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ABSTRACT

An experimental investigation of the effects of the interaction
between fluid dynamics and chemistry on pollutant formation and de-
structionin a natural gas fired turbulent diffusion flame burner has
been carried out. In this investigation, the effects of inlet air
swirl, combustor pressure and air/fuel velocity ratio on the time-mean
and fluctuating flow field have been determined using probing and op-
tical techniques, and the changes in flow field structure have been
correlated with changes in pollutant emissions from the burner. The
results of this investigation show that variation of these inlet param-
eters produces major changes in the time-mean flow field within the
burner which significantly influence pollutant formation. 1In addition,
it was found that there are substantial large-scale contributions to
the total rms turbulent velocity field. These large-scale fluctuations
results in significant departures from Gaussian turbulence and isotropy
in the initial mixing regions of the burner and have pronounced effects
on mixing, chemical reaction and pollutant formation.

This report was submitted in partial fulfillment of Contract 68-02-
1873 by United Technologies Research Center under the sponsorship of the
Environmental Protection Agency. Work was completed as of April 30, 1976.
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SECTICN I

INTRODUCTION

Recent investigations of factors affecting pollutant emissions from
furnaces (Refs. 1-4) and gas turbines (Refs. 5,6) indicate that changes
in operating conditions, which alter mean flow patterns inthe combustion
chamber, can have a substantial effect on pollutant formation and des-
truction. Experiments carried out on a laboratory-scale turbulent dif-
fusion flame burner (Ref. 7) under EPA Contract 68-02-1092 confirmed
these observations and demonstrated that the interaction between fluid
dynamics and chemistry is a major factor governing pollutant emissions.
At the present time, our understanding of the nature of this coupling
is insufficient to permit quantitative prediction of the effects of
changes in operating conditions on pollutant emissions., Analytical
studies of turbulent reacting flows (Refs., 8-12) have provided some
insight into the effects of mixing and turbulence on flow field struc-
ture and pollutant formation., However, it is uncertain whether
existing analytical models can provide accurate descriptions of turbu-
lent reacting flows of practical interest. Furthermore, it is difficult
to assess the limitations of these models because of inadequate local
flow field measurements in practical combustor geometries to serve as
test cases and because of a lack of information on the turbulent struc-
ture of reacting flows which can be used to assess the validity of pres-

ent turbulence models.

In a previous study (Ref. 7), fluid dynamic and chemical phenomena
in the regions near the injection plane were found to influence flame
stabilization, energy release and pollutant formation. If these signi-
ficant phenomena and their interaction with the pollutant formation
process are to be understood, then detailed information on the velocity,
temperature and species concentrations in the near-injector region is
necessary. Of particular importance are measurements of the location
and size of the flame-stabilizing recirculation zones and characteriza-
tion of the turbulent structure of the flow. To permit meaningful com-
parison of the experimental data with predictions of combustor flow



model, careful determination of the combustor inlet conditions is
required,

The present report documents the results of an experimental inves-
tigation, sponsored by EPA Contract 68-02-1873, of the effects of
several operating parameters on the flow field structure near the injeec-
tion plane in a turbulent diffusion flame burner and the subsequent
effects on pollutant formation and destruction. The investigation is
a logical extension of the previous contract effort (Ref. 7) in that it
addresses many of the questions outlined above and provides an expanded
data base on the effect of combustor inlet conditions on flow field
structure and pollutant formation. The principal cbjectives of the pro-
gram were -- (1) to obtain detailed maps of the combustor flow field,
including recirculation zones, as operating conditions were varied and
(2) to correlate changes in flow field structure with changes in pollu-
tant formation and energy release., The results will be used to evaluate
a combustor flow analysis being developed in the theoretical portion of

this program. Results from the analytical study will be documented in
a subsequent report (Ref. 12).



SECTION IT

EXPERIMENTAL APPARATUS AND INSTRUMENTAT ION

COMBUSTOR FACILITY

The experimental configuration and approach utilized in the present
investigation are similar to those employed in the previous effort
carried out under EPAContract 68-02-1092 (Ref. 7). Tests were conducted
in the instrumented, water-cooled combustion system shown schematically
in Fig. 1. The facility design was modified slightly from that employed
in the previous contract effort (Ref. 7). Particular emphasis was placed
on acquisition of species concentration, temperature and velocity data
throughout the initial regions of the reacting flow for comparison with
results obtained in the analytical study (Ref. 12).

Air from a 30-atm supply, at flow rates up to 0.65 kg/sec, may be
heated in an electrical heater section to provide inlet air temperature
up to 1000°K. Within the heater, the air flows through and around
four 6 m long stainless steel tubes which may be supplied with as much
as 720 kW of electrical power. The heated air enters the combustor
through a circular annulus formed by a replaceable axisymmetric fuel
injector and a 12.23 cm diameter entry section. Natural gas (~ 96 per-
cent CH, ) fuel, introduced through three (air foil shaped) struts into
the center deliver duct, is brought into contact with the annular air-
stream at the exit of the injector. Thereafter, mixing and chemical
reaction proceed at constant area in the remainder of the injection sec-
tion and into the instrumented combustor and extender sections. Flame
stabilization in the high velocity flows investigated was achieved by
producing a recirculation zone(s) in the initial region of the combustor
by imparting a swirl component to the air flow and/or by reducing the
fuel/air velocity ratio. For the present investigation, porous-metal
discs installed in the fuel injector and air entry sections serve to
provide uniform inlet flows. (The uniformity of the inlet flow was
verified by laser velocimeter and pitot probe measurements,) In order
to impart swirl to the airflow, straight swirl vanes are inserted into
the annular passage of the injector. In the previous contract effort,
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these swirl vanes were located at the exit of the injector section. In
the present study, the swirl vanes are located upstream of the injector
exit plane to permit measurement of the characteristics of the airflow
entering the combustor. These measurements together with measurements
made within the fuel injector should provide the inlet conditions needed
in the analytical modeling effort (Ref. 12). The two injectors utilized
in the study are described in Fig. 2 in terms of the ratio of the inner
and outer diameters of the air amnnulus, Z = d,/d, and the nominal air/
fuel velocity ratio, m = V,/V., associated with air and natural gas
coaxial jets having a nominal overall fuel/air equivalence ratio, &, of
0.9. Withthe exception of the porous plug insert, these injectors

are identical to those used in the previous contract effort (Ref. 7).
Swirl vane designs are identical to those employed in the previous effort
and are shown in Fig. 2, where the swirl number, S, has been computed
from the injector geometry, Z, and the angle of the swirl vanes, T,
according to the following expression (Ref. 13):

(1-23)

(I—ZZ)LS tang (1)

-1
S=3

The swirl number is simply the ratio of the angular momentum flux to the
axial momentum flux multipled by an effective nozzle diameter. A swirl
nunber of 0,3 connotes relatively low swirl, while S = 0.6 results in a
moderately high swirl situation. A practical upper limit of S = 0.8
exists for straight blades from the standpoint of packaging the vanes.

Observation of the combusting flow may be made through the 6.Lk-cm
diameter quartz window ports in the combustor section (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 allows an unhindered view of the flame in the vicinity of
the fuel delivery duct and permits acquistion of flow field data close
to the injector exit. The combustor probing devices used to make temper-
ature and species concentration measurements are compatible with all win-
dow ports and may replace a window or water-cooled plug in any given
port. In addition, the entry section was redesigned to permit axial
relocation of the fuel injector between tests, thereby greatly increasing
the number of axial locations at which radial traverses can be made.

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
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wall temperature (~ 500°K) roughly constant along the entire length of
the combustor. Wall temperatures are set and monitored using thermo-
couples installed on the outer surface and at various depths in the com-
bustor 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. Com-
bustor extender pieces, 33.4 cm in length, are inserted when required
to fully contain the flame; the extender section consisted of two
extender pieces during all of the current experimental effort., Water-
cooled orifices can be installed downstream of the extender section to
raise the pressure in the combustor. A photograph of the combustion
facility is given in Fig. 3.

PROBES

Species concentration distributions within the combustor were
measured using a traversing gas sampling probe and an exhaust gas
sampling rake, Composition information is determined on-line by aspir=
ating flow through the cooled probes and analyzing the gas sample using
a Scott Model 119 Exhaust Gas Analyzer. Pressurized hot water at L400°K
was used as the probe coolant to minimize wall-catalyzed reactions and
to prevent water condensation and loss of species within the sampling
lines,

The exhaust probe rake, located at the exit of the extender sectionm,
consists of five identical probes centered on equal area annuli (Fig. 4).
The individual probes are manifolded downstream and a single mixed sam-
ple 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. 5). The inlet flow
into both sampling probes was maintain choked, resulting in aerodynamic
cooling of the sample by means of a rapid internal expansion. This
expansion combined with the wall cooling effect served to quench chemical
reactionsg involving stable species. Errors associated with sampling
probe measurements in turbulent flames are discussed in Refs. 14 and 15.

Temperature profiles at the exhaust plane and within the combustor
were measured by traversing a calibrated-heat-loss thermocouple probe
across & combustor diameter, Although conventional thermocouple materials
limit application of these sensors to temperatures below about 2000°K,
cooling the exposed junction by conduction heat transfer extends the
range of thermocouple utilization above the melting point of the material
to the 2000-2500°K range. In order to obtain the local stream tempera-
ture, the measured stream thermocouple temperature must be corrected for
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conduction and radiation heat losses; therefore, calibration information
is acquired simultaneously with the required temperature measurement.

The probe consists of three thermocouples inecluding, an iridium - 60
percent rhodium/iridium thermocouple which protrudes from a water-cooled
copper 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 temperature and thereby permit calculation of the conduc-
tion heat loss (Fig. 6). A thermocouple probe of this type was applied
without difficulty in the natural gas-air combustion environment. Con-
fidence in the accuracy of the temperature measurements was established
during the previous contract effort (Ref. 7) by measurements made at
identical test conditions using a conventional thermocouple probe and a
double-sonic-orifice probe. Potential errors in the use of thermocouple
probes to measure temperatures in turbulent flames are discussed in Refs.
14 and 15.

An uncooled five-hole, hemispherical-nose pitot probe (Fig. 7) was
used to measure the radial distribution of the time-mean velocity of the
fuel jet by traversing within the fuel injector. A pitot tap is located
at the center of the probe and four static taps are symmetrically-located
on a centerline cirecle 40O deg from the tip. Flow velocity and direction
are determined from the differential pressures measured between various
static locations and the pitot pressure. The probe is calibrated in
pitch and yaw to measure flow angles of up to * L0 deg.

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 (CO5), carbon monoxide (CO), oxygen (0O5),
nitrogen oxides (NO, NO,) and unburned hydrocarbons (THC). The samples
are transferred to the analytical instruments through a teflon-coated,
flexible line which is heated (~ LO0°K) electrically to prevent water
condensation., The sample is then directed through a condensate trap
(~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. 8.
Because natural gas was the only fuel considered in thisphase of the
investigation, it was unnecessary to heat the sample lines for THC
measurements. A stainless steel bellows pump increased the sample pres-
sure from subatmospheric levels present downstream from the probes 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, CO, 02, NO, NOo and
THC.

11
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SCHEMATIC DIAGRAM OF ON—LINE GAS ANALYSIS SYSTEM
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The Scott Model 119 Exhaust Analyzer (Fig. 9), is an integrated
analytical 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 (~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 com~
prised of five different pieces of analytical instrumentation. Beckman
Model 315B Nondispersive Infrared (NDIR) Analyzers were used to measure
the CO and CO2 concentrations (mole fractions) in the gas sample, Con-
centration ranges available on the CO analyzer were from 0-200 ppm to
0-15 percent on several scales. Concentration ranges available on the
CO, analyzer were 0-L4 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 NOo con-
centrations in the gas sample. Concentration ranges available with this
instrument were from O-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., the percent NO, dissociated) was determined using the method out-
lined in Ref. 16. 1In this method, an NO/N, span gas is diluted with Op
which flows through an ozonator. Measurements with the ozonator off and
on are made both going through and bypassing the converter to determine
converter efficiency. In the present study, a converter efficiency of
99 percent, was measured, with an uncertainty in the measurement of L
percent. During the course of the calibration tests, a loss of NO was
noted when calibration mixtures were flowed through the converter, The
observed loss never exceeded 2 percent of the NO in the stream entering
the converter, A Scott Model 150 Paramagnetic Analyzer was used to
measure the O 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 measure-
ment of hydrocarbons (as carbon) in concentration ranges from O-1 ppm
to 0-10 percent, with a nominal accuracy of * 1 percent of full scale.
Output signals from the various analyzers are displayed on chart
recorders and on digital readouts. The Analyzer was calibrated prior
to each test by flowing zero gases and calibration gas mixtures having
compositions known to within two percent. Typically, at each test
point, sampling data were acquired for a period of 2-U4 min.
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LASER VELOCIMETER

The experimental examination of the interaction between fluid
dynamic and chemical processes inside combustors is complicated by the
fact that the mean flow fields and turbulence properties of combusting
flows with recirculation are difficult to determine with any degree of
reliability using conventional instrumentation. Flows with severe
adverse pressure gradients, which normally give rise to separation and
recirculation, are difficult to document as they are extremely sensitive
to local geometry and probe interference (Ref. 14). In addition, stream-
line curvature and the associated static pressure variations make con-
ventional mean flow instrumentation techniques unreliable.

Although precalibrated pneumatic and microphone probes can be
used with acceptable accuracy in a wide variety of steady flow situa-
tions, significant errors can occur in highly turbulent or unsteady flows
since large (> 20 percent) velocity fluctuations affect the response and
subsequent interpretation of results (Ref. 15). Since most practical
combustor designs involve extensive regions of highly turbulent recircu-
lating flow these probes generally are inadequate for velocity measure-
ment, Figure 10 shows a comparison between mean axial velocity measure-
ments in a swirling natural gas-air flame with a cooled five-hole pitot
probe and a laser velocimeter. In regions with relatively high mean
flow velocities and relatively low turbulent intensities (as determined
by the laser velocimeter), there is relatively good agreement between
the two sets of data. However, in regions with low velocity and high
turbulent intensity, the probe data are scattered and significantly
different from the laser velocimeter results. Bennett (Ref. 17) has
reviewed errors in pitot probe data resulting from turbulent fluctua-
tions. Bilger (Ref. 15) has discussed the averaging characteristics of
pitot probes in turbulent reacting flows and notes that proper interpre-
tation of probe measurements requiresknowledge of the turbulent structure
of the flow,

There are problems associated with turbulent structure measurements
because linearized hot wire data interpretations are not accurate in
highly turbulent flows (i.e., turbulent intensity > 20 percent) and
because these probe cannot withstand the high temperatures encountered
in combustors., With the advent of the laser velocimeter, linear non-
perturbing fluid mechanical measurements of complex three-dimensional
flow fields are possible provided light-scattering particles can be
relied upon to follow the local fluid velocity.
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FIG. 10

COMPARISON OF PITOT PROBE AND LASER VELOCIMETER MEASUREMENTS OF VELOCITY
O PROBE DATA
® LV DATA

SWIRL = 0.3, 1 ATM, V,/V¢=21

@
U(m/sec) 1001 X/D=0.15
L 80-
e}
c1 60
40- L
@) ®) O
O 20|
g |
-20l1
L 1 l | |
—1.0 -0.5 0 0.5 1.0

RADIAL POSITION, R/R

18



Since the flows to be investigated involved regions of flow
reversal a laser velocimeter which could determine both the direction
and magnitude of the instantaneous velocity was required. Such a sys-
tem has been developed and used to obtain the detailed mean and turbu-
lence measurements which are presented in this report.

The mean velocity and turbulence measurements were made with a
dual-beam velocimeter utilizing a crystal Bragg cell which acted as a
beam splitter and frequency shifted the first deflected beam. A
schematic diagram of the optics and signal processing instrumentation
is shown in Figs. 11 and 12. The sensing volume determined by beam
crossover volume, off-axis collection and photomultiplier pin hole size
resulted in an elliptic sampling volume with principal axes of 0.2 mm and
2.0 mm, respectively. The velocity component sensed with this optical
arrangement lies in the plane of the two incident beams and is perpen-
dicular to their bisector. Single-particle, time-domain signal pro-
cessing was used to build-up the velocity probebility density distri-
butions from which both the mean velocities and rms velocity fluctuations
were obtained using the following equations:

Uz"lﬂ'(gl”i) (2)

UV 2 T/ % U?__UZ (3)

In the present experiments, a minimum of 1000 instantaneous velocity
determinations were used tobuild~-up the probability distribution functions.
This number of determinations results in a maximum statistical error of
less than 5 percent in the computed values of both the mean and

variance with a confidence level of 95 percent (see Appendix A)., Indeed,
a mass balance computed for the case of zero swirl agreed to within

10 percent of the metered fuel and air supply.

The instantaneous axial and tangential velocities were measured

by rotating the Bragg cell asbout an axis coincident with the laser

beam. With the beams in the axial plane U and, u'2 are determined from
Egs. (2) and (3). With the beams oriented 90° to the axial plane tan-
gential velocity provides (W and/57 2 ) were obtained by traversing of
the optical system horizontally and radial velocity profiles (V and

J/v'2 ) were obtained by traversing the optical system vertically.
With the beams orientated at * 45 degrees to the axial plane the tur-
bulent shear stress component @'w' was determined from the difference of

the two variances.
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FIG. 12

SCHEMATIC DIAGRAM OF THE LASER VELOCIMETER DATA PROCESSING EQUIPMENT

DATA SYSTEM

INTERFACE MINI-COMPUTER

TELETYPE TERMINAL

CASSETTE TAPE
RECORDER

16 BIT WORD FROM LASER VELOCIMETER
SIGNAL PROCESSOR (COUNTER)
DATA RATE 200 TO 40,000 WORDS PER SEC

21

VISUAL DISPLAY OF DATA

76—03-270-9



The optical sensitivity of the forward scatter system used in the
investigation was such that naturally occurring submicron particles could
be used for the velocity determinations. However, to increase the signal
to noise ratio and thus increase the data acquisition rate the air flow
was seeded with particles dispensed from a fluidized bed. A limited
number of measurements were made with the fuel stream seeded and with
both air and fuel streams seeded to evaluate biasing errors which can result

from seeding only the air flow (Appendix A).

A number of materials which had previously been used to seed small
open flames were tested but none proved suitable for the present experi-
mental arrangement. Both A£203 and TiO2 deposited on the combustor win-
dows degrading the Doppler signals to an unacceptable extent, and
silicone oil droplets dispensed from a Laskin nozzle evaporated on or
before reaching the combustion zone., However, nominal 5 pm micro-
balloons (hollow spheres) of bakelite phenolic resin were used success-
fully. Due to their low initial demnsity (< 0.1 gm/cc) and to the fact
that they charred to micron size in the combustion zone, these particles
gave adequate turbulence response and excellent signal/noise ratio
(> 10:1) without disturbing optical access.

For a spherical particle of diameter Dy, suspended in a sinusoidally
vibrated column of air and acted on by Stokes drag, the ratio of
particle velocity to gas velocity can be expressed as (Ref. 18):

{
Up | .[emrf\2] 2
2 fetf] o
where
_i18pu KLY
X (H DP) (5)

where ug and u are the rms velocities of the particle and the gas p._ is
the particle density, f is the vibration frequency, £ is the molecugar
meen free path of the gas and K is the Cunninghem constant (= 1.8 for
air). Thus, a 5 um phenolic resin microballoon in air at ambient con-
ditions will follow velocity fluctuations up to 10 kHz within l0percent.
Power spectral density measurements in the shear layer of nonreacting
jets (Ref. 18) indicate that for the reacting flows investigated 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
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the smallest energy containing eddy will be on the order of
X = uff ~100m/sec/25kHz = 4x103m

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

f = (U-UQ/\ = 20m/sec/4 xI03m = 5kHZ

so that errors due to particle response should be negligible,

Conventional laser velocimeters are subject to directional ambigu-
ity which can result in data interpretation errors in highly turbulent
and/or recirculating flows., This problem is illustrated in the insert
of Fig. 13 where Gaussian probability density distributions of the instan-
taneous velocities corresponding to local turbulent intensities of 20
and 70 percent are presented. It can be seen that, with directional
ambiguity, the negative velocities are assigned their equivalent posi-
tive values which leads to errors in the calculated mean value and
standard deviation., These errors rise sharply for turbulence intensities
above 4O percent.

To circumvent problems associated with directional ambiguity, zero
velocity frequency offset was achieved by combining the primary and mod-
ulated beams at the detection volume where they generated moving fringes
so that a stationary particle produced a Doppler frequency, f,. Thus,
in the flow field, moving particles generated Doppler frequencies of f
+ f_ depending on their velocities normal to the moving fringes. Hence,
the sign and the magnitude of the instantaneous velocities could be

determined as follows:

(fp~ foA
=7 (6)
25m§

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

EXPERIMENTAL RESULTS

DESCRIPTION OF THE EXPERIMENTS

In a previous contract effort (Ref. 7) changes in combustor
operating conditions which altered the mean flow field structure in the
combustor were shown to influence pollutant emissions. The principal
changes in the mean flow were found to occur in the initial regions of
the combustor containing the recirculation zones. Furthermore, signifi-
cant fluctuations in the flame structure were observed, and the nature of
these fluctuations were found to depend on the operating conditions. The
present experimental program was carried out to further investigate the
effect of combustor operating conditions on flow field structure and
pollutant formation. The principal objectives of the program were --

(1) to obtain detailed maps of the mean and fluctuating flow field in the
vieinity of the injection plane, including recirculation zones, as
operating conditions were varied and (2) to correlate changes in flow
field structure with changes in pollutant formation and energy release.
The results will be used to evaluate the combustor flow analysis (CRISTY
code) being developed in the theoretical portion of this program (Ref.
12). Advanced optical and probing techniques were used to acquire
detailed data describing the mean flow field properties, including veloc-
ity, temperature and species concentration, and to obtain information on
the turbulence structure of the combustor flow field. The interaction
of fluid dynamic and chemical processes was investigated for a range of
test conditions using two different fuel injector geometries. Ulti-
mately, it is intended that the information obtained from the experimen-
tal and theoretical studies will be utilized for evaluating potential

emission control strategies.

The experimental program was comprised of two different types of
tests: (1) input-output tests and (2) flow-field mapping tests. The
input-ouput tests were conducted with the objective of determining the
relationship of exhaust species concentrations and temperature to

25



selected combustor operating conditions. Measurements were made at the

exit of the extender section (Fig. 1) using the exhaust probe rake and
the traversing thermocouple probe. Previous test results (Ref. 7)
demonstrated the importance of inlet air swirl, combustor pressure, and
air/fuel velocity ratio on governing pollutant emissions and therefore,
systematic variations of these parameters were performed in the present
investigation. Exhaust species concentrations were shown in Ref. 7 to
be less sensitive to variations in fuel-air equivalence ratio, inlet air
temperature and airflow rate, and therefore, these parameters were main-
tained constant. The ranges of variation inlet conditions in the present
input-output tests were selected generally to complement and expand the
data base obtained during the previous contract effort.

Combustor mapping tests were carried out for the purpose of
correlating changes in the fluid dynamic structure of the flow field,
resulting from variation of operating conditions, with the formation and
destruction of pollutant species. Detailed measurements were made
within the combustor at a minimum of four axial locations to determine
radial distributions of the time-mean and rms gas velocity, time-mean
temperature and time-mean species concentrations for five different
combustor operating conditions. The inlet conditions varied in these
tests were those which had the greatest effect on pollutant emissions -~
inlet air swirl, combustor pressure and air fuel velocity ratio. Mea-
surements were made using the laser velocimeter and temperature and gas
sampling probes described in Section IT. Particular emphasis was placed
on augmenting and expanding the data base compiled in Ref. 7; therefore,
most measurements were made within the initial regions of the combustor
(i.e., at axial distances less than five injector diameters) and in the
recirculation zone(s). To assist in the interpretation of the test
results, high-speed color motion pictures (500 frames per second) of the
flame in the vicinity of the injector were obtained for each of the
mapping tests. In addition, the frequency spectra and relative ampli-
tudes of pressure fluctuations associated with the interaction of the
combustion process with the acoustic or mechanical properties of the
combustor were determined. Finally, mean velocity measurements were
made within the fuel port, using a five-hole pitot probe, and near the
exit of the fuel and air ports, using the laser velocimeter to determine
the combustor inlet conditions.

TEST MATRIX
A matrix of combustor operating conditions for tests conducted
using natural gas fuel is presented in Table 1. Eight input-output type

tests and five flow-field mapping experiments were performed to evaluate
the influence of air/fuel velocity ratio, pressure and inlet air swirl
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Table 1. NOMINAL TEST CONDITIONS (NATURAL GAS-AIR)

Test Swirl
No. No.
1 0
2 0
3 0.3
L 0.3
> 0.3
6 0.6
7 0.6

8 0.6

Pressure Air/Fuel 1\.dair
(atm) Velocity Ratio ) (kg/sec)

3.8 21 0.9 0.137

i 21 0.9 0.137

1 21 0.9 0.137

3.8 21 0.9 0.137

7 21 0.9 0.137

1 21 0.9 0.137

1 0.2 0.9 0.137

3.8 0.2 0.9 0.137

Tair Input-
(°K) Output
750 X
750 X
750 X
750 X
750 X
750 X
750 X
750 X

Mapping

X




on the temperature, velocity and species concentrations within the
combustor. Selection of the parameters investigated was made with the
objective of supplementing the existing experimental data of Ref. 7,
with emphasis placed on studying those variables which had the greatest
influence on the structure of the flow field and rates of pollutant
formation. TIn each of the input-output tests the exhaust concentration
of NO, NOp, CO, COp, 0o, and THC were meagured, while in the combustor
mapping experiments detailed radial distributions of temperature,
species concentration, and the mean and rms axial and tangential velo-

city were determined.

The natural gas fuel used for these tests was principally CH)
(> 96 percent) with small amounts of other gaseous hydrocarbons, CO, and
N, present. Fuel composition analyses are summarized in Appendix B.
Tests were conducted at nominal combustor pressures of 1, 3.8 and 7 atm,
and the overall fuel-air equivalence ratio was maintained constant at a
nominal value of 0.9. The level of swirl of the inlet air was varied by
changing the swirl vanes, and tests were conducted for zero, low (S=0.3)
and moderate (S=0.6) swirls. Air/fuel velocity ratios of 21 and 0.2
were achieved by interchanging fuel injectors, shown previously in Fig.
2, and the inlet air flow rate and temperature were held constant at
nominal values of 0.137 kg/sec and 750°K.

INPUT-OUTPUT TEST RESULTS

In the previous investigation, changes in inlet air swirl and pressure
were Tound to have a significant influence on NO and hydrocarbon emis-
sions. In the present study, the influence of inlet air swirl on exhaust
species concentration levels was evaluated at combustor pressures of 1
(Tests 3 and 6) and 3.8 atm (Tests 1 and L4), The emissions data sum-
marized in Table 2, indicate that imparting swirl (S=0.3) to the airflow
resulted in a significant increase in nitric oxide emissions and in large
reductions in hydrocarbon emissions. However, with a further increase
in the swirl intensity to S=0.6 there was only a modest increase in NO
and no significant change in THC emissions. The corresponding tempera-
ture distributions in the combustor exit plane, which are presented
together with the flow-field mapping data in a later section of this
report, indicated that flows with swirl resulted in higher peak tempera-
tures while nonswirling flows resulted in temperature profiles with
peaks of reduced magnitude.

Thermochemical considerations indicate that increased pressure will
result in increased temperatures, resulting in more rapid chemical
reaction. In addition, higher pressures result in reduced flow velo-
cities and longer combustor residence times. Each of these effects
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Table 2. EXHAUST SPECIES CONCENTRATIONS* (NATURAL GAS-AIR)

Test Swirl Pressure Air/Fuel Inlet Air

No. No. (atm) Velocity Ratio Temperature (°K) §
1 0 o) 20.6 748 0.90
) 0 7.5 20.9 750 0.90
3 0.3 1.0 22.0 743 0.90
L 0.3 3.7 20.9 746 0.91
5 0.3 7.3 20.4 Thé 0.91
6 0.6 1.0 21.3 Thé 0.91
7 0.6 1.0 0.17 748 0.91
8 0.6 3.6 0.17 748 0.90

Yy Carbon
Test O2 COo co No  NOx THC Balance¥¥*

No. (Mole %) (Mole %) (Mole %) ppm ppm  ppm, C  (percent)

1 3.25 9.50 0.96 366 Loo 610 - 2.4
2 1.49 10.05 1.52 178 - 191k + 8.6
3 3.17 9.05 0.89 171 207 Ll + 5.5
i 1.67 9.80 1.00 L2g 476 65 + 0.h4
5 1.60 10.50 0.73 320 337 709 - 5.7
6 2.07 9.50 1.21 175 207 71 + 1.3
7 5.60 8.05 0.68 117 154 184 +18.6
8 4.40 9.60 0.35 195 212 200 + 8.4

* Expressed as measured on a dry basis.
** NO, = NO + NO,

KKK
(+) CIN > COUT

- <
(=) CIN COUT
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favors increased NO formation, and th= effect of an increase in combustor
pressure from 1 to 3.8 atm for an inlet air swirl number of 0.3 (Tests 2
vs 4) was a significant increase in exhaust gas temperature levels and in
NO emissions. However, a further increase in pressure to 7 atm (Tests 2
and 5) produced a decrease in NO emissions, substantially higher exhaust
concentrations of unburned hydrocarbons and a modest increase in CO
emissions (ef., Tests 1 and 2, and 3, 4, and 5), suggesting a signifi-

cant change in flow field structure as the pressure is increased to

this level.

A final series of input-output tests was conducted to evaluate the
effect of air/fuel velocity ratio on pollutant emissions. Variation of
this parameter was effected by replacing the large-diameter, low-velocity
fuel injector with a smaller one (see Fig. 2), thereby increasing the
fuel injection velocity and simultaneously decreasing the inlet air
velocity. A change in air/fuel velocity from 21 to 0.2, for an inlet
air swirl number of 0.6 and atmospheric pressure (Tests 6 vs 7), resulted
in a reduction in MO and CO emissions and in increase in hydrocarbon
emissions. Temperature measurements at the combustor exhaust indicated
that at air/fuel velocity 0.2 the profile was significantly less uniform
with large radial gradients.

A comparison of the emissions data obtained in the present
investigation with observations previously reported in Ref. 7 indicates
that there is general agreement with respect to trends resulting from
variation of inlet air swirl, combustor pressure and air/fuel velocity
ratio; however, cxhaust concentrations of NO are lower, THC concentra-
tions are higher and CO concentrations are generally higher in the pres-
ent tests. This result suggests that the local temperature levels are
lower than those measured in the corresponding tests of Ref. 7; a pre-
sumption that was confirmed by the mapping data. These differences may
be due, in part, to modification of the previous combustion system which
included (1) elimination of the uncooled portion of the combustor in the
vicinity of the fuel injector and (2) relocation of the swirl vanes to
a station upstream of the injector exit. These changes should increase
the heat transfer to the combustor wall and reduce the temperature
levels in the combustor.

The repeatability of the exhaust species concentration measurements
was determined by obtaining several data points at each of the operating
conditions listed in Table 1, and the accuracy of the gas sampling and
analysis techniques was verified by performing a carbon balance between
the reactant and product species. The overall repeatability of the
measurements was approximately + 5 percent for the species 0o, CO,, CO,
NO and NOy, and approximately + 25 percent for THC. These variations
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are attributed primarily to small changes in input and combustor
operating conditions and, to a lesser extent, to errors in the sampling
and emissions measurement procedures. Normal acceptance criteria,
specified in SAE ARP 1256 (Ref. 19) require that the carbon atom con-
centration determined from emission measurements agree to within 15 per-
cent of the concentration determined from fuel analysis, Carbon bal-
ances were calculated for all of the exhaust emissions data and the
results are tabulated in Table 2. Except for Test 7, in which large
radial concentration gradients were observed throughout the combustor
and at the exhaust station, the above acceptance criteria was satis-
fied and a balance to within nine percent was achieved.

FLOW FIELD MAPPING RESULTS

Detailed maps of the mean and fluctuating flow field were obtained
for the five test conditions listed in Table 1., These test conditions
were selected to encompass variations in combustor operating conditions
which have the greatest influence on pollutant emissions.

High-Speed Motion Pictures

As an initial qualitative indication of flow field structure, high-
speed (500 frames/sec) color motion pictures of the reacting flow in
the vicinity of the injector were obtained for each of the five test
conditions., These films showed that there were significant large-scale
fluctuations in the flame luminosity for all test conditions. The
nonswirling flow exhibited the largest unsteadiness, Fig. 1bk. The
axial motions of the flame in this flow were sufficiently large so that
the flame was observed to occasionally enter the fuel injector. Impart-
ing swirl to the air stream reduced the fluctuations but even in
swirling flows the flame is very unsteady in the vicinity of the injec-
tion plane. These visual observations of the flame structure support
the conclusgions drawn later from laser velocimeter data regarding the
large-scale fluctuations of the flow in the initial mixing regions.
Analysis of the transient pressure data, discussed below indicates that
for most of the conditions investigated there are no significant resonant
pressure fluctuations. Furthermore, similar large-scale fluctuations
have been observed in the initial mixing regions of nonreacting jets
(Ref. 20). 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 injector.

In addition to providing information on the time-dependent structure
of the flame, the high-speed £ilms also give qualitative information on
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the spreading rate of the fuel jet. In all cases, the variations in

spreading rate with changes in inlet conditions observed on the films
are in agreement with the sampling data.

Transient Pressure Measurements

The high-speed motion pictures of the combustor flow field in PFig.
1L indicate a variation of the point of ignition from axial positions
downstream of the injector to positions within the fuel injection port.
Since the large-scale fluctuations will obviously complicate attempts
to analytically model the combustor flow, a series of tests were con-
ducted to evaluate the interaction of the combustion process with the
acoustic or mechanical properties of the combustor and to thereby ensure
that the configurations selected for detailed mapping were free of
large-scale combustion instabilities.

The frequency spectra and the relative amplitudes of the pressure
fluctuations occurring for each of the mapping experiments were deter-
mined by analyzing the output signal of a close~coupled high fregquency
pressure transducer installed in the combustor window port nearest the
injector. A high-speed oscillograph was used to continuously record the
gignal and permit measurement of the amplitude of pressure fluctuation,
and a spectrum analyzer was used to simultaneously determine the fre-
quency of the temporal component. The results, summarized in Table 3,
indicate that for operation at 1 atm and zero swirl a periodic pressure
fluctuation occurs with a frequency of approximately 120 Hz and an
amplitude of + 6 percent. The measured frequency is in close agreement
with a calculation of the fundamental harmonic for the combustor,
Additional tests conducted at succegssively decreased fuel flow rates
revealed that the magnitude of the fluctuations decreased rapidly and
were less than + 0.5 percent for ¢ = 0.6.

When a swirl component was introduced on the inlet alrflow at 1 atm,
the frequency of the oscillation remained unchanged; however, the ampli-
tude decreased steadily with increasing swirl and was less than + 0.5
percent for S = 0.6. Also, the use of an orifice plate to increase the
combustor pressure to 3.5 atm effectively changed the acoustic charac-
teristics of the combustor and significantly reduced the natural
frequency and the amplitude of the pressure fluctuations. The frequency
spectra obtained for typical test conditions are presented in Fig. 15.

Temperature Data

The combustor mapping date have been reduced to isopleth form to
permit visualization of the radial and axial variation of individual
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flow field parameters and to facilitate comparisons ?etween these
parameters in each of the flow configurations investigated. However,
since the radial distributions of mean flow properties were determined
at four to six axial locations within the combustor, interpolation
between stations was necessary and, therefore, a certain amount of
"artistic license" has been assumed in constructing these plots. In
each of these isopleths the radial extent of the fuel delivery port and
the air annulus is indicated to aid in visualization of the flow field
structure. A complete tabulation of the experimental temperature data

is presented in Appendix D.

Contours of constant temperature which show the time-mean
temperature distributions obtained for all of the mapping test conditions
are presented in Fig. 16. An initial examination of the data reveals
the similarity of the flow field structure obtained for each of the test
configurations and the temperature distributions characteristic of
axisymmetric, turbulent diffusion flames, i.e., peak temperatures occur-
ring in an annular region off the centerline. ©Specific trends in the
temperature distributions resulting from variation of the inlet param-
eters are evident from a detailed examination of the isopleths. For
example, imparting swirl = 0.3 to the airflow at 3.8 atm (Figs 16a and
16b) and increasing it from 0.3 to 0.6 at 1 atm (Figs. 16c and 164)
resulted in increased locally high temperatures developed off the centera
line and increased radial temperature gradients. Furthermore, comparison
of the axial temperature gradients indicate that increasing swirl also
results in significantly higher temperatures in the vicinity of the fuel
injector.

Increasing the combustor pressure from 1 atm to 3.8 atm,with all
other inlet conditions remaining constant,results in longer combustor
residence times, higher temperatures and more rapid chemical reaction.
For the case of 0.3 swirl (Figs. 16b and 16c) the temperature distribu-
tions again exhibited the typical diffusion-flame-like structure; how-
ever, increasing pressure shifted the location of the peak temperature
closer to the centerline and resulted in higher radial gradients. As
expected, the temperature and heat release rate in the vicinity of the
injector were increased, primarily due to reduced flow velocity.

The influence of air/fuel velocity ratio on the temperature
distribution within the combustor is illustrated in Figs. 16d and 16e.
For a combustor pressure of 1 atm and an inlet air swirl of 0.6 decreas-
ing the air/fuel velocity (increased fuel velocity) from 21 to 0.2
resulted in a shift of the radial location of the peak temperatures away
from the combustor centerline of the duct. The conspicuous change in
the radial location of the maximum temperature suggests a significantly
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more rapid rate of spreading of the fuel Jet for the high fuel injection
velocity, an observation that was confirmed by measurements of the
radial concentration gradients of unburned hydrocarbons. In addition
significantly lower temperatures were measured on the combustor cente;-
line and, therefore, the radial temperature gradients also were
increased.

Concentration Data

Because of the importance of the physical and chemical phenomena,
occurring in the region near the injector (e.g., formation of the recir-
culation zone(s) and initiation of mixing and chemical reaction) measure-
ments of the species concentration profiles were made at four to six
locations within an axial distance equivalent to four combustor diameters
(X/D = 4). Detailed maps of the species concentration distributions are
presented in ¥igs. 17 to 21. The concentration data are tabulated in
Appendix E.

Examination of the species contours reveals significant changes in
the mean species concentration distributions with variations in combustor
operating conditions. For example, comparison of Figs. 17 and 18 (Tests
1 and 4) reveals that introduction of swirl at a combustor pressure of
3.8 atm greatly increases the rate of oxidation of the fuel to CO, as
evidenced by the THC and CO concentration contours, accelerates the rate
of NO formation, with a significant fraction of the exhaust NO concen-
tration being formed within the first three combustor diameters, and
increases the rate of oxidation of CO to COp. All of these observations
point to a higher energy release rate in the swirling flow, which is
consistent with the measured mean temperature contours. Introduction
of swirl increases the spreading rate of the fuel jet, as evidenced by
the THC contours, and the principal region of fuel-air mixing and
reaction appears to be displaced radially outward. These observations
also are consistent with the temperature data, which show an outward
displacement of the temperature peaks upon imparting swirl.

Measurements of the species concentration distributions for the
S = 0.3 and the § = 0.6 flows at 1 atm combustor pressure are presented
in Figs. 19 and 20 (Tests 3 and 6). The THC concentration maps indicate
that as the swirl number is increased the spreading rate of the fuel
jet rapidly increases with a corresponding decrease in the concentration
of unburned hydrocarbons along the centerline. Unlike the other flows
investigated, moderately large fuel concentrations are measured near the
combustor wall in the § = 0.6 test. As noted earlier, there appears to
be significant large-scale fluctuations in all of the flows investigated.
Transport of fuel radially outward in the swirling flows may be the
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result of entrainment of large fuel eddies by the swirling air stream,
with subsequent transport of the fuel toward the combustor wall due to
the radial spreading of the air stream. With increased swirl, oxidation
of the hydrocarbon fuel to CO is greatly accelerated with a lesser
increase observed in the rate of oxidation of CO to COo. These observa-
tions suggest an increase in energy release rate with an increase in
swirl from 0.3 to 0.6. This conclusion is supported by the measured
temperature distributions. The higher temperature levels for the S =
0.6 flow result in a more rapid NO formation rate.

One of the principal effects of elevated pressure is a decrease in
the flow velocity and increase in the time available for reaction.
Analysis of the NO concentration data presented in Figs. 19 and 18
(Tests 4 and 3) indicates that an appreciable increase in the axial rate
of NO formation occurred as a result of raising the combustor pressure
from 1 to 3.8 atm. However, comparisons made on the basis of equivalent
residence times (as opposed to equivalent axial distances) show a much
smaller increase in NO concentrations and, therefore, demonstrate the
residence time effect. At elevated pressure, radial spreading of the
fuel jet was noticeably diminished as was the penetration of oxygen to
the center of the flow. These trends are in agreement with the previ-
ously discussed shift of the temperature maxima toward the centerline.
Also, at higher pressures, the oxidation of hydrocarbons to CO is
accelerated, as is shown in Fig. 18, and significantly higher CO concen-
trations were measured along the centerline.

As indicated earlier, a significant alteration in the temperature
distribution within the combustor was obgerved as a result of inter-
changing fuel injectors and operating at an air-fuel velocity ratio of
0.2 (Test 7). Qualitative evaluations suggested that rapid spreading of
the fuel jet occurred. The O, and THC concentration contours for air-
fuel velocity 0.2, Fig. 21, supports these observations and shows high
concentrations of fuel extending well beyond the lip of the injector and
low oxygen concentrations in the central portion of the flow. Low tem-
peratures and near zero concentrations of NO were measured along the
centerline. The appearance of the NO isopleth differs markedly from
those obtained at low injection velocity and shows that high NO concen-
trations exist in a torroidal-shaped region close to the injector,
approximately coincident with the recirculation zone. In this region,
the local temperature is very high and there is rapid oxidation of the
hydrocarbon fuel to form CO and ultimately CO5. 1In contrast, low CO and
CO, concentrations were measured near the centerline due to the slower
rate of hydrocarbon reaction.
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NO> Concentration Measurements

Evidence of significant nitrogen dioxide (NO,) concentrations near
the primary reaction zone of turbulent diffusion flames has been reported
by several investigators (Refs. 21 and 22). In the present study NOs
concentrations in excess of NO concentrations were measured along the
mean flame boundaries in the vicinity of the fuel injector. Because of
the difficulty in making quantitative measurements of NO, in strongly
reducing atmospheres using the stainless-steel thermal converter of the
chemiluminescence monitor (Ref. 16),NO, data could not be acquired as
the probe was traversed into the fuel-rich regions of the combustor.
Therefore, an NDUV analyzer was used to augment the chemiluminescence
detector by measuring NO2 emissions in selected tests. A typical pro-
file, shown in Fig. 22, indicates that NQQ/NO ratios greater than unity
were measured 2t the lean boundary of the flame zone, and NO, concentra-
tions subsequently decreased to a low level in the fuel-rich central
core region of the flow. As was stated in Ref. 7, significant NO, for-
mation was observed within an axial distance equivalent to three com-
bustor diameters downstream of the injector exit and thereafter the N0,
concentration remained relatively constant with increasing axial dis-
tance. However, there remains considerable uncertainty in the observed
NO, levels because of potential sources and sinks for NO, during trans-
fer of the gas sample to the Exhaust Analyzer (Refs. 7 and 16).

Mean Velocity Measurements

The radial distributions of time-mean axial and tangential
velocities were measured at a minimum of four and & maximum of six
axial locations in the initial regions of the combustor (X/D £2). In
addition a limited number of measurements of the time-mean radial veloc-
ity were made. A typical set of mean axial velocity profiles is shown
in Fig. 23. From profiles such as these, mean axial velocity contours
were constructed, showing lines of constant velocity within the combus-
tor. The mean axial velocity contours obtained for the five test
conditions are presented in Filg. oL, These profiles show the location
and shape of the time-averaged recirculation zones and indicate their
approximate longitudinal and lateral extent. As was the case for the
temperature and concentration isopleths, interpolation between data taken
at various axial stations was required to develop the veloclty contour
plots. All the data show a consistent trend towards uniform velocity
profiles with increasing distance from the injector, which would be
expected for highly turbulent plug-like flows immediately downstream of

the initial mixing region.
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In the case of zero swirl at 3.5 atm a large spheroidal time-
averaged recirculation zone is present immediately downstream from the
center (fuel) jet with associated mean reverse velocities significantly
larger than in any of the swirling flow cases. In addition to this
central zone, there is a second recirculation zone behind the backward

facing step at the nozzle exit plane.

The introduction of swirl brings about significant changes in the
time-averaged flow field: a much smaller toroidal recirculation zone
is present and the secondary racirculation zone is so reduced in size it
cannot be detected. The primary results of increasing swirl from 0.3 to
0.6 at 1 atm are to produce a more pronounced initial radial mean flow
and a somewhat larger, though still toroidal recirculation zone. How-
ever, in both these cases there is a much less rapid profile development
than at 3.5 atm which can be primarily attributed to the decrease in

combustor residence time.

For the small injector case there is extensive fuel jet coherence
even though the annular air swirl induces & significant initial spreading
rate.

The principal feature of each set of mean tangential velocity
profiles (Fig. 25) is the change from solid body rotation (i.e., forced
vortex flow) close to the injector towards a combined free/forced (i.e.,
Rankine) vortex flow downstream. Thus a region of irrotational flow
develops and progresses tovrards the center _° the duct as the flow pro-
ceeds downstream. As a result, the point of maximum tangential velocity
moves radially inward. This trend from forced to Rankine vortex flow
becomes more pronounced with both increased swirl and ambient combustor
pressure (increased residence time). Such a transition from forced to
Rankine vortex requires a sink, which in the present case is provided by
the inward radial flow downstream of the time-averaged recirculation
zones. This radial flow 1s evident from the increasing centerline axial
velocities in Fig. 24, for example, and is more pronounced at 3.5 atm
thereby enhancing the rate of vortex transition. Flow angle calcula-
tions based on the measured tangential velocity at the location of the
peak axial velocity compare extremely well with the swirl vane blade
angles at S = 0.3. For the 0.3 swirl cases, blade angle 7} = 28°, the
flow angles at 1 and 3.5 atm are 26°, At 0.6 swirl, 1 = 47°, the cal-
culated flow angle was 370, However, in this latter case the number of
blades was reduced from 18 to 12. Such a large change in solidity
(chord/gap ratio), necessitated from a vane packaging standpoint, is the
likely explanation for this reduced swirl efficiency.
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The presence of forced vortex flow immediately downstream of the
injector has a pronounced effect on the flow field static pressure dis-
tribution since, neglecting viscous forces, there is a balance between
pressure and inertial forces given by dp/dr = -pW2/r. Since Wor we
obtain the well-known result that the static pressure increase in the
core of a forced vortex is proportional to the square of the radius.
This result significantly affects the mean axial velocity flow field
because now the inviscid central fuel jet axial momentum is able to
overcome the reduced static pressure gradient near the flow field cen-
terline. This results in the formation of a smaller toroidal recircu-
lation zone with reduced negative velocities made up primarily of lower
momentum boundary layer fluid as indicated by their locatlions in Fig.

k.

To characterize the mean radial flow in the combustor, the mean
radial velocity was measured at one axial location just downstream from
the large fuel injector (¥X/D = 0.34) for a swirl number of 0.3 at atmo-
spheric pressure, Fig. 27. The flow is directed radially inward toward
the centerline in the central portion of the combustor, with peak mean
radial velocities of approximately 10 m/sec. These observations are
consistent with the description of the flow field determined from the
axial and tangential wvelocity contours.

RMS Velocity Measurements

Measurements of the associated root-mean-square axial velocity
fluctuations, presented in Fig. 28, indicate extremely high local fluc-
tuation levels in the initial mixing regions. For the large-diameter
injector, it was found that the normalized fluctuation levels decrease
with both increasing swirl and ambient pressure. These data, when
superimposed on the mean velocity contours, Fig. 29, show that the peak
fluctuation levels coincide primarily with the locations of high mean
shear, i.e., maximum local mean velocity gradient. However, measured
rms velocity fluctuation levels provide no information on the turbulent
scales involved., For instance, there are significant fluctuations
assoclated with the time-averaged recirculation zones with local peak
intensities occurring at points in the flow close to the time-averaged
axial stagnation points. Since the mean velocity gradients are rela-
tively low in these regions, the fluctuations must be due primerily to
large-scale motion associated with recirculation zone entrainment and/or
unsteadiness about its mean location. In the small diameter fuel injec-
tor case, the rms velocity contours are dramatically different and
appear to be a result of fuel jet "flapping" about its mean location
which was indicated by bi-modal probability density distributions
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obtained at the edge of the fuel injector close to the exit plane
These instantaneous fuel jet direction changes give rise to the diverg-
ing rms velocity contours,

Tangential velocity fluctuation measurements at 3.8 atm are shown
in Fig. 30. These data obtained at X/D = 1.48 show a sharp peak near
the combustor centerline where the mean gradient is high. Contours of
constant tangential rms velocity (Fig. 26) show that this peak becomes
more pronounced as ‘the flow proceeds downstream. This central rms
velocity distribution can be directly related to the increase in direc-
tional intermittency and mean tangential velocity gradient induced by
the transition from forced to Rankine vortex flow shown in Fig. 25.

The size, shape, recirculated mass flow and local turbulence levels
associated with recirculation zones are important to flame stability and
combustion intensity. High-speed motion pictures of the reacting flow
field in the vicinity of the injection plane show that there are signif-
icant fluctuations in the flame structure and large-scale motions asso-
clated with flow reversal. These large-scale motions are associated
with instantaneous movements of the recirculation zone location due to
local imbalances between fluid entrained from and fluid deflected into
the recirculation zone which are in turn related to the local velocity
gradients, turbulence scales and recirculation zone size (Ref. 23).

Quantitative insight into this large-scale turbulent motion
associated with flow recirculation can be obtained from velocity prob-
ability density distributions such as those shown in Fig. 31. These
measurements, which can be obtained only with a velocimeter system with
zero velocity frequency offset, show the unsteadiness of the flow fleld
in the initial mixing region. For example, within the time-averaged
recirculation zone (R/R, = 0.35) there are a significant number of posi-
tive velocity occurrences (approximately 30 percent) which are the
result of either instantaneous recirculation zone breakdown and/or
extensive streamwise and lateral movement. These large-scale motions
result in significant deviations from Gaussian turbulence. In the
corner region (R/RO = 0.9) approximately 25 percent of the instantaneous
velocity occurrences are negative and again the velocity probability

density distribution is skewed.

Defining directional intermittency (y) at a given point as the
fraction of the total observed velocity occurrences which are negative,
contours of constant directional intermittency can be constructed.

Such plots for the five test conditions are shown in Fig. 32. These
date show that there are a significant number of negative velocity
occurrences over most of the initial mixing region and that the
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FIG, 30

TANGENTIAL MEAN AND RMS VELOCITY AND
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PROBABILITY DISTRIBUTION FUNCTIONS
OF AXIAL VELOCITY
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probability of reverse flow into the fuel port and in the region behind
the backward facing step is high. Since the directional intermittency
never exceeded 90 percent, it can also be concluded that there are sig-
nificant spatial and temporal motions in the region of the time-averaged

recirculation zone.

To obtain additional insight into the relative magnitudes of the
small-scale and large-scale turbulent motions, consider the possible
sources of the total velocity fluctuations (u&), namely, the small-scale
turbulent fluctuations associated with forward and reverse flow (u' and
uﬁEV) respectively) and the additional large-scale source due to sign
changes of mean velocity (U-Uggy) at the point in question.

Thus,

u}(x)=f[axukev,(I—ax)uﬂnx(U-UREV)] (7)

where oy is the percentage of time the mean flow is upstream and Ny is
the frequency of mean flow reversal. Assuming similarity of character
of the small-scale turbulence associated with forward and reverse flow,
the instantaneous velocity (U) may be expressed as

U=U+ u'+0 (8)

where U represents the large-scale fluctuations. With the assumption
that the small-scale and large-scale fluctuations are uncorrelated, i.e.,
Tuw = 0,

0.2 = U2 _Uz - u|2+

<2
T u

(9)

That is, the total mean square fluctuation level is the sum of the small
and large-scale contributions. An indication of the relative contribu-
tions of the large-scale and small-scale fluctuations to the total rms
velocity fluctuations may be obtained from Fig. 29. In this figure,
which shows the radial profiles of the mean and rms velocities and
directional intermittency, it is apparent that although the peak total
rms velocity fluctuations occur in the regions of maximum mean velocity
gradient, in the central and corner recirculation zones, where the mean
velocity gradients are small, significant fluctuations are present., It
is apparent that these fluctuations cannot be attributed solely to small-
scale gradient transport and that they must be associated with the large-
scale fluid motions. Two mechanisms for occurrence of the large fluctu-
ations can be envisioned -- (1) large-scale motions of fluid through the
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sample volume, as evidenced by high values of directional intermittenc
and (2) large-scale convective transport of smaller-scale turbulence "
kinetic energy into the sample volume. It appears that these two
mechanisms can account for as much ag 50 percent of the total axial rms
velocity fluctuations in the initial mixing regions.

Turbulent Shear Stress Measurements

At present time, efforts are being made at UTRC to develop numerical
methods for predicting turbulent flow behavior. The rate of development
of computational fluid dynamics, especially for combusting flow fields,
is hampered by the present levels of understanding of the physics of
turbulence and the structure of turbulent flows, which are required to
model the turbulent correlations which result from time-averaging the
Navier-Stokes equations.

Although significant progress has been made, the computation of
turbulent flows is still only a practical proposition when the turbulent
correlations (u'w! for example) which arise from the process of time-
averaging the Navier-Stokes equations can be modeled by simple mixing
length or turbulent kinetic energy assumptions. It is difficult to
assess the potential of existing turbulence models due to the lack of
turbulent structure information which could be used to assess the
validity of present models or guide the formulation of improved models
to account for turbulent nonequilibrium effects present in these com-
busting flow fields.

The feasibility of measuring the turbulence shear stress has been
investigated in the present study. It is anticipated that more detailed
higher order correlation measurements will prove useful in future tur-
bulence model development. Measurements were made of the axial-
tangential turbulent velocity correlation (u'w') at an axial distance
of 0.65 cm from the injection plane (X/D = 0.05) for the case of 0.3
swirl at 3.8 atm. Velocity probability density measurements obtained
at two different fringe orientations at R/RO = 0.8 are shown in Fig. 33.
The velocity components sensed in these two orientations are l//? (u +
w). Thus, the difference between the two meagured variances yields
twice the turbulence shear stress, u'w'., Figure 3l shows the measured
turbulent shear stress correlation coefficient (u'w'/oyo,) obtained at
selected radial locations across the combustor. These data indicate
that the maximum correlation coefficient is between O.l4 and 0.5, typical
of values observed in the wall region of boundary layer flows, although
there are substantial variations in the regions surveyed. These large
variations suggest that detailed measurements will have to be made
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throughout the flow field before the adequacy of existing two-equation
turbulence models can be assessed.

FUEL INJECTOR PROBING

The results of the present investigation and observations reported
previously in Ref. 7 indicate that for several of the combustor configu-
rations tested and, in particular, for flows without swirl.there may be
significant penetration of the recirculation zone into the fuel injector
duct. Therefore, in order to determine the initial conditions for the
combustor flow analysis, a radial traverse of the fuel jet was made
within the injector to obtain the time-mean fuel velocity distribution
upstream from the penetration region of the recirculation zone.

Measurements were made using a 0.95 cm dilameter hemispherical-nose
pitot probe (Fig. 7) and differential pressure transducers having an
accuracy of 0.06 percent of the full scale range + 0.03 atm. The
results of a traverse made at a location approximately one injector
diameter upstream of the injection station are shown in Fig, 35 and
indicate a relatively flat velocity profile having a mean value of
approximately 5 m/sec, which is in approximate agreement with the cal-
culated value of U4 m/sec.

73



FIG. 35
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SECTION IV

DISCUSSION OF RESULTS

Variation of inlet air swirl, combustor pressure and air/fuel velocity
ratio produces major changes in the time-mean flow field within the tur-
bulent flame burner which significantly influence energy release and
pollutant formation. Measurements in the initial mixing region in the
burner indicate that for the case of zero swirl at 3.8 atm there is a
large centrally-located time-average recirculation zone. With the
introduction of swirl (S=0.3),a much smaller toroidal-shaped time-
average recirculation zone is present. At 1 atm, increasing the swirl
number from 0.3 to 0.6 results in an increase in the volume of the toroi-
dal recirculation zone. Associated with these changes in the recircula-
tion zone, are changes in the temperature and species concentration dis-
tributions in the initial regions of the burner. The temperature peaks
in the nonswirling flow are broader and the maximum temperature is

lower than in the swirling flow, suggesting a more diffuse combustion
zone in the nonswirling flow. The radial specles concentration gradients
support this observation. FEnergy release rates, as evidenced by

axial temperature gradients and by the hydrocarbon burn-out rate, are
larger in the swirling flow. The higher temperatures assoclated with
the swirling flow result in higher NO formation rates. Increasing the
swirl number from 0.3 to 0.6 at 1 atmosphere results in an increased
energy release rate, as evidenced by locally higher temperatures and
increased hydrocarbon burn-out rates. The higher temperatures associated
with the S=0.6 flow result in an increased NO formation in the initial

regions of the flow.

A decrease in pressure from 3.8 to one atmosphere results in a '
significant decrease in NO emissions and a modest decrease in THC emis-

sions for $=0.3. A major portion of this decrease may be attributed

to a decrease in resgidence time. However, meagurements in the initial

regions of the flow show that the time-average flow field structure
changes as combustor pressure is varied. Decreasing the pressure results

in s substantial decrease in the recirculation zone volume and in the
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energy release rate, as evidenced by the mean temperature distribution
and lower hydrocarbon consumption rate. The combined effect of lower
temperature and reduced combustor residence times result in lower NO

formation at one atmosphere.

A decrease in air/fuel velocity ratio from 21 to 0.17, for an inlet
air swirl number of 0.6 and atmospheric pressure, results in a reduction
in NO emissions and an increase in THC emissions. This decrease produces
a significant change in recirculation zone geometry and location with
respect to the fuel injector, and a reduction in energy release rates
and peak temperatures, resulting in lower NO formation rates.

There alsc are significant changes in the turbulent structure of the
flow field with variations in inlet air swirl, combustor pressure and
air/fuel velocity. In all of the flows investigated there appear to be
substantial large-scale contributions to the total rms turbulent velocity
field. 1In the initial mixing regions cf these flows, the total rms
velocity fluctuations can significantly exceed the local mean velocity.
In the cases of high air/fuel velocities, the large-scale fluctuations
are the result of low frequency movement of fluid in the central portion
of the flow. Reverse movements produce bulges upstream which extend into
the outer shear layer regions and result in rapid breakup and mixing as
the fluid is convected downstream. Downstream movements create voids
which draw outer shear layer fluid in towards the center of the combus-
tor. This "pumping" action, which is indicated by the directional inter-
mittency, is a function of the stability as well as the size of the
recirculation zomne.

These large-scale motions have sgignificant effects on the species
concentration, velocity fluctuations and chemical reaction rates. For
example, the initial mixing region of the nonswirling flow is charac-
terized by rapid apparent mixing of fuel and air and a relatively low
energy release rate. However, it must be borne in mind that conventional
time-average probe measurements provide no information on the scales at
which the fuel, air and combustion products are being mixed. If fuel and
air were well-mixed on a small scale, energy release rates, as evidenced
by hydrocarbon burn-out rates and temperature should be large. But, in
fact, the reverse is the case. This suggests that there are large-scale
inhomogeneities in the flow and that the mixing has been accomplished by
large eddies which have been generated by the pumping action of the
recirculation zone. Such eddies,when convected past the sampling probe,
would present the time-averaged appearance of a well-mixed flow although
the scales involved actually result in locally inhomogeneous mixtures
which tend to result in lower THC burn-out and overall energy release.
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This hypothesis is qualitatively supported by both directional inter-

mittency contours and the high-speed motion pictures which show substan-
tlal large-scale fluctuations in the zero swirl case

The introduction of inlet air swirl tends to stabilize the recircu-
lation zone, as evidenced by the directional intermittency data and the
high-speed films. One would expect, therefore, a reduction in large-
scale inhomogeneities in the initial mixing regions, thereby preserving
the separation of the reactants for a greater axial distance. Thus, mix-
ing should occur at a more clearly defined air/fuel interface. This
smaller scale (high shear layer) mixing results in localized chemical
reaction and produces locally high temperatures and NO formation rates
at the air/fuel interface. Increased combustor DPressure, at constant
swirl number, also tends to increase recirculation zone stability, there-
by reducing large-scale mixing. One would therefore anticipate increased
segregation of the fuel and air streams and locally high energy release
rates in the initial mixing region and, indeed, this is the case.

Changing the air/fuel velocity ratic from 21 to 0.17 for an inlet
air swirl number of 0.6 at atmospheric pressure had a profound effect on
the combustor flow field. The high-speed motion pictures and the total
hydrocarbon contours indicate that the central fuel jet spreads very
rapidly. This enhanced spreading rate is primarily due to the radial
static pressure gradients induced by swirl and the large-scale inter-
action, i.e., entrainment of the fuel jet into the toroidal recircula-
tion induced by the inlet air swirl vanes. This later unsteady interac-
tion produces fuel jet motion about its time-averaged location, as evi-
denced by bi-modal fuel-velocity probability density distributions.
Thus, in this case three mechanisms are responsible for rapid time-
averaged fuel spreading rates.

Hence, it is felt that many of the changes in flow field structure
observed in the present study may be related to the interaction between
large-scale turbulent fluctuations, associated with the unsteadiness of
the recirculating flow or the fuel jet, and small-scale fluctuations
associated with shear-generated turbulence.

The large-scale fluctuations, discussed above, result in significant
departures from Gaussian turbulence and isotropy in the initial regions
of the burner. The intensity and inferred scale of the fluctuations in
these regions suggest that existing turbulence models, which utilize
local mean gradients, may not adequately represent turbulént transport
in the combusting flows studied. Comparison of the experimental regults
obtained in the present investigation with predictions of the Eeagglng
flow field using the CRISTY computer code will serve to evaluate the
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analytical procedures and turbulence models. Further evaluvation of
existing turbulence models may be obtained bymaking detailed measurements
of the scale of turbulence and of turbulent shear stress and kinetic
energy throughout the reacting flow field with a laser velocimeter.
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SECTION V

RECOMMENDATIONS

The experimental investigations carried out under EPA Contracts
68-02-1092 and 68-02-1873 have shown that variations in inlet conditions,
€.g., inlet air swirl, inlet geometry and fuel injection geometry, pro-
duce major changes in the mean flow field, including recirculation zone
geometry and local fuel/air distributions, within a confined turbulent
flame burner which result in subsequent changes in pollutant formation
and destruction. In addition, 1t was found that turbulence significantly
influenced mean flow field structure and pollutant formation. In the
vicinity of the time-mean recirculation zones, the scale and intensity
of the turbulent fluctuations were sufficiently large so as to suggest
that turbulence models, which utilize local mean gradients, may not accu-
rately represent turbulent transport in these regions of the combustor.

The present data base is inadequate to permit definitive correlations
of mean flow field structure and pollutant emissions with burner inlet
conditions. Such correlations would provide useful "rules-of-thumb"” to
the combustion designer in the selection of operating conditions to give
meximum efficiency while minimizing pollutant emissions. In addition to
obtaining the mean flow field structure, it is necessary to obtain infor-
mation on the turbulent structure of the flow. The combined time-mean
and turbulent flow field data will permit an assessment of the effects
of turbulence on mean flow field structure to be made and will be useful
in evaluation and development of turbulence models employed in analytical

procedures for predicting reacting flows.

A logical extension of the present experimental effort would be §
further investigation of the effects of burner inlet conditicns and geo-
metry on the mean and fluctuating flow field structure in a gaseous
fueled axisymmetric turbulent diffusion flame burner and the s?béequ§nt
effects on pollutant formation and destruction. Two major.modlflca?lons
in the combustor geometry employed in the present and previous studies
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should be made, The structure of the highly confined flames investigated
under Contracts 68-02-1092 and 68-02-1873 is significantly influenced by
the close proximity of the combustor walls to the initial mixing and
reaction zone, and the flames tend to be quite long. While the basic
fluid dynamic and chemical phenomena occuring in these confined flames
are the same as in practical combustion devices, the flame geometry dif-
fers considerably from that found in most industrial flames. To permit
investigation of more realistic flame geometries, the ratio of combustor
diameter to injector diameter should be increased to approximate ratios
found in practical combustion equipment. As the second modification,
the injection section would be altered to permit changes in fuel and air
injector geometry and to provide an expanded range of inlet air swirl.
Detailed measurements of the mean flow field, (velocity, temperature and
species concentration), the turbulent structure of the flow (turbulent
intensity and scale, shear stress and kinetic energy), pollutant emis-
sions and heat transfer to the combustor walls would be measured as
burner inlet conditions are varied. Changes in the mean flow field and
subsequent variations in pollutant emissions would be correlated with
changes in inlet conditions. Speclal emphasis should be placed on
measurement of the inlet conditions (including mean and rms axial, tan-
gential and radial velocities and mean temperature). State-of-the-art
instrumentation should be employed, especially if required information
on the turbulent structure of the flow is to be obtained. It 1s highly
desirable to use optical diagnostic techniques whenever possible to
avoid problems associated with probe techniques (flow disturbance, sample
perturbation, ill-defined averaging) in turbulent structure of the flow
can be measured using laser velocimetry.

Laser Raman scattering and laser fluorescence techniques for mea-
surement of temperature and species concentration in practical combustion
geometries are still in a developmental stage. However, as these techni-
ques are refined, they should be incorporated into the experimental pro-
gram. Until then, it still will be necessary to use probes to measure
temperature, species concentration and the chemical composition of parti-
culates.

Precise definition of the experimental program would be made follow-
ing a comparison of results of the on-going combustor modeling effort
(Ref. 12) with existing experimental data. A preliminary comparison of
the experimental and analytical results indicate that more detailed
information on the turbulent structure and inlet conditions are required
to assist in development of analytical combustor models. Hence, the
principal objectives of the proposed gaseous fuel tests would be:
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(1) To provide an expanded set of test cases to be used to evaluate

and develop both empirical and detailed analytical procedures
for predicting pollutant emissions.

(2) To provide experimental data which can be used for
assessment and development of turbulence models utilized in
the above analytical proceures.

(3) To provide additional data for development of phenomenological
correlations between pollutant emissions and burner inlet con-

ditions.

A close coupling of the experimental program with the modeling effort
is required if maximum benefit from both programs is to be derived.
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APPENDIX A
TASER VELOCIMETER STATISTICAL ERRORS AND BIASING
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. 24 as

- Sx _
Enor=P0X-BH<K7Jﬁ"Ym (10)
- 2 2 -
Error—P(le-a' |)<K702JN_LI =% (11)
where x is a random variable; N is the number of samples.
- _ 1 (N
X =7 (iz;'x.,)= calculated mean (12)
2_ [& el
Sx= ‘zl (x; -X)"} = calculated mean (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 (fD).
Then the confidence level for the mean velocity determinations may be

written
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(1k)

since

S «/ﬁ Lgl _(f_fi ——f—"ﬂ_‘ ~ OU. (15)

o o U
we see that
%~ 8ol L\
D-f-DD“‘r(UU')ﬁ (16)

The confidence level for the standard deviation may be written as

2 2 _
ISf"C" iz 2|5f Ufl <K, N__E_T___),T (17)

2
O O%

Now since se and fD are functions of the same random variable (fD), the
error in o, /U is the sum, not the square root of the sum of the squares
of each error, i.e., the confidence level in oy/U = vy + vq.

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

v 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 instantaneous 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.

The velocity data presented in this report were obtained with seeded

air flow. To evaluate biasing errors which might result from seeding only
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the air stream, a limited number of axial velocity measurements were
made using three seeding techniques -- (1) seeded air stream, (2) seeded
fuel stream and (3) seeded fuel and air streams. These measurements
were made immediately downstream from the large diameter fuel injector

(x 10 = 0.16). Tt is in this initial mixing region, with high measured
velocity fluctuations where the greatest probability of biasing errors
exist. 1In these tests, the porous disk was removed from the fuel injector
to permit seeding of the fuel stream. The mean axial velocities measured
using the three different seeding techniques are shown in Fig. 36 for
the combustor operating at atmospheric pressure with an inlet air swirl
number of 0.3. These data show that there are no significant differences
between the velocities measured using the different seeding techniques
except in the outer regions of the flow where velocities measured with
fuel seeding were low. Comparison of the probability distribution
functions measured using the three seeding techniques, Fig. 37, shows
that near the combustor center line the measured pdf does not depend on
seeding technique. However, as expected, in the outer regions of the
flow the pdf measured with fuel seeding differs from that obtained when
both the fuel and air streams are seeded. These data indicate that for
the present experiments, valid velocity data were obtained using air
seeding.
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COMPARISON OF MEAN AXIAL VELOCITY PROFILES MEASURED
USING DIFFERENT SEED TECHNIQUES
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FIG, 37
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DISTRIBUTION FUNCTIONS

R/Rg - 0.013
O FUEL SEED
o @ FUEL & AIR SEED
) ® AIR SEED
z
Z 200}
o«
[+
]
3]
3]
o)
['
(]
g 100|"
2
3
z
o 1 1 1
—-20 O 20 40 60 80
INSTANTANEOUS VELOCITY,[m/sec)
R/R, = —0.69

500}
* O FUEL SEED
w ® FUEL & AIR SEED,
& a00f-
o
[+
5
3
o 300+
T8
o
«

2
ig 200
=
5
z

100

0 ? L 1 1 1

-40 O 40 80 120 160
INSTANTANEOUS VELOCITY,(m/sec)

76—-07—-158-13

86



APPENDIX B

FUEL COMPOSITION

Table B-1. NATURAL GAS COMPOSITION

Mole Percent

Species Trailer No. 1 No., 2 No. 3 Average
CHy, 96.14 97.1 96.5 96.58
1.80 2,1 2.03
02H6 2.16 5
002 0.65 0.56 0.55 0.59
0.15 0.29 0.22
O, + Ar 0.06 0.06 0.10 0.07
2)
N 0.69 0.26 0.30 0.k2
2
i- C,H, 0.05 0.03 0.07 0.05
0
i " 0,04
- 0.0k4 0.03 0.0
n Cquo
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APPENDIX C

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 flowrate and the tem-
perature rise of the cooling water. The results of the heat balance are
summarized below:

Test NMo. 7 Natural Gas - Air
Swirl Mo. = 0.6 Air/Fuel Velocity Ratio = 0.18
P =1 atm Equivalence Ratio = 0.90
= O . =
T ip = 790 K o 0.137 kg/sec
Q‘II\T
Air Heater: 15.9 kg cal/sec
Fuel: 88.69 kg cal/sec
10L.59 kg cal/sec
Q'OUT
Combustion Products: 79.73 kg cal/sec
Cooling Water: 14.77 kg cal/sec
Unreacted Fuel: 2.23 kg cal/sec
96.73 kg cal/sec
Q - Q
IN
5 T = Lo
N
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APPENDIX D

TEMPERATURE DISTRIBUTIONS: TABULATED DATA
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Table D-1. TEMPERATURE DISTRIBUTIONS FOR TEST NO. 1

CHj,-Air + Inlet Air Swirl No. = O
$ = 0.91= .01 Inlet Air Temperature =751 +8 °K
Pressure = 3.9 + 0.1 atm Air-Fuel Velocity Ratio=20.7 +0.2
R/ Ro Temperature, °x
X/D=0.34 0.60 1.73 1.99 14,36
-0.75 922 1673 1889 2079 1888
-0.62 1011 1753 1815 1896 1900
-0.50 1305 1685 17k 1868 1935
-0.37 1371 1659 1722 1771 1985
-0.25 1282 1617 1653 1736 1935
-0.12 1237 1518 1631 1767 1980
0.00 1138 1399 1672 1861 1978
0.13 1060 1328 1811 1855 2095
0.25 993 1198 1923 1952 2106
0.38 1094 1255 2028 2101 2065
0.50 1205 1392 2006 1971 1995
0.63 1096 1733 1879 1781 1955
0.75 779 1hhé 1670 1528 1656
0.88 673 1002 1hho 124k 1565
1.00 597 677 821 760 1056
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Table D-2. TEMPERATURE DISTRIBUTIONS FOR TEST NO, 3

CHh-AiI‘ Inlet Air Swirl No. = 0.3

+
§ = 0.9L = 0L Inlet Air Temperature = T43+ 9 °K
Pressure = 1.0 atm Air-Fuel Velocity Ratio=21.7+0.5
R/Ro Temperature, °K

X/D=0.34  0.60 1.99 3.38 L7 13.50 1h.95

-0.63 1k16 1h77 203k 2061 2102 - 173L
-0.55 - --- - 2017 2069 1953 ——
-0.50 1545 1502 1994 - - --- 1815
-0.45 1541 -— -—- 1927 1958 2015 —
-0.37 1481 1565 1897 1850 1890 ——— 1837
-0.25 1ho5 1634 1845 1777 1828 2013 1852
-0.12 1416 1647 1830 1762 1808 1975 1840
0.00 1453 1626 1850 1798 1850 1960 1854
0.07 1479 -—- ——- 1824 1870 _— -—
0.12 1488 1618 1911 1850 1860 1975 188k
0.28 1473 1560 1950 1934 1939 2030 1880
0.38 1449 1490 1955 1993 2026 2061 1846
0.4 1359 1431 1901 1979 2018 2032 1768
0.58 -——- - — 1912 1925 1985 1679
0.63 124k 1300 1777 -— -— 1925 -—
0.69 --- —-—- S 1772 17h1 --- ---
0.75 114k 1160 1592 1625 1625 1760 1600
0.88 1029 1029 14h6 1420 - 1620 1430
1.00 752 772 1075 -—— 1126 1500 1220
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Table D-3. TEMPERATURE DISTRIBUTTONS FOR TEST NO. 4

CHy-Air Tnlet Air Swirl No. = 0.3
3 = 0.91 ¥ 0.01 Inlet air Temperature =Th9+7 %K
Pressure = 3.7 + 0.1 atm Air-Fuel Velocity Ratio=20.5+0.h
R/R, Temperature, °K
X/D=0.34 0.60 1.73 1.99 14.36
-0.63 1657 1703 2081 2133 1826
-0.50 1480 1559 2059 2096 1863
-0.37 1220 1454 1975 1950 1870
-0.25 1124 1373 1836 1821 1832
-0.12 1010 1276 1776 1747 1730
0.00 1015 1361 177k 1841 1764
0.13 1085 1468 1989 1978 1836
0.25 1235 1540 2105 2128 1888
0.38 1317 1582 2133 2189 1875
0.50 1230 1608 2116 2171 1827
0.63 1040 1538 . 1992 1993 1757
0.75 825 1168 1769 1783 1685
0.£8 695 877 1510 1479 1626
1.00 626 618 975 935 1489
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Table D-4. TEMPERATURE DISTRIBUTION FOR TEST NO. 6

CH),-Air Inlet Air Swirl No, = 0.6
5 = 0.91 T .01 Tnlet Air Temperature =750+ 10 Ok
Pressure = 1.0 atm Air-Fuel Velocity Ratic = 21—.3 +0.5
R/ Ro Temperature, °K
X/D=0.3k 0.60 1.73 1.99 14,36
-0.63 1624 1516 2233 2237 1920
-0.55 - i591 --- --- 1943
-0.50 1h7h ——- 2181 2150 -
-0.45 - 1686 - - 1984
-0.37 1244 1700 2046 2004 1980
-0.25 1089 1635 1935 1923 1915
-0.12 1024 1597 1933 1925 1835
0.00 1105 1615 2010 2013 1840
0.06 _— 1622 -—- —— 1880
0.13 13h1 1630 2146 2136 1925
0.25 1467 1600 2235 2203 1995
0.38 1537 1503 2240 2221 1997
0.50 1486 1352 2156 2168 1930
0.58 S 1227 — _— 1856
0.63 1341 - 1928 1974 ---
0.70 - 1079 --- - 1762
0.75 1084 -—- 1578 1671 ---
0.80 - 92 --- --- 1691
0.88 862 810 1234 1336 1650
1.00 o --- 778 --- 1490
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Table D-5. TEMPERATURE DISTRIBUTION FOR TEST NO. 7

CH)-Air Inlet Air Swirl No. = 0.6
s = 0.9L L o.01 Inlet Air Temperature =746+7 °K
Pressure = 1.0 atm Air-Fuel Velocity Ratio=0,17+0.01
R/R, Temperature, °K
X/D=0.76 1.01 2.15 2.41 1. 77
-0.64 1610 1570 1874 1817 2050
-0.50 1326 1286 1750 1741 2085
-0.37 1193 1177 1616 1669 -—
-0.25 1115 11k9 1525 1604 1850
-0.12 1094 1149 1488 1588 1306
0.00 11k7 11k7 1516 1616 1230
0.13 1409 1187 1591 1718 1270
0.25 1667 1400 1689 1830 -—
0.38 1666 1565 1797 2005 2135
0.50 1632 1566 1843 2055 2245
0.63 1k29 1399 1637 1792 2020
0.75 1163 1135 1324 1451 1800
0.88 962 925 1086 1177 1615
1.00 652 620 662 700 1448
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APPENDIX E

SPECIES CONCENTRATION DISTRIBUTIONS: TABULATED DATA
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Table E-1. SPECIES CONCENTRATION DISTRIBUTIONS FOR TEST NO. 1

CHy-Air Tnlet Air Swirl No. =0
3 = 0.91%0.01 Tnlet Air Temperature = 751+8°K
Pressure = 3.9 + 0.1 atm o PpIlixlir--FueIL Velocity Ratio =751+8°K
2
R/Ro X/D = 0.08 1.21 1.47 2.8L
-0.85 1 41 90 198
-0.66 0 72 83 185
~0.LlL 7 55 53 115
-0.25 9 31 27 84
-0.04 20 33 19 110
0.16 11 83 5k 166
0.38 8 133 108 235
0.58 1 135 120 2ho
0.80 0 59 69 158
NOyx, ppm
R/Ro A IR N S——i T.57 7.8
-0.85 - 50 122 245
-0.66 2 1ok 1h2 -
-0.LlL - - - -
-0.25 - - - -
-0.0k4 - - - -
0.16 - - - -
0.38 - - - -
0.58 - 168 200 285
0.80 2 88 90 182
C0, Mole %
R/Ro X/D = 0.08 1.21 .47 2.8k
-0.85 0.00 0.80 0.80 1.82
-0.66 0.00 2.90 2.86 6.15
~0.45 4.20 6.22 6.35 9.80
-0.25 3.50 8.40 8.20 11.3
-0.0k4 5.35 9.65 9.50 11.4
0.16 3.10 9.75 9.65 10.00
0.38 2.00 7.25 7.25 6.80
0.58 0.50 2.90 2.35 2,65
0.80 0.00 0.51 0.35 0.48
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Table E-1. SPECIES CONCENTRATION DISTRIBUTIONS

(continued)

‘ COn, Mole %
R/R, X/D = 0.08 1.21 147 2.8
-0.85 0.05 3.95 5.80 7.15
-0.66 0.05 5.30 6.70 6.75
-0. 4k 2.00 k.10 k.95 5.05
-0.25 1.80 3.48 3.50 L. 4o
-0.04 2.50 3,50 3.45 .70
0.16 1.70 4,32 4.38 5.60
0.38 1.35 5.60 6.10 6.65
0.58 0.40 5.95 6.55 6.65
0.80 0.05 3.51 3.30 4,92

0o, Mole %
R/Rg X/D = 0.08 1.21 1.h7 2.8h
-0,85 18.0 12.9 10.1 6.40
-0.66 17.9 7.30 5.55 1.9
-0.4h4 1.82 4.4%0 3.79 1.05
-0.25 0.18 3.53 3.76 0.75
-0.04 0.19 2.50 2.76 0.35
0.16 0.11 1.43 1.67 0.53
0.38 0.13 2.30 1.72 1.95
0.58 4.k 6.60 6.55 6.50

0.80 20.2 14.3 4.7 12.3

THC, Mole %
R/Ro X/D = 0.08 1.21 1.47 2.8k
-0.85 0.041 . 2,05 0.50 0.79
-0.66 0.022 5.05 2.31 2,56
~0. 4k >10.0 7.55 7.45 k.52
-0.25 >10.0 9.45 9.69 5,08
-0.04 >10.0 8.45 9.30 3.94
0.16 >10.0 5.85 6.18 2.94
0.38 >10.0 4.25 L, ok 1.50
0.58 >10.0 2.75 0.97 0.51
0.80 0.011 1.85 0.19 0.10
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Table E-2. SPECIES CONCENTRATION DISTRIBUTION FOR TEST NO. 3

CH,-Air Inlet Air Swirl No. = 0.3
5 = 0.9 ¥ 0,01 Inlet Air Temperature = TLL+9°K
Pressure = 1.0 atm Air Fuel Velocity Ratio = 21.7%0.5
R/RO NO, ppm
X/D = 0,08 1.47 2.86 L.25
-0.85 1 15 27 45
-0.66 5 39 66 97
~0.46 5 70 102 121
-0.25 3 88 100 109
-0.04 3 87 87 100
0.17 7 85 93 101
0.37 1 73 103 125
0.57 10 ko 79 107
0.80 1 17 27 L7
R/R, NOx__ppm
X/D = 0.08 1.h7 _2.86 L. 25
-0.85 18 L3 57 82
-0.66 29 87 - -
-0.46 - - - -
-0.25 - - - -
-0.Ch - - - -
0.17 - - - -
0.37 - - - -
0.57 35 78 133 172
0.80 13 L 69 8l
R/R, CO, Mole %
X/D = 0.08. 1.hy 2.86 L. .25
-0.85 0.607 0.94 0.60 0.70
-0.66 1.400 1.75 2.53 2.75
-0.46 2.150 3.40 5.65 7.00
-0.25 1.850 5.30 8.00 9.25
~0.0k4 1.600 6.40 8.79 - 9.80
0.17 2.3h0 5.70 8.66 9.60
0.37 3.025 4,20 7.08 7.80
0.57 1.810 1.82 2.85 2.51
0.80 0.680 0.92 0.72 0.68

98



R/Ro

-0.85
-0.66
-0.46
-0.25
-0.0k4
0.17
0.37
0.57
0.80

R/R,

-0.85
-0.66
-0.46
-0.25
-0.04
0.17
0.37
0.57
0.80

R/R,

-0.85
-0.66
-0.46
-0.25
-0.0k4
0.17
0.37
0.57
0.80

Table E-2.

SPECIES CONCENTRATION DIS TRIBUTIONS

(continued)
COp, Mole 9

X/D = 0.08 1.k7 2,86 k.25
1.85 I.62 5.56 6.18
1.80 6.3 742 7.5
2.05 7.15  7.10 6.71
1.75 6.80 6.00 5.58
1.55 6.17 5.45 5.10
1.87 6.58  5.63 5.07
2.85 7.04 6.69 6.27
2.90 6.4k 742 7.90
1.30 k.79 5.79 6.33

0o, Mole %

X/D = 0.08 1.L7  2.86 .25
15.5 11.3 10.1 8.95
14.0 7.10  5.37  3.75

5.40 3.35 1.51 1.05
3.05 1.45 0.57 0.50
1.80 1.00 0.38 0.43
2.03 1.25 0.42 0.47
2.65 2.65 1.03 0.77
11.6 6.60 4.06 3.37
16.5 10.8 8.50 8.66
THC, Mole %
X/D = 0,08 1.h7 2.86 4.25
1.66 1.73 0.57 0.27
6.00 2.50 0.95 0.55
>10.0 4,60 2.45 1.80
>10.0 7.40 4 .60 3.10
>10.0 9.50 6.35 L .28
>10.0 7.80 5.75 4,00
>10.0 6.00 3.55 2.35

8.31 2.80 1.31 0.54

2.23 1.64 0.55 0.18
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Table E-3. SPECIES CONCENTRATION DISTRIBUTIONS FOR TEST NO. L

CH),-Air Inlet Air Swirl No. = 0.3

§ = 0.91 £ 0.01 Inlet Air Temperature = Th9f 7°K

Pressure = 3.7t0.01 atm Air-Fuel Velocity Ratio = 20.5i0.lt
NO, ppm

R/R, X/D = 0.08 1.21 1.47 2,60
-0.85 0 28 53 125
-0.66 2 86 110 280
-0.45 8 123 119 327
~0.26 7 116 130 205
-0.0k4 10 71 69 65

0.16 6 88 93 93

0.38 L 1ko 152 305

0.58 0 138 . 131 292

0.80 0 53 55 165

NOx, ppm

B/Ro X/D = 0.08 1.21 1.h47 2.60
-0.85 L 66 89 138
-0.66 5 90 133 -
-0.45 - - - -
-0.26 - - - _
-0.04 - - - -

0.16 - - - -

0.38 - - - -

0.58 L - - 0

0.80 ) 58 - ?92

co, mole %

B/R, X/D = 0.08 +1.21 1.h7 2.60
-0.85 0.00 0.9 1.17 1.8
-0.66 0.28 3.3 4.02 5.1
-0.h45 3.58 8.6 8.55 8.0
-0.25 1.70 11.h4 10.8 10.3
-0.0k 1.86 12.0 11.8 13.2

0.16 1.10 11.9 11.5 13.0

0.38 1.23 10.3 10.2 10.6
0.58 0.19 6.2 6.41 6.8
0.80 0.00 1.5 1.78 2.2
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R/Ro

-0.85
-0.66
-0.45
-0.25
-0.0k4
0.17
0.38
0.58
0.80

R/R

-0.85
-0.66
-0.45
-0.26
-0.04
0.17
0.38
0.58
0.80

R/R

-0.86
-0.66
-0.45
~0.26
-0.03
0.16
0.38
0.58
0.80

Table E"3 .

(continued)

COp, mole %

SPECIES CONCENTRATTON DISTRIBUTIONS

%X/D = 0.08 1.21 d.47 2.60
0.00 3.1 ho11 5.6
0.01 5.1 5.48 7.2
1.82 5.3 5.16 7.1
1.35 4.8 4.90 5.6
1.35 .o 4.09 b1
1.07 4.5 k. Le L. L
1.08 5.5 5.39 6.4
0.10 5.9 5.90 7.0
0.0h 3.9 4.26 6.1

0o, mole % A

X/D = 0.08 l1.21 1.4y 2.60
20.8 k.5 11.7 8.6
19.4 7.0 6.0 2.5

1.3 2.3 1.0 0.6
o.L 0.6 0.3 0.1
0.1 0.2 0.1 0.1
0 0.2 0.1 0.1
0.4 0.2 0.2 0.3
8.3 3.2 2.8 1.5
20.4 11.2 10.3 7.6
THC, mole %

X/D = 0.08 1.21 1.h47 2.60
0.0k 2.7h 2.05 0.86
3,09 4,58 3.92 0.62

> 10.0 L,.55 3.99 0.68

> 10.0 4,55 3.46 1.69

> 10.0 7-51 6.76 4.32

> 10.0 6.00 k.95 3.24

> 10.0 3.43 2.78 0.7L
6.73 3.8k 3.61 0.Lk
0.05 by by 3.67 0.30
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Table E-4. SPECIES CONCENTRATION DISTRIBUTIONS FOR TEST NO. 6

CH),-Air Inlet Air Swirl No. = 0.6
§ = 0.91 £ 0.01 Tnlet Air Temperature = 750%10°%
Pressure = 1.0 atm Air-Velocity Ratio = 21.31'0.5
R/R, NO, ppm
X/D = 0.08 1.21 1.h7 2.86
-0.85 2 3 6 30
-0.66 3 17 29 8L
-0.45 - 62 72 125
-0.35 22 - 90 -
-0.25 - 89 92 123
-0.0k 2l 86 80 26
0.17 - 88 89 102
0.27 19 - 92 -
0.38 - 80 89 117
0.48 15 - 71 -
0.58 6 3 b7 10
0.67 2 - 20 -
0.75 2 - - -
0.81 1 5 50
R/Ro NO,, ppm
X/D = 0.08 1.21 1.4t 2.86
-0.85 9 17 28 72
-0.66 15 k2 - 123
-0.45 - - - -
-0.35 - - - -
~0.25 - - - -
-0.04 - - - -
0.17 - - - -
0.27 - - - -
0.38 - - - -
0.48 - - - -
0.58 - 70 87 -
0.67 - - 54 -
0.75 7 28 - -
0.81 - - 29 -
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Table E-4. SPECIES CONCENTRATION DISTRIBUTIONS

(continued)
R/R, €O, Mole %
X/D = 0.08 1.21 1.4y 2.86
-0.85 0.04 1.29 1Lk 2.25
-0.66 0.69 2.91 2.87 3.59
~0.15 - 5.52  6.05  6.2L
~0.35 3.33 - 7.7 -
-0.25 - 8.3k 9.00 9.26
-0. 0k 3.16 9.82  10.7 10.87
0.17 - 9.23 10.0 9.17
0.27 2.86 - 8.9k -
0.38 - 6.58 7.57 8.3k
0.48 2.2 - 5,92 -
0.58 1.46 4,08 4.5k 4.06
0.67 0.48 - 3.20 -
0.81 - 1.58 1.60 2.26
R/R, CO5, Mole %
X/D = 0.08 1.21 1.47 2.86
-0.85 0.06 2.31 2.66 5.34
-0.66 1.27 5.26 5.82 7.4h2
-0.45 - 7.22 7.12 744
-0.35 2.35 - 6.75 -
-0.25 - 6.65 6.26 6.24
-0.0k4 2.16 5.68 5.50 5.58
0.17 - 6.10 5.90 5.73
0.27 2.10 - 6.24 -
0.38 - 7.08 6.88 6.63
0.48 2.h2 - 7.05 -
0.58 1.36 6.2k 6.66 7.98
0.4k - 5.01 -
gﬁg 0.05 2.80 3.00 6.49
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Table E-4. SPECIES CONCENTRATION DISTRIBUTIONS

(continued)
R/R, 05, Mole %
X/D = 0.08 1.21 1.47 2.86
-0.85 19.8 13.2 13.2 8.50
-0.66 16.4 7.80 6.80 3.58
-0.45 - 2.10 1.65 0.89
-0.35 0.2 - 0.75 0.20
-0.25 - 0.37 0.30 -
-0.0k4 0.2 0.08 0.09 0.07
0.17 - 6.10 0.10 0.0
0.27 0.4 - 0.32 -
0.38 - 7.08 0.70 0.39
0.48 2.5 - 1.85 -
0.58 9.7 5.01 4.10 2.20
0.67 16.2 - 7.60 -
0.81 20.6 14.00 12.6 6.75
R/R, THC, Mole %
X/D = 0.08 1.21 1.h7 2.86

-0.85 - 5.71 4,75 1.83
-0.66 7.47 3.83 2.40 0.66
-0.45 >10.0 2.55 1.99 -
-0.35 >10.0 - - 0.67
-0.25 >10.0 3.64 2.62 1.09
-0.04 >10.0 3.14 2.86 1.46
0.17 >10.0 2.95 2.71 1.h2
0.38 >10.0 2.16 1.84 1.18
0.48 >10.0 - - -
0.58 >10.0 2.52 1.94 0.46
0.69 >10.0 - 2.87 -
0.81 1.04 4.80 h.12 1.00
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Table E-5>. SFECIES CONCENTRATION DISTRIBUTIONS FOR TEST NO. 7

CH),=Air Tnlet Air Swirl No. = 0.6
5 = 0.91 = 0.01 Inlet Air Temperature = 7 46179k

1+

Pressure = 1.0 atm Air-Fuel Veloecity Ratio = O.17J50.01
NO, ppm
R/Ro X/D=0.2L 0.50 1.63 1.89
-0.66 34 21 30 33
—O.h5 68 L8 48 L8
-0.25 55 16 Lo b
-0.04 0 0 39 LE
0.38 55 37 L6 18
0.58 67 23 39 36
0.80 16 5 6 5
R NO.., ppm
/%o X/D=0.24 0.50 1.63 1.89
-0.85 12 16 27 26
-0.66 89 58 - -
-0.45 - - - -
-0.25 - - - -
-0.04 - - - -
0.17 - - - -
0.38 - - - -
8:22 Lo 21 38 31
Co, moled
B/R, X/D=0.2k  0.50 1.63 1.89
-0.8 0.45 0.24 0.56 0.53
-0.62 2.60 0.70 5.69 G.io
-0.45 7.08 6.05 6.95 7.09
-0.25 6.72 4,58 6.37 Z.;o
-0.0k4 0.46 1.92 6.30 :-ii
0.17 1.45 2.61 6.46 7.¢£
0.38 6.8l 5.36 6.97 7.3
6.34 0.33
0.58 6.29 4.63 o
0.80 0.45 0.27 0.84 :
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Table E-5. SPECIES CONCENTRATION DISTRIBUTIONS
(continued)
CO2, mole%
B/R, X/D=0.24 0.50 1.63 1.89
-0.85 0.94 16.1 2.30 2.11
-0.66 6.66 4 .48 5.59 5.67
-0.45 5.53 5.66 h.71 4,81
-0.25 h.76 3.95 4.31 4.53
-0.0L 1.44 2.47 4.20 4.63
0.17 2.9 2.83 L. ok L.oh
0.38 L.oh L.45 L.sh 4.92
0.58 6.58 5.97 5.53 5.81
0.80 3.01 1.59 3.03 2.63
R/R, 02, mole
X/D=0.2k 0.50 1.63 1.89
-0.85 18.7 8.1 15.8 16.3
-0.66 6.00 2.37 2.84 2.39
-0.45 0.62 1.35 1.23 1.0L
=0.25 0.97 2.67 1.48 1.14
-0.04 3.06 3.10 1.53 1.13
0.17 3.18 2.95 1.4k 1.14
0.38 0.90 1.70 1.20 1.03
0.58 1.06 5.00 2.0L 2.60
0.80 14.8 1745 4.3 15.2
THC, moleb
B/ X/D=0.2L 0.50 1.63 1.89
-0.85 0.06 0.05 0.64 4.ho
-0.66 0.66 0.20 0.82 7.65
-0.45 >10.0 >10.0 >10.0 >10.0
-0.25 >10.0 >10.0 >10.0 >10.0
-0.04 >10.0 >10.0 >10.0 >10.0
0.17 >10.0 >10.0 >10.0 >10.0
0.38 >10.0 >10.0 >10.0 >10.0
0.58 4,28 5.60 9.32 8.15
0.80 0.02 0.06 8.00 4.35
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APPENDIX F

MEANS AND RMS VELOCITY DISTRIBUTIONS: TABULATED DATA
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Table F-1. AXIAL VELOCTTY DISTRIBUTIONS (M/SEC) FOR TEST NO. 1

CHy-Air Inlet Air Swirl = O
$ = 0.91+0.01 Tnlet Air Temperature = 751+8°K
Pressure = 3.9+0.1 atm Air/Fuel Velocity Ratio = 20.7%0.2
X/D = 0.052
R/Rq U '
-0.917 4.30 5.2
-0.788 18.6 6.0
-0.667 21.1 b1
-0.542 15.0 6.4
-0.371 0.07 2.9
-0.204 1.90 2.5
-0.038 2.86 2.8
0.146 3.L43 2.5
0.354 3.30 2.8
0.563 20.7 I
0.708 18.7 5.9
X/D = 0.146
R/Ro U ur?
-0.875 -1.L 3.3
-0.813 2.5 5.6
~0-759 1h.7 6.1
-0.688 17.2 4.8
-0.625 18.5 4.6
—O.SLI-Z 13.9 5.3
~0.hg2 9.9 5.2
-0.433 1.9 4.6
~0.37 -0.7 3.3
-0.204 _1.2 3.0
-0.038 -1.9 3.4
0.125 -2.1 3.3
0.350 -2.3 3.1
0.458 1.8 9.0
0.458 0.6 5.3
0.55h 13.8 4.9
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Table F-1.

X/D = 0.1h46
R/Rg

O O OO OO
\Ji
o
O

AXTAL VELOCITY DISTRIBUTIONS (M/SEC)
(continued)

<

1.y
16.9
12.6
5.0
~1.4
-4 L
-5.2
-6.0
-5.7
-5.6
-L4.2
1.9
10.6
16.2
16.3
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Table F-1.

X/D = 1.58
R/Rg

AXTAL VELOCITY DISTRIBUTIONS (M/SEC)
(continued)
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Table F-2. AXIAL VELOCTTY DISTRIBUTIONS (M/SEC) FOR TEST NO, 3

CHy,-Air Inlet Air Swirl No. = 0.3

§ = 0.91+0.01 Inlet Air Temperature = Tk T 9%

Pressure =1.0 atm Air/Fuel Velocity Ratio = 21.7%0.5

L}

X/D = 0.052
R/Rg U w2
-C.917 6.2 7.2
-0.792 36.9 19.7
-0.733 61.6 20.7
-0.679 70.2 17.2
-0.663 68.2 25.0
-0.,600 59.3 22.0
-0.542 27.6 2,5
-0.413 -3.6 13.9
_0’267 l.)-¥- 1109
-0.125 5.9 10.2
0.000 10.3 2k.o
0.167 5'2 i;'i

-1. .

g:;gg 18.6 2k.3
0.558 58.9 26,8
0. 704 85.1 19.1
0.708 87.5 17-9
0,833 39.6 28.6
0.917 5.8 1.1
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X/D = 0.128

R/Ro

-0.
-0.
.763
-0.
-0.
-0.
.579
-0.
-0.
.0L2

-G

-0

o

oo eoNoNelNeNoNe)]

917
913

741
671
583
400
229

.588

Table F-2. AXIAL VELOCTTY DISTRIBUTIONS (M/SEC)
(Continued)

al

30.
30.
101.
Ll
8h.
15,

O Ul

18.
13.

2k,

\O H
+ o\
O HFHFWO~JWOWWOW FWw

107.
102.

13.0

al

ho.1
62.4
80.7
87.5
85.4
87'5
86.4
66.1
48.6
ho.7
24,1
36.2
Lo.2
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30.
23.
Lo,
36.
58.
33.

22.
21.
21.
22.
25.
Ly,
63.
60.
5h.
32.
22.

T ooV FWwWw-~N1 00 o0~V FWw

hi.6

55.7
55.3
55.7
69.0
62.3
52.7
51.1
40.9
39.3
36.4



Table F-2. AXIAL VELOCITY DISTRIBUTIONS (M/SEC)
(Continued)

X/D = 0.486 (Cont'd)

5 T
R/R, u
0.25)_’_ 27.8 ’-LO.l
O.LL58 ).}.5.9 Ll'9°5
0.567 )-|-5-6 59‘1
0.667 91.0 6h.2
0-729 83-1 5)4‘0
0.846 61.3 L
0.850 5’4‘.2 )-1'007
X/D =0.519
= )
R/R, v "
871 59.0 26.2
-0.07 61.8 25.3
-0.746 8
~0.688 6.l 2
-0.596 58 .k '2
~0.146 56.5 vy
-0.279 oL.7 33
_0.113 62.8 ¥l
o'osh 724 1;&5
O.lhe 64.8 =2
0.146 67.0 22'7
0.263 5k.6 26%
o:wl ggg 26:7
0.638 59.8 27.9
0.808 63.7 27.7
0.858 ’
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X/D = 1.88
R/Rq

-0.871
-0.704
-0.546
-0.375
-0.208
-0.041
0.004
0.004
0.142
0.296
0.471
0.633
0.800
0.867

X/D = 3.00
R/R,

-0.875
-0.838
~0.746
-0.596
-0.458
-0.267
-0.108
0.038
0.350
0.521
0.517
0.671

Table F-2.

AXTAL VELOCTIY DISTRIBUTIONS (M/SEC)
(Continued)

al

57.1
67.0
62.8
53.8
56.5
69.9
77.6
75.0
54.0
45.3
50.8
53.6
55.6
56.9

<

oN
- - . -q
MOoOWw OO FOND O

28.0
29.4
27.1
30.0
33.0
45.6
.7
43.0
Lo.

32.9
27.8
26.5
27.5
29.8

2 .y
30.5
30.9
29.5
32,2
36.5
36.9
L.k
35.0
31.7
27.7
26.2
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Table F-3. AXTAL VELOCITY DISTRIBUTIONS (M/SEC) FOR TEST NO. L

CHLL'Air Inlet Air Swirl = 0.

$=0.91 % 0.01 Inlet Air ‘I‘empera.turi:-3 = Tho+7°

Pressure = 3.7£0.1 atm Al i st

.7£0.1 r/Fuel Velocity Ratio = 20.5:0.k4

X/D = 0.052
®/%o 0 w?
-0.938 0.7 3.6
-0.813 5.2 I.6
-0.683 1k.9 5.8
-0.542 8.3 6.2
-0.408 -1.1 L.5
-0.271 0.2 b1
0.042 3.6 3.0
0.458 1.0 k.3

X/D = 0.093
R/R, U u'?
-0.892 2.1 bl
~0.779 16.6 6.0
-0.683 19.8 6.k
-0.585 13.3 5.1
_0.BT1 7.8 10.7
~0.371 ol L.8
-0.167 0.8 3.9
0.038 1.0 3.8
0.250 0.3 i3
0316 1.9 4.6
0.458 5.0 7.6
0.458 4.8 7k
0.563 18.1 5.6
0.667 21.6 s
papdy .5 0.9
0 833 7.1 8.1
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X/D = 0.291

R/Ro

1
O

.879
.708
617
.538
L1458
.375
167
.038
167
458
562
667
771
.858
.900
.021

X/D = 0.550

R/Rg

Lt
O O O OO0 o0

HOOOOOO oo

-0.913
-0.879
-0.792
-0.750
-0.695
~0.600
-0.583
-0.488
-0.413
-0.333
-0.250
-0.083

0.083

0.188

0.346

0.463

Table F-3.

AXTAL VELOCITY DISTRIBUTIONS (M/SEC)

(Continued)
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Table F-3. AXIAL VELOCITY DISTRIBUTIONS (M/SEC)

(Continued)
¥/D = 0.550 (Cont'd)
R/RO U ut2
0.570 1.8
0.667 7.0 gg
0.713 10.4 5.8
0.767 13.2 5.3
0.838 16.3 5.1
0.942 17.5 k.o
X/D = 1.48
R/ U w?
~0.888 17.1 3.8
-0.792 16.2 3.9
_0.688 15.3 bl
~0.579 1k b 39
-0.458 13.6 h.3
-0.333 13.L el
-0.208 13.h b7
-0.079 15.9 6.2
0.046 15.9 6.0
0.167 1h.3 v
0.304 13.9 k.0
0.417 1k.3 0
0.567 16.1 k.3
0’675 17.9 }-(—.O
0.70% 18.8 3.7
X/D = 3.00
R/R, v w®
-0.913 ls.l 303
-0.788 17.2 37
-0.621 17.8 3.3
_0.367 18.7 )'l--l
-0.163 18.7 5.1
0.046 20.3 00
0.250 18.9 v
O.u58 18.)4' 3.6
0.667 7.7 32
0. 775 17.3 21
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Table F-4. AXTAL VELOCITY DISTRIBUTIONS (M/SEC) FOR TEST NO. 6

CHp-Air Inlet Air Swirl = 0.6

§ = 0.91+0.01 Inlet Air Temperature = 750+10°K

Pressure = 1 atm Air/Fuel Velocity Ratio = 21.3+0.5

X/D = 0.160
R/Rq U N/Tfﬁz
-0.913 37.8 25.6
-0.867 67.9 29.0
-0.792 83.8 3L.5
-0.729 76.5 344
-0.688 45,7 47.0
-0,600 20.7 39.4
-0.479 -5.4 19.6
-0.371 0.6 19.3
-0.250 5.5 17.0
-0.075 14,1 15.2
0.088 k.2 15.8
0.250 6.0 18.1
0.h17 -3.1 18.8
0.588 0.06 31.5
0.671 15.0 36.3
0.750 57.2 44,5
0.813 68.0 36.3
0.879 7.7 39.8
0.962 58.7 31.2
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Table F-I. AXTAL VELOCITY DISTRIBUTIONS (M/SEC)

(continued)

X/D = 0.405
R/R, U ST
-0.892 46.5 18.3
-0.892 73.4 27.8
-0.833 63.4 29.4
-0.792 Lok 22.7
-0.754 Lo.o 28.3
-0.675 23.3 28.0
-0.575 8.6 25.1
-0.458 3.5 25.3
-0.313 3.3 26.8
-0.167 1k.5 24,3
0.0h42 21.6 22,3
0.250 1.7 20.6
0.458 2.5 2k.6
0.667 21.h4 30.3
0.771 39.6 32.6
0.875 6.k 30.5
0.946 72.5 28.2

X/D = 1.55
R/RO U J ut
-0.87 60.1 ig'g
-0.7k6 57.4 5.7
-0.625 90.1 19.0
~0.475 k2.0 20.0
~0.367 35.6 2.6
-0.242 4.0 31.5
-0.100 59.2 31.0
0.033 57-2 30.3
0.150 49.9 23.5
0.275 3Z‘i 18.8
0.395 Zl.l 16.6
0.525 M7.2 1k.2
0.667 6.5 15')_"
0.775 26.2 16.8
0.871 66.5 18.0

0.904 |
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Table F-L. AXTAL VELOCITY DISTRIBUTIONS (M/SEC)

(continued)

X/D = 1.75

R/R, U 1/;75
-0.892 59.2 21.
-0.792 62.1 15.
-0.754 63.6 15.
-0.688 57.4 13.
-0.583 53.9 1k,
-0.467 48.3 17.
-0.375 45.3 19.
-0.267 39.0 2k .
-0.167 43.6 28.
0.058 h2.1 31.
0.042 29.7 3k,
0.146 33.3 27.
0.250 29,1 27.
0.333 35.3 2k,
0.467 45.6 20.
0.558 50.2 16.
0.667 58.2 15.
0.771 62.3 15.
0.879 67.1 17.

FOW OV OOMNNNOFOOOIFONNOREDN
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Table F-5. AXIAL VELOCITY DISTRIBUTIONS (M/SEC) FOR TEST NO. 7

CHy, = Air Inlet Air Swirl = 0.6
$ = 0.91 * 0.01 Inlet Air Temperature = 746 * 7°K
Pressure = 1 atm Air/Fuel Veloeity Ratio = 0.17 * 0.0L

X/D = 0.052
R/RO U u'e
- 0.954 4.6 18.1
- 0.950 8.1 17.2
- 0.917 19.9 19.5
- 0.825 26.6 .0
_ 0.813 49,3 2,2
- 0.750 85.0 34.8
- 0.688 61.7 34,5
- 0.583 15.7 2k.5
- 0.488 -0.9 22.2
- 0.329 10.0 17.2
- 0.204 2L L 17.8
- 0.075 38.4 25.1
- 0.025 98.1 73.0
0.017 87.5 8e.5
0.0L46 56.2 67.5
0.175 3.8 12.9
0.292 19.8 12.6
0.417 2.5 123
0.11-79 -1.9 13.3
0.571 8.9 oo-d
0.646 53.9 29.9
0.713 89.2 314
0.846 6k.1 39.9
0.963 10.8 18.3
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Tabe F-5.

AXIAL VELOCITY DISTRIBUTIONS (M/SEC)

(continued)

X/D = 0.615 _

R/R U

0

0.879 82.7
0.750 49.9
0.617 19.5
0.500 5.0
0.35k4 13.5
0.217 37-9
0.083 75.5
0.050 92.3
0.196 69.8
0.338 28.2
0.483 0.90
0.633 7.7
0.779 Lko.2
0.917 71.8
1.000 79.8
X/D = 1.97 -

o U
-0.908 61.3
~0.791 51.L
-0.671 43.6
-0.538 L40.5
-0.413 38.7
_0.288 )_!_3.5
~0.167 50.9

0.0k42 58.9
0.083 59.4
0.217 53.6
0.338 46.9
0.458 2,2
0.592 LL.6
0.667 48.2
0.708 55.3
0.829 60.2
0.925 65.7

20.8
21.8
20.1
21.8
37.2
50.7
65.7
66.6
63.3
48.3
26.2
19.5
20.1
19.1
23.8

15.1

17.1
17.2
17.1
15.7
15.6
16.1
14.0
12.3
13.6
1k,

10.1
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Table F-6. TANGENTIAL VELOCITY DISTRIBUTIONS (M/SEC) FOR TEST NO 3

CHy = Air Inlet Air Swirl = 0.3
8 = 0.91 * 0.01 Inlet Air Temperature = Thh * 9%
Pressure = 1 atm Air/Fuel Velocity Ratio = 21.7 * 0.5
X!D = 0.128
R/R W w'e
0
- 0.900 52.1 2.0
- 0.788 52.8 e3.7
- 0.679 h7.0 29.6
- 0.542 26.0 211
- 0.325 12.7 A
0.000 1.9 16.5
0.000 3.9 1.9
0.350 -27.2 21.8
0.563 -54.6 30+
0.663 -56.0 2.2
gty b6 19.3
0.833 -h2.0 194
X = 0.486
e . Ve
- 0.938 o6 o
- 0.850 59.8 oy
- 0.767 67.9 ot
- 0.675 71.1 30.1
et 68.1 29.9
- 0.354 : 56.9 o
- 0.167 K5 5.6
- 0.167 37.7 o5
0.038 -10.2 -19.9
0.041 - 1.0 ﬁg'g
0.296 54.9 ‘ : .
0.738 65.4 .2
0.858 57.6 o
“ 26.0
0.913 573
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Table F-6.

TANGENTTAL VELOCITY DISTRIBUTIONS (M/SEC)
(Continued)

=
T oE N OO 0N Ww

=]

96.9
6k b
69.7
68. 4
66.4
58.7
39.8
28.4
.23’7
-63.9
-67.3
-73.2
-71.5
-69.6
-66.5
-69.9

19.3
18.3
19.
19.
23.
35.
37.
36.
37.
27.
17.
20,

OW OO 11I~1TOh\W\O

44,8
18.7
18.8:
20.1
20.5
22.9
32.3
33.8
33.5
22.2

2Lh.6
24,2
17.8
18.1
16.7
19.1
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Table F-7. TANGENTIAL VELOCITY DISTRIBUTIONS (M/SEC) FOR TEST NO. L

CH), = Air Inlet Air Swirl = 0.3
$ = 0.91 = 0.01 Inlet Air Temperature = 749 * 7°K
Pressure = 3.7 * 0.1 atm Air/Fuel Velocity Ratio = 20.5 * 0.k
X/D = 0.291 _ —
R/R W we®
0
- 0.885 5.9 L.6
- 0.783 8.7 4.6
- 0.688 9.5 4.5
- 0.579 7.2 4.8
- 0.463 4.8 4.3
- 0.267 L.k h.1
0.017 0.8 3.5
0.254 -9 3.6
0.458 -6.6 3.3
0.663 -7.8 3.8
0.817 -9.6 3.0
0.90k -8.9 3.0
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%X/D = 0.550
R/R,

Table F-7. TANGENTIAL VELOCITY DISTRIBUTIONS (M/SEC)
(Continued)

=

0.896
0.792
0.667
0.583
0.492
0.325
0.163
0.071
0.021
0.213 -
0.383 -
0.508 -
0.575 -
0.625 -
0.688 -
0.750 -
0.833 -
0.875 -
0.900 -
0.979 -

|

FO\O\\H#‘L}JFL‘\HO\F‘HU\)—QO\OODOO\DCO
MDA FWHF--ITOON W] OV O O\

X/D = 1.48
R/R, W

0.892 8
0.875 6
0.750 8.
0.745 7
0.613 8
0.538 10.
0.475 10.
0.329
0.267 12,
0.121 1k,
0.0h2 0.
0.296 - 6.
0.475 -10.
0.712 -8
0.917 - 7.
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Table F-8. TANGENTIAL VELOCTITY DISTRIBUTIONS (M/SEC) FOR TEST NO. 6

CHy, = Air+ Inlet Air Swirl = 0.6
$ = 0.91 + 0.01 Inlet Air Temperature = 750 * 10°K
pressure = 1 atm Alr/Fuel Velocity Ratio = 21.3 * 0.5
X = 0.162
R

29} Lo
o

=
o
|

1
(@]
\9
3
\Jt
-~
(o

- 0.808 60.8 2%2
- 0.708 h8.5 20.1
- 0.583 38.6 17.1
- 0.h58 34,0 5.4
- 0.329 26.7 15.8
- o7l 19.8 17.3
0.000 4.9 22.0
0.000 9.0 25.2
0,021 -6.1 27.9
0.171 273 o
0.333 3.9 b
0-500 -46.3 7.9
O 633 —)-5-7.5 .].8.2
0.750 _54_0 20.h
0875 -65.5 2k L
0.942 =342 2.3
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Table F-8. TANGENTIAL VELOCITY DISTRIBUTIONS (M/SEC)

X/D = 0.405
R/R,

0.891
0.791
0.687
0.583
0.375
0.27%
0.15&
0.083
0.016
0.02G
0.145
0.25C
0.3hs
0.45¢8
0.562
0.66€
0.75¢C
0.875
0.916

(continued)

W

66.0
63.5
60.2
57.9
63.6
65.0
50.1
35.5
8.2
17.4
-h7.2
-60.2
-66,2
-64,2
-63.7
-62,1
-56.2
-66.0
-63,8
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24,2

21.
22,
17.
19,
17.
25,
22,
26.
22,
22,
20,
19.
18.
21.
2k,
23.
22,
21,
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Teble F-8. TANGENTTAL VELOCITY DISTRIBUTIONS (M/SEC)

(continued)
X/D = 1.55
R/R, W ﬁ),
- 0.875 64.8 13.0
—0.725 68.1 ]_3,8
-0.62L 6.4 16.8
-0.500 80.8 16.8
- 0-367 88.7 16.6
-0.217 88.7 17.1
- 0.083 50.5 324
0.000 14,3 3.1,
0.021 21.6 31.6
0.088 -20.2 25.0
0-150 -68.2 26.3
0.213 -81.8 1.7
0.392 -84.5 16.7
0.563 -76.0 16.2
0.708 -68.8 15.5
0.771 -66.6 15.8
0.883 -67.9 19.0
X/D = 1.75 _ =
R/RO W w'
-0.900 55.9 15.1
-0.788 66.1 .7
-0.688 65.3 16.3
-0.583 72.9 17.2
-0.371 82.3 17.2
-0.167 56.0 23.3
0.042 7.3 32.5
0.046 -38.7 23.3
0.250 -T4.9 19.1
0.463 -79.8 17.4
0.563 -70.9 16.8
0.667 -65.8 13.8
0.771 -63.2 13.3
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Table F-9. TANGENTIAL VELOCITY DISTRIBUTIONS (M/SEC) FOR TEST NO. 7
CH) = Air Inlet Air Swirl = 0.6
§ =0.91 £0.01 Inlet Air Temperature = 746 * 7°K
Pressure = 1 atm Air/Fuel Velocity Ratio=0.17 * 0.01
g g = 0.052 = .
0
-0.958 63.5 27.0
~-0.833 63.8 27.9
-0.708 65.6 29.3
-0.583 53.9 20.6
-0.458 64,8 15.2
-0.329 71.5 22.9
-0.204 73.7 26.3
-0.079 19.7 31.8
0.171 =75.7 22.8
0.292 -67.4 17.2
0.7 -64.3 13.6
0.667 -89.9 17.4
0.708 -101.8 2k.0
0.708 -103.8 21.7
0.833 -87.1 22.9
0.833 -100.5 23.7
0.958 -60.3 k4.7
0.958 -60.1 14,2
X/D = 0.615
R/R W w?
0
-0.895 56.9 15.1
-0.745 63.4 13.6
-0.620 66.3 17.0
-0.479 69.1 16.1
-0.333 63.4 2Lk
-0.187 ho,5 31.8
-0.0l1 12.6 37.5
-0.037 27.0 38.1
0.087 -14.0 38.4
0.125 -35.7 35.8
0.254 -b5.5 35.2
0.375 -54.6 29.0
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Tabe F-9. TANGENTIAL VELOCITY DISTRIBUTIONS (M/SEC)

X/D = 1.97
RéRo

0.871
0.750
0.620
0.500
0.375
0.250
0.121
0.017
0.021
0.1k46
0.288
0.417
0.546
0.667
0.722
0.875
0.938

(continued)

W

59.8
63.4
67.5
70.9
66.3
57.0
29.3
2.2
8.0
-17.3
-32.6
-51.1
-62.0
-64.5
-62.1
-49.6
-57.1
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Table F-10. RADIAL VELOCITY DISTRIBUTIONS (M/SEC) FOR TEST NO. 3
CH), = Air Tnlet Air Swirl = 0.3
$ = 0.9 Inlet Air Temperature = T48°K

Pressure = 1 atm

R/R,

-0.
.373
.3k2
.290
.207
.12k
.0kl
.ol1
.166
.290
Qs
.4o8

373
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PUBLICATIONS

The following publications have been produced as a result of
the research program described in this report:

Owen, F. K. Laser Velocimeter Measurements of & Confined
Turbulent Diffusion Flame Burner. ATAA Paper 76-33 presented

at the ATAA 1hth Aerospace Sciences Meeting, Washington, D.C.,
January 26-28, 1976.

Owen, F. K., L. J. Spadaccini and C. T. Bowman. Pollutant
Formation and Energy Release in Confined Turbulent Diffusion
Flames, to be presented at the 16th Symposium (International)
on Combustion, Boston, August 15-20, 1976.
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NOMENCLATURE

defined by Eq. (5)

outer diameter of air annulus, cm
inner diameter of air annulus, cm
Combustor diameter = 0,122 m
particle diameter,

frequency, Hz

Doppler frequency, Hz

offset frequency, Hz

Cunninghem constant ~ 1.8

defined by Eq. (10)

mean free path, cm

height of air annulus, cm

V,/Vp = air/fuel velocity ratio
mass flow rate, kg/sec

frequency of mean flow reversal, Eq. (7)
total number of samples

error as defined by Fas. (10) and (11)
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NOMENCLATURE (CONT'D)

R = radius, m

R, = combustor radius = 0.0612 m

S = swirl number as defined by Eq. (1)

Sy = calculated variance in the variable x, Eq. (11)
T = temperature, °K

w, =  rms particle velocity, m/sec

U = mean axial velocity, m/sec

U, = convective velocity, m/sec

U; = instantaneous axial velocity, m/sec

u = axial velocity fluctuation, m/sec

i = large-scale axial velocity fluctuation, m/sec, Eq. (8)
V, = bulk mean air velocity, m/sec

Ve = bulk mean fuel velocity, m/sec

W= mean tangential gas velocity, m/sec

w' =  tangential velocity fluctuation, m/sec

x = random variable

X = axlal distance, m

Z = 4y/d

@ = percentage of time mean flow is reversed, Eq. (7)
B = true mean of the variable x, Eq. (10)

Y = directional intermittency
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i

NOMENCLATURE (CONT!D)

error in the mean, Eq., (10)
error in the variance, Eq. (11)
swirl vane angle, deg

angle, deg

wavelength, m

viscosity, gm/cm-sec

particle density, gm/cc

rms velocity, m/sec

overall fuel-air equivalence ratio =
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