 - - - 31
-0.17 - - - -
0.04 - - - -
0.24 - - - -
0.45 - - - -
0.59 - - - -
0.66 3 20 - 14
0.70 - - 1h -
0.85 b L 7
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Teble I-6. SPECTES CONCENTRATIONS DISTRIBUTIONS

(Continued)
R/R, _ CO, Mole %
X/D=1.21 2,60 %.00  35.38
-0.80 0.1 - 1.07 0.03
=0.58 2.4 2.36 9.37 0.8
~0.38 7.4 - 10.52  2.28
-0.17 7.3 9.3 10.71 2.4
0.04 7.3 9.4 10.72 1.0
0.2h 7.4 9.08 10.6  2.38
0.45 6.25 8.58 - 2.2
0.59 - - 752 -
0.66 0.55 2.8 - 0.18
0.70 - - 0.65 -
0.85 0.0 0.22 0.02 0.01
COy, Mole %
R/RO X/D = 1.21 2.60 L.,00 5.38
~0.80 0.9 0.k 2.75  1.05
-0.58 5.05 4.8h 8.6 6.15
-0.38 6.15 - 7.85  6.35
-0.17 5.55 5.92 7.9 5.65
0.04 5.55 5.92 7.7 5.65
0.24 5.6 5.99 7.7 5.85
0.45 5.8 6.47 - 6.5
0.59 - - 7.05 -
0.66 1.8 5.51 - 3.00
0.70 - - L.5 -
0.85 0.15 0.93 1.0 0.50
0,, Mole %
2
R/Rg X/D = 1.21 2.60 1,00 5.38
-0.80 19.71 204 15.4 19.53
-0.58 10.94 11.5 0.76 =
-0.38 1.00 0.85 0.25 9.82
-0.,17 0.2 0.35 0.56 1.12
0.0k 0.37 0.3 0.58 1.12
0.24 1.12 0.45 0.61 1.12
0.45 2.98 0.85 - 1.32
0.59 - - 2.2 -
0.66 17.99 10.1 - 16.65
0.70 - - 16.2 -
0.85 20.73 19.8 19.8 20.31
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TABLE I-7. EXHAUST SPECIES CONCENTRATIONS (ISO-OCTANE )

Inlet Air
Test Swirl Pressure Temperature APinj
No. No. (atm) (°x) 8 (atm)
1 0.3 1.0 740 0.89 -
0.3 1.0 746 0.65 h
0.3 1.0 746 0.57 B
0.3 1.0 nn 0.73 -
0.3 1.0 7h6 0.81 -
0.3 1.0 765 0.96 -
2 0.3 1.0 749 0.73 BE
0.3 1.0 7h7 0.65 B
0.3 1.0 637 0.65 Z
0.3 1.0 638 0.72 7.65
0.3 1.0 530 0.57 B
0.3 1.0 528 0.61 ~
0.3 1.0 527 0.72 7.6k
0.3 1.0 533 0.80 9.99
0.3 1.0 524 0.88 te.72
3 0.3 3.5 527 0.65 -
L 0.3 3.5 532 0.65 i
5 0.6 1.0 530 0,65 -
0.6 1.0 535 0.62 ~
0.6 1.0 525 0.67 )
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TABLE I-T.

Test
No.

1

=W

EXHAUST SPECIES CONCENTRATIONS

(ISO-OCTANE)

(Continued)

o COp co NO NOy
(Mole %) (Mole %) (Mole %) ppm  ppm
h,2 9.6 0.98 218 235
9.6 7.3 0.12 156 169
11.8 5.9 0.11 101 110
7.6 8.1 0.25 183 198
6.0 8.8 0.62 200 210
3.3 9.9 1.30 230 250
6.6 9.0 0.30 185 207
9.l 8.0 0.10 1h7 185
9.4 8.0 0.15 91 117
7.5 9.0 0.21 125 17
12.1 6.4 0.18 20 48
9.5 7.8 0.17 50 76
7.6 8.8 0.38 72 a3
5.9 9.6 0.80 90 113
L.6 10.0 1.35 102 117
10.8 7.1 037 31 L
10.2 7.5 0.25 39 L7
10.9 6.7 0.3 b6 52
11.6 6.1 0.7 27 4o
10.4 6.9 0.2 55 ok
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TABLE I1-8. EXHAUST SPECIES CONCENTRATIONS (NO. 2 OIL)
. Inlet Air
Test Swirl Pressure Temperature APip 4
No. No. (atm) (°K) 3 (atmg
1 0.6 1.0 530 0.65 -
0.6 1.0 537 0,63 -
0.6 1.0 532 0.67 -
2 0.3 1.0 522 0.57 B
0.3 1.0 532 0.64 -
0.3 1.0 506 0.72 8.73
0.3 1.0 530 0.79 10,8k
0.3 1.0 505 0.87 13.22
3 0.3 1.0 e 0.6k 7.09
L 0.3 3.5 533 0.65 -
0.57 -
0.7k -
5 0.3 1.0 533 0.65 -
0.3 1.0 533 0.57 -
0.3 1.0 533 0.74 -
6 0.3 S 0.65 -
0.3 ni 0.57 -
0.3 6ll 0.7k -
Test 02 COo co NO NO,
No. (Mole %) (Mole %) (Mole %) ppm ppm
1 7.7 8.9 0.007 66 72
8.1 8.6 0.006 62 66
7.2 9.0 0.01 78 82
2 9.6 7.9 0.001 52 58
75 8.8 0.18 8L 85
6.1 9.1 0.52 103 105
4.9 9.4 1.11 115 115
3.9 9.5 1.81 125 -
3 7.7 9.0 0.0k4 166 167
L 6.8 10.4 0.06 116 116
8.8 9.3 0.04 104 -
5.2 11.2 0.10 111 -
6.6 9.9 0.1kL 108 109
8.9 9.2 0,06 80 -
5.8 10.7 0.46 119 -
6 8.8 - 0.08 120 120
8.8 - 0.02 oh Ol
5.7 - 0.22 152 152
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Table I-9.

EXHAUST SPECTES CONCENTRATIONS (PROPANE)

TInlet Air
Test Swirl Pressure Tempgrature AP s
No. No. (atm) (°x) [ gatmgg
1 0.6 1.0
0.6 1.0 23 gg? 13:28
0.6 1.0 539 0.66 7.8k
2 0.3 1.0 533 0.57 -
0.3 1.0 533 0.65 -
0.3 1.0 533 0.7k _
0.3 1.0 533 0.82 -
0.3 1.0 533 0.90 -

3 0.3 1.0 ehl 0.65 -

4 0.3 1.0 755 0.65 i}

5 0.3 3.5 533 0.65 -
0.57 -
0.7k4 -

6 0.3 1.0 526 0.28 8.52

0.3 1.0 529 0.32 8.66
0.3 1.0 531 0.36 9.5k
0.3 1.0 525 0.ko 11.92
0.3 1.0 525 0.32 7.16
0.3 1.0 529 0.4k 12,67

Test 0, COp co NO NO,, HC

No. (Mole %) (Mole %) (Mole %)  ppm  ppm ppmC

1 11.7 6.4 0.19 i 67

12.4 0.0 0.245 36 61
10.9 6.8 0.145 60 82
5 12.8 6.5 0.26 52 50 46l
11.0 6.9 0.26 63 63 Le1
8.6 8.8 0.29 83 83 L71
7.3 9.2 0.4k 91 g1 L51
7.2 10.0 0.76 108 108 531

3 10.9 7.6 0.18 87 89 336

by 11.5 7.1 0.08 110 113 241

5 8.1 7.3 0.02 9l ol 186

10.0 8.1 0.0k4 81 81 193
5.5 10.2 0.10 - 107 227
6 17.9 2.4 0.03 12 16
17.2 3.1 0.01 18 23
16.6 3.4 0.01 22 ol
16.2 3.7 0.02 26 32
17.2 2.9 0.01 17 25
15.8 k.1 0.09 31 38
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APPENDIX J

TABULATED VELOCITY DATA
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TABLE J-1. AXIAL VELOCITY DATA (M/SEC) - TEST NO. 1

Iso-Octane/Air Inlet Air Swirl = 0.3
¢ = 0.65 Inlet Air Temperature = 533°K
Pressure = 1 atm
X/D = 0.123
R/Ro U V' Riis
-0.86 32.7 13.7
-0.86 3h.1 14.9
-0.68 12.39 15.4
-0.68 21.5 19.8
-0.50 -3.1 7.6
0.00 7.4 15.8
0.31 25.6 6.2
0.47 -0.8 7.4
0.80 23.9 15.3
0.80 2L.9 15.7
0.88 14.8 12.2
0.88 16.5 k.
0.80 21.6 14.2
0.80 33.5 15.1
0.72 19.9 13.5
0.72 33.2 16.6
0.58 6.4 8.0
0.58 8.9 11.6
0.47 h.2 0
039 2.)—l- ]-%O
0.31 8.6 oed
0.1 29.3 >+
-0.82 18.1 14.9
-0.88 29.3 L9
g 19.2 17.
~0.75 33-5 2o
~0.63 6.3 12.3
-0.63 13.2 1;.3
-0.50 2.1 6'9
-0.40 -3.99 'Z
-0.28 1k.8 2-1
-0.18 26.1 u'
-0.04 13.3 .9
0.06 23.7 53
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TABLE J-1. AXIAL VELOCITY DATA (M/SEC) - TEST NO. 1

(continued)

X/D = 0.336

5
2

o

fom

R/Rg

N OONINMNM S -0V NN OINMINAS NN VNN OO

636797776628800397565\4557011
—l — —~ —~ ~

l\.u_..73078569871973868255987397

26119859992793778298232336Oh
Al A Al — — o T e e e I VY

OODOVDO A AN OO NN M = O \O \O
e T9999599997970°9066053c83383
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TABLE J-1. AXTAL VELOCITY DATA (M/SEC) - TEST NO. 1

X[D = 0,52k

R/R,

-0.81
-0.81

-0.59
-0.38

.00
.23
43
.6l
.84

o OO0 OO0

(continued)

al

18,
18.
17.
17.
1.

13.

12,
16.
17.

W W-3 W —~ oW
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TABLE J-2. AXIAL VELOCITY DATA (M/SEC) - TEST NO. 5

Iso-Octane/Air Inlet Air Swirl = 0.6
¢ = 0.6 Inlet Air Temperature = 533°K
Pressure = 1 atm
X/D = 0.123
R/Rg U U'Rms
-0.88 63.20 16.3
-0.88 67.30 22.9
-0.71 36.90 22.6
-0.55 0.00 12.5
-0.38 31.80 5.4
-0.38 32.80 4.8
-0.18 31.10 3.h
0.02 30.10 3.5
0.23 2L .50 7.8
0.43 13.50 24.0
0.64 57.60 13.8
0.64 65.70 14k
0.84 43,20 18.3
-0.79 66.70 16.3
-0.63 35.90 21.8
-0.49 1.30 12.1
-0.28 31.40 4.0
0.08 29.50 3.4
0.13 28.50 3.1
0.33 20,70 10.1
0.33 2.98 8.1
0.5k 33.50 25.6
0.74 61.50 1L.8
-0.38 30.60 5.1
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TABLE J-2. AXIAL VELOCITY DATA (M/SEC) - TEST NO. 5

X/D = 0.336
R/Rq

.59
.38
.18
.00
.23
43
.72
R
L7
.31
.15
.00
-0.18

[
o O

1
OO0 00000000

-0.67

(continued)

al

29.
27.
ok .
22,
26.
02,

12.
22.
25.
22.
17.
23.
26,
25.
22,

OOV W WWYWWoOWOoOmW FEFO0FIW
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TABLE J-2. AXTAL VELOCITY DATA (M/SEC) - TEST NO. 5

X/D = 0.524
R/R

0.68
.56
.39
.23
.23
.06

ool el oNe]

-0.10
-0.10
-0.26
-0.26
-0.26
-0.43
-0.43
-0.59
-0.59
-0.75
~-0.75

(continued) -
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TABLE J-2. AXTIAL VELOCITY DATA (M/SEC) - TEST NO. 5

(continued)

X/D = 1.64

R/Rg i
-0.88 Ly .7
-0.88 L7.3
-0.69 37.8
-0.51 26 .4
-0.30 29.1
-0.10 4h.o
0.11 37.3
0.33 21.4
0.52 26.0
0.72 50.2
0.72 6.8
0.84 52.8
0.84 53.7
0.64 33.5
0.02 hr.1
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TABLE J-3. AXTAL VELOCITY DATA (M/SEC) - TEST NO. 6

No. 2 Fuel 0il/Air Inlet Air Swirl = 0.3
¢ = 0.65 Inlet Air Temperature = 533°K
Pressure = 1 atm
X/D = 0.123
R/Ro v V' s
.8770 35.7 13.9
.6926 12.3 12.0
.5082 -2.5 5.6
.3033 9.3 9.3
.098kL 19.5 5.9
.1066 21.7 2.8
.3115 -3.4 L.g
.5164 1.2 6.9
0 20.0 7.6
2295 -0.9 .7
.1270 k.9 6.3
. 0656 16.0 5.7
8770 20.4 12,7
8770 32.2 14.5
6926 11.3 6.7
6926 12.3 -
.1803 22.9 3.2
L0779 21.5 4.0
L0246 23.5 3.4
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TABLE J-3. AXIAL VELOCITY DATA (M/SEC) - TEST NO. 6

X/D = 0.336
R/R,

.8361
.8361
6311
.6311
262
.2213

.2008
<3934
.598k4
.8033
.8033
L7951
L7951
.5902
.3852
.02h6
L8443
5164
.6373

(continued)

w
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TABLE J-3, AXIAL VELOCITY DATA (M/SEC) - TEST NO. 6

(continued)
A = 514.5 nm

X/D = 0.336
R/R, v V' s
L8770 18.8 10.2
.8770 27.0 18.4
L7131 22.3 5.7
.5hoe 22.9 4.6
.3852 22.7 5.9
.2213 1k.5 8.3
.1885 17.8 3.9
3934 15.8 6.2
.1803 20.8 5.0
0 8.2 8.7
.1885 18.7 5.9
.3934 16.5 5.2
.598L 8.2 6.2
.5984 14.6 13.1
.1803 20.7 6.3
.5902 3.1 6.3
.5902 4.3 6.4
.3852 15.3 7.8
.8770 1.7 9.3
.50902 6.2 6.5
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(continued)
%X/D = 0.52k
R/’RO U
.9180 14,6
.9180 25,1
L7131 16.1
.5082 16.5
2623 12.8
.3115 17.4
.0082 8.2
-.2295 10.1
- L3k 15.2
-.6393 13.3
-.8443 12.8
-.3525 15.3

TABLE J-3, AXIAL VELOCITY DATA (M/SEC) - TEST NO. 6
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TABLE J-3. AXIAL VELOCITY DATA (M/SEC) - TEST NO. 6

(continued).
A= 51)4'05 nm
X(D = 0.524
R/RO v U'RNE
8770 18.8 L.7
8770 21.3 10.2
6721 16.4 3.9
1018 18,0 b L
.3320 22.0 h,1
L1803 11,3 7.6
-.0164 11.1 6.3
-,2295 12.7 6.1
-.43hh 16.9 4.9
-.5984 18.5 3.5
-.7623 19.5 4.8
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TABLE J-L. TANGENTIAL VELOCITY DATA (M/SEC) - TEST NO. 1

Iso-Octane/Air Inlet Air Swirl = 0.3
¢ = 0.65 Inlet Air Temperature = 533°K
Pressure = 1 atm
X/D = 0.123
R/RO W @' ovg
-0.88 11.20 5.4
-0.88 22.20 8.1
-0.71 8.80 6.0
-0.71 12.00 9.2
-0.51 4.20 3.9
-0.51 4.20 3.8
-0.39 3.40 3.3
-0.18 1.99 2.6
0.13 0.10 2.5
0.23 0.30 2.5
0.43 -3.50 2.8
0.43 -3.80 2.8
0.64 -7.00" 4.8
0.64 ' -11.30 8.3
0.80 -13.50 6.5
0.80 -20.00 9.7
0.23 0.02 3.3
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TABLE J-L4. TANGENTIAL VELOCITY DATA (M/SEC) - TEST NO. 1

X[D = 0.336

R/RO
-0.90
-0.90
-0.90
-0.75
-0.75
-0.75
-0.59
-0.59
-0.38
-0.38
-0.18
-0.18
.00
.23
43
.64
.6l
.76
.76
.76
.88
.88
.88

.90

e oNoNeoNeoNolNeolNe)

| N
C O O

(continued)

13.70
22,60
23.00

.10

8

8

4.50
4,50
4 .80
3.10
3.00
3.00
2.90
-b.10
-4, 02
-1.48
-3.60
-3.00
-4.60

-3.90
-7.20
11.40
13.50
13.80
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TABLE J-5. TANGENTIAL VELOCITY DATA (M/SEC) - TEST NO. 5

Iso-Octane/Air Inlet Air Swirl = 0.6

¢ = 0.6 Inlet Air Temperature = 533°K

Pressure = 1 atm

X/D = 0.123

R/RO W ®'eMs
-0.88 6.6 15.0
-0.88 46.0 1h.2
-0,11 39.6 4.8
-0.51 25.2 9.2
-0.30 -1.1 3.2
-0.10 -2.3 L.2
0.11 ~5.7 2.5
0.31 -28.0 7-3
0.52 -35.0 11.7
0.72 -49.8 10.5
0.43 -30.2 7.8
0.23 -10.7 3.9
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TABLE J-5. TANGENTTIAL VELOCITY DATA (M/SEC) - TEST NO. 5
' (continued)

X/D = 0.336

R/RO W (U'RMS
-0.82 33.2 9.0
0.64 -19.0 6.9
0.6k -28.6 18.5
0.80 -29.6 7.8
0.00 -0.7 3.0
0.00 -0.9 5.2
-0.67 7.7 8.2
-0.67 21.2 15.1
0.43 -6.3 2.8
0.23 -1.5 2.8
0.23 -1.3 2.7
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TABLE J-6. TANGENTIAL VELOCITY DATA (M/SEC) - TEST NO. 6

No. 2 Fuel 0il/Air Inlet Air Swirl = 0.3

¢ = 0.65 Inlet Air Temperature = 533°K
Pressure = 1 atm

X/D = 0.123

R/RO W m‘RMS
.8361 13.8 k.9
.8361 13.4 5.6
.6311 13.2 7.8
.6311 22,3 9.5
L2262 4.3 h,1
Lhee2 7.1 5.5
2213 2.9 3.0
2213 3.5 3.1
L0164 3.2 1.8
.1885 1.8 2.1
393k -1.7 2.5
.6393 -12.0 7.2
L8443 -21.5 6.6
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TABLE J-6. TANGENTIAL VELOCTTY DATA (M/SEC) - TEST NO. 6
(continued)

X/D = 0.336
R/RO W (NRMS
.8115 5.9 6.4
L8115 19.8 5.6
L6311 3.1 3.1
L6311 4.4 8.1
JLhoge 1.6 2.2
.2213 1.6 2.1
0. 2.2
-.2205 -7 2.0
3Lk -4 1.9
.6393 -1.7 2.0
L8443 4.5 3.9
. 8443 -16.8 5.5
.6393 4.5 6.1
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TABLE J-7- RADIAL VELOCITY DATA

¢ = 0.65 Inlet Air Temperature = 533°K

Pressure = 1 atm X/D = 0.336
Fuel Swirl No, Distance From%.(ins) \

Iso-octane 0= .6 +.2 -4.0

-.1 +1.9

-4 +4.,5

-7 +10,9

+.5 -7.1

+.7 -13.3

Y +1.1 -16.1

0.3 +.8 -10.0

+.2 - 2,1

b +8.1

-.8 +1k4.5

’ 1 _.8 +1k. kL

No. 2 Fuel 0.3 +0.3 -6.5

[ | +0.9 -12.4

-0.5 + 7.0

Note: Mean flow is radially outward from centerline.
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APPENDIX K

DETERMINATION OF SPRAY CONE ANGLE FROM HOLOGRAPHIC DATA

The method used to derive the spray cone angle from the spray surface
coordinates involves a '"best fit" of the measured data to the surface coordinates
of right circular cones.

The coordinate system used in the analysis of the data is shown in Fig. K-la.
The center line of the conical surface is parallel to the z axis and the vertix of
the cone lies at an arbitrary point. In general a slight deviation of angle B
existed between the viewing direction, y' and the y coordinate axis. This devia-
tion produced a slight rotation of the transformed coordinate system (in which
the centerline is parallel to the z axis) and the raw data coordinate system
(Fig. K-1b)). The first step in the data analysis was to assume a value of the
angle of rotation, B, so that the measured data were transformed from the (x, y',
z) system to the (x, y, z) system:

y:=y'cosB-zsinf3 (K-1)

and

z=y'sin B + z'cos B .

Such a transformation was made for several assumed values of B, The angle, B,
was varied over an appropriate range as determined from estimates obtained from
raw data plots.

The data in the transformed coordinate system (%, y, z) was assumed to lie
on the surface of the cone whose apex was located at the point (xO, Yoo zo) and
whose vertex angle was 6 (see Fig. K-la). The unknowns (xo, Yos Zo» 0, B) were
determined using a technique in which three parameters (xo, vy , B) were varied
parametrically and the remaining variables (z,, 6) were obtained by means of
a multiple, linear regression analysis. The set of unknowns yielding the highest
value of the computed coefficient of determination was considered to be the
best fit of the data. Details of this procedure follow.

Any cross-section perpendicular to the z-axis is a circle whose radius is
given by

57,/ (x=%0)2 + (y - yg)? (k-3)
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FIG. K1
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OORDINATE SYSTEMS EMPLOYED FOR SPRAY CONE ANGLE DATA ANALYSIS
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This radius is related to the axial coordinate and vertex angle by:

Z_ZO: tan 8/2 (Ret)

Combining these two equations, squaring both sides of the result, and rearranging
yvields the working equation:

2c= 2t a./{x -xgl? + (y-Yp)? (K-5)

where the variable, z_., indicates that this equation is used to estimate the
measured value of z for each data point from the measured values (x, y) and the
unknowns (xo, Yor Zgo 6, B). The variable, a, is introduced for convenience and
is defined by:

|
tan@/2 (X-6)

a, R).

so that the unknowns are now (xg,, Yor Zg3

The quantitative measure of how well Eq. (K-5) approximates the measured
values of the axial coordinate, zp, is given by the coefficient of determination,

r2

M2

(Zmi-~Zc)?

(2:10-"

™MZ

(Zm] "Zm )2 (K-7)

where ;m is the average of the measured values of z. The numerator of the ratio
within the expression represents the variation in zj that is not accounted for
by Eq. (K-5) and the denominator represents the total variation in the data. The
difference between the denominator and numerator represents the variation in the
data that is accounted for by the working equation. (This difference is often
called the associated variation.) In other words:

5  ASSOCIATED VARTATION
~ TOTAL VARIATION

r

Thus, the coefficient of determination is the ratio of the amount of variation in
the data accounted for by the working equation to the total variation in the data.

The objective of the analysis of the data was to maximize r2 which is equivalent
to minimizing the quantity:
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N
€{x0.¥0.20,2,3) EZ (Zmi— 2
1=|

2
Cﬂ (K-8)
Minimization of e requires differentiating Eq. (K-8) with respect to the unknowns
(%05 Yo 2> 3> B), setting these five derivatives to zero, and solving the five
equations simultaneously. However, the system of equations is nonlinear (because

of the form of Eq. (K-7)). To avoid elaborate solution techniques, a parametric
approach was used in this study. The unknowns (%4, Yo» B) were varied parametrically

and the unknowns (z,, a) were calculated from a set of linear equations. These
two equations are:

de
—— _9
da (K-9)

and

ge 4
0z (K-10)

Using Eq. (K-7) in Eq. (K-8) and applying Eqs. (K-9) and (K-10) yields the two
equations:

N
Z {Zmi—(zo+QSi)}: 0 (K—ll)

(K-12)

where

e
521/ 2P 7y (R-13)

. . . . so
has been introduced for convenience. These equatlons are linear in z, and a
that:

N N - (K-14)
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and
. - S| )
Gi' 2tan (jzaairjza (K-15)

For each set (x , vy, z , a, R), the coefficient of determination, r2, wa;
calculated. The best fit of the data occurred for the highest value of r”.

Of the five unknowns, four of these (xo, Yo» 2,5 B) were used to transform
the raw data to the coordinate system in which the cone vertex lies at the origin
and the cone centerline lies on the z axis; data in the table in Appendix M con-
forms to this coordinate system. The remaining unknown, 6, is a property of the
injector spray. After determining the best set of (xo, Vor 243 8, R), it was
necessary to estimate the precision with which the spray angle, €, had been
determined.

It was assumed that (xo, Vor 240 B) were fixed at the values giving the best

fit to the data. It was then assumed that a "'spray' angle could be calculated
for each data point by applying Eq. (K-4) as follows:

Z, - =l mi (=l i (K-16)

where

Si=\/("i‘ X002 + (yj = yo)? (K-17)

Two standard errors of estimate were defined. 1In the first definition, values

of 6; are referenced to the average value of 6, determined using Eq. (41):

i

(K-18)

where
n
> 91’ (K-19)

The factor n-2 indicates that the regression analysis had been used to calculate
two of the unknowns. In the second definition, the spray angle determined in the
regression analysis is used so that:
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(K-20)

The results produced by Eq. (K-18) and Eq. (K~20) did not differ significantly.
Since each set of data consisted of a large number of measurements, the standard
error of estimate is an excellent approximation of the more familiar standard

deviation. Thus, approximately 95 percent of the data lies within two standard
deviations of the spray angle 8.
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APPENDIX L

GAS ANALYZER CALIBRATION PROCEDURES

The flame ionization detector output is related to the number of carbon atoms
released by the breaking of carbon-hydrogen bonds as the test gas passes through
the detector. By operating the analyzer at fixed temperature and pressure (400K,
1 atm) the output can be interpreted as being proportional to the mole fraction
of unburned hydrocarbon in the flame. For example, the mole fractions of fuel in
a stoichiometric mixture of propane and air is 0.04; because there are three car-
bon atoms/mole, the output of the analyzer in percent carbon (PC) for the mixture
would be 12. Likewise, for stoichiometric mixtures of high molecular weight fuels
of the form C H, would be 14.1

The gas analysis system was calibrated by passing gases of known composition
through the analyzer and comparing the percent carbon output to the values.
Various concentrations of methane, ethane, propane and butane were used in this
calibration procedure. The composition of the calibration gases, supplied by
Scott Research Laboratories, were guaranteed to within two percent of specifica-
tions. The calibration gases were injected into the previously evacuated gas
analysis stream upstream of the ten-port sampling valve as shown in Fig. L-1.

The calibration of the ionization gauge was carried out over five orders of
magnitude from 100 ppm methane to 100 percent butane. The resultant calibration
curve is shown in Fig. L-2. The abscissa is the percent carbon, PC, and the
ordinate is the integrated area (Ac) under the recorded concentration vs time
curves.

Expressions of the form

were fit to the data using a multiple linear regression analysis. The coefficients

were:
A= -3.12
B = .691
for .0001 < PC < .02
and
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INTEGRATED AREA

FIG. L-2

HYDROCARBON ANALYZER CALIBRATION CURVE
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g
1

-2.48

[«-]
]

1.165
for .0001 < C < 8

The standard deviation of the data about the curve is 0.116 in units of 1n PC.
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APPENDIX M

TABULATED HOLOGRAPHIC DATA

This appendix contains the following data for each of the holographic tests:

1)

2)

3)

4)

Spray surface coordinate data - see Fig. D-1 for definition of coordinate
directions.

Spray thickness data - coordinates y; and Yy give the locations of the
inner and outer surfaces of the hollow cone spray at the indicated values
of x and z.

Droplet diameter data - the number of droplets in a given size range
within a series of survey regions (see Fig. D-1) are tabulated. The
coordinates of the position of survey region are given in the table
of spray thickness data.

Reduced data - the Sauter mean diameter and spray thickness is reported
and the flow rate calculated from the droplet count, droplet size and
droplet velocity (from LV measurements) is compared with the metered fuel
flow rate.
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TABLE M-1 HOLOGRAPHIC RESULTS FOR RUN 129-7

Combusting Flow Fuel Type: Iso-octane

Pressure (atm): 0,99 Inlet Temp. (K): 57k

Swrf'l No.: 0.3 Fuel Flow (Kg/sec): 0.006
Equivalence Ratio: 0.66 Airflow (Kg/sec): 0.137

Cone Angle: 69.4 + 2.0 geg Associated Data Variation, R2:0.96

Spray Surface Coordinstes ( cm)
Point bie

y z Point b: y z
1 LTT 1.49 2.06 32 1.65 1.98 3.94
2 T7 -1.1k 1.97 33 1.65 2.09 3.95
3 77 1.22 2.05 34 1.65 -2.19 3.80
L 77 -1.h7 1.9 35 1.65 2.1k 3.95
> LT7 -2.06 3.14 36 1.65 2.88 L.o1
6 77 -2.06 3.1k 37 1.65 2.88 h.91
7 .77 -1.97 3.15 38 1.65 -2.99 L.70
8 77 -2.81 k.21 39 1.65  -2.99 k.70
9 .77 -2.81 L.21 Lo 1.65 -3.74 5.72
10 .77 -3.56 5.29 41 1.65 -3.79 5.72
11 .T7 -3.67  5.28 L2 00 1 -3.96 5.71
12 Nt -4.15 6.36 43 .00 -k.o1 5.71
13 LT7 -4.15 6.36 uhy .00 -4.59 6.51
1k ST —2.78  6.a b5 .00 -h.o2 6.50
15 77 4.63 6.67 L6 .00 -3.67 5.28
16 T7 I.o1l 5.55 L7 .00 -3.61 5.28
17 77 3.84 5.5k L8 .00 -2.92 L.21
18 77 3.90 5.55 e} .00 -3.08 L.oa
19 77 2.95 Lb.L2 50 .00 -2.39 3.13
20 CTT 3.17 L. Lo 51 .00 -2.28 3.114-
21 M7 2.11 3.29 52 .00 -1.82 2.60
22 LT7 2.11 3.29 53 .00 ~1.93 2.60
23 LT7 1_69 2.72 5’.]. .00 -1.52 1.90
2h .77 1.80 2.73 55 .00 -1.63 1.90
25 1.65 1.73 3,22 56 .00 1.4k 2.00
26 1.65 -1.ko 3.11 57 .00 1.55 2.90
27 1.65 -.90 3.13 58 -.55 ~L.1y 6.25
28 1.65 1.45 3.21 59 =55 -4k .25
29 1.65 1.45 3.21 60 -.55 -3.72 5.28
30 1.65 -1.01 3.12 61 -.55 -3.78 3-28
31 1.65 -2.25 3.80 62 -.55 -2.86 21
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TABLE M-1. HOLOGRAPHIC RESULTS FOR RUN 129-7 (Cont'd)

v

Spray Surface Coordinates(cm)

Point X y A Point X v zZ
63 -.55 =-2.81 L.,21 93 -1.65 -2.42 4,23
6l -.55 =~2,17 3.1k ol -1.65 -2.42 4,23
65 -.55 -2.11 3.1k 95 -1.65 -3.34 5.29
66 -.55 -1.71 2.6l 96 -1.65 -3.40 5.29
67 -.55 -1.82 2,60

68 -.55 =1.58 2.06

69 -.55 1.9 2.17

70 -.55 1.33 2.16

71 -.55 2.05 3.29

72 -.55 2,11  3.29

73 -.55 2.89 L.h1

7h -.55 2.84 L.

75 -.55 3.62  5.54

76 -.55 . 3.73 5.54

77 -.55 h.h1  6.66

78 -.55 LW  6.66

79 -1.65 4.30 6.49

80 -1.65 4,19 6.49

81 -1.65 3.24 5,52

82 -1.65 3.57 5.54

83 -1.65 2.45  L4.40

84 -1.65 2.51 4.ho

85 -1.65 1.29 3.26

86 -1.65 .37  2.68

87 -1.65 .70 2.69

88 -1.65 -.72  2.64

89 -1.65 -.72  2.64

90 -1.65 1.45 3.27

91 -1.65 =1.h0  3.17

92 -1.65 =-=1.40  3.17

194



Pos.

O O~ OV FwnH

Pos.

O O3 O\ Fw e

TABLE M-1. HOLOGRAPHIC RESULTS FOR RUN 129-7 (Cont'd)

55

OO OO MNMMNOOW

(@0
W

VU 3 Foow Fw

Spray Thickness Data (cm)

™

P
o

1
o
DOV WU O F oow

<

OFERRENbMEO

FMNMPDMNDMNDND NN

m°<1

IR =t NV N VeI IO

RPDWWWwWwwwWww

Spray Droplet Diameter Data (microns)
(Table entry is number of droplets observed)

111

N HMNOEHEOOOMDM

SMD
SMD

139 167

oM OEFOOKFHHO
O OO0OO0OO0OFrP OO

Reduced Data

AVE. THICKNESS

AVE. Z

N-COUNTER

N-MEASURED
N-CALCUILATED

AVE, THICKNESS
STD, ERROR OF T

195

195 220
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0

4,1 MILS

105 MICRONS

1.2 CENTIMETERS
4.4 CENTIMETERS
58

15.7 x 108
12.3 x 106

1.2 CENTIMETERS
L CENTIMETERS

250

OO OO0 O0O0 OO0

[N

FrrErEEEEE

FE R E

278

oo NelNoNoNoNoloNo]



TABLE M-2, HOLOGRAPHIC RESULTS FOR RUN 129-8

Non-combusting Flow Fuel Type: Iso-octane

Pressure (atm): 1.0 Inlet Temp. (K): 576

Swirl No.: 0.3 Fuel Flow (Kg/sec): 0.006
Equivalence Ratio: 0.66 Airflow (Kg/sec): 0.137

Cone Angle: 81.L4 + 2.6 Associated Data Variation, R%: 0.96

Spray Surface Coodinates(cm)

Point X y Z Point X y Z
1 11 1.26 1.k 32 1.43 h.17 5.30
2 a1 -1.48 1.41 33 1.43 T 5.30
3 Al 1.26 1.4 34 1.43 2.14 3.11
L A1 -1.37 1.41 35 1.43 2.14 3.11
5 A1 1.76 2,01 36 1.43 .99 2.01
6 A1 1.70 2,01 37 1.43 1.32 2.01
7 11 2.58 3.11 38 1.15 22 1.13
8 A1 2.69 3.11 39 -1.32 2.30 2.83
9 J1 3.68 4.20 Tg) -1.32 2.25 2.83
10 A1 3.29 4.20 41 -1.32 2.91 3.66
11 .11 3.18 L.20 Lo -1.32 2.63 3.66
12 A1 L LY 4.97 43 -1.32 3.73 4,75
13 a1 -4.55 4,97 Ly ~1.32 3.73 L.75
1k g1 -4.,55 L.o7 L5 -1.32 4.39 5.41
15 A1 -3.95 4,20 L6 -1.32 -4,06 5.41
16 A1 -3.90 4 .20 L7 -1.32 -2.85 4.20
17 A1 -2.96 3.11 48 -1.32 -2.7h 4.20
18 a1 -2.% 3.11 L9 -1.32 -1.97 3.11
19 Jd1 -1.76 2.01 50 -1.32 -2.30 3.11
20 J1 -1.92 2.01 51 -.88 -1.76 2.01
21 11 -.93 1.13 52 -.88 1.81 2.01
22 .11 -.93 1.13 53 -.88 1.81 2.01
23 1.43 -1.10 2.34 54 -.88 -1.21 2.01
2k 1.43 -.88 2.34 55 -.88 -1.26 2.01
25 1.43 -1.87 3.11 56 -.88 -1.26 2.01
26 1.43 -2.1h4 3.11 57 -.88 -1.37 2.01
27 1.43 -3.40 4.20 58 -.88 1.76 2.01
28 1.43 -3.24 4.20
29 1.43 -4.50 5.30
30 1.43 3.29 4.20
31 1.43 3.18 4,20
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TABLE M-2., HOLOGRAPHIC RESULTS FOR RUN 129-8 (Cont'd)

Spray Thickness Data (cm)

Pos. X ¥y Yo z
1 1.3 1.4 2.2 3.1
2 .9 1.9 2.5 3.1
3 b 2.1 2.9 3.1
L .0 1.8 2.9 3.1
5 2.4 -.9 3.2 3.1
6 -1.0 1.5 2.6 3.1
7 -1.7 1.9 2.9 3.1

Spray Droplet Diameter Data (microns)
(Table entry is number of droplets observed)

Pos. 55 83 111 139 167 195 202 250 278
1 0 0 0 2 2 0 0 0 0
2 0 0 4 2 0 0 0 0 0
3 0 0 6 0 0 0 0 0 0
Y 0 6 2 1 0 0 0 0 0
5 0 6 L 1 0 0 0 0 0
6 0 0 5 2 0 0 0 0 0
7 0 5 2 0 0 0 0 0 0

Reduced Data

SMD Ly .7 MILS

SMD 118 MTCRONS
AVE, THICKNESS .9 CENTIMETERS
AVE, Z 3,1 CENTIMETERS
N-COUNTED i ‘
N-MEASURED 4.43 x 10
N-CALCULATED 8.7 x 10

AVE. THICKNESS .9 CENTIMETERS
STD, ERROR OF T .3 CENTIMETERS
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TABLE M-3, HOLOGRAPHIC RESULTS FOR RUN 130-3

Non-combusting Flow
Pressure (atm): 1.0

Fuel Type:
Inlet Temp. (K): 739
Fuel Flow (Kg/sec): 0.006
Airflow (Kg/sec): 0.137

No. 2 Fuel 0il

Associated Data Variation, RE:

Spray Surface Coordinates (cm)

Swirl No.: 0.3
Equivalence Ratio: 0.69
Cone Angle: 67.5 + 3.2
Point X v
1 -.55 1.22 1
2 -.55 1.33 1
3 -.55 -.61 1
L -.55 -.69 1
5 -.55 -.61 1
6 -.55 -1.29 1
7 -.55 -1.08 1
8 -.55 -1.08 1
9 -.55 1.62 2
10 -.55 1.51 2
11 -.55 2.02 3
12 -.55 2.18 3
13 -.55 2.18 3
1L -.55 2.85 L
15 -.55 2.69 L
16 -.55 2.80 Y
17 -.55 -2.36 3
18 -.55 -2.22 3
19 -.55 -2.16 3
20 -.55 -1.45 2
21 -.55 -1.43 2
22 -.55 -2.81 L
23 -.55 -2.81 L
2l -.55 3.34 5
25 -.55 3.56 5
26 -.55 3.34 5
27 -.55 3.83 5
28 -.55 3.72 5
29 -.55 -2.75 L
30 -.55 -2.64 L
31 -.55 -2.64 L
32 -.55  -3..8 5

b

51
.53
A7

16
A7
.83
87
.87
.37
.35
.22
.25
.25
.16
.13
.15
.19
.22
.23
24
.25
.00
.00
AL
.18
Ak
.51
49
.29
.31
.31
.21

Point

33
3k
35
36
37
38
39
4o
41
Y2
43
I
45
L6
L7
48
49
50
51
52
53
54
55

56

57
58

59
60

61

62

63

64
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X

-.55
.55
.55
.55
.55
.55
55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
.55
-1.54
-1.54
-1.54

-3.48
-3.48
-4.18
-4.,18

-99
1.20
1.82
1.82
-1.15
-1.20
-1.20
-1.31

2.41

2.41
-2.12
-2.07
-2.23
-3.03
-2.97
-2.92
-3.17
-3.17
-3.13

3.97

2.75

2.75

1.73
-1.47
-1.20
-1.31

.21
.21
.29

59
.38

.58
62
.79
.79
24
.23
.23
21
.85
.85
.01
.02
.99
.96
97
.98

.72
37
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4,08
2.66
3.08
3.13
3.11
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TABLE M-3. HOLOGRAPHIC RESULTS FOR RUN 130-3 (Cont 'd)

Spray Surface Coordinates ( cm)

Point X y z Point X y
65 -1.54 1.77 3.68
66 -1.,54 1.88 3.70
67 -1.54 2.69 Loy
68 -1.54 2.80 h.76
69 -1.54 -1.79 3.01
70 -1.54 -1.84 3.90
vl -1.54 -2.2h 5.16
72 -1.54 -2.24 5.16
73 -1.54 3.53  6.23
74 -1.54 3.69 6.26
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TABLE M-3, HOLOGRAPHIC RESULTS FOR RUN 130-3 (Cont'd)

Spray Thickness Data (cm)

Pos. X ¥ Yo z
1 1.5 1.5 1.5 4.2
2 1.1 1.3 1.3 4,1
3 1.9 .2 .2 3.9
b .2 2.2 2.2 4.3
5 -.2 2.1 2.1 4.3
6 -.5 2.2 2.2 4.3
7 -.8 1.8 1.8 )
8 -1.1 1.5 1.5 h.2
9 -1.h 1.8 1.8 4.2

Spray Droplet Diameter Data (microns)
(Table entry is number of droplets observed)

Pos. 55 83 111 139 167 195 222 250 278
1 0 3 2 1 0 0 0 0 0
2 0 0 1 1 2 0 0 0 0
3 0 0 L 3 0 0 0 0 0
i 0 0 0 5 0 1 0 0 0
5 0 0 3 1 1 1 0 0 0
6 0 0 3 1 1 0 1 0 0
7 0 0 5 0 0 0 0 0 0
8 0 0 3 0 1 0 0 0 0
9 0 0 2 0 1 0 0 0 0

Reduced Datsa
SMD 5.7 MILS
SMD 14 MTCRONS
AVE, THICKNESS .0 CENTIMETERS
AVE. 7 4.2 CENTIMETERS
NN-COUNTED 4o
N-MEASURED 3.8 x 109
N-CALCUTATED 4.8 x 10°
AVE, THICKNESS .0 CENTIMETERS
STD. ERROR OF T .0 CENTIMETERS
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TABLE M-L. HOLOGRAPHIC RESULTS FOR RUN 130-4

Combusting Flow Fuel Type: No. 2 Fuel 0il
Pressure (atm): 1.0 Inlet Temp. (X): 758

Swirl No.: 0.3 Fuel Flow (Kg/sec): 0.006
Equivalence Ratio: 0.66 Airflow (Kg/sec): 0.138

Cone Angle: 356.5 + 2,1 Associated Data Variation, R 0.92

Spray Surface Coordinates(cm)

Point X vy Z Point X vy Z
1 =55 1.43 2.83 33 -1.65 .82 3.L8
2 -.55 -1.34 2.49 3k -1.65 .58 3.45
3 -.55 1.35 2.82 35 -1.65 .58 3.45
L -.55  -1.ho 2,48 36 -1.65  -.50 3.31
5 --55  -1.70 3.16 37 -1.65 -.78 3.28
6 ~.55 -1.65 3.17 38 -1.65 -.50 3.31
7 ~.55 1.67 3.58 39 -1.65 -.99 3.64
8 -.55 1.67 3.58 Lo -1.65 -1.53 3.57
9 -.55 -1.76 3.16 41 -1.65 -1.64 3.56

10 -.55 -2.18 k.05 Lo -1.65 1.25 3.91

11 -.55 -2.33 4,03 43 -1.65 1.35 3.93

12 -.55 2.65 L .64 L -1.65 1.19 3.91

13 -.55 2.49 4 .62 45 -1.65 1.85 4.87

14 -.55 -2.45 4,01 L6 -1.65 1.85 4.87

15 -.55 -2.36 4.o2 L7 -1.65 1.74 4.86

16 -.55 2.49 4,62 48 -1.65 -1.% 4.40

17 -.55 3.01 5.57 49 -1.65 -1.75 h.h43

18 -.55 3.09 5.58 50 -1.65 -1.64 L. 4L

19 -.55 -2.63 4,87 51 77 3.21 5.92

20 -.55 -2.69 L.87 52 77 3.78 7.10

21 -.55 -2.79 4.85 53 77 3.84 7.11

22 -.55 -3.03 5.88 5L T =3.26 7.3k

23 -.55 -3.19 5.86 55 77 -3.12 7.36

2l -.55  -3.19 5.86 56 77 -2.78 6.13

25 -.55 3.65 6.70 57 77 -2.78 6.13

26 -.55 3.70 6.70 58 77 -2.83 5.18

27 -.55 3.83 7.60 59 77 =2.51 5.22

28 -.55 3.94 7.62 60 77 -2.05 L7

2 -.55  -3.57  6.69 61 77 -1.99  4.a8
: ’ 6.6 62 77T -1.99 L.18

30 -.55  -3.79 .67 . .

31 -.55 -3.84 6.66 63 77 -l.h2 3.1

32 ~.55  -3.68 6.68 6l 77 -1.37  3.15
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TABLE M-l4. HOLOGRAPHIC RESULTS FOR RUN 130-4 (Cont'd)

Spray Surface Coordinates(cm)

Point X v Z Point X y
65 77 -.67 2.4
66 77 -.72 2.4
67 -1.65 -1.91 L.h1
68 -1.65 1.70 5.63
69 -1.65 o6  5.72
70 -1.65 2.52  5.73
71 -1.65 -2.06 5.17
72 -1.65 -2.11 5.16
73 -1.65 -2.74% 6.19
Th -1.65 -2.74  6.19
75 -1.65 3.1 6.91
76 -1.65 3.29 6.93
77 -1.65 3.27 7.65
78 -1.65 -3.,15 6.86
79 -1.65 -3.31 6.84
80 77 -l.21 2.62
81 77 =1.21 2,62
82 i 1.97 3.01
83 77 1.89 3.00
84 77 2.17 L4.03
85 77 2.17 L4.03
86 77 2.7 L.o3
87 77 2.7 4.82
88 LT7 2.7%  4.82
89 .77 3.32 5.94
90 N 3.32  5.94
o1 7 -2.73  5.19
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TABLE M-5. HOLOGRAPHIC RESULTS FOR RUN 130-7

Non-combusting Flow
Pressure (atm): 1.0

Spray Surface Coordinates

Swirl No.: 0.3
Equivalence Ratio: 0.67
Cone Angle: 75.1 + 3.2
Point X ¥ Z
1 -.63 -.52 1.19
2 -.63 1.01 1.19
3 -.63 -.53 1.19
4 -.63 1.10 1.19
5 -.63 -4k 1.19
6 -.63 1.21 1.19
7 -.63 1.43 1.79
8 -.63 -.99 1.79
9 -.63 1.57 1.79
10 -.63 -1.24 1.79
11 -.63 1.%0 1.79
12 -.63 -1.04 1.79
13 -.63 -1.15 2.56
14 -.63 2.00 2.56
15 -.63 -1.65 2.56
16 -.63 2.30 2.56
17 -.63 -1.65 2.56
18 -.63 1.92 2.56
19 -.63 2.19 3.22
20 -.63 -2.19 3.22
21 -.63 2.36 3.22
22 -.63 -2.63 3.22
23 -.63 2.30 3.22
24 -.63 2.74 3.82
25 - .63 -3.13 3.82
26 -.63 2.74 3.82
27 -.63 -2.74 3.82
28 -.63 -3.07 3.82
29 -.63  -3.02  3.82
30 -.63 3.24 3.82
31 -.63 2.74 3.82
32 -.63 2.69 3.82

Fuel Type:

Inlet Temp. (K):

Fuel Flow (Kg/sec):

Airflow (Kg/sec):

Associated Data Variation, R2:

Point
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33
34
35
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37
38
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40
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43
ul
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54
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i
(O)
W

[ I R R |
Oy O Oy O O
wWwwww

No., 2 Fuel 0il

0.0063
0.137

0.95

MO PODNONHHFRREFRPEFOWOWWUOUVIVVUUWU S FW
=
~3



TABLE M-5. HOLOGRAPHIC RESULTS FOR RUN 130-7 (Cont 'd)

Spray Surface Coordinates

Point X y z Point X v Z
65 .66 2.36 3.4k o1 -1.54 2.03 3.4k
26 .22 -2.58 3.4k 92 -1.54 3.13  L.37
6; . -2.50 3.44 93 -1.54 3.18 h.37
o .22 -:.22 3.32 ol -1.54 2.9 4,37
. -2. 3. - -

o9 -6 e S 95 1.54 3.07 h.37
71 .66 2.4 344

72 .66 3.24 4,50

73 .66 3.18 4.50

o .66 3.29 4.50

75 .66 -3.40 k.50

76 .66 -3.68 4.50

77 .66 -3.51 4 .50

78 -1.54 .38 1.73

79 -1.54 -1.21 2.50

80 -1.54 -.66 2.50

81 -1.54 -1.37 2.50

82 -1.5k4 -1.32 2.50

83 ~1.5k4 1.26 2.50

8k -1.54 1.21 2.50

85 -1.54 1.43 2.50

86 -1.54 -2.19 3.4k

87 -1.54 -2.19 3.4k

88 -1.54 -2.19 3.4k

89 -1.54 1.43 3.4h

90 -1.54 1.97 3.44

Note: Spray thickness and droplet size data were not available for Run
130-7
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TABLE M-6. HOLOGRAPHIC RESULTS FOR RUN 130-8

Combusting Flow Fuel Type: No. 2 Fuel 0il
Pressure (atm): 1.0 Inlet Temp. (K): 532

swirl No.: 0.3 Fuel Flow (Kg/sec): 0.006
Equivalence Ratio: 0.66 Airflow (Kg/sec): 0.137

Cone Angle: 64,8 + 5.2 Associated Data Variation, R2: 0.93

Spray Surface Coordinates

Point X N Z Point bie N Z
1 .00 .58 .59 33 .00 -3.79 5.42
2 .00 R .59 3L .00 -3.62 5.42
3 .00 .33 .59 35 .00 3.29 5.42
I .00 -.66 .59 36 .00 3.29 5.42
5 .00 -.7L .59 37 1.65 3.29 Lh.73
6 .00 -.66 .59 38 1.65 3.07 .73
7 .00 -1.32 1.14 39 1.65 -2.30 4.73
8 .00 -1.21 1.14 4o 1.65 -2.19 .73
9 .00 .66 1.1k 41 1.65 -1.43 3.89
10 .00 77 1.14 L2 1.65 -1.21 3.89
11 .00 .66 1.14 43 1.65 -1.32 3.89
12 .00 .60 1.1h4 Lh 1.65 -1.43 3.89
13 .00 1.10 1.75 45 1.65 2.08 3.89
1k .00 .93 1.75 L6 1.65 2.08 3.89
15 .00 .93 1.75 L7 1.65 1.10 3.08
16 .00 -1.50 1.75 48 1.65 1.10 3.08
17 .00 -1.54 1.75 Ts) 1.65 1.10 3.08
18 .00 -1.76 2.46 50 1.65 -.11 3.08
19 .00 -1.72 2.46 51 1.65 .99 3.08
20 .00 -1.72 2.46 52 1.65 -.33 3.08
21 .00 1.68 2.4 53 1.65 -.33 3.08
22 .00 1.54 2.46 54 -1.32 Ll 2.35
23 .00 1.97 3.06 55 -1.32 pnn 2.35
ol .00 2.08 3.06 56 -1.32 -4 2.35
25 .00 -1.92 3.06 57 -1.32 -.hh 2.35
26 .00 -1.97 3.06 58 -1.32 1.26 3.10
27 .00 -2.03 3.06 59 -1.32 1.43 3.10
28 .00 -2.63 3.85 60 -1.32 1.18 3.10
29 .00 -2.60 3.85 61 -1.32 -1.43 3.10
30 .00 2.4 3.85 62 -1.32 -1.32 3.10
31 .00 2.30 3.85 63 -1.32 1.81 3.89
32 .00 2. 3.85 6L -1.32 '1.97 3.89

206



TABLE M-6. HOLOGRAPHIC RESULTS FOR RUN 130-8 (Cont*d)

Spray Surface Coordinates

Point X N zZ ' Point X v A
65 -1.32 1.87 3.89
66 -1.32  -1.97 3.89
67 -1.32  -1.97 3.89
68 -1.32  -2.47 4.98
69 -1.32  -=2.41 4.98
70 -1.32 -2.58 4.98
71 -1.32 2.85 4.98
72 -1.32 3.18 4.98
73 -1.32 2.85 4.98
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TABLE M-6. HOLOGRAPHIC RESULTS FOR RUN 130-8 (Cont'd)

Spray Thickness Data (cm)

o

Pos. X v

1 2
1 1.5 .2 .2
2 1.4 T .7
3 .8 1.5 1.5
L L 1.9 1.9
5 .0 1.9 1.9
6 -.L 1.5 1.5
7 -1.3 -5 5

Spray Droplet Diameter Data (microns)
(Table entry is number of droplets observed)

Pos. 55 83 111 139 167 195 222 250
1 0 0 3 L 1 0 0 0
2 0 0 6 1 1 0 0 0
3 0 1 6 1 1 1 0 0
i 0 0 6 8 1 0 0 0
5 0 0 L 1 0 0 0 0
6 0 0 L 4 2 0 0 0
7 0 0 0 Y 0 0 1 0

Reduced Data

SMD 5.5 MTLS

SMD 139 MTCRONS
AVE. THICKNESS .0 CENTTMETERS
AVE. 7 2.5 CENTIMETERS
N-COUNTED 5l

N-MEASURED 3.2 x 100
N-CATCULATED 5.2 x 100

AVE, THICKNESS .0 CENTIMETERS
STD, ERROR OF T .0 CENTTMETERS
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TABLE M-7. HOLOGRAPHIC RESULTS FOR RUN 132-L

Combusting Flow Fuel Type: Iso-octane

Pressure (atm): 3.046 Inlet Temp. (X): 528

Swirl No.: 0.3 Fuel Flow (Kg/sec): 0.006
Equivalence Ratio: O0.6L Airflow (Kg/seec): 0.139

Cone Angle: 66.9 + 3.1 Associated Dats Variation, R, 0.97

Spray Surface Coordinates

Point b vy Z Point X vy Z
1 -.11 1.65 2.51 33 1.26 3.56 5.86
2 -.11 1.70 2.52 3 1.26 3.28 5.83
3 -.11 2.20 3.51 35 1.26 L.37 7.04
L -.11 3.12 Y. 36 1.26 -2.75 L. Ly
5 -1 3.18 b7 37 1.26  -2.75 L.
6 -.11 L.05 5.91 38 1.26  -3.59 5.10
7 -.11 3.88 5.89 39 1.26 -3.48 5.12
8 -.11 TR 6.83 40 1.26 -3.48 5.12
9 -.11 -2.79 4.25 b1 1.26 -1.66 3.54

10 -.11 -2.84 4.25 4o 1.26 -1.66 3.54

11 -11 -2.82 4,08 43 1.26 -1.11 2.50

12 =11 -2.h9 3.56 LY -1.76 -.k6 2.62

13 =11 -2,k 3,57 45 -1.76  -1.ko 3.13

14 -.11  -2.05 3.06 L6 1,76 -2.34% L.oh

15 -.11  -2.05 3.06 L7 -1.76  -2.01 5.40

16 -.11 -1.56 2.56 L8 -1.76  -3.36 6.07

17 -1 -1.72 2.54 Lo -1.7%6  3.72 6.87

18 -.11  -1.28 2.0 50 -1.76 3.h45 5.8l

19 -1 -1.39 2.03

20 -1 -.68 1.55

21 -.11 1.19 1.63

22 -.11 -k .80

23 -1 - bk .80

2L -.11 -93 -95

25 -.11 .93 -95

26 1.26 .83 2.k42

27 1.26 .88 2.43

28 1.26 1.71 3.5

29 1.26  1.71 3.5

30 1.26  1.88  3.47

31 1.26 2.80 4.67

32 1.26 2.85 4.68
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Spray Droplet Diameter Data (microns)
(Table entry is number of droplets observed)

111 139 167
0 1 0
3 0 1
3 0 1
4 0 1
1 1 0
0 0 0
6 0 0
0 0 0
1 0 0

Reduced Data

SMD
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AVE, THICKNESS
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TABLE M-8. HOLOGRAPHIC RESULTS FOR RUN 133-1

Non-combusting Flow Fuel Type: Iso-Octane

Pressure (atm): 1.0 Inlet Temp. (K): 5kl

Swirl No.: 0.6 Fuel Flow (Kg/sec); 0.006
Equivalence Ratio: 0.67 Airflow (Kg/sec): 0.137

Cone Angle: 70.5 + 2.4 Associated Data Variation, R°: 0.97

Spray Surface Coordinates

Point X Ng z Point X y z
1 -,22 1.07 1.h1 33 1.15 -L.34 6.66
2 -.22 -84 1.24 3k 1.15 3.69 5.52
3 -.22 .86 1.39 35 1.15 3.63 5.5
L -.22 -.89 1.2Y4 36 1.15 3.83 6.39
5 -.22 .68 .88 37 1.15 2.90 L.hg
6 -.22 -.h7 .78 38 1.15 2.24 3.77
7 -.22  -1.ho 2.02 39 1.15 2.08 3.75
8 -.22  -1.29 2.03 Ty} 1.15 1.61 2.89
9 -.22 -2.13 2.84 L1 1.15 1.14 1.91

10 -.22  -2.,13 2.84 Lo -1.59 -1.30 3.35

11 -.22 -2.59 3.68 43 -1.59 .09 2.59

12 -.22  -3,05 IR ITS L -1.59 -.13 2.57

13 -.22 -3.,68 5.40 L5 -1.59 -1.88 3.74

- -3.84 .38 L6 -1.59 -2.94 4,53

14 .22 3. 5 2o - o

15 -.22 -4.88 6.51 Y7 -1.59 -3-08 6'19

16 -.22 L,o1 5.63 L8 -1.59 =L, 6.2

1 -.22 4.50 6.28 49 -1.59 4.18 .25
I ) ) 0 -1.59  3.54 4,65

18 -.22 3.52 4,93 5 e

L 51 -1.59 2.31 3.

19 -.22 3.04 17

-1.59 1.29 2.75
26 52

20 -.22 2.12 3. 1o e e
21 -.22 2.01 3.25 53 -1 .

22 -.22 1.80 2.52

23 -.22 1.86 2.52
ol -.22 1.40 1.82
25 -.22  1.59 1.84
o6 1.15  =-.87 l-gi

o7 1.15 -1.18 2.

o8 1.15 -1.48 2.89
29 1.15 -2.32 3.70

-3.11 4,51

30 1.15 %

31 1.15 -3.46 2'0”

32 1.15 -3.90 .
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TABLE M-8. HOLOGRAPHIC RESULTS FOR RUN 133-1 (Cont'd)

Spray Thickness Data (em)

Pos. X yl Yo 2
1 1.3 1.1 2.4 3.2
2 .8 1.4 2.2 3.2
3 .3 1.5 2.7 3.3
L -1 1.4 2.6 3.2
5 -.5 1.3 2.6 3.2
6 -1.0 T 2.6 3.2
7 -1.5 -.6 1.8 3.1

Spray Droplet Diameter Data (microns)
(Table entry is number of droplets observed)

Pos. 55 83 111 139 167 195 222 250 278
1 0 0 5 2 2 0 0 0 0
2 0 0 2 2 2 0 0 0 0
3 0 3 1 0 0 0 0 0 0
i 0 0 3 2 o} 0 0 0 0
5 0 1 3 1 0 0 0 0 o}
S 0 3 9 2 1 0 0 0 0
7 0 0 5 3 0 0 0 0 0

Reduced Data

SMD 5.0 MIIS
SMD 128 MICRONS
AVE. THTCKNESS 1.1 CENTIMETERS
AVE. 7 3.2 CENTIMETERS
N-COUNTED 46

N-MEASURED bl x 100
N-CATCULATED 6.8 x 100

AVE, THICKNESS
STD., ERROR OF T

1.1 CENTIMETERS
.3 CENTIMETERS



TABLE M-9. HOLOGRAPHIC RESULTS FOR RUN 133-3

Combusting Flow Fuel Type: Iso-Octane

Pressure (atm): 1.0 Inlet Temp. (K): 537

Swirl No.: 0.6 Fuel Flow (Kg/sec): 0.006
Equivalence Ratio: 0.66 Airflow (Kg/see): 0.136

Cone Angle: 63.8 + 3.0 Associated Data Variation, Ro: 0.9l

Spray Surface Coordinates

Point X vy zZ Point X y zZ
1 .16 -1.65 1.95 33 1.54 -1.04 3.70
2 .16 .99 1.95 3L -1.21 .33 1.89
3 .16 .99 1.95 35 -l.21 .88 2.4k
L .16 .55 1.02 36 -1.21 1.43 3.21
> .16 1.43 2.33 37 -1.21 2.03 3.87
6 .16 1.92 3.21 38 -1.21 2.30 k.53
7 .16 2.52 3.87 39 -1.21 3.07 5.08
8 .16 3.13 4.86 Lo -1.21 2.80 6.72
9 .16 3.62 5.62 Iy -1.21 4,17 6.72
10 .16 3.84 5.90 ho -1.21  -4.33 6.72
11 16 -3.51 5.90 43 -1.21 -L.66 7.49
12 .16 -4.11 6.72 Lk -1.21 -3.51 6.01
13 .16 -4.39 7.27 45 -1.21 -2.85 5.35
14 16 -3.2h 5.62 L6 -1.21 -2,52 4.53
15 A6 -3.07 k.97 Lt -l.21 -1.97 3.76
16 16 -2.52 b1k 48 -1.21 -1.48 2.99
17 .16 -2.08 3.27 49 -1.21 -1.15 2.50
18 16 -1.87 2.33 50 -1.21 g 1.95
19 16  -1.21 1.89
20 16 =77 1.02
21 1.54 -.22 2.22
22 1.54% .88 2.94
23 1.54 2.08 3.43
2l 1.54 2.52 4.31
25 1.54 2.91 5.19
26 1.54 3.07 6.06
27 1.5k 2.91 6.06
28 1.54 3.62 6.94
29 1.5 -L4.06 6.9k
30 1.54 -3.13 5.95
31 1.54 -2.41 5.24
32 1.54 -1.87 4.53
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TABLE M-9. HOLOGRAPHIC RESULTS FOR RUN 133-3 (Cont'd)

Spray Thickness Data (cm)

Pos. X 1 Yo b4
1 -.1 .9 2.0 3.7
2 -.5 9 2.1 3.7
3 -1.2 A 1.3 3.7
4 -1.8 - 2,0 3.7

Spray Droplet Diameter Data (microns)
(Table entry is number of droplets observed)

Pos. 55 83 111 139 167 195 202 250 278
1 0 2 2 2 0 0 0 0 0
2 0 2 L 2 0 0 0 o] 0
3 L 3 1 1 0 0 0 0 0
L 0 0 7 2 1 0 0 0 0

Reduced Data

SMD 4,7 MILS
SMD 119 MICRONS

AVE, THICKNESS
AVE, 72

.9 CENTIMETERS
3.7 CENTIMETERS

N-COUNTED o7
N-MEASURED hohox 106
N-CAT.CUTATED 8.3 x 100

AVE, THICKNESS
STD. ERROR OF T

.9 CENTIMETERS
.3 CENTIMETERS
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NOMENCLATURE

2
Area, cm

Outer diameter or air annulus, cm, or
Peak to peak fringe spacing

Inner diameter of air annulus, cm
Measured droplet diameter, microns
Calculated mean droplet diameter, microns
Combustor diameter, m

Particle diameter

Spray diameter, cm

Frequency, Hz, or
Lens focal length

Doppler frequency, Hz

Offset frequency, Hz

Cunningham constant 1.8

Defined by Appendix A

Mean free path, cm

Height of air annulus, cm

Mass flow rate, kg/sec

Number of droplets of diameter, dj
Total number of samples

Error as defined by Eqs. (14) and (15)

Coefficient of determination as defined by Eq.

Radius, m
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Vref

=)

NOMENCLATURE (CONT'D)

Combustor radius, m

Swirl number as defined by Eq. (1), or
Displacement

Sauter Mean Diameter
Calculated variance in the variable x as defined in Eq.
Spray thickness, cm

°r

Temperature,
Rms particle velocity, m/sec
Convective velocity, m/sec
Instantaneous axial velocity, m/sec
Axial velocity fluctuation, m/sec
Droplet velocity, m/sec

Combustor reference velocity, m/sec
Mean tangential gas velocity, m/sec
Tangential velocity fluctuation, m/sec
Fuel flow rate, kg/sec

Random variable

Axial distance, m

Swirler hub-to-tip ratio

Axial coordinate

True mean of the variable x, or
Angle of rotation

Directional intermittency
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NOMENCLATURE (CONT'D)

Y _ = Error in the mean as defined by Eq. (14)

yp = Error in the variance as defined by Eq. (15)
n = Swirl vane angle, deg

8 = Angle, deg

A = Wavelength, m

U = Viscosity, gm/cm-sec
p = Demnsity, gm/cc
Pp = Particle density, gm/cc

o = Rms velocity, m/sec
0g = Error of estimate as defined by Eq. (20)
= Effor of estimate as defined by Eq. (18)

@ = Overall fuel-air equivalence ratio = (ﬁfUE1/ﬁair)/(&fuel/ﬁair)StOiCh
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