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1.0 SUMMARY

The following was accomplished during the performance of Task 5 of the
Aeropropulsion Technology Contract. The goal of these efforts was the
development of an ultra-low emissions, lean-burn, combustor for the High
Speed Civil Transport. The HSCT Mach 2.4 FLADE C1 Cycle was selected as
the baseline engine cycle. A preliminary compilation of performance
requirements for the HSCT combustor system was developed. The emissions
goals of the program, the baseline engine cycle, and standard combustor
performance requirements were considered in developing the compilation of
performance requirements. Seven combustor system designs were developed.
In order to control the flame temperature within the narrow limits required for
good performance of lean-burn combustors, most of these combustor systems
used fuel-staging. However, one combustor system design used air-scheduling,
which in turn required the use of variable geometry. The development of the
these system designs was facilitated by the use of spreadsheet-type models
which predicted the performance of the combustor systems over the entire
flight envelope of the HSCT. These models and their performance projections
were refined as more design information and test data became available. A
chemical kinetic model was developed for an LPP combustor and employed to
study NOx formation kinetics and CO burnout. These kinetic predictions
helped to define the combustor residence time. Five fuel-air mixer concepts
were analyzed for use in the combustor system designs. One of the seven
system designs, one using the Swirl-Jet and Cyclone Swirler fuel-air mixers,
was selected for a preliminary mechanical design study.

Five fuel-air mixers were evaluated in subcomponent tests. Four types of
single-cup rigs were used: atmospheric, 4 atmosphere and high pressure. The
high pressure rig operated over the full range of HSCT combustor conditions.

A major design innovation which came out these tests was the injection of
spent cooling air into the flow exiting the fuel-air mixers. This helped resolve
the conflict over using the available air to burn as lean as possible and to use it
to cool the combustor materials. Two supporting studies of fuel-air mixing
using advanced laser diagnostics were performed, one at GE’s Corporate
Research and Development Center and the other at Pennsylvania State
University.

A LPP sector combustor was designed, fabricated and built up for
evaluation in a follow-on contract. The sector combustor was sized for a
subscale engine and was rectangular in configuration. The system design
selected for the sector combustor used the IMFH and Cyclone Swirler fuel-air
mixers. In this sector combustor, fuel-staging was relied upon for flame
temperature control. A preliminary test plan was developed for the sector
combustor evaluation.
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2.0 INTRODUCTION

A key issue in the development of the next generation High Speed Civil
Transport (HSCT) is environmental acceptability. Of particular concern is that
the NOxX emissions from HSCT engines operating at high altitude may have
detrimental effects on the stratospheric ozone layer. This concern has led to
significant efforts in atmospheric modeling, combustion research and
development of low NOx gas turbine combustion systems.

2.1 Background

In previous studies, three combustion system concepts have been
identified which yield low emissions in laboratory-scaled experiments. They
are: Lean, Premixed, Prevaporized {LPP), Lean Direct Injection {LDI} and Rich
Burn/Quick Quench/Lean Burn (RQL) combustors. The principle behind LPP
combustor cperation is simple -- provide a uniform mixture of prevaporized fuel
and air that burns at a lean fuel/air ratio so that the flame temperature is low
thereby minimizing NOx production. The LPP concept has disadvantages,
some of which are narrow stability limits and the potential for autoignition
and/or flashback into the preinixing chamber. Lean fuel/air mixtures are also
used in the LDI concept, but rather than being premixed, the fuel is injected
directly into the combustion zone. The LDI concept may offer improvement in
stability over the LPP concept and is found to yield emission levels that are
comparable to the LPP concept. With LDI, there are no hazards of flashback
and/or autoignition. In the RQL combustion concept, the approach is to burn
the fuel in an oxygen-deficient first stage and add the remaining air in a rapid
quench zone where the overall stoichiometry is brought quickly to a lean
condition without simultaneously forming excess NO. The lean zone
downstream of the rapid quench zone oxidizes the CO produced in the rich
zone.

2.2 Scope

The efforts pursued during the performance of this Task evaluated,
developed and tested concepts for the lean-burn ultra-low NOx combustor.
Concepts for both types of lean-burn combustors; the Lean, Premixed,
Prevaporized (LPP) and Lean Direct Injection (LDI}; were considered in these
studies. The specific goal of this task was to demonstrate the capability of
advanced lean burning combustor concepts to reach the emission index goal of
S g NOx/kg fuel at HSCT cruise conditions, while also having the capability to
operate successfully over the full range of combustor inlet conditions. In
pursuit of this cruise emissions goal, three technical subtasks were completed:

e Subtask I consisted of combustor design studies to define the overall
combustion system features needed to meet the full range of operating
requirements of the HSCT, while also meeting the NOx emission goals. Six
system designs were considered.

¢ Subtask II consisted of single-cup development tests of five prerrﬁxer design
approaches.

e Subtask III completed the design, fabrication and buildup of a sector
combustor for demonstration of the preferred combustor concept.

NASA/CR—2005-213326 2



3.0 SYSTEM DESIGN STUDIES

This section discusses the selection of the engine cycle for this subtask,
and describes pertinent cycle points used in the design and analysis of the
combustor layouts. The section continues with the ground rules for the design
and comparison of the combustor layouts. The four candidate combustor
layouts are then described, and an evaluation of these designs is completed,
culminating in the selection of a generic combustor design. Additional analysis
of the fuel staging system, a detailed mechanical design of a representative
generic combustor, and an analytical study to predict combustor emission
characteristics using chemical kinetics relationships are discussed. This
section concludes with a discussion of proposals for the future direction of
HSCT combustion system designs.

3.1 Cycle Selection

The HSCT Mach 2.4 FLADE C1 cycle was selected as the baseline cycle
for this task. Cycle conditions at key mission points are shown in Table 3-1.
Table 3-2 depicts a typical HSCT mission profile.

Table 3-2 HSCT Preliminary Mission Profile

Flight Condition Altitude Mach Number Duration
{kft) {min)
Takeoff ~0 0.0G - 0.30 Seconds
Climb 3-55 0.50 - 2.40 ~16
Supersonic Cruise 55 -65 2.40 ~202
(68% of Total)
Descent 65 - 15 2.40 - 0.55 ~20
Climb - 15-25 0.55 - 0.80 ~1
Subsonic Cruise 25-15 0.80 and 0.5 ~56

As shown in Table 3-2, the supersonic cruise leg of the mission accounts
for nearly 70% of the entire mission flight time. The supersonic leg is flown at
altitudes which place it within the ozone layer. The NOx emissions at these
altitudes are therefore potentially the most detrimental. Three supersonic
cruise conditions are shown: maximum or start cruise (55K}, mid-cruise {60K]}
and minimum or end cruise (65K). The combustor fuel-air ratio and
combustor inlet air temperature, T3, stay very nearly constant during the entire
supersornic cruise portion of the mission. Thus, the combustor can be
optimized for low NOx emissions over the entire supersonic leg of the mission.
Further minimizing the impact of NOx emissions on the ozone layer is the
decrease in fuel burn rate {40%) as the altitude increases from 55K to 65K.
The constant combustor conditions do not continue into the subsonic cruise
portion of the mission, let alone, ground and flight idle conditions. The
combination of narrow operating limits for lean-burn combustion and the wide
range of HSCT combustor operating conditions requires some form of fuel
staging or air scheduling.

NASA/CR—2005-213326 3
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3.2 Ground Rules For Combustor System Designs

A list of criteria has been developed to facilitate the selection of premixer
designs for the HSCT low NOx combustor. The criteria are separated by three
major functional characteristics: performance, geometry and
manufacturability.

Performance Related Attributes

Premixer performance can be classified further into two disparate
characteristics: premixing and flame holding.

Premixing:
e Degree of vaporization and mixedness. This is comprised of the variation in
the time-averaged profile of the mean and the variance of the fuel
concentration across the premixer exit.

e Sensitivity of mixedness to the premixer pressure drop.

s Sensitivity of the flowfield inside the premixer to aerodynamic inlet
conditions.

e Fuel spray characteristics and pressure drop across the fuel injector.
e Resistance to flashback and autoignition.

Table 3-3 summarizes the LPP design criteria that will be used in
evaluating the LPP combustion system designs.

Flame holding:

e Mode of flame holding: either a swirl-induced central recirculation zone or a
wake behind a bluff body.

s Range of operating dome reference velocities and their influence on
combustor's lean blowout characteristics.

e Pressure drop across the flame holding device.

Geometrical and Manufacturability Attributes

e Premixer size, length, diameter.

e Complexity of combustor design and manufacture.

e Complexity of the fuel system design and manufacture.
e Sensitivity to thermal and mechanical deterioration .

¢ Assembly and maintenance ease.

NAéA/ CR—2005-213326 5
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Missing from this list of selection criteria, is any form of analysis of the stresses
inherent in the mechanical design. This would require a detailed mechanical
design which was outside the scope of the study.

In addition to the above general criteria, the following ground rules were
established for design of the candidate combustor designs. These groundrules
are based on established GEAE design practices as well as past experience with
premixers.

i. Combustor flowpath and premixer designs were carried out for ground
idle, SLTO and supersonic mid-cruise cycle conditions. The NOx emissions
were evaluated at supersonic mid-cruise cycle conditions, and compared
against the Emission Index (EI} goal of 5 g NOx/kg of fuel.

2. The following values were initially established as goals in development of
these combustor system designs. Because of the exploratory nature of these
system designs, the goals were not considered rigid requirements.

Premixer Fuel/Air Equivalence Ratio - 0.50 at Supersonic Cruise
Pilot Dome Average Reference* Velocity - 25 to 30 ft/sec at SLTO
Main Dome Average Reference* Velocity - 70 ft/sec at SLTO

Outer and Inner Passage Flow Velocity - less than 150 ft/sec at SLTO
Combustion system pressure drops:

H 1 ] H §

- SLTO AP/P = 6.5%
- Cruise AP/P = 7.2%
AP/Dump = 1.9%
AP/Dome = 5.3%
AP/Liner = 4.8%

*Reference Velocity is defined as the bulk velocity at the dome face, and is
based on the combustor inlet conditions at SLTO.

3. The following geometric guidelines were also established for the
combustor designs based on the baseline cycle. Figure 3-1 depicts a schematic
of the hot section of a FLADE, cycle C1 engine with a double annular
combustor for illustrative purposes only. As shown in the figure, the layout
features the following compressor discharge and turbine inlet geometrical sizes.

Compressor Discharge Turbine Inlet
Tip 20.287 inches Tip 23.063 inches
Pitch 19.483 Pitch 20.564
Hub 18.680 : Hub 18.065
4. The preliminary performance requirements for the overall combustion
system are shown below:
Regquirement Limit/Goal
Pattern Factor <0.25
Profile Factor Coordinate With Turbine Design
Average System AP/P 6%
Airstart >30,000 ft
Combustor Efficiency ’ >99.5%
SLS Emissions/Smoke ICAQ Limits

NASA/CR—2005-213326 7



3.3 Candidate Combustor Configurations

A total of seven combustor configurations were considered. These are
shown in Figures 3-2a through 3-2g. In general, these configurations could be
classified into three major design categories single annular, double annular
and triple annular.

Single Annular Configurations

Variable geometry for both the premixers and the secondary area
{downstream of the dome} is a requisite for all single annular designs to operate
successfully in the HSCT engine. The variable geometry would vary the air flow
split between the premixers and the secondary air to maintain the primary
zone fuel-air ratic and flame temperature within the required range.

Double Annular Configurations

Double annular configurations with the main stage comprised of a
premixer and/or a bank of premixers and the pilot stage consisting of a
conventional swirler dome were considered. Although of simpler nature, they
may also require variable geometry to control the fuel-air ratic and primary
zone flame temperature within the required range.

Triple Annular Configurations

A triple annular configuration was selected as the initial baseline design
concept, since it had the potential of having enough stages so that no variable
geometry might be required. At the time, there were not enough single-cup LPP
combustor data to determine how many fuel stages would be required.
However the estimates varied from 3 up to as many as 10. The selected
configuration features a triple dome combustor with a central, fixed geometry
Cyclone Swirler pilot dome. The pilot dome is used for ignition and for low
power operation, and is designed for acceptable NOx at high power. The inner
and outer domes are equipped with low NOx premixers and are operational
during high power operating conditions. This configuration has the advantage
of minimal risk in terms of the need for variable geometry, and also provides
maximum flexibility in arrangement of the premixers.

Figure 3-3 depicts flow splits for the initial baseline triple annular
combustor operating at supersonic cruise. These flow splits are presented as a
percentage of the total combustor airflow (W,). All three stages of the
combustor were initially sized with these flow splits. Table 3-4a lists the
critical parameters corresponding to inner, cuter and pilot stages, while Table
3-4b lists the outer and inner passage cooling flow requirements.

NASA/CR—2005-213326 8



Table 3-4a. Characteristic Geometrical Parameters.

Cuter LPP Main Stage , Inner LPP Main Stage
Dome Dome Dome Dome Dome Dome
Cycle Point Height  Velocity o Height  Velocity @
{in} {ft/s) {in] {it/s)
30% 5.97 45.14 4.85 53.98
Hot Day T/C 5.97 49.30 4.85 55.10

Bucket Cruise  5.97 70.00 0.575 4.85 70.00 0.575

Pilot Stage
30% 4.265 22.60 0.520
Hot Day T/O 4 625 25.00

Table 3.4b. Cooling Flow Requirements.

Outer Passage Inner Passage
Cycle Point Flow Velocity Flow Velocity
(pps) {ft/s) {pps) {ft/s)
30% 16.0 138.0 21.3 137.9
Hot Day T/O 31.7 153.0 42.1 153.0
Bucket Cruise 17.3 194.0 22.2 187.2

3.3.1 Candidate Fuel-Air Mixer Configurations

Five fuel-air mixers were analyzed for mixing and flame holding potential.
The fuel-air mixer studies made use of all the available existing information.
The mixers studied were:

Swirl-Jet Premixer

Lean Direct Injector {Jet Mix}

Integrated Mixer Flame holder (IMFH}/Venturi IMFH
Cyclone Swirler

Lean Direct Multiple-Venturi

e

Figure 3-4 depicts a schematic of the Swirl-Jet premixer design. As ~
shown, the design features a radial swirler with an airblast fuel injector on the
centerline. The fuel exiting from the injector atomizes, vaporizes and mixes
with the swirling air in the premixing tube. An annular passage around the
fuel injector tube introduces air to prevent a centerline recirculation zone from
forming which would increase local residence time and increase the potential
for autoignition. A second swirler is installed downstream to further enhance
mixing and to ensure that fuel does not contact the premixer wall. The
premixed fuel-air mixture exits the premixer and is ignited in the flame holding
region downstream of the flame holder/dome plate.

NASA/CR—2005-213326 9



Figure 3-5 depicts a schematic of a Lean Direct Injector. In the design
shown, 80% of the airflow passes through an outer ring of eight mixing holes
with the remainder being mixed with radially injected fuel in the inner
annulus. This fuel-air mixture is injected radially into the jet shear layer
formed by the outer ring of mixing holes. Rapid mixing of the fuel-rich radial
jets and the axial air jets produces a well mixed fuel/air mixture at the flame
front for combustion. This scheme is also expected to provide intense mixing
with the stability of a conventional combustor.

The Cyclone Swirler {Figure 3-6} is a radial inflow swirler in which fuel is
injected from a number of plain-jet airblast atomizers radially outwards into
the swirler. The atomizers are contained in a large centerbody which is sized to
block the formation of a central recirculation zone due to the strong swirl. The
end of the centerbody is air-cooled. The swirler is fabricated by cutting narrow
slots at an angle to the radius in a metal cylinder. The dimensions of the
swirler are selected to yield an average residence time inside the swirler of
about 0.3 to 0.4 milliseconds.

The Integrated Mixer Flame Holder (Figure 3-7) is a lean premixed
prevaporized system designed to meet low NOx requirements at high
supersonic cruise inlet temperatures. Fuel is injected into high velocity air
which atomizes, vaporizes and mixes with it. The high air velocity minimizes
mixer residence time to reduce the risk of auteignition and prevents the
formation of low velocity regions which could promote flashback into the mixer
tube. Mixer length is sufficient for fuel evaporation and fuel air premixing.
Dome coocling air is introduced into the mixer tube near its discharge to include
the air as a combustion reactant. The fuel-air mixture burns downstream of
the mixer discharge where the flame is stabilized by IMFH blockage
recirculation regions. Initial development of this mixer, under contract NAS3-
25552, demonstrated 4.1 EI NOx and 99.7% combustion efficiency at a 3593 R
(1996 K] flame temperature for inlet conditions of 1626 R {903 K} and 4
atmospheres.

The Multiple-Venturi {Figure 3-8) is a lean direct injection concept
developed at NASA’s Lewis Research Center and Textron, Inc. The device
consists of a small axial swirler, and a miniature simplex atomizer located at
the throat of a sharp edged venturi. The swirler is designed to provide a strong
swirling flow which aids fuel atomization, vaporization and mixing. In addition,
the swirling flow produces a recirculation zone which provides flame
stabilization. The miniature simplex atomizer produces small droplets which
evaporate quickly in the strongly swirling flow. The device is designed to
produce low NOx, high combustion efficiencies and wide stability limits.

3.3.2 Combustor Flowpath Development

The first step in developing the design of a combustor system is a
preliminary definition of the flow path. Although these combustor flow paths,
as presented, are specific to a particular premixer, the flow paths are
sufficiently generic so that the premixers could be interchanged among them.
Each of these designs is based on the baseline triple annular design initially
selected for development. Since the Multiple-Venturi concept was introduced
late in the contract, no flowpath development was completed.

NASA/CR—2005-213326 10



A mixer’s physical size can be the controlling factor in determining the
combustor’s dome velocities. Because of the very high dome airflows required
for lean combustion, higher dome velocities were used in the main stages of
these conceptual layouts to reduce the dome height/combustor length ratio
and the volume of the combustors to an acceptable level.

The following unconventional methods were used to optimize the packing
density of the mixer combinations. Mixer diameters {and effective areas) were
varied in proportion to their radial position from the engine axis. Mixer
numbers on an annulus were varied relative with radial position from the
engine axis. Mixer circumferential positions were staggered on the annuli so
that their radial positions could overlap. Though none of these methods are
desirable, they were resorted to the degree required to establish a reasonable
trade-off with other design objectives. HSCT combustor volumes are slightly
higher than desired due to these packing density constraints.

3.3.2.1 Swirl-Jet Premixer

Figure 3-9 depicts a schematic of the Swirl-Jet combustor design. As
shown, this design features three annular domes. The inner and outer domes
are equipped with the Swirl-Jet premixers, while the central (pilot) dome is
equipped with a conventional radial swirler. The figure also shows some of the
pertinent geometrical dimensions. For example, the innermost radius of the
combustor dome is 14 inches, while the outermost radius is 25 inches,
resulting in a dome height of 11 inches. The combustor length downstream of
the premixers is 6 inches which results in combustion residence time of about
3.4 milliseconds at supersonic mid-cruise conditions. Figure 3-9 also exhibits
the geometrical details of the Swirl-Jet premixers. As shown, the swirl cup has
an outer diameter of 3.6 inches with the premixer tube being 2 inches in
diameter at the exit. At the design pressure drop of 4.5%, this design results in
a flow area of 2.3 in? yielding an average main dome velocity of 62 ft/sec at
supersonic mid-cruise conditions.

Figure 3-10 shows the packing scheme for the premixers and the pilot
radial swirlers. As shown, there are 36 cups in the outer and central annuli
and 24 cups in the inner annulus

3.3.2.2 Lean Direct Injector

Figure 3-11 depicts a schematic of the combustor design which is based
on the design of Ali and Andrews [1]. As shown, this design features three
annular domes. The outer dome and the inner dome are each equipped with
60 Lean Direct Injectors (LDI}, while the pilot dome is equipped with 30 fixed
geometry Cyclone Swirlers. The overall main dome (LDI) cup diameter is 2
inches, with the jet mix to cup area ratio being 0.421. This cup design results
in an effective flow area of 0.812 in2. This yields an average dome velocity of 87
ft/sec at supersonic mid-cruise conditions and a pressure drop of 5.3%.

Figure 3-12 depicts a fuel flow staging schedule proposed for the 60-30-
60 {cuter-pilot-inner cups) LDI design. The staging schedule is devised to
assure fuel modulation such that various extreme HSCT program goal limits
{e.g., NOx EI, LBO limit, etc.) are met during the full range of cycle operating
conditions. The plot depicts the computed flame temperature as a function of
turbine inlet temperature {T4) for the various fuel stages. The plot also shows
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three horizontal lines corresponding to El NOx <5.0, 0.50% combustion
inefficiency, and the estimated LBO limit. As shown in the figure, the
combustor stage fuel-air ratio is increased (increase in T4} until the smoke limit
and/or high Ty limit is reached. At this point, in addition to the pilot, the inner
and outer main stages begin to flow with 25% of the main stage fuel flow
through them. The combustor operation now follows the stage-2 line until the
upper flame temperature limit is reached. Next, fuel flow through the main
stages is increased to 50% in each. At this point, the combustor follows the
stage-3 line until the upper temperature limit is reached. The next two stages,
stage 4 and stage 5, include a fully fueled outer dome and 75% fueled inner
dome (stage 4} and all three domes fully fueled (stage 5). In each case, the
combustor operation follows the corresponding stage line until the 0.5%
combustion inefficiency limit {(at the lower end) or the EI NOx limit {at upper
end} is reached.

3.3.2.3 Cyclone Swirler Premixer

In the system design selected for the layout, the combustor flowpath
used four annular rows of mixers. The two inner annuli will have 45 Cyclone
Swirlers each with effective areas of 0.55 in2. The two outer annuli will have 45
Cyclone Swirlers each with effective areas of 0.96 in2. The pilot stage will be
the innermost stage, with the sequence continuing from the inner to the cuter
annuli. Variable dilution area is required to trim the fuel-air ratio. The benefit
of modulating the airflow in this way is good control of combustor flame
temperature without significant combustor pressure drop variations.

3.3.2.4 IMFH Premixer

A mechanical design layout of an IMFH combustor is shown in Figures 3-
13 and 3-14. This design features three annuli where the inner and outer
annuli consist of several rows of premixer tubes, while the central annulus is a
pilot stage that uses Cyclone Swirlers. As shown in Figure 3-14, the premixing
outer main stage consists of four rows of 120 premixing tubes, while the
premixing inner main stage has three rows of 120 premixing tubes. The IMFH
premixers are shown with coaxial fuel injectors. The central pilot stage
consists of one row of 60 Cyclone Swirlers.

3.3.3 Comparative Evaluation of the Various Combustor Layouts

In order to comparatively evaluate the mechanical complexities and NOx
reduction potential of each of the premixer/combustor concepts (IMFH, Swirl-
Jet, Cyclone Swirler and Jet Mix}, the pertinent geometry {Table 3-5), aerc
{Table 3-6} and combustor performance (Table 3-7) parameters of the concepts
are reviewed below.

Cut of the four, the Swirl Jet concept employs the least number of
premixers (Table 3-5) with relatively large mixer effective area. In contrast, the
IMFH concept features the largest number of small size premixing tubes. These
system design studies are very preliminary, and very little actual test data for
emissions performance of the fuel-air mixers is available. Thus, the number of
fuel stages shown are only a preliminary estimate, and thus, not very
meaningful. The overall external dimensions (length and dome height} of all
the four concepts are nearly the same and reflect the following design
philosophies:
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e All of the designs feature multi-annular domes in order to provide the large
dome flow area for the lean combustor.

e The airflow distribution is highly biased to the main stages in order to
reduce both idle and high power emissions.

e The pilot dome is designed for a low dome velocity {about 30 feet/second} to
provide sufficient flame stability.

e At high power conditions, most of the fuel is supplied to the main stages. In
the main stage, the combustion residence times are very short {main stage
reference velocities range from 60 to 90 ft/sec}, and fuel burns at lean fuel-
air ratios in order to minimize NOx emissions.

Table 3-6 depicts the corresponding aero parameters. As pointed out
earlier, the airflow distribution is highly biased towards main stages (~68%j)
with the remainder distributed almost evenly between the pilot stage and
cooling/dilution flow requirements. The premixer flow velocities are high with
residence times less than 1 millisecond. Both of these parameters are selected
to prevent flashback and autoignition. The parameter with the most variation
among the four concepts is the combustor residence time. It is the lowest for
the IMFH concept (1.7 ms) compared to 3.4 ms for the LDI design. This
variation in residence time primarily reflects the challenge of designing a
combustor with the combination of high dome airflow and a short combustor
residence time. The IMFH has the advantage because the mixer does not
require radial flow (swirlers} and is therefore more compact. Nevertheless, in
all of the designs, the goal was to keep the combustor residence time at about 2
milliseconds in order to minimize NOx production.

A comparison of the various layouts leads to the following observations:

e All of the designs will need a multi-annular dome with at least two main
stages and one pilot stage. This in itself offers several combustor system
design challenges. For example, from the aero standpoint, a multi- passage
diffuser with significant pressure recovery (in each passage} will be required
in order to feed air into each of the stages.

e The effective areas of the swirlers/premixers are generally smaller than the
conventional mixers in large aircraft turbines to date. This may require
more stringent manufacturing tolerances resulting in more complex and
careful manufacturing practices.

e The IMFH/Cyclone Swirler concept features a total of 900 premixers. This
adds to the fuel preparation, thermal protection and staging complexities.

e In order to maintain sufficiently lean fuel-air ratios (in the main stage} at
high power conditions, minimal air will be available for combustor liner
cooling. This indicates a need for development of highly efficient liner
cooling schemes and high temperature materials for each of the four
concepts.

e The use of multiple fuel stages will require development of a complex fuel
staging control system.
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3.4 Design of Fuel Staging System

Control of the fuel-air ratio of the mixture within the constraints dictated
by combustor stability, emissions, combustion efficiency, and material
temperature limits is one of the major challenges of the LPP/LDI approaches to
a low emissions HSCT combustor. Fuel staging is the primary means being
employed to control the premixer fuel-air ratio, although variable geometry is
also being investigated. The fuel staging analysis for the four combustor
system designs presented above were performed by considering 18 discrete
cycle points of the baseline HSCT engine cycle. The performance of a given
staging design was then predicted by calculating the fuel-air ratios and flame
temperatures. In lieu of actual subcomponent data for emissions, available
correlations were then used to estimate emissions and stability for combustors.
The disadvantage of the discrete analysis was that the evaluation was not made
over all the possible combustor operating conditions in the HSCT's flight
envelope.

An additional constraint due to combustor liner material temperature is
given consideration using a simple cooling effectiveness model. The design
point for the combustor is mid-supersonic cruise where the flame temperature
is determined by the NOx EI goals, say at 3600 R (2000 K). The most severe
cycle point in terms of combustor fuel-air ratio and NOx emissions {(fully
staged) is top of climb. If a simple heat transfer analysis is applied to the
combustor at each of the discrete cycle points, a required cooling effectiveness
can be calculated based on the most severe point (usually top of climb);

— ]}""‘Tml .

S T

where T, is the flame temperature. For example, using the baseline cycle, the
result is &c = 0.48, assuming a material temperature limit, Tmi, of 2860 R {1589
K}. Nothing is being assumed about the cooling design, only that this cooling
effectiveness must be attained with the available cooling air for the assumed
material temperature limit. Generally, at lower power, as T3 decreases, a
higher T, is used because it is required to maintain stability.

If the NOx constraint is relaxed at all partially staged conditions {none of
which are supersonic cruise points) and the material temperature constraint
used instead the NOx emissions, some very encouraging tentative projections
can be made. First, at low engine power, the material temperature constraint
on the upper flame temperature is not restrictive when operating near
stoichiometric on the pilot stage only and possibly even during operation on the
second stage. (Slightly rich combustion was already being used for stability at
idle in the system designs. This analysis indicates it is feasible.}] Second, NOx
emissions are not appreciably affected at supersonic cruise. Third, the NOx
emissions at subsonic cruise are acceptable. This performance appears to be
attainable with only four or five fuel stages with reasonable control margins.
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3.5 Preliminarv Combustor Mechanical Design

The Swirl-Jet combustor concept was selected for a more detailed
preliminary design study to assure mechanical and heat transfer feasibility of
the LPP/LDI concepts. Figure 3-13 shows a schematic of the revised Swirl-Jet
combustor design for the HSCT C1 cycle. This design differs from the layout
reported above in the following ways:

e This combustor uses a dome configuration with 30 cups each in each of the
three annuli. In contrast, the earlier design featured 36 cups each in the
outer and middle annuli, with 24 cups in the inner annulus.

e This combustor uses a fixed-area Cyclone Swirler vaporizer as a pilot in
contrast to the conventional pilot swirler proposed in the earlier layout.

There are several advantages with this layout. For example, the revised
layout allows for a reduced number of fuel nozzles (30} and only one fuel stem
type. The mechanical complexity and the number of fuel nozzle penetrations
are reduced with the same number of cups in each annulus. However, a prime
disadvantage of this design is the fact that it requires two Swirl-Jet premixer
configurations with distinctly different effective areas. The per cup effective
area of outer mixers will be 2.22 in? (compared to 1.85 in? in the earlier
design), while the effective area of the inner mixers will be 1.48 in? {compared
to 1.85 in? in the earlier design}. The pilot cups are also slightly larger in this
design. The per cup effective area of the pilot mixers is 0.82 in? compared to
0.68 in? in the earlier design. The total dome effective area is fixed at 136 inZ2,
Among other pertinent features, the pilot dome reference velocity in this design
is 39 fps compared to 36 {ps in the earlier design. The pilot dome reference
velocity was recognized as being considerably above the goal.

Figure 3-16 shows a frontal view of the combustor, while Figures 3-17
and 3-18 show side views. Figure 3-17 is a cross-sectional view through the
dome structure, while Figure 3-18 is a cross-sectional view between swirlers.
This combustor {Figure 3-13} uses advanced CMC material for the liners and
also for dome heat shields. The liners and heat shields are backside
impingement cooled, where the spent impingement air is discharged at the
liner aft end to trim the exit temperature profile. The impingement cooling air
for the dome heat shields is discharged as cooling film for the premixer trailing
edge and as film for the pilot liners.

The dome structure consists of three one-piece, C-shaped metal rings
which form the domes. Each C-shaped ring consists of a radial disk with
equally spaced holes for the swirlers. The swirlers slide partially through the
holes and then bear against the disk to support the swirler for axial loading.
The interface between the swirler and disk is used as a braze joint to secure the
swirler for tangential loading (swirl} and for all other loads. Each dome disk
has a cylindrical flange at the outer and inner diameter to connect to the
adjacent domes and cowls by radial bolts. The dome assembly is reinforced by
30 radial struts between swirlers, in addition to the bolted cylindrical flanges,
to minimize deflection of the dome. The metal dome assembly is secured
axially and radially by an inner mounting ring.

A major feature of the design is the use of CMC {ceramic matrix
composite) material for the liners and dome aft-face heat shields. This material
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has a high temperature capability, which reduces film cooling air requirements
for the liners and heat shields. Combustion efficiency is also enhanced (HC
and CO emissions reduced) by this reduction in film cooling airflow.

The metal dome structure is protected from the combustion heat load by
three one-piece, C-shaped CMC heat shields, which also serve as bluff body
flame holders. The C-shaped shield consists of a radial disk, located at the
downstream face of the dome, which serves as the flame holder. Extending
forward from the outer and inner diameters of the disk are cylindrical rings.
The heat shields are secured by radial pins at the cooler forward ends of these
cylindrical rings. The cylindrical CMC rings adjacent to the pilot primary zone
serve as pilot liners.

The outer and inner liners are one-piece CMC cylindrical shells secured
at the forward end by radial pins. Like the CMC heat shields, the CMC liners
are with a radial gap between the metal structural rings and the CMC rings to
avoid interference due to radial growth differences. The radial gaps are sealed
to prevent air leakage. All five CMC parts are cooled by impingement metal
liners. Sufficient radial gap is provided between the impingement liners and
the CMC liners to prevent thermal interferenice. The impingement liners carry
the majority of the pressure load across the liner thereby reducing the hoop
and buckling loads on the CMC shells. The CMC parts are suspended from the
metal structures, carry no structural loads and carry minimal pressure loads.

The fuel nozzle assembly is a radial structure bolted to the outer casing.
The radial positions of the three fuel nozzle tips will be designed to be centered
with the swirlers at supersonic cruise conditions. There will be radial
movement of the fuel nozzles relative to the swirlers, due to thermal growth
differences at other power settings and also due to manufacturing tolerances.

3.6 Chemical Kinetics Studies

A combustor kinetics model has been used to predict CO and NO
emissions from the HSCT combustor. The model was developed using the
CHEMKIN subroutine library. The model consists of a well-stirred reactor
followed by a plug flow reactor. The former simulates the flame holding region
of the combustor while the latter simulates the non-recirculating flow region of
the combustor. The propane-air chemical kinetics model of Nguyen, Bittker
and Niedzwiecki[2] with a few modifications was used. The model has 98
chemical kinetic reactions including propane oxidation, thermal NO production
and prompt NO production. The single adjustable parameter in the model (the
residence time of the well-stirred reactor) was adjusted using stability as a
criterion. The predicted NO and CO emissions were in good agreement with
IMFH emissions measurements for flame temperatures ranging from 3420 R to
3960 R {1900 K to 2200 K).

Two important design issues for the HSCT combustor have been
addressed using the model. The first question is whether further CO oxidation
will occur during the turbine nozzle expansion at higher T4's, when equilibrium
CO exiting the combustor is high. Two cycle conditions, mid-cruise and top of
climb, were considered. Equilibrium CO was assumed at the combustor exit
before entering the nozzle. A typical transient temperature and pressure for
nozzle expansion was imposed. It was found that during mid-cruise, no
further CO oxidation occurred. However, during top of climb CO decreased by
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12%. The nozzie cooling air was assumed not to mix with combustion gases for
these calculations. A further decrease of CO in the HP turbine rotor was also
predicted. However, there, the CO is more likely to be quenched by mixing
with the cooling air in the turbine, which was not considered in the
calculations.

The second issue addressed in another series of calculations was the
relation between NO and CO emissions, combustor flame temperature and
combustor residence time. A flame temperature of 3600 R (2000 K) had
previously been tentatively selected for the combustor design point of mid-
cruise. The high T4 of 3287 R (1826 K} at mid-cruise and the requirement for
some cooling air prevent a choice much lower than 3600 R (2000 K). Higher
flame temperatures would be expected to produce higher NO emissions, unless
shorter residence times could offset this effect. Shorter residence times
complicate the challenges of high aspect ratio of dome height to combustor
length {already as high as 3 to 1}, but also decrease liner cooling air
requirements (because the liner area would be smaller).

The model computations roughly confirm the choice of 3600 R {2000 K)
as the design point flame temperature. A way of clearly presenting all the
combustor design tradeoffs to arrive at a more precise optimum would require
detailed submodels for the entire combustor system. However, from the kinetic
model results shown in Figure 3-19, it is apparent that combustor designs with
residence times longer than about 2.5 or 3.0 milliseconds will significantly
increase NO emissions whenever the flame temperature is allowed to increase
much over 3600 R (2000 K). With the most practical fuel staging designs,
which use as few as four fuel stages, flame temperatures would be high at
some partially staged conditions. NOx emissions would also be high at these
partially staged conditions, unless the combustor residence time is kept as
short as possible.

3.7 Initial LPP/LDI Combustor Aero Design

The initial design process for a fuel-staged combustor entails selecting
the total effective air flow area for the combustor to meet pressure drop
requirements and then selecting the size and number of the fuel stages. The
size of a fuel stage is characterized by the combined effective air flow area of
the fuel-air mixers being fueled by that fuel stage. The stages are numbered in
order of their use with increasing engine power. The flow area of a given stage
includes the flow areas of all the lower stages. To a good approximation, the
combustion zone's fuel-air ratio is determined by muitiplying the overall
combustor fuel-air ratio by the ratio of the total combustor flow area divided by
the stage flow area. This assumes that all the operating pilot and main stage
mixers are at the same fuel-air ratio.

In these designs, the total effective flow area for the combustor which
met the pressure drop requirements was determined to be 178 in2. The total
effective air flow area for all the combustor's fuel-air mixers was 142 in2. At
the design point (supersonic mid-cruise}, this yielded a fuel-air ratio
corresponding to a 3600 R {2000 K) flame temperature. This flame
temperature and combustor volume {which sets the residence time} determine
the NOx emissions at the design point.
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The pilot stage effective flow area is selected to yield good stability at the
low combustor fuei-air ratios which occur at flight and ground idle conditions.
The area used in this design is 30 in?2. NOx emissions during pilot-only
operation were not considered since the Roffe and Venkataramani (1}
correlation does not apply near stoichiometric operation {and consequent very
high flame temperatures) and with poor prevaporization which will occur at the
low inlet temperatures.

Selection of the effective air flow area to be fueled during subsonic cruise
was a three-way trade-off between emissions performance, operability and
system complexity. Based on the current limited emissions data base, there
were several possible fuel-staging system design choices. The subsonic cruise
effective air flow area could be selected to minimize subsonic cruise emissions.
This would involve a trade-off between CO, UHC and NOx emissions. Based on
the IMFH emissions data obtained so far, the best choice for the flame
temperature would be at least 3690 R {2050 K], or higher than the supersonic
mid-cruise design point. The corresponding stage flow area would leave very
large stage area gaps in a three stage design. Therefore, it is unlikely that the
fuel-air ratio operating range of a premixer would allow as few as three fuel
stages for the combustor system design for this engine cycle. A five stage
design would result if at least one additional stage above and one stage below
the subsonic stage would be needed for the necessary operability.

A system design with as few as four fuel stages appears to be a
possibility, if the stage areas were based on operability considerations alone.
The subsonic cruise point could be included in the second stage if its area was
increased relative to a five stage design, the third stage of the five stage design
was eliminated, and the third stage (the old fourth stage} had a reduced area.
72 and 107 in? were selected for the second and third stages areas of this four
stage design. Higher subsonic cruise flame temperatures, good combustion
efficiency and acceptable NOx emissions would result.

Once the air flow areas of the fuel stages are determined, the cycle points
can be allocated among the stages. The combustion fuel-air ratio, flame
temperature, combustion efficiency and NOx emissions can be estimated. The
allocation is based upon a correlation for the minimum flame temperature for
99% combustion efficiency as a function of combustor inlet temperature. In
the past, a 99% combustion efficiency correlation was contrived from a stability
correlation due to Roffe and Venkataramani [3] by adding a constant
temperature. This interim combustion efficiency correlation did have the
expected trend with combustor inlet temperature. Part way through the
system design effort, a correlation for the required flame temperature {for 99%
combustion efficiency} based upon actual IMFH data at three inlet
temperatures was adopted. This correlation is a nonlinear function of inlet
temperature and reflects the higher sensitivity of the IMFH's efficiency to inlet
temperature compared to the previous correlation {which was based on the
premixing and combustion of gaseous propane}.

Other considerations during the design included the maximum possible
flame temperature as constrained by the combustor liner material temperature
limit. A simple heat transfer model is used to relate maximum flame
temperature to the combustor inlet temperature.
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The results of this design in terms of flame temperatures plotted versus
combustor inlet temperature for 29 engine cycle points is shown in Figure 3-
20. Alsc shown in the plot are: the 99% combustion efficiency limit, the flame
temperature corresponding to a measured NOx EI of 5 for the IMFH, and the
flame temperature limit for a 2860 R (1589 K] liner material temperature. The
points violating the IMFH's 99% combustion efficiency limit are for the pilot
only stage, whose mixers will be required to demonstrate wider operating limits
for inlet temperature than the IMFH. The resulting estimates for the NOx
emissions {from the correlation and interpolated from IMFH data} and
combustion efficiency for some important cycle points are shown in Table 3-8.
A diagram which plots the flame zone equivalence ratio versus overall
combustor fuel-air ratio is shown in Figure 3-21. The linear relationships
reflect their dependence on fuel-stage air flow area described above. The large
gap between the pilot and second stages resulting from shifting the
intermediate stage areas upwards is apparent.

Table 3-8

Combustor System Using Four Fuel Stages
Design Based on Actual IMFH Configuration 5 Emissions Data (Preliminary)
Baseline HSCT LPP/LDI Cycle

Stages Toame o Elgox Elgox Comb.
GASL IMFH Ineff.
{#) (R) (g/Kg} (g/Kg) (%o
Take-off 4 3372 0.51 1.8 2 0.06
Subsonic ciimb 4 3449 0.56 2.4 2 0.6
Max. climb 4 3808 0.59 7.1 5 0.3
Supersonic cruise 4 3600 0.51 3.6 3 0.2
Supersonic idle 1 4140 1.27 - - -
Subsonic cruise 2 4029 0.78 10.7 7 0.4
Subsoenic idle i 4156 1.09 - - -
Approach 2 3490 0.61 3.1 2 1.0
Ground idle 1 4231 1.04 - - -

The relative contributions to NOx emissions of three flight conditions
above 42,650 feet {13 km) can be estimated. These estimates for a S000 mile .
mission are shown in Table 3-9. The NOx EI estimate shown in the table for
descent is probably high. The fuel-air ratio is too high for the Roffe-
Venkataramani correlation to be applied. A conservative {high) estimate of the
NOx EI was used. In any case, its contribution to the total is negligible.
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Table 3-9

Preliminary Estimates of NOx Emissions above 13 Kilometers
5000 Mile Mission

Cycle Point Time Fuel flow NOx EI NOx NO=x
{(min.} {(Ib/engine hr) {(g/kg fuel) (b} (% of total}

Climb 4.0 26,308 7.1 50 6.7%

Start Cruise 67.3 19,248 3.0

Mid Cruise 67.3 15,915 3.6 686 91.8%

End Cruise 67.3 11,982 3.1

Descent 4.8 1,687 20 11 1.5%

*Estimate

It should be emphasized that these system design results are preliminary
based on the small effort invested in optimizing the design parameters. A more
accurate analysis wiil require a larger emissions performance data base for the
fuel-air mixers. Some design aspects have not yet been proven to be feasible;
most notably the heat transfer design for the combustor liner, the 2860 R
{1589 K] liner material and the pilot stage mixer low inlet temperature
operability.

4.0 SUBCOMPONENT TESTING AND EVALUATION

This section discusses the development and testing completed on the five
mixer concepts selected for further development in section 3.3.1 above:

Swirl-Jet Premixer

Lean Direct Injector {Jet Mix}

Integrated Mixer Flame Holder (IMFH}/Venturi IMFH
Cyclone Swirler

Multiple-Venturi

NhWN=

This section concludes with a summary of the IMFH cold flow mixing
activities completed at GE’s Corporate Research and Development Center
(CR&D) and the IMFH Laser diagnostic activities completed at Pennsylvania
State University. The complete reports are contained in Appendices 9.2 and
9.3, respectively.

Figure 4-1 exhibits a schematic of the low-pressure single-cup test rig. A
salient feature of this rig is the use of cast-in-place ceramic liners (based on
practice at NASA’s Lewis Research Center) for the combustor. The use of a
ceramic liner allows combustor walls to operate at high temperatures resulting
in hotter thermal boundary layers; which are representative of the actual
proposed combustor in which the liners are expected to be backside cooled.
The dome/rig interface was designed for quick installation/removal of the test
piece by using a common interface for all dome configurations.
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4.1 Swirl-Jet Premixer

This section discusses the design and development of the Swirl-Jet
premixer. The Swirl-Jdet premixer was an attempt to increase the IMFH
concept’s scale while maintaining the IMFH’s low NOx and high combustion
efficiency characteristics. This would have the potential of decreasing the
number of fuel injection points. Swirl was used to enhance the fuel/air
uniformity in the large premixer. The predicted droplet evaporation
characteristics, 2-D CFD model results, as well as low and high pressure {4
and 18 atmospheres respectively} single-cup test results of the Swirl-Jdet
premixer are discussed.

4.1.1 Evaporation Characteristics

A short description of the Swirl-Jet premixer concept has been given in
Section 3.3.2.1. A schematic of the Swirl-Jet premixer is shown in Figure 3-4.
The rather complex combination of swirlers used in the Gen 1 Swirl-Jet design
are used to promote a moderate amount of shear and mixing in the radial
direction both inside the premixing chamber to generate a more uniform
premixture leaving the premixer. The shear and radial mixing occurring inside
the jet as it exits into the combustion chamber also promote burning across
the jet and help to keep the flame length short.

A one-dimensional vaporization model was used to provide some insight
into the vaporization processes involved and to give first order estimates of the
evaporation time scales for a premixer of this type. These evaporation
calculations were carried out using the HOWLEVAP code to calculate drop
trajectories, velocities, instantaneous drop sizes and temperatures. The fuel
vapor fraction was computed for the developed spray downstream of the fuel
injector. The fuel was assumed to be single component JP-5 for these
cgmgau%aﬁens fuel with the properties calculated at the 50% distillation point of
the fuel.

One of the HOWLEVAP code inputs is the Rossin-Ramler exponent for
the spray distribution. This exponent was assumed to be 1.3 for all of the
computations. The SMD at various operating conditions was computed using
the following correlation due to Rizkalla and Lefebvre {2).

] 033 1.70 2. d 0.50 1.70
SMD = 0.95. 2 ™) .[n L ] +0,ﬁ3-<”" o) ~[3+ 1]

Ug-py? - p%% ALR o-p, ALR

Table 4-1 depicts the computed values of the initial droplet SMD's at four
conditions: mid-cruise, ground idle, standard day takeoff and subsonic max.-
cruise. As shown in the table, the droplet diameters range form 31 microns to
44 microns at these conditions.
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Table 4-1. COMPUTED SMD's FOR AN AIRBLAST ATOMIZER (JP-5 FUEL}

Ps Ts SMD
Cycle Point {atm) (R} {microns)
Mid-Supersonic Cruise 16 1660 37.12
Ground Idle 3.5 815 43.96
Standard Day Take-off 19.27 1350 30.62
Subsonic Maximum-Cruise 6.63 1159 37.39

Figure 4-2 depicts the computed fuel spray distribution for 30 and 30
micron sprays. Both the sprays demonstrate that only about 25% of the
droplets are centered around the SMD, with a larger number of the fraction
being distributed over other droplet size range. Figure 4-3 depicts the
vaporization history of the 30 and 50 micron size droplets. These
computations assume that the spray is injected into the 1660 R {922 K} air
stream with the mean airspeed of 500 fps. As shown in the figure, 50 micron
spray takes about 2.5 msec to fully vaporize, while the 30 micron spray takes
about 0.80 msec to vaporize fully. An important observation from this figure is
that most of the 30 micron spray {>90%) vaporizes in less than 0.50 msec.

it should be emphasized that, in the model, these sprays are injected
into an uniform air stream where no further atomization of the spray is effected
by the flow field. In the Swirl-Jet premixer concept, shear gradients {jet
entrainment boundary and recirculation zone} exist which may cause further
significant atomization of the fuel droplets.

4.1.2 Concert 2-D Modeling

Figures 4-4a and 4-4b show the computed velocity vectors for two
conditions: 1} no flow through the central jet; and 2} central jet flowing with a
plug flow velocity profile at the exit of the jet. As shown in Figure 4-4a, a weak
central toroidal recirculation zone is established on the centerline, which
disappears with the introduction of the central jet (Figure 4-4b}.

Figure 4-5 shows the droplet trajectory history of the spray injected at
the X = 0 location. The conditions are an air inlet air temperature of 1660 R
(922 K}, a main air stream swirl angle 60°, and droplet sizes ranging from S to
60 microns. As shown in the figure, most of the spray vaporizes within the first
65% of the premixer length downstream of the fuel injector. This corresponds
to a predicted droplet evaporation time of 1.2 msec.

4.1.3 Single-cup Testing

Five single-cup tests on the swirl jet concept were completed, and are
described below.

4.1.3.1 Configuration 1 and 1A Testing

The pertinent features of configurations 1, 1A and 2, fuel injector type
and swirler vane configuration, are given in Table 4-2. Configuration 1 used a
180° spray angle fuel nozzle while configuration 1A used a 60° spray angle and
a flow number 14 fuel nozzle. Configurations 1 and 1A were tested at the
operating conditions shown in Table 4-3a.
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Table 4-3a. TEST CONDITIONS FOR SWIRL JET CONFIG 1

Configuration 1 1A

P3, psia 17 - 60 17 - 60

T3, R 910 - 1360 910 - 1490
AP, % Pintet 4,6,8 2,4,6,8
Combustor Tres, IS 2.3-4.0 1.8-4.4

Figure 4-6 shows measured NOx EI as a function of calculated flame
temperature, corrected by the measured inefficiency for configurations 1 and
1A. The program goal of achieving less than 5 EI NOx at FLADE C1 cycle
conditions, was achieved with configuration 1A for inlet temperatures of 1110
R {617 K) and higher. Some of the measured data fell within the boundaries of
the previously published LPP data. Although the AP across the cup was varied
from 4% to as high as 8%, no discernible influence on measured NOx was
documented at these conditions. The low NOx emissions measured at low inlet
temperatures are a consequence of low test flame temperatures due to the high
combustion inefficiencies measured at these conditions. This was especially
the case for Configuration 1.

Figure 4-7 shows the measured combustion inefficiency plotted versus
the flame temperature calculated from the gas analysis of the emissions
sample, including a correction for combustion inefficiency. For Configuration
1A, as the pressure drop, across the premixer is increased, there is a slight
improvement in the measured combustion efficiencies. Combustion
inefficiency for configuration 1A is much more sensitive to Ts. Ignoring any
effect of pressure drop, as T3 is increased from @10 R (506 K) to 1110 R (617
K), for configuration 1A at P3=17 psia, the inefficiency was reduced by about
90%. Configuration 1A achieved to program goal of at least 99% combustion
efficiency at FLADE C1 cycle conditions (Figure 4-7} for a limited set of test
conditions. Combustion inefficiencies for Configuration 1 were unacceptable.

The performance deficiencies of Configurations 1 and 1A are probably
due to non-uniform mixing. A cold flow visualization test was carried out on
Configuration 1. The fuel nozzle was placed in the entrance region of the
central jet at the same location as it was during the combusting test. Despite
the 180° spray angle, the spray bends almost immediately downstream of the
fuel nozzle and enters the swirler in the form of a concentric stream tube. Itis
apparent that fuel , once atomized, does not penetrate a high velocity air
stream.

4.1.3.2 Configuration 2A and 2B Testing

A new fuel injector was designed to distribute fuel more uniformly in the
Swirl-Tube’s premixing chamber. This injector consisted of four radial fuel
spray bars which were placed at the exit of the venturi. This spraybar
arrangement provides multiple injection points and with more uniform fuel
distribution. As shown in Figure 4-8, this spraybar fuel injector design was
used for Configurations 2a and 2b. The flow number of the spraybar fuel
injector was measured to be 14.60. Pertinent features of Configuration 2 are
given in Table 4-3. Configurations 2a and 2b were distinguished by their
swirlers:

Configuration 2a Co-rotating Swirlers
Configuration 2b Counter-rotating Swirlers
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The test conditions for Configurations 2a and 2b were nearly the same as
those for Configurations I and la. The test conditions for Configurations 2a
and 2b are shown in Table 4-3b.

Table 4-3b. TEST CONDITICONS FOR SWIRL JET CONFIG 2

Configuration 2a 2b

Ps3, psia 17 - 60 60

T3, R 910 - 1460 910 - 1460
AP, % Pinlet 2-7 2-7
Combustor Tres, ms 1.8-4.0 2.3-4.2

Figure 4-9 compares the measured NOx El as a function of flame
temperature for co-rotating and counter-rotating configurations. The open
symbols correspond to co-rotation, while closed symbols correspond to
counter-rotation. In general, co-rotation resulted in higher NOx and poorer
combustion efficiencies, causing most of the co-rotation data points to fail
outside of the previously measured data set. There was no significant influence
of pressure drop on measured NOx values. Configuration 2b {counter-rotating
swirlers) yielded NOx values far below the desired program goal of 5 El. In
particular, at 3600 R {2000 K} flame temperature, the measured average NOx
emissions value was a little over a 1.20 El. However, low NOx emissions with
acceptable combustion inefficiencies were only attained with Configuration 2b
for inlet temperatures of 1410 R (783 K) or more.

Figure 4-10 compares the combustion inefficiency data for counter- and
co-rotating configurations. The influence of inlet temperature (T3) on
combustion inefficiency is quite evident. As Tz is increased from 1110 R (617
Kj to 1460 R (811 K], the inefficiency was reduced significantly. Configuration
2b is seen to yield combustion inefficiencies in the range of 4% to 2% at low
temperature (Ts=1110 R, 617 K} conditions. Also, counter-rotation is seen to
result in improved combustion inefficiencies compared to co-rotation, except at
T3=1460 R (811 K]. The inefficiency is affected by two counter-balancing
factors: mixing and residence time. Counter-rotation yields high turbulence
intensities than co-rotation which could have resulted in better mixing and
improved combustion efficiency.

4.1.3.3 High Pressure Single-cup Test

Pertinent values of the parameters for the high pressure test of the Swirl
Jet and the configuration are shown in Table 4-3c.

Table 4-3c. CONDITIONS FOR HIGH PRESSURE SWIRL JET TEST

Ps, psia 60 - 268.7 psia

T3, R 1410 R - 1627 R

AP, % of Pintet S

Combustor Tres, ms 22-34

Equivalence Ratio 0.27 - 0.55

Swirlers Counter-Rotating

Fuel Injector Crossed Spraybar mounted at Venturi Exit
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Tabie 4-4 lists the combustion efficiency and the NOx emissions data for
the high pressure single-cup test of the Swirl Jet. The combustion efficiencies
are 99% and above for most of the test conditions. However, the measured
NOx levels are high, especially at the higher pressures {P3= 150 and 260 psia).
Figure 4-11 contrasts two measured fuel-air ratio profiles acquired at 60 psia
and at 267 psia. As shown, the profile at 60 psia {Profile A} is uniform with
maximum variation in fuel-air ratio being about 5%. The profile at 267 psia
{Profile B} shows significant radial variation in the measured fuel-air ratio
profile and could be as high as 22%. This variation in the fuel-air ratio profile
at the measurement plane could be the cause of high NOx at high pressure
conditions.

Post-test inspection of the hardware did not reveal any signs of hardware
damage, indicating autoignition and flashback-free operation of the combustor,
even at the most severe test point (267 psia, 1627 R, 904 K].

4.2 Lean Direct Injection {(LDI)

Lean direct injection has been found to yield NOx levels which are
comparable to LPP and yet offer the stability of conventional combustor design.
The LDI concept selected for development was originally developed by Gordon
Andrews and his co-workers. Figure 4-12 shows a schematic of this single-cup
Jet Mix premixer. This section describes the initial development of the
premixer via an innovative combination of CFD modeling and Design of
Experiments {(DOE]). A discussion of the initial atmospheric and high pressure
test results is then presented. An attempt to enhance the emissions
performance of the mixer by improving the fuel atomizer concludes this section.

4.2.1 Jet Mix CONCERT 3-D Analysis Using Design of Experiments

A CONCERT 3-D model of the Jet Mix concept was created to study the
effects of various design parameters on NOx formation. An experimental
design using DOE methodology was then created which utilized this CONCERT
3-D model. The basic 8-run “analytical experiment” indicated that several
design variables can have a significant impact on calculated NOx results. In
order to separate the main effects from possible two factor interactions, a
reflected study of 8 runs was done. By combining these two studies it was
possible to separate two factor interactions from the single factor effects. In
addition, the second study independently confirmed that the active factors seen
in the initial study were in fact real effects and not random variations. The
factors considered in the study are shown in Table 4-5.

The factors found to have a significant effect on NOx were radial hole
airflow, the interaction between radial hole airflow and axial hole position
{factors A and Cj, the interaction between axial hole position and cup length
{factors C and Gj and the interaction between axial hole position and fuel
injector diameter (C and F}. The optimum combination of these factors (for low
NOzx) occur when factors A, F and G were at the high level (1}, and factor C was
at the low level {0}.

It should be noted that although the CONCERT3D code computes NOx
values which appear to be of reasonable magnitude, the absolute levels may
not replicate the levels emitted under actual test or flight conditions. However,
the relative changes in NOx values are believed to be representative.
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Table 4-5 - DOE Factors and Levels

Levels
Label Factor G 1

A Radial Hole Airflow as a Percentage 8.00 2000 %
of the Axial Hole Airflow

B Fraction of Hole Area to Cup Area 0.300 0.403

C Radial Location of the Axial Hole 0.0625 0.0625 in.
{from Fuel Injector [0] / from Cup Wall [1]}

D Circumferential Location of the Axial Hole 0.0 22.5 deg.

E Axial Location of the Radial Jet 0.015 0.250 in.
(from the Forward Cup Wallj

F Fuel Injector Diameter 0.682 1.023 in.

G Cup Length 2.17 1.08 in.

4.2.2 Jet Mix Cold Flow Spray Visualization Testing

Cold flow visualization tests have shown acceptable levels of fuel
atomization in the cup, but show a need for improved atomization in the fuel
nozzle. Figure 4-13 show results of some of the spray flow visualization
studies. They correspond to the same pressure drop across the dome, but for
different fuel flow rates {26 pph and 50 pph}. For both cases, the fuel
distribution quality is good, with nearly uniform fuel distribution achieved at
the premixer exit, but with some rather large droplets at the edge of the cup.

4.2.3 Baseline Configuration Tests

The relevant parameters for the cold flow visualization tests are shown in
Table 4-6.

Table 4-6. PARAMETERS FOR COLD FLOW VISUALIZATION TESTS

Cup ID =2.16 in. Cup Length =2.16 in.
Axial Hole Dia. = 0.3946 in. Number of Axial Holes =8
Radial Hole Dia. = (.1387 in. Number of Radial Holes =8

Fuel Tube Hole Dia. = 0.0125 in. Number of Fuel Tube Holes =8

Fuel Injector Dia. = 0.682 in. Combustor Dia. = 2.75 in.
Effective Area - Axial Holes = (J.7798 inZ

Effective Area - Radial Holes = (.1031 in?

Cup Discharge Coefficient = (0.8032

Axial Hole Flow Split = 88.32%

Radial Hole Flow Split = 11.68%

Dome Reference Velocity @ T = 1360R and 5% DP/P =611{t/s

Four configurations were tested under atmospheric inlet pressures and
inlet temperatures from ambient to 1260 R (700 K). Configurations I and 2
were distinct from configurations 3 and 4 in that configurations 1 and 2 had
the fuel injection holes aligned with the axial air jets (Figure 4-12}, whereas
configurations 3 and 4 did not. In addition, configurations 1 and 3 had the
forward edge of the radial holes positioned within 1/16 inch of the backplate of
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the cup, whereas configurations 2 and 4 had the radial holes positioned
approximately I inch from the backplate of the cup.

Figures 4-14 through 4-17 show the lean stability limits for each
configuration versus inlet temperature for three dome pressure drops. Note
that at some conditions, the device demonstrated stability below the
measurement capability of the test facility flowmeter, hence the LBO points at
zero fuel flow. Visual observations indicate that at these points the device
burned whatever fuel was draining out of the fuel lines once the fuel valve was
turned off completely. Much of this combustion was occurring near the hot
wall ceramic liners, which seemed to greatly enhanced stability.

At inlet temperatures above 910 R (506 K), configurations 1, 3 and 4 had
combustion inside the cup and stabilized off the fuel injector. Visual
observation revealed a flat flame which burned very close to the cup.
Configuration 2 had no in-cup combustion at any inlet temperature. It had the
flame stabilized off the dome dump at the exit of the cup. The flame appeared
to have an unburned core of fuel-air mixture in the center of the cup which
burned approximately half way down the combustor.

Post test observation of configurations 3 and 4 revealed black streaks left
on the combustor walls in the plane opposite the radial holes. This was due to
the fuel injection holes being purposely misaligned with axial jets. This allowed
the fuel to penetrate further radially into the air stream and impinge on the
cup sides. Configurations 1 and 2 did not show any black streaks since the
radial holes were aligned with the axial holes. This allowed the fuel droplets to
vaporize and mix better with the axial air jets.

4.2.3.1 Pressure Testing

Jet Mix configuration 1 was tested at inlet pressures up to 60 psia and
inlet temperatures ranging from 660 R (367 K) to 1360 R (756 K}. Figure 4-18
shows the combustion efficiency data plotted as a function of metered
equivalence ratio for different inlet temperature conditions. All of the data
points correspond to 60 psia inlet pressure except the points corresponding to
an inlet temperature of 660 R (367 K). At this temperature the inlet pressure
was maintained at 17 psia in order to simulate the low power cycle condition.
As the figure shows, the combustion efficiency dropped from 99.5% to 57% as
the metered equivalence ratio was increased from about 0.48 to 1.06. At the
same equivalence ratio, higher inlet temperatures were found to result in
higher combustion efficiency.

The poor combustion efficiency beyond the equivalence ratio of 0.6 is
attributed to inefficient fuel-air mixing at the exit of the premixing cup. Post-
test inspections of the hardware revealed formation of black carbon on the cup
walls directly opposite the radial fuel holes, indicating impingement of fuel on
the walls. As the fuel jet velocity increased, the relative velocity of the fuel jet
and air velocity through the radial holes decreased. This reduced fuel
atomization resulted in poor vaporization and mixing. In addition, as the fuel
jet velocity increased it penetrated through the axial air stream, impinged on
the outer hot wall, and concentrated there. This caused a rich zone near the
outer rim and a very lean inner core. The non-uniform fuel-air profile at the
mixer cup exit resulted in wide combustion stability limits; but poor
combustion efficiency and high NOx emissions.
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Figure 4-19 shows variation of NOx EI versus corrected flame
temperature, for configuration 1. As shown in the figure, the measured NOx
data is found to vary from an El of 1 g/kg at 17 psia and 710 R (394 K] inlet
temperature to EI of about 12 g/kg at 60 psia and 1360 R {756 K] inlet
temperature. The data show that the NOx El is relatively independent of the
corrected flame temperature and is sensitive to inlet temperature. This is
characteristic of a highly non-uniform fuel-air distribution.

Subsequent tests showed that the pressure drop across the radial holes
is less than expected due to the constrictions in the annular passage leading
up to the radial holes. The pressure drop across the radial holes was 3.7%
compared to 5% across the axial holes. The fuel injector support that caused
the constriction has since been removed, increasing the pressure drop across
the radial holes to 4%.

4.2.4 Fuel Atomizer Improvements

The results of the pressure test indicated that the fuel jets were passing
through the radial/axial jet interaction without being vaporized, and impinging
on the cup wall opposite the radial holes. A remedy for this problem is to
decrease the fuel/radial air momentum ratio to below 100 by increasing the
diameter of the fuel holes. This in turn should decrease penetration of the fuel
jet, allowing the turbulence created by the axial/radial jet interaction to
atomize the spray. This approach should increase mixture uniformity, lower
local flame temperatures and improve combustion efficiency and NOx
emissions.

Fuel tubes with larger holes (diameter of 0.0313 inch), designed to
reduce fuel penetration were evaluated with water spray testing. Based on
these tests, the spray quality of the fuel tubes is acceptable. Experimentation
with inserting smaller diameter tubing inside the fuel tube to change the
characteristics of the fuel flowfield as it approaches the hole in order to improve
atomization was alsoc completed using water spray testing. Inserting 0.072
inch OD tubing into the fuel tubes with 0.0125 inch diameter radial holes
improved radial jet atomization the most over the baseline of no inner tube.
Repeating the test with the fuel tube having the 0.0313 inch diameter holes
resulted in a degradation of the discrete jet characteristics.

Small Diameter Tubing Insert —\ Flared End‘\

- X A
E - =
‘ =

5 — 3

7 7

Testing of the two best fuel tube concepts for radial fuel jet penetration
was completed in the single-cup rig. Testing consisted of spray visualization

Fuel Injector Fuel Jet Holes
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testing at ambient temperature and pressure, 5% pressure drop and 50 pph
fuel flow. Both configurations demonstrated acceptable penetration. The large
radial fuel hole {0.0313 inch radial holes in a 0.125 inch diameter tube with no
inner tube} concept showed the best results with no visible jets, significant jet
breakup and atomization in the axial/radial air interaction zone. The small
radial fuel hole, tube-in-a-tube concept {0.0125 inch diameter fuel holes in a
0.125 inch diameter fuel tube with a 0.072 inch in OD flared end inner tube)
did show some discrete jets within the axial/radial jet interaction zone.
However, these jets were atomized and turned downstream by the axial jet
before they reached the cup wall.

Configuration 6 consisted of configuration 1 {fuel module radial holes
close to and in-line with the cup axial holes} with a 0.125 inch OD central fuel
tube with eight 0.0313 in diameter holes in line with the radial air holes.
Configuration 7 was similar except the central fuel tube was replaced with one
containing eight 0.0125 in diameter holes and a 0.072 in OD flared end inner
tube. Each configuration was tested at inlet conditions of 4 atmospheres
pressure and inlet temperatures of 910 R, 1120 R, and 1410 R. As shown in
Figure 4-1, both the configurations were tested using the 4.89 inch diamet:r
cast ceramic liner, with the emissions prcbe 2.62 inches downstream of the
cup exit. This configuration yielded a bulk dome velocity of 22.7 ft/s and a
combustor bulk residence time of 3.2 ms, based on an inlet temperature of
1360 R (756 K), a flame temperature 3600 R (2000 K), an inlet pressure of 60
psia, and a dome pressure drop of 5%. In contrast, configuration 1 used the
2.8 inch diameter liner with the emissions probe 7.42 inches downstream from
the cup exit. This configuration yielded a bulk residence time of 3.1 ms and a
bulk dome velocity of 69.2 ft/s at the above conditions. The reason for the
change to the larger combustor diameter in the later tests stem from the
decision to evaluate the Jet Mix at bulk velocities representative of a pilot
dome, instead of a main dome.

The NOx emissions indices for Jet Mix configurations B6 and B7, two
Multiple-Venturi premixer configurations tested at GEAE and IMFH premixer
Configuration 5A are compared in Figure 4-20. As shown in the figure, at inlet
temperatures near 910R, the results plotted in Figure 4-20a show that all
three mixer designs have similar NOx emissions. At combustor inlet
temperatures near 1120 R (622 K], the results plotted in Figure 4-20b show
that the NOx EI of Jet Mix follows closely that of Multiple-Venturi, and is
higher than IMFH at design flame temperature below 3600 R. As the inlet
temperature is increased te 1410 R (783 K), the results plotted in Figure 4-20c
show that the NOx EI of Jet Mix is significantly higher than either the IMFH or
Multiple-venturi for flame temperature below 3600 R {2000 K), and is similar to
the IMFH and Multipie-Venturi above flame temperatures of 3600 R.

Figure 4-21 compares the combustion inefficiencies for the same
configurations of the three premixer designs. For the sake of simplicity, the
figure only compares the measured inefficiencies at the lowest and highest inlet
temperatures. In general, the Jet Mix has higher combustion inefficiency than
either Multiple-Venturi or the IMFH, with the exception that at 910 R {506 K}
inlet temperature, the IMFH data show higher inefficiency than either the
Multiple-Venturi or the Jet Mix.

4.3 IMFH Premixer
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The Integrated Mixer Flame Holder (IMFH) was initially developed under
contract NAS3-25552 during which IMFH Configurations 1 through 3 were
tested. Low emissions (4.1 EI NOx and 99.7% combustion efficiency at a 3593
R {1996 K] flame temperature} were demonstrated in flame tube tests for near
design inlet temperatures (1626 R, 903 K} but at low inlet pressure {4 atm).
The contract concluded with the design, procurement, and assembly of IMFH
high pressure test rig and mixer (Configuration 4} hardware to evaluate
emissions and the potential for autoignition and flashback near design
conditions.

IMFH design efforts in this contract were initiated with high inlet
temperature and pressure flame tube testing of IMFH Configuration 4. Dome
cooling air flow introduction into the mixer air flow was developed in
Configuration 5. This key design feature was necessary to allow incorporation
of the IMFH into combustor dome designs. An alternate dome cooling air
insertion design, as well as injector immersion effects were evaluated in
Configuration 6. A summary of the major design parameters varied for IMFH
Configurations 1 through 6 is shown in Table 4-7. Alternate IMFH designs,
such as the venturi IMFH (discussed below} were also studied.

IMFH development has continued under contracts NAS3-26617 and
NAS3-27235 with sector and flame tube tests evaluating fuel injector and
mixer tube design variations to better implement an IMFH combustor main
dome.

4.3.1 IMFH Configuration 4 Testing at High Inlet Temperature & Pressure

Integrated Mixer Flame Holder (IMFH) Configuration 4 successfully
operated at 145 psia and 1600 R {889 K) inlet conditions with 5% and 3%
combustor dome pressure drop. This is the design engine cycle mid-cruise
inlet pressure and approaches the mid-cruise inlet temperature of 1675 R (931
K}. NOx emissions were below HSCT goals and combustion efficiencies were
99.8% and higher. At 5% pressure drop, NOx emissions ranged from 0.7 tc 6.3
El for averaged gas sample equivalence ratios of 0.41 to 0.57 corresponding to
efficiency corrected flame temperatures of 3207 R to 3774 R {1782 K to 2097
K). Combustion efficiency ranged from 99.93 to 99.80%. NOx emissions at 3%
dome pressure drop (lower velocity and subsequently longer combustion
residence time) were 1.8 and 5.1 EI NOx for 0.44 and 0.51 sample equivalence
ratios (3335 R & 3568R, 1853 K & 1982 K flame temperatures). These results
compared favorably with those of previous IMFH configurations as shown in
Figure 4-22.

The high pressure and temperature test point schedule which
encompasses a range of pressures and temperatures emulating HSCT cycle
operating ranges is summarized in Table 4-8. The maximum combustor inlet
pressure and temperature {at supersonic cruise, cycle C1} correspond to 220
psia and 1675 R (931 K}. The combustor inlet temperature at SLTO is 1350 R
{750 K}. Cell S testing was carried out at the test conditions of 4 atm and 1410
R {783 K]} to 10 atm and 1600 R {889 K] to emulate these cycle points within
éh§ constraints of the cell facility. The results of these tests are described

elow.
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Table 4-8. IMFH High Pressure Test Conditions.

{OKBUSTOR HIYER
INLET 2 DOME ?
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TEEP, SURE  SURE  AIRFLDY EBUIV. TEMP.  AIRFLOW EQUIV. TE¥P.
deg.F ata  BROP  pps RATIC ¥ pos RATID ¥
906 4.9 3.01 .97 468 lEOO 85 L33 1909 ;
900 4.9 .01 .97 320 1990 B85 596 2037 :
960 4.0 5,07 .97 573 2000 B5 859 214k !
00 4.0 5,00 .97 632 210¢ 43 724 2282

L% PRESSURE

500 &0 7.01  1.13 468 1800 1.00 .336 1929 TEST POINTS

260 4.0 7.08 1,48 520 1900 1,00 .598 207

900 4.0 7001 L.4§ 573 0 2000 £.90  .63% 284 i

900 4.0 7.01 .15 832 2i00 L0000 T4 2252 i

%00 9.9 S0 2.3% .44 1800 2.09 .33 1929 :

900 9.9 0% 239 5200 1900 .08 .5 205 i

90¢  §.9  5.0%F 2,39 575 2000 2.09 (839 214 i

0 9.9 5.0 2.39 632 Z10C 2.0 724 %2 !

900 9.9 7.1 2.83 468 1BOO 2,47 8% 1929 i

800 9.9 7.9 2.83 520 1900 2.47 3% 2037 i

960 9.9 701 2,83 .57% 2000 2.47 63 214 :

g0 -9.% 7.0 2.87 .63z 2100 2,47 .73% 2% H

1150 9.9 5.01 2,20 412 1800 1.92  .472 1918 i

£450 9.9 5.0 2,20 462 1900 1.92 .53 2028 }

1156 9.9 .08 2,20 315 2000 i.92 .30 24y ;

1150 9.9 5.08  2.20  .O6% 2100 .92 632 224 i

§1% 9.9 7.01  2.60 .412 1800 2,21 477 1918 i

1450 9.9 7.0 2.0 .462  1900 2,27 530 2028 i

1450 9.9 .07 2,80 LMD 2000 2.27 8% AUl
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1450 £3.6  5.00 303 313 200 2.6 L9890 2837
1136 13.6 5,00 303 56 21990 2,65 832 2248

W s ma cm e o Gw

130 1346 7.0 359 G447 1BCO 3.3 477 1918
1139 13.6 7.6% 3.9 482 {500 343 330 2028
1130 136 7.01 3.8 515 20 1T .59 2y
1150 13.5  7.00 L.3% LB&Y 210 343 8827 2245

Kt rew B wa amee mms mvan SO e

113 136 301 2,35 .41 1EDD 2,08 477 1918
1130 3.6 3.0 2,38 382 %0 2,08 530 028
1180 $%.6 LM 2.3% L5E% 0 on .95 8% U7
143 13,6 300 .35 . 3 S0% 837 2:4%
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There were no apparent signs of flashback or autoignition during the
test. The most likely test conditions for auteignition were 10 atm and 1600 R
(889 K}, with 3% pressure drop across the premixer. At these conditions, the
average mixer tube residence time was approximately 20% of the estimated
autoignition time.

Figure 4-23 depicts NOx El {normalized by residence time) plotted as a
function of flame temperature for Configurations 3b and 4 (4 atm and 10 atm).
Roffe-Venkataramani's [3] premixed NOx correlation for propane is also plotted
on the figure for comparison. The test data collapse ontoc a single curve and
replicate Roffe-Venkataramani's correlation reasonably well, indicating near-
ideal vaporization/mixing achieved for these two configurations. Configuration
4 test data at 4 atm and 1350 R (750 K] inlet temperature show significantly
higher NOx emissions compared to the above two configurations. Figure 4-24
shows a plot of combustion inefficiency as a function of NOx emissions index
for the same configurations. As shown in the figure, Configuration 4 at 4 atm
has resulted in inefficiency as high as 14% to 21% compared to less than
0.25% for Configuration 4 at 10 atm. In comparison, Configuration 3b
combustion inefficiencies dropped from a maximum of only 2.2% at a 1360 R
{756 K] inlet to 0.4% and less at a 1630 R (906 K} inlet. Configuration 4
differed from previous IMFH configurations in that the spent flameholder
cooling air was dumped as a film into the flame tube. Evidently, the low
temperature spent dome cooling air discharged near the flame tube walls
resulted in higher combustion inefficiencies due to CO quenching in the
reaction zone.

An alternate spent cooling air discharge scheme was designed and tested
to evaluate the influence of cooling air on combustion efficiency. Figure 4-25
depicts flameholder cocling air discharge schemes for Configurations 4 and 4b.
As shown in configuration 4, the spent air discharged directly into the primary
zone, while in Configuration 4b, the spent air was rerouted around the
combustor through discharge slots in the ceramic liner. Configuration 4b NOx
emissions plotted as a function of flame temperature in Figure 4-26 fall within
the band of measured NOx EI for the earlier configurations. Figure 4-27
compares the measured inefficiencies for Configurations 4 and 4b at the low
inlet temperatures troublesome for Configuration 4. Redistributing the spent
cooling air significantly reduced combustion inefficiency. This demonstrates
the CO quenching effect of the spent air in Configuration 4.

Configuration 4b test data show the effects of mixing and evaporation on
combustion efficiency. Figure 4-28 shows the influence of increased pressure
drop on combustion efficiencies. As pressure drop across the premixer is
increased from 1.60% to 6.2%, better mixing is achieved, resulting in improved
measured efficiencies. Figure 4-29 shows the inlet temperature {evaporation)
influence on combustion nefficiency. As the inlet temperature is increased
from 910 R (506 K} to 1419 R (788 K], the measured efficiency values improve
significantly due to enhanced droplet evaporation and more rapid reaction
achieved at higher temperatures. ‘

4.3.2 IMFH Configuration 5 Testing with Spent Cooling Air Iniection

_ A novel design approach that injects spent dome impingement cooling air
into the IMFH premixing tubes was demonstrated to reduce NOx by providing
more combustion airflow to lean-out the mixer, and also to reduce CO by
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eliminating the cooling air film which quenches combustion reactions. Figure
4-30 shows a schematic of the flameholder cooling air injection design of
Configuration 5, where spent cooling air is injected into the premixer just
before the premixer exit.

The measured combustion inefficiency and NOx emissions for
Configurations 4 {nc spent air addition in premixer} and 5 (spent air addition in
premixer) are compared in Figures 4-31 and 4-32. The data demonstrate no
detrimental effect of the spent air injection on high inlet temperature
combustion inefficiency and NOx emissions. These tests showed combustion
inefficiency and NOx levels substantially below program goals over a wide range
of operating conditions. As shown in Figure 4-33, the spent air injection
showed lower combustion inefficiency at 1110 R {617 K] inlet temperatures and
high flame temperatures.

Possible impacts of the spent air addition in the premixer include
improved stability due to increased mixing of recirculated combustion gases at
the point where they first come in contact with the premixed fuel-air mixture.
As well as improved performance at low inlet temperatures due to the air jets
reatomizing unvaporized fuel as it exits the IMFH tubes. A risk of the added air
was that it would result in a greater variation in the premixer fuel-air ratio.
Wide variations in premixed fuel-air ratios have generally been related to higher
thermal NOx production for a given average fuel-air ratio. There has been no
evidence of this by the IMFH test data. It might be that the small-scale of the
IMFH creates small scale nonuniformities which mix out before the integrated
effect of the hot spots can impact the NOx emissions.

The IMFH Configuration 5B test was a major success with stable
operation demonstrated over a range of test conditions from 1410 R {783 K}
and 4 atm to 1656 R (920 K) at the design point inlet pressure of 10
atmospheres. This test also demonstrated autoignition/flashback-free steady
state operation of IMFH Configuration 5B for most of the HSCT steady state
design cycle conditions by running up to 1631 R {906 K} and 17 atm inlet
conditions with as little as 3.6% dome pressure drop. The test results
supported use of this dome cooling air injection into the mixer tubes design for
the first sector design.

Key Configuration 5B test result data trends are readily apparent in the
following figures which compare Configuration 4, 4B, 5A and 5B results. Note
that the emissions data are arithmetic averages of five samples taken during a
radial traverse. Also recall the differences between Configurations 4, 4B, S5A
and 5B which are summarized in Table 4-9.

Table 4-9. IMFH CONFIGURATIONS SUMMARIZED

Facility Dome Cooling
Configuration {Rig} Air Discharge Fuel Injectors
4 Cell 5 As Liner Film Original Hypo Injectors
4B 306 Around Combustor Same as 4
SA 306 Into Mixer Tubes Same as 4 and 4B
SB Cell 5 Into Mixer Tubes New Set Like 4, 4B, & SA
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NOx emissions data are presented as a function of corrected flame
temperature in Figure 4-34. Configuration 5B NOx emissions were below goal
at the design flame temperature, within the range of previous results and
followed similar trends. There was little difference between Configurations 5B
and 5A NOx emissions, although the combustion zone residence times of
Configuration 5B (4.1 to 5.7 ms} are longer than those of Configuration 54 (2.6
to 3.9 ms). '

In Figure 4-35, the influence of combustor residence time has been
eliminated by dividing NOx emissions by the residence time. Most of the
Configuration 5B data falls at or just below the Roffe-Venkataramani LPP
propane combustion correlation line. With the exception of the low pressure (4
atm} Configuration 4 data, the NOx emissions followed very consistent trends.
Thus, the differences between Configuration 4B, 5A and 5B had no impact on
NOx emissions.

Figure 4-36 shows the low combustion inefficiencies, well below the goal,
demonstrated for a wide range of flame temperatures {~3150 R - 4320 R, 1750
K - 2400 K}. At the same inlet pressure {4 atm), differences between
Configuration 4B, 5A and 5B had no impact on combustion inefficiency despite
30 to 40% difference in combustor residence time. It is therefore expected that
Configuration 5B would maintain low combustion inefficiencies with combustor
residence times reduced to Configuration 5A test levels {30 to 40%).
Combustion inefficiencies decreased at the elevated pressures tested with
Configuration 5B. One of the 1650 R (917 K) and 10 atm Configuration 5B test
points doesn't even appear on the plot due to its very low emissions.

Figure 4-37 shows combustion inefficiency plotted as a function of NOx
emission index. The data follow the trends of the previous figures with reduced
inefficiency at elevated pressures and a majority of the data satisfying both
NOx and combustion inefficiency goals.

4.3.3 IMFH Configuration 6A Testing - Alternate Spent Cooling Air Injection

The objective of this test was to identify any compromises in combustion
efficiency, flame stability, and/or NOx emissions due to a shift in dome cooling
air discharge location to the face of the flame holder in Configuration 6 rather
than into the mixer tubes as in Configuration 5. The benefit of this new
discharge hole location would be reduced IMFH mixing tube air flow blockage.
Mixer tube flow blockage is concerning since it reduces the air velocity and flow
past the injectors {reducing fuel atomization} and increases the residence time
in the premixer {increasing the possibility of autoignition). ;

A schematic of IMFH Configuration 6 is shown in Figure 4-38. it used
Configuration 3B hardware (7 mixer tubes with 0.560 inch inner diameters and
hypodermic injectors) modified to inject flame holder cooling air through the
face of the flame holder. Figure 4-30 shows a schematic of Configuration 5 to
allow a comparison of dome cooling air injection methods. Configuration 6 had
larger mixer tube inner diameters {0.560" vs. 0.495"}, smaller length to tube
diameter ratics {8.0 vs. 9.1} and a larger dome blockage (88% vs. 83%) than
Configuration 5.

IMFH Configuration 6A was tested in the low pressure test facility at inlet
temperatures ranging from 910 R (506 K]} to 1410 R {783 K}, and at pressure
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drops ranging fmr@é.S% tc 6.5%. The combustor inlet pressure was
maintained constant {at 4 atm) for all the test conditions. Low inlet
temperature performance, as indicated by lightoff equivalence ratio, was
slightly worse for Configuration 6 than for Configuration 5. Emission
measurements were made over the flame temperature range of 2920 R to 4360
R {1622 K to 2422 K}. As shown in Figure 4-39, the NOx emissions were
higher for Configuration 6A than for Configuration 5A at 1410 R (783 K]} inlet
temperature and flame temperatures greater than ~3450 R (1361 K}. At 1110
R (617 K) inlet temperature, Configuration 6A NOx emissions were comparable
to those of Configuration 5A. Configuration 6A combustion inefficiency results
were comparable to Configuration 5A at the higher inlet temperatures (Figure
4-40).

Figure 4-41 compares the emissions data {normalized by residence time}
corresponding to flameholder discharge of spent air {Configuration 6A}, with no
dome cooling air discharge {Configuration 3B). As shown, the NOx emissions
for Configuration 6A were significantly higher than those of Configuration 3B
for inlet temperatures near 1400 R {778 K) and flame ternperatures above 3600
R (2000 K). However, as shown in Figure 4-42, Configuration 6A inefficiencies
were at least an order of magnitude less than those of Configuration 3B
indicating that the improvements in combustion inefficiency due to flameholder
discharge of spent dome cooling air were made at the expense of higher NOx
emissions. In contrast, the injection of spent dome cooling air into the mixer
tubes reduced NOx emissions without significantly impacting combustion
inefficiency. This can be seen by comparing the 910 R, 1110 R and 1410 R
(506 K, 617 K, and 783 K] inlet temperature EI NOx/ms data in Figure 4-43
with the combustion inefficiency data of Figure 4-44.

Among other observations, it was inconclusive whether Configuration 6A
was much more difficult to light than Configuration SA at 910 R (506 K}. The
minimum equivalence ratio for stable operation of Configuration 6A was 0.89
compared to 0.77 for Configuration 5A at this inlet temperature. It should be
noted that flameholder discharge of dome cooling air reduced the minimum
inlet temperature needed for stable operation of Configuration 3B.

4.3.4 Configuration 6B Testing - Fuel Iniection at the Mixer Tube Wall

Configuration 6B had hypo tube fuel injectors discharging perpendicular
to the airflow at the mixer tube walls, as shown in Figure 4-45 in contrast tc
configuration 6A which had hypo tube fuel injectors discharging nearly
perpendicular to the airflow at the mixer tube centerline.

Combustion inefficiencies were significantly higher for Configuration 6B
than those of Configuration 6A as shown in Figure 4-46. Even at 1420 R {789
K} inlet temperatures, Configuration 6B combustion inefficiencies were 0.7 to
9.2% compared to 0.02 to 1.6% for configuration 6A. This is attributed to
poorer fuel atomization and mixing with air for wall injection. Indications of
this were high levels of unburned hydrocarbons at high inlet temperatures
{1420 R, 789 K], fuel streaks aft of the injectors observed in the mixer tubes
during the post test inspection, and a stagnation zone observed aft of the
injectors in an unfired post run test. Unburned hydrocarbons have typically
been less than 0.1 El at 1420 R {789 K] inlet temperatures for IMFH
Configuration 4B, 3, and 6A. In comparison, Configuration 6B unburned
hydrocarbons ranged from 3 to 93 EI at these conditions.
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Configuration 6B NOx emissions are compared to those of Configuration
6A in Figure 4-47. Though the Configuration 6B NOx emissions are lower than
those of Configuration 6A for calculated flame temperatures greater than 3400
R {1889 K], the slope of the data as well as the high concentration of unburned
hydrocarbons are more indicative of a poorly mixed flame. As a consequence of
these results, the hypo tube injector discharge flush with mixer tube walls was
dropped from consideration in the IMFH.

4.3.5 Venturi IMFH Studies

The velocity of the air in the IMFH plays a crucial role in atomizing the
fuel in the IMFH. Changing the straight tube geometry of the IMFH premixer to
a venturi to increase the air velocity at the point of fuel injection could improve
performance. To better understand the potential for performance
improvement, an analytical model of a venturi IMFH was developed and effect
of venturi throat diameter on IMFH performance was studied. Mixer tube
residence time, autoignition time, fuel mean droplet size, evaporation time and
pressure drop losses due to friction and the premixer dump were calculated as
a function of the throat diameter. A constant mass flow rate and a constant
discharge coefficient {which implies a constant exit diameter) were assumed for
a given flight condition. Other assumptions were an isentropic inlet, a straight
tube section with friction and an isentropic diffuser section. The straight tube
section was shortened as the throat diameter decreased. Part of the decrease
was due to the diffuser getting longer, but additional length was taken out to
maintain the pressure drop constant despite the increase in friction with
increasing velocity. The fuel was injected at the inlet of the straight section.
The diffuser section was assumed to be conical in shape to simplify the
residence time calculations.

As shown in Figure 4-48, the predicted ratio of residence time in the
premixing length of the tube to autoignition time was substantially reduced for
the supersonic maximum climb and supersonic mid-cruise flight conditions by
decreasing the throat diameter of the venturi. This was due to higher velocity
within the premixer section leading to lower static temperatures and a
corresponding increase in autoignition time. With a decrease in throat
diameter, the predicted ratio of tube residence time to fuel vaporization time
was significantly increased (Figure 4-49}. The increased velocity at the throat
decreases the fuel mean drop size, thereby lowering the vaporization time and
giving fuel droplets a greater margin for evaporation within the premixer tube
assembly.

These plots suggest that the utilization of a venturi tube within the IMFH
will enhance performance by providing better atomization, lower residence and
vaporization times and longer autoignition times. The beneficial results of the
smaller venturi throat is mainly an effect of the improved atomization due to
the higher air velocities. These predicted benefits are only as good as the
correlation used for predicting the effect of velocity on drop size. Caution
should be taken, however, for all of the parameters have not been studied in
this analysis. Though atomization and fuel evaporation improve with the
decrease in throat diameter, the effect on mixing is unknown. The reduction of
the premixer length with decreasing throat diameter may compromise mixing
performance. Additionally, the low velocity within the larger boundary layer in
the diffuser section of the venturi IMFH premixer assembly may induce
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autoignition or flashback within the boundary layer. Though there may appear
to be drawbacks to the venturi IMFH setup, the benefits warrant further
analysis and/or experimentation.

4.4 Cvyclone Swirler Premixer

The Cyclone Swirler Premixer was chosen as a candidate fuel-air mixer
for the LPP combustor’s pilot stage based on previous experience with various
versions the concept at GEAE. It is a radial swirler with the fuel injector
incorporated into a centerbody on the axis of the radial swirler.

4.4.1 Cvclone Swirler Fuel Injector Design

The fuel injector for the HSCT version was patterned after the fuel
injector used in Gordon Andrew's LDI concept discussed in Section 4.2, except
that the air flow was significantly reduced. Two versions of the
centerbody/injector were fabricated, an eight injector and a twelve injector
design, both with the same physical flow area. The assembly drawing of the
eight hole version of the nozzle is shown in Figure 3-6. In qualitative spray
tests the eight hole version worked better than the twelve hole version, but
even the eight hole version was not satisfactory. Because the air flow was
reduced from Anderson's design, the air holes through which the fuel must
pass is smaller. As a result, fuel is more likely to contact the surface of the air
hole and dribble off the nozzle. The observations confirmed this expected
trend. In early sketches of this nozzle, extensions were included on the fuel
tubes to guide the fuel to the entrance of the air holes, but they were
eliminated in the first fabricated versions to simplify the design. The
extensions proved to be necessary and were added back in the form of 0.012
inch 1.D., 0.020 inch O.D. hypodermic tubing extensions about 0.2 inches long.
Spray tests of the modified injector then resulted in good quality fuel sprays.
Although the extensions add to the complexity of the design, they have the
advantage of making each injector tube and air hole or air nozzle equivalent to
a plain-jet airblast atomizer as studied by Lorenzetio and Lefebvre {4, 5]. The
correlations resulting from those studies can be used to predict and optimize
the performance of the injector.

Besides Lefebvre’s study and the study of G.E. Andrews [6] in support of
his LDI concept, there are other published studies of airblast fuel nozzles with
geometries similar to the that used in the Cyclone Swirler. These results
provide guidance to further optimizing the fuel injector’s performance. The
experimental conditions in a study performed by H.F. Hrubecky appear to be
relevant {7]. These studies suggest that 20 micron droplet fuel sprays should
be attainable in the airblast fuel injector.

The basic design of the injector appears to be very well suited for the
Cyclone Swirler premixer. The advantage of the design is that it has the
simplicity of a single nozzle assembly located at the axis of the Cyclone Swirler.
The fuel is injected towards the Cyclone Swirler wall in discrete jets which can
penetrate through the main air flow (which is moving inwards opposite to the
jets) to the wall of the Cyclone Swirler.

4.4.2 Atmospheric Test of Cyclone Swirler, Configuration 1
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The first HSCT Cyclone Swirler design {Configuration 1) had an effective
flow area of 0.65 in?, a residence time of about 0.4 milliseconds, and a
calculated swirl number of 0.94. Its first fired test was at atmospheric
pressure. Combustor inlet temperatures were varied from ambient to 1405 R
{781 K}. Pressure drops of 5% and 7% were investigated. The corresponding
combustor reference velocities were 53 and 62 ft/sec. Results for ignition and
lean blow out were obtained and the appearance of the flame recorded with a
video camera. At these reference velocities, the Cyclone Swirler would not
ignite at ambient inlet temperature. However, the fuel spray within the
combustion chamber appeared normal; i.e., there was no chugging or loading
with fuel which can occur with Cyclone Swirler designs at low inlet
temperatures. This was by design, although the pilot application of
Configuration 1 was not certain at the time of its design. Smooth ignition did
occur at 710 R {394 K). These ignition results have to be considered in light of
the higher than normal reference velocity for a pilot stage (which degrades
ignition performance) and the use of a torch rather than a spark ignitor {which
favors ignition performance}.

Lean blow out results were very repeatable and varied linearly from an
equivalence ratio of 0.55 at a T3 of 735 R {408 K} to 0.21 at 1405 R {781 K).
These results were insensitive to pressure drop.

Combustion oscillations were observed at very lean or very rich
conditions at the higher inlet temperatures. The conditions appear to be
outside the planned operating envelope for the pilot. Also, the acoustic
characteristics of the single-cup combustor geometry are considerably different
from the HSCT combustor. In particular, the single-cup combustor
corresponds to axial acoustic half-wavelength of about 14 inches, well above
the intended HSCT combustor length.

4.4.3 Pressure Test of Cvyclone Swirler, Configuration 1

The first pressure test of the Cyclone Swirler premixer was performed at
four atmospheres. Combustor inlet temperatures were varied from 710 R (394
K}, the minimum temperature at which it would ignite, to 1420 R {789 K].
Pressure drops ranged from 4.9 to 7.6%. The combustor reference velocities
ranged from 36 to 70 ft/sec. Emissions data were obtained at the nominal
inlet temperatures of 910 R (506 K}, 1110 R (617 K} and 1410 R {783 K).
Combustion oscillations were observed at about one-half of the conditions
tested. Generally, the oscillations occurred at the lower inlet temperatures.

Emissions were determined at thirteen test points. The air flow rate
could not be measured because part of the air was being vented after the
metering section to maintain the indirect preheater within its design flow
range. The sample fuel air ratio calculated from the gas analysis was used to
calculate the air flow rate from the fuel flow rate. The results are plotted
versus the flame temperature calculated from the sample fuel air ratio. Three
of the thirteen test points had to be discarded because the CO emissions
greatly exceeded the reliable range of the analyzer's calibration. Without a
reliable CO analysis, sample fuel air ratio and flame temperature could not be
calculated for these three points. These three discarded points had
equivalence ratio's of about 1.4 or greater {estimated using airflows calculated
from the combustor pressure dropj, so inefficient combustion was expected.
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There was a concern that the combustion oscillations, when they
occurred, would affect emissions. If so, these test results would have to be
discarded or at least correlated separately. The smooth trends in the data are
an indication that this did not happen. As seen below, the ten remaining data
points, including those with combustion oscillations {not indicated, but
generally the 910°R inlet temperature points}, yield smooth trends in all the
plots versus flame temperature.

The NOx emissions index is plotted versus flame temperature in Figure
4-50. The NOx El is only slightly higher than the previous results for the IMFH
{not shown) and the boundary of the published LPP data compiled by NASA
(indicated by the dashed perimeter). The NOx emissions index at the mid-
supersonic cruise design point for the combustor is estimated to be 5.8 g/kg
fuel (calculated from the third order polynomial best fit of the data at a flame
temperature of 3600 R or 2000 K}. Thus, the first configuration of the Cyclone
Swirler nearly meets the program goal of 5 g/kg for the NOx emissions index.
Based on the results of this evaluation, it appears the Cyclone Swirler can be
considered as a potential candidate for a premixer for the main stage of the
HSCT's combustor. This NOx emissions performance in this 4 atmosphere test
is excellent for a mixer that is also expected to meet the special operability
requirements of the pilot stage. Although all the performance requirements for
the pilot stage are far from being demonstrated, there are some promising
results as shown below.

The calculated combustor residence times of the ten test points ranged
from 2.4 to 3.8 milliseconds. This is on the high side of the intended design
range for the HSCT engine combustor. Plotting the NOx emissions index
normalized by the residence time can be done in an attempt to account for
differences in combustor residence times, the implication being that the source
of the NOx is primarily thermal rather than prompt. Plotting the data in this
way also allows comparison with the correlation of Roffe and Venkataramani,
which is a convenient baseline for comparison of NOx emissions. The form of
the correlation also implies by its linear dependence on residence time that all
the NOx is thermal. The correlation is referred to here as the GASL correlation.
The GASL NOx emissions data were for premixed propane and air flames. The
comparison is shown in Figure 4-51. The Cyclone Swirler NOx emissions are
only 10 to 20% higher than the correlation, except at flame temperatures over
about 4000 R {2222 K}.

That the NOx emissions are at the high end of the compilation of
literature data in Figure 4-50 and higher than the GASL correlation in Figure
4-51 suggests that the flame produced by the Cyclone Swirler may not be
uniformly premixed. Depending on the degree of this unmixedness, this could
result in a further increase in NOx emissions as pressure is increased irom 4
atmospheres. However, significant diffusion burning should also result in the
NOx emissions being sensitive to inlet temperature, and no inlet temperature
sensitivity is seen in Figures 4-50 and 4-51.

The CO emissions index is plotted versus the calculated flame
temperature in Figure 4-52. At calculated flame temperatures as low as 3084
R {1713 K}, the CO emissions are essentially at their equilibrium values. There
is no indication that the kinetics of CO burnout is limiting combustion
efficiency at this temperature, even though the residence time is only 3.2
milliseconds. However, at the lowest inlet temperature of 910 R, the trend is
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for the CO to increase above equilibrium as the flame temperature increases to
3814 R (2119 K]}. At the high inlet temperature of 1410 R, the measured CO
crosses below equilibrium as the flame temperature increase, indicating the
probe is not fully quenching the sample at these conditions. This is often seen
in combustor tests, but the cross-over occurs at a lower temperature than in
other tests in this program. Only for the intermediate inlet temperature of
1110 R is the CO just above equilibrium at a high flame temperature.

In Figure 4-53, combustion inefficiency is plotted versus flame
temperature. The plot generally reflects the trends in CO emissions in Figure
4-52, as the CO is the principal source of the combustion inefficiency. The
only exception is the 910 R inlet temperature, 3084 R (1713 K) flame
temperature point for which the hydrocarbon emissions index of 0.72 g/kg
exceeded the CO emissions index of 0.30 g/kg. Both of these El's are
extremely low. At this low inlet temperature, that the combustion inefficiency
increases so fast with increasing flame temperature is a cause for some
concern. However, this observation is based on a single data point. In any
case, based on the current combustor system designs for the FLADE C1 cycle
at engine flight idle, the pilot will have to operate with reasonable efficiency at
inlet temperatures as low as about 660 R {367 K} and flame temperatures
around 4200 R {2333 K.

Based on these results, it appears this Cyclone Swirler design will
function as a workable pilot in the first HSCT sector combustor, as planned.

4.4.4 Cyclone Swirler with Spent Cooling Air Injection, Configuration 2

In the IMFH, the spent cooling air has been injected at near the exit of
the IMFH tubes. The air jets have been aimed towards the axis of the exiting
jet. For the IMFH, this flow did not have any detrimental effect on performance.
For swirlers, which depend on the axial recirculation zone for stability, the jets
could affect stability, since the jets tend to be counter to the recirculation flow.
However, the hope is that velocity and the mass flow rate of the jets will be too
small to impact the recirculation.

Another risk in extrapolating the success of spent dome cooling air
injection in the IMFH to the Cyclone Swirler or the other mixers is that the
scale of the jets needs to be larger in the Cyclone Swirler, so the
nonuniformities will not mix out as quickly and thermal NOx production will
increase.

To discharge the spent dome cooling air, 20 holes, each 0.122 inches in-
diameter, were added to the trailing edge of the conical discharge throat from
the Cyclone Swirler. The holes pass the spent cooling air from the chamber
between the baffle and the dome to the throat of the Cyclone Swirler. The holes
have a smaller total physical area than the holes they replaced which bypassed
the spent cooling air around the combustion zone. Thus the original
impingement cooling airflow was higher, resulting in a more conservative
cooling design. The physical area of the new holes was reduced to clesely
simulate the cooling design planned to be used in the sector combustor and
also to increase the jet velocity so the jets penetrate and mix well with the
discharge from the Cyclone Swirler. The sector combustor cooling design is
developed such that it just meets material temperature requirements at the
simulated maximum supersonic combustor test point. This was done to
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minimize the air injected inte the combustion zone and to minimize the airflow
crossing the impingement jets. The ratio of physical area of the impingement
baffle holes to the physical area of the discharge holes in the original
configuration of the single-cup Cyclone Swirler was 0.15. In the current
configuration it is 0.67. The modified Cyclone Swirler was designated
Configuration 2.

4.4.4.1 Configuration 2 Cvclone Swirler Tests at Low Dome Reference Velocity

Configuration 2 was tested in an open rig at atmospheric pressure. The
combustor rig hardware available at the time (4.84 inch liner inner diameter)
dictated that the first tests be performed at a nominal dome reference velocity
of 18 feet/second, which is below typical pilot dome values. The open rig
allowed visual inspection of the flame characteristics during the stability tests.
In this atmospheric test, the stability of the new configuration was excellent.
Video tapes comparing the appearance of the flame in the two configurations
showed no significant difference. Lean blowout occurred well below an
equivalence ratio of 0.15 at 910 R and 1110 R {506 K and 617 K] inlet
temperatures. Also, for the first time, Cyclone Swirler ignition was
accomplished at ambient inlet temperatures, albeit at very high fuel flows. The
very low dome reference velocity has to be taken into account, when
considering the good stability and ignition results of this test.

Two pressure tests of Configuration 2 of the Cyclone Swirler were
performed at 4 atmospheres. Excellent flame stability was observed in these
tests. These tests were also performed at a nominal dome reference velocity of
18 feet/sec. The NOx emissions results in these two pressure tests were at the
same level as those for Configuration 1. As seen in Figure 4-54, there is
indication of the inlet temperature having an effect on the NOx emissions,
suggesting that the fuel-air mixing is not completely uniform.

As shown in Figure 4-55, the measured CO emissions index were below,
but generally close to, the calculated equilibrium CO concentrations.
Normally, this would be an indication that the probe is not quenching the
sample very well. However, since the deviation below equilibrium remains
small and constant over a very wide range of flame temperatures, it is more
likely that the CO is in fact at equilibrium and there is small consistent error in
the calculated flame temperatures. The evidence that there is a small
consistent error is strongest for the CO emissions peint at 2800 R (1556 K}. It
is below the equilibrium line by the same amount as at flame temperatures up
to 4200 R (2333 K}. The probe should not have any difficulty in quenching the
2800 R sample. The ability of the probe to quench the sample should be a
strong function of flame temperature. There is no evidence that the ability of
the probe to quench the sample is changing as the flame temperature
increases.

Only at flame temperatures below 2800 R (1556 K]} does the CC
combustion become kinetically limited. The excellent CO emissions
performance of the Cyclone Swirler may be partly due to the long combustor
residence time in these tests. The sampling plane was 7 inches downstream of
the pilot dome resulting in a nominal value of the combustor residence time of
10 milliseconds. Constraints in the rig hardware available at the time of the
test prevented obtaining a shorter residence time at the 18 ft/sec reference
velocity being tested.
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Judging from the noise levels, the dynamic pressure continue to be much
lower than the Configuration 1, which had no spent cooling air injection.

In these two pressure tests of Configuration 2, the ignition
characteristics have been considerably improved over Configuration 1. Ignition
is reliable at ambient as well as higher inlet temperatures. Air injection had a
similar beneficial effect on the ignition characteristic of the IMFH.

4.4.4.2 Configuration 2A Cvclone Swirler Tests at Vref = 30 ft/s

Two additional pressure tests were completed with the Configuration 2
HSCT Cyclone Swirler single cup hardware. These tests were performed at four
atmospheres pressure in a new castable ceramic combustor liner with a 3.67
inch diameter. These tests are referred to as configuration 2A due to the
different liner used. The new combustor liner yields the same reference
velocity as the pilot stage of the sector combustor (about 30 feet/second) and
with the sampling plane at 7 inches yields a nominal combustor residence
times of about 6 milliseconds. The results were in general agreement with
previous Cyclone Swirler test results.

The NOx emissions index results are plotted versus calculated flame
temperature in Figure 4-56. The observed values of the NOx emissions index
meet requirements for the low NOx combustor. However, as in previous tests,
the NOx EI exhibits some evidence of a dependence on inlet temperature which
suggests that the fuel is not totally premixed with the air. If this inference is
correct, then there should also be a pressure effect.

The CO emissions index is plotted versus calculated flame temperature
in Figure 4-57. The break point, where the measured CO emissions suddenly
increases from calculated equilibrium CO as flame temperature is decreased,
occurs in the range of 3100 R to 3400 R (1722 K to 1889 K), depending on the
inlet temperature. This is higher than in the previous tests, where the
breakpoint was observed within the acceptabile limits. For comparison, in the
previous test of the Cyclone Swirler, at a reference velocity of about 18
feet/second and a combustor residence time of 10 milliseconds, the observed
CO break point temperature was about 2800 R (1556 K).

4.4.4.3 Configuration 2 Cvclone Swirler Tests in Convectively-Cooled Liner

An atmospheric pressure test of Configuration 2 of the Cyclone Swirler
was performed in a convectively cooled liner. This liner was especially designed
to address the concern that the cast ceramic liner being used in the single-cup
tests is yielding misleading stability results. This is because of the ceramic
liner's high temperature combined with a very long time constant for transient
thermal response. As a result, lean-blow-out results using the cast ceramic
liner have almost certainly been optimistic to some degree. The cooled liner
was purposely designed to be "over-cooled" and therefore the results represent
a worst case for stability. The only exception to the liner being a worst case is
that the convectively cooled liner is square in cross-section so that its stability
does have the benefit of the corner circulation zones.

Three sets of LBO results obtained for the HSCT Cyclone Swirler to date
are compared in a plot versus Lefebvre's LBO correlating parameter in Figure
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4-58. The single low out-lier point on the plot might be due to the hot ceramic
liner stabilizing the combustor. Lefebvre's correlating parameter used in the

plot is given by [8]:
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The three curves in the figure are quadratic best fits of each of the three
data sets. The results for the three different configurations are roughly
correlated by Lefebvre's parameter, even though there are some differences in
the combustor configurations not even indirectly taken into account by the
parameter (the hot ceramic liner, the corner circulation and cold walls of
the square convectively cooled liner used in the third set of LBO data). The
first set of LBO data were taken prior to the spent dome coocling air injection
holes being added {Configuration 1). The spent cocling air injection is taken
into account only indirectly through the Vref term. Apparently, none of these
configuration changes significantly affect the stability of the Cyclone Swirler.
There is some evidence of a trend towards better stability at high values of the
correlating parameter for the square combustor liner.

For compariseon, the actual pilot operating conditions for a combustor
system design for the ASB mixed flow turbofan cycle are also plotted in Figure
4-58. The ASB plot conditions cover the entire power range of the engine:
including ground and flight idle, subsonic and supersonic cruise, as well as
take off and climb. As can be seen in the Figure, there is a wide stability
margin over the whole power range, amounting to two or three tenths of
equivalence ratio.

A weakness of the comparison between the LBO data and the pilot
conditions for the combustor system design is that these LBO data were all
obtained at atmospheric pressure. However, the atmospheric LBO data
appears to be consistent with the available 4 atmosphere pressure data for CO
emissions. As the flame temperatures are decreased in the four atmosphere
tests, CO emissions were observed to rise above equilibrium. This indicates
that the combustion efficiency is becoming limited by the chemical kinetic
reaction rates because of the low flame temperatures and that the combustor is
approaching LBO. Four of these points, in three different tests of the Cyclone
Swirler Configuration 2 {with spent dome cooling air} are plotted in Figure 4-
59. They are very consistent with each other and the atmospheric LBO data.

One CO breakpoint found for configuration 1 (without spent dome
cooling air injection) is not plotted in Figure 4-59. It falls in the grouping of the
atmospheric LBO data. This point is not consistent. It indicates the Cyclone
Swirler has better stability with the spent cooling air injection. Also there were
a series of tests of Configuration 2 in which the stability was not good at higher
reference velocities. No CO break points were observed in those tests. The
sudden flame outs at high flame temperatures are not consistent with Figure 4-
59. At least one of those tests was discounted because of high gas sample
probe purge flows. The correlation in Figure 4-59 suggests that the Cyclone
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Swirler would easily run at a Vref of 60 feet/second. (Doubling the
approximately 30 feet/second reference velocity of the ASB pilot points to 60
feet/second only increases Lefebvre's parameter by 20.16= 1,12 or 12%.) This is
not consistent with the cbservations in those early tests in Configuration 2.
Perhaps high probe purge was also being used in the other inconsistent point,
or there was some other problems such as rig quench water getting in the
flame zone.

Overall, the available information on the stability of the Cyclone Swirler
indicates very good performance.

4.4.4.4 Configuration 2 Cyclone Swirler Tests at High Pressure

Configuration 2 of the HSCT Cyclone Swirler was tested in the Cell 5
high pressure single-cup rig. The high pressure rig's combustor was a castable
ceramic liner with a 3.67-inch diameter. This resulted in a nominal reference
velocity of about 30 feet/second, about the same as the pilot stage of the sector
combustor. The gas sample probe was traversed along a diameter 4.5 inches
downstream of the dome yielding a nominal residence time of about 4
milliseconds. The profiles were fairly uniform, so only 4 points were sampled
on the diameter.

The NOx emissions index results are plotted versus calculated flame
temperature in Figure 4-60. The CO emissions index results are plotted versus
calculated flame temperature in Figure 4-61. For reference, the combustor exit
temperature at supersonic cruise for the A5B engine cycle is shown in Figure
4-60. This represents the minimum possible flame temperature during
supersonic cruise, corresponding to all the combustor air being premixed with
the fuel. In Figures 4-60 and 4-61, there are 4 series of data and their curve
fits corresponding to 4 combinations of combustor pressure and inlet
temperature; 60 psia and 1310 R (728 K}, 150 psia and 1310 R (728 K}, 150
psia and 1620 R (900 K}, and 275 psia and 1620 R {900 K).

The 60 psia, 1310 R (728 K]} series of data in this test duplicated
pressure, inlet temperature, and reference velocity for an earlier set of data
obtained at 4 atmospheres pressure in the low pressure single-cup test facility.
These data have already been discussed above. In the earlier test, the probe
traverse was made 7 inches downstream instead of 4.5 inches. The Cyclone
Swirler's configuration was identical, except the fuel injector in the high
pressure test was new. The design of the injector allows the position of the
eight fuel injector hypo tubes to be axially and circumferentially adjusted
relative to the radial air nozzles-at assembly and the alignment of the injector
tubes may not have been identical in the two tests. The NOx emissions results
at 60 psia and 1310 R in the high pressure test are slightly lower than the
earlier results in the low pressure rig. This may be due to the shorter
combustor residence time in the high pressure rig or differences in fuel nozzle
or alignment in the two tests. The lowest fuel-air ratio point in the 4
atmosphere series of data, plotted at a flame temperature of 3140 R (1744 K},
had the lowest fuel flow of the entire test and was the most severe in terms of
heat transfer to the fuel. During this point, the measured flow number of the
fuel injector system dropped from 7 to 5, the only time this occurred during the
entire test. This is evidence that the fuel was partially vaporizing in the fuel
system during this test point.

NASA/CR—2005-213326 50



For the next series of data, the pressure was brought up to nominal
supersonic cruise conditions of 150 psia. The NOx emissions are slightly
higher than at 60 psia, possibly indicating less than perfect premixing. At the
lowest equivalence ratic and flame temperature on the test point schedule, the
combustion efficiency was still 99.97%. At this point, the calculated flame
temperature was 2932 R (1629 K] and the NOx EI was 0.55 g/kg. The decision
was made to go lower in equivalence ratio to find the CO breakpoint. The
equivalence ratic was dropped to 0.37 corresponding to a calculated flame
temperature of 2840 R (1578 K). The NOx EI went up to 3.35 and the
combustion efficiency increased to 99.99%. Both results were contrary to the
expected trends. The emissions panel operator reported that the calibration of
CO analyzer was slightly off, so a recalibration was performed. The point was
repeated, with essentially identical results for the NOx emissions. The CO EI
increased from 0.18 to 0.50 g/kg, the latter still corresponding to 99.99%
combustion efficiency. The decision was made to revert to the original test
point schedule and the inlet temperature was increased to 1620 R (900 ),
nearly up to supersonic cruise conditions of 1680 R (933 K). As shown in
Figure 4-60, the NOx emissions increased to a significantly higher levels for
this series and the next series 1620 R {900 K) and 275 psia.

The conditions at which the anomalous high NOx emissions were first
observed (1620 R or 900 K, and 150 psia and low equivalence ratios) was
repeated before ending the test. During the reduction in inlet conditions, the
combustor flamed out, but was immediately reignited by the hot ceramic liner
when the fuel flow was increased (the ignitor torch will not operate over 30
psia). Emission readings which yielded NOx EI's of 0.90 and 0.62 g/kg. These
values are very close to the original low value of NOx EI of 0.55 g/kg.

After opening up the rig, but before disturbing the fuel-nozzle, it was
observed that only 4 of the 8 fuel jets properly passed through the air nozzles
{with no air flow). Upon removal of the fuel injector, it was found that the 1/4-
inch fuel tube was warped about 0.1 inch radially. Three of the eight injector
tips were severely bent and a fourth was plugged (the plug was temporary as all
the tips were open when checked again). The exterior cylindrical surface near
the end of the centerbody where the centerbody cooling air is ejected was also
foungi to be oxidized. No other clear evidence of high material temperatures
was found.

It is not clear what caused the fuel injector damage, nor is it certain
when it occurred. As stated above, it appeared to be operating properly after
assembly. According to reports, the damage did not occur during disassembly.
Assuming that at least some of the damage occurred just before the abnormally
high NOx emissions were measured, then the higher than expected NOx
emissions can be attributed to poor atomization. Based on experience gained
during nozzle spray tests, much of the fuel must have been running along the
centerbody after the damage. This would explain the oxidation at the cooling
air ejection holes. The fuel running along the centerbody apparently stabilized
a flame at the air ejection holes. This may alsc help explain why the last two
NOx emissions readings dropped back down to nearly the lowest value. When
the nozzle damage occurred, the NOx emissions increased for two reasons, poor
atomization and the flame moving upstream to the air ejection holes. At this
time, the material became hot and it continued tc hold the flame at the holes,
until the blowout occurred. By the time relight had occurred, the material had
cooled and the flame stabilized further downstream, yielding an intermediate
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increase in NOx. During the test at the most severe inlet conditions, with this
scenario in mind, some consideration was given to purposely putting out the
fire and relighting with the hot liner to see if a new flame position and lower
NOx emissions resuited. Unfortunately, this was not done.

The CO emissions in Figure 4-61 are in good agreement with previous
results. They are close to equilibrium levels down to flame temperatures of
2800 R (1556 K] or below. System designs for the HSCT combustor have
always maintained the design flame temperature above about 3200 R (1778 K}
for a minimum of a 400 R {222 K) stability margin.

in summary, the primary goals of this test were only partly
accomplished. The HSCT Cyclone Swirler's NOx emissions were shown to be
acceptable at supersonic cruise pressure. For the more severe conditions, the
NOx emissions results are inconclusive because of the damage to the fuel
injector. Combustion efficiencies were always excellent. Adequate margins for
lean stability continues to be seen. The combustor exit profile continues to be
relatively flat. Some flame holding within the throat of the Cyclone Swirler is
evident. This will have to be addressed, but there are 2 number of known
design modifications that can be employed if this burning at the centerbody
cooling air injection holes continues to be a problem, all of them with very
minor trade-offs. There continues to be limited evidence of dynamic pressures.

4.5 Multiple-Venturi Swirler Mixer {(Multiple-Venturi)

This section describes the results of two 4 atmosphere single module
tests of the Multiple-Venturi mixer concept developed at NASA’s Lewis
Research Center. The module (Figure 4-62) consists of seven small swirlers
arranged in a hexagonal pattern {one in the center}. The fuel injection device is
a miniature simplex atomizer developed by Textron Fuel Systems. This device
had previously been tested at both Textron and NASA’s Lewis Research Center.

4.5.1 Multiple Venturi Single Module Testing

The initial four atmosphere pressure test (Configuration G1) simulated
the most stable configuration of the device found during atmospheric
combusting tests at Textron. As shown in Figure 4-62, the fuel injector tips
were positioned approximately 1/16th inch downstream of the venturi throats.
The large, 4.89 inch, dome diameter was used. The resulting dome velocities
(10-15 feet per second) were low, at approximately half of typical design pilot
dome velocities.

Configuration G1 ran successfully at inlet temperatures ranging from
ambient (515 R, 286 K} to 1115 R (619 ¥} and combustor dome pressure drops
from 5 to 7 percent. Lightoffs were easily achieved at all conditions. Blowout
data was not obtained since fire continued to burn in the combustor even after
fuel flow was turned off in several instances. Such occurrences and the
difficulty in stabilizing the flame during Textron tests in which there was no
abrupt step at the dome discharge suggest that the flame is not swirl stabilized
but rather bluff bedy stabilized.

Configuration G1 NOx emissions were comparable to the NASA multiple-

venturi data as shown in Figure 4-63. Combustion inefficiency measurements
were very consistent for Configuration G1, as seen in Figure 4-64, with inlet
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temperature and dome pressure drop variations having no effect. Note that
emissions data comparisons were made only against the NASA Multiple-
Venturi data having a 1.8-2.5 millisecond combustor residence times.
Configuration G1 combustor residence times were roughly twice that, at 2.4-
4.4 milliseconds. Differences in measured combustion inefficiencies between
the GEAE test and NASA data could be attributed to the longer residence times
of Configuration G1 and the significantly higher dome velocities (57-70 ft/sec}
of the NASA tests.

Multiple-Venturi mixer Configuration G2 was tested at high pressure
conditions {4 atmospheres). Configuration G2 has the same axial fuel injector
positions as Configuration G1 with the injector tips extended 1/16th inch
downstream of the venturi throats as shown in Figure 4-62. However,
Configuration G2 had a reduced dome height relative to Configuration G1 {3.67
inches compared to 4.89 inches}, which resulted in dome velocities which were
typical of a pilot stage design, 22 to 35 feet per second.

Figure 4-63 depicts a comparison of NOx data between Configuration G2
tested at GEAE and at NASA’s Lewis Research Center. As shown in the figure,
the measured Configuration G2 NOx values range from 4-5 EI at 3600 R (2000
K) flame temperature, and in general, are comparable to the NASA-Lewis data.
Configuration G2 NOx emissions were also lower than those of Configuration
G1, as Configuration G2 combustor residence times were roughly half of
Configuration G1. Figure 4-64 compares the combustion inefficiency results
between the GEAE and the NASA-Lewis tests. As shown in the figure, the G2
combustion inefficiencies were lower than the NASA-Lewis data and slightly
higher than Configuration G1 data at 1140R (633K]) inlet temperature. The
difference between the Configuration G1 and Configuration G2 inefficiency data
is also consistent with the residence time difference of the two configurations.

4.6 Supporting Cold Flow Mixing Experiments At CR&D

A full report of these activities is contained in Appendix 9.2. Thus, only a
summary of the cold flow mixing experiments is given here. The non-intrusive
laser-based diagnostic technique of Spontaneous Raman/Raleigh scattering
was successfully extended to elevated pressures to measure the scalar flowfield
downstream of a single IMFH (Iintegrated Mixer Flame Holder} tube at elevated
pressures up to 150 psia {10.2 atm). This study represents the first practical
application of Raman/Raleigh scattering at elevated pressures. A single IMFH
tube was mounted in an 8 inch combustion tunnel with large optical access
build specifically for the purpose. Detailed measurements of mean and rms of
temperature and major species were made at three axial locations downstream
of the burner exit in a premixed flame region with liquid fuel {both kerosene
and Jet-A} to demonstrate the enhanced capabilities of the technique.
Provision was made to account for laser-induced fluorescence and flame
generated luminescence anticipated in this application. Measured data,
however, showed that the interference from laser-induced fluorescence and
flame generated luminescence were minimal and easily accounted for under
the conditions examined in this study. The results showed the measured
temperature and scalar profiles to be representative of flow fields established
by a premixed fuel/air jet issuing into a recirculating product field downstream
of the exit. The expertise and experience gained from this technique is
expected to be applicable to all such applications at elevated pressures. The
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major goal of the program to demonstrate the feasibility of such measurements
has been successfully met.

4.7 Laser Diagnostics at Pennsvlvania State University

A full report of these IMFH fuel-air mixing studies is contained in
Appendix 9.3. Thus, only a summary of the laser diagnostics activities at
Pennsylvania State University is given here. Experimental measurements were
carried out in two phases to achieve the overall goals of determining the effects
of incomplete fuel-air mixing and vaporization on the lean limit and emissions
characteristics of a lean, prevaporized, premixed combustor. In the first phase,
two-dimensional exciplex florescence was used to characterize the degree of
fuel vaporization and mixing at the combustor inlet under non-combusting
conditions. Tests were conducted at 4 atmospheres pressure, an inlet
temperature of 1140 R {360 Cj, a mixer tube velocity of 100 m/s (328 ft/s}, and
an equivalence ratio of 0.8 using a mixture of tetradecane, 1-
methylnapthalene, and TMPD as a fuel simulant. Two transverse injection
geometries {with the fuel discharge on the centerline and at the wall} were
investigated. In both cases, there was a significant amount of unvaporized fuel
at the mixer discharge. Centerline injection exhibited a very non-uniform
distribution of the fuel liquid and vapor, while wall injection yielded a much
more uniform distribution of fuel across the width of the mixer discharge.

In the second phase, the combustion lean limit and emissions were
measured over a range of inlet temperatures at 4 atmospheres pressure for
combusting flows using Jet-A as the fuel and employing both fuel injection
geometries. Contrary to expectations, wall injection produced better mixing
and yielded leaner operating limits. For a given equivalence ratio and inlet
temperature, the two injection geometries also unexpectedly yielded
comparable NOx emissions; however, wall injection allowed operation at leaner
equivalence ratics, thus yielding lower NOx levels. These results were contrary
to the GEAE flame tube tests of IMFH Configurations 6A and 6B in which fuel
discharge at the wall resulted in significantly worse performance as was shown
in Figure 4-46.

5.0 DISCUSSION OF SUBCOMPONENT TEST RESULTS

5.1 Comparative Evaluation of the Flametube Resuits

Because of the uncertainties in the development of a mechanical design
for the LPP sector combustor, the design needed to be initiated early in the
Task 5 schedule. This required making a down-select from the fuel-air mixers
be developed very early in their development and evaluation. Although the
Swirl-Jet concept had been chosen as the favored approach for the preliminary
mechanical layouts for the studies full size engine combustor, the available
Swirl-Jet test data did not support using that mixer for the sector combustor.
A tentative decision was made to use the Cyclone Swirler for the pilot stage and
the IMFH for the main stage. At the time, given the available data, the choice
was an obvicus one. These two concepts both had demonstrated very good
performance for the proposed applications very early in their development. The
selections were made with the understanding that they might be changed if the
performance of one of the other fuel-air mixer concepts improved and the
sector combustor design was not tco far along. It was also understood that
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this selection of fuel-air mixers for the sector combustor did not necessarily
commit the long term LPP combustor development to these two concepts.

5.2 Selection of the Preferred Mixer Designs for Sector Testing

The fuel-air mixers for the sector combustor design were selected based
on their demonstration of low NOx emissions and high combustion efficiency
performance over a range of operating conditions. Ideally, the fuel-air mixers
will maintain their relatively low NOx emissions even at flame temperatures
higher than the supersonic cruise design point of 3600 R {2000 K} and
maintain acceptable levels of combustion efficiency for relatively low flame
temperatures, and do this over a wide range of combustor inlet pressures and
temperatures. Meeting these requirements, would allow the fewest number of
fuel stages. As a first-order indication of flexibility of the mixers in this regard,
their acceptable performance range was quantified by the ratio of equivalence
ratio for 5 EI NOx emissions divided by the equivalence ration at which
combustion efficiency dropped to 99%. These ratios are tabulated in Table 5-1
for the mixers in this study.

Table 5-1. LPP/LDI Comparative Performance

Single Cup
) ] Test at P3 O (NOx EIl = 3)

Mixer Design (atm) ® {Comb. Eff. = 0.99) | Pa{atm} / T3 (R}

114 |14-17
IMFH X | X X 1.4 10 /1410
Swirl IMFH X | X 1.3 4/ 1410
Cyclone Swirler X1 X X 1.6 10 / 1310
Swirl Jet 1 X1 X X 1.2 4 / 1460
Swirl Jet 2 X
LDI Jet Mix X1 X 1.1 4 / 1400
LDI Multiple-Venturi | X | X X 1.3 14 / 1520

The IMFH was selected for the sector combustor’s main stage since it
generated the lowest NOx emissions at high flame temperatures with
acceptable combustion efficiencies for a reasonable range of equivalence ratios.
The use of a different fuel-air mixer for the pilot stage was required because the
IMFH’s emissions performance was unacceptable at low power conditions. The
Cyclone Swirler mixer was selected for the pilot stage due to its stable
operation over a wide range of equivalence ratios with reasonably low NOx
emissions.
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6.0 SECTOR COMBUSTOR DESIGN

The HSCT LPP sector combustor design was initiated with the IMFH
concept for the main stage premixer and the Cyclone Swirler for the pilot stage.
The mixers were selected based on the test data collected during this contract.

A study investigating the influence of IMFH mixer tube cant angle on
mixing was carried out as part of the five-cup sector rig design and
development effort. Table 6-1 lists the configurations studied and the mixing
length required to achieve a uniform temperature profile. As outlined in the
table, the compound cant angle configuration resulted in shorter mixing
length. However, mechanical and packaging considerations excluded the use
of mixer tube angling in the sector design.

The success of IMFH Configuration 5 tests significantly impacted the
sector combustor design, particularly the dome design. Previously, 13% of the
dome air was used in the flametube tests for dome cooling and it was expected
that a comparable level of cooling would be required for the sector dome.
Configuration 5 flametube tests demonstrated that this air can be injected into
the mixer tubes with acceptable combustion efficiency and NOx emissions.
Since a portion of the IMFH fuel-air premixers’ air to be used to burn the fuel
could now be used to also cool the domes, the previously separate allotment of
dome cooling air became available for liner cooling. A similar dome cooling air
injection scheme was incorporated into the Cyclone Swirler pilot dome.
Preliminary heat transfer analyses of sector combustor main dome cooling
requirements indicate that the projected maximum material temperatures
would be acceptable using cooling air amounts comparable to levels already
demonstrated in the Configuration 5 flametube tests at low and high pressure.

The HSCT combustor system design layouts developed in Section 3.3.2.4,
assumed the use of advanced high temperature materials. Since these
materials were not yet available, an alternate liner cooling design was utilized.
Film cooling was known to be undesirable based on the experience of spent
dome cooling air discharge during IMFH subcomponent tests. Backside
impingement cooled metal liners were selected to accommodate these design
constraints. The cooling air discharge of these TBC coated liners and side
panels was located downstream of the gas sampling plane to best simulate the
emissions of an actual HSCT combustor design. As much cooling air as
required to insure a reliable test vehicle could be used without impacting dome
flame temperatures and combustor sector emissions. The sector was designed
in this manner to evaluate the dome characteristics in isolation from liner
cooling and sector cooling effects. An option to block the liner aft end cocling
flow discharge and to redirect the flow through the liners is open for
subsequent tests. If this option is exercised, the emissions samples would be
affected by the liner cooling flow levels. Meanwhile, the emissions data that is
obtained without the confounding effects of liner cooling air injection can easily
be scaled to any level of liner cooling air along with its impact on dome fuel-air
ratic. All this assumes spent liner cooling air is not returned to the dome and
injected at the exit of the premixers. This is always an option, but will involve
tradeoffs with mechanical complexity, as well as some areas of aerothermal
performance.
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Although the scale of the five-cup sector combustor is much smaller than
the baseline combustor HSCT engine, many characteristics of the sector
combustor are similar to full size HSCT combustor designs. Among the sector
parameters that will be closely matched to the full size HSCT combustor design
are the IMFH tube dimensions, the dome reference velocities, the combustor
residence time and the pressure drop.

The sector combustor design has three domes. The initial combustor
sector design is shown in Figure 6-1. The sector was sized to an existing 60°
sector test rig with a turbine pitch {average combustor exit} radius of 12.6
inches. The center dome has five Cyclone Swirlers for the pilot stage while the
outer and inner domes have 30 and 20 IMFH mixers, respectively for the main
stages. The pilot dome was designed for a variety of axial positions to
determine the optimum pilot dome recess relative to the IMFH domes for pilot
stability (Figure 6-2). The sector has a dome height of 7.8 inches.

The sector design was changed to a rectangular cross-section as shown
in Figure 6-3 to simplify the design of several sector parts and reduce cost.
{Note that Figure 6-2 still accurately represents a side view of the combustor
sector.] The rectangular sector retained five pilot Cyclone Swirler mixers fueled
from a common fuel manifold. The number of IMFH tubes was reduced from
o0 to 48. The sector was scaled down slightly to accommodate this change in
flow area. The now identical outer and inner domes each have two rows of 12
mixer tubes each. Every six injectors in a row are fed by a single internal fuel
manifold and fuel manifolds are mounted onto the dome structure (two
manifolds per mixer tube row). The multiple main stage dome fuel manifolds
allow for greater flexibility in investigating various fueling modes. Radial
staging would be simulated by fueling selected manifold rows while sector
staging would be simulated by fueling the left or right manifolds in a mixer
tube row(s}. IMFH fuel injector differential thermal growths and fuel line
thermal protection to prevent fuel coking were incorporated in the sector
design.

The sector combustor design addresses the stresses generated by
differential thermal expansion between combustor components. Some
combustor parts will operate near Ts, or roughly at 1660 R (922 K}. These
include the IMFH tubes, Cyclone Swirler, impingement baffles and flanges. The
combustor liner adjacent to the combustion zone will operate at temperatures
that may exceed 2160 R (1200 Kj. Where these parts that will operate at widely
different temperatures are attached or in close proximity, the design allows for
differential movement of the parts. Over the 13 inch “circumferential” length of
the sector, differential movement is projected to be about 0.08 inches. At the
same time, air leakage at the sealing surfaces between these parts are kept to a
minimum to prevent air quenching of combustion reactions which would
reduce combustion efficiency.

The combustor sector flow splits, based on the design flow areas, are
shown schematically in Figure 6-4. Flows are presented as a percentage of the
total dome flow, as a percentage of the combustor flow and as a percentage of
the sector flow. Although both the liner and side-panel flows do not go through
the dome, they are expressed as percentages of the total dome flow to more
easily gauge their relative magnitude. Likewise, the side-panel flows are
presented as a percentage of combustor airflow to help keep them in
perspective.
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The combustor sector test plan has the following three objectives:

A. Obtain emissions, crossfire, and lean blowout (LBO) data
characteristic of the IMFH/Cyclone Swirler 2D sector,

B. Demonstrate low NOx emissions and low combustion inefficiency,

C. Assess the impact of fuel split variations and staging on emissions.

To demonstrate these objectives, the combustor sector will be operated at
combustor inlet pressures representative of supersonic and subsonic cruise,
sea-level takeoff {SLTO), and idle conditions. Combustor inlet temperatures
will correspond to the inlet pressures up the current facility's maximum of
1560 R {867 K). The key inlet temperatures are presented in Table 6-2.
Combustor flame temperatures will be varied by adjustments to combustor
fuel-air ratio from at least a lean 99% combustion efficiency level to a 5 EI NOx
level. Stage to stage flame temperature {equivalence ratio} variations will be
investigated.

Table 6-2. Principal LPP Sector Combustor Inlet Test Conditions

Flight Condition Pressure (psiaj Temperature (R}
Supersonic Cruise 169 1560 ©
Supersonic Max. Climb 184 1560 *
Sea-Level Takeoff 301 1385
Subsonic Cruise 88 1065

Idle A 35 702

*Facility Maximum in 1993

The planned test sequence is broken down into the following five planned
test days:

1. Collect data during a slow ramp to and at supersonic cruise
conditions. Perform fired system checkouts.

2. Collect data at supersonic cruise conditions with baseline and
varied flame temperature and fuel splits.

3. Collect data at sea-level takeoff conditions.

4, Collect data at subsonic cruise conditions. Investigate staging and
cross-fire variations.

S. Conduct pilot only studies at idle conditions.

Emissions data will be collected using four gas sample rakes each with
five sampling elements. Individual as well as ganged rake sample will be taken.

The test plan to assess the cycle emissions for the first HSCT sector is
divided into five test days per test. During each day, conditions will be
changed, fuel staging and local equivalence ratio (flame temperature} will be
varied, and emissions samples collected in the sequences of Table 6-3.
Combustor flame temperatures will be varied by adjustments to combustor
fuel-air ratio from at least a lean 99% combustion efficiency level to a 5 EI NOx
level. Also, the then current facility’'s maximum inlet temperature was 1560 R
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Table 6-3. IMFH/Cyclone LPP Combustor Test Sequence.

DAY 1: Slow ramp to supersonic cruise condition:
Design: T = 1671 R, P = 169 psia
Cell 3: T = 1560 R, P = 169 psia

# Pretest checkout.
Pilot lightoff at Idle: T = 702 R, P = 35 psia. Fired checkout,

A1l premixer lightoff at 310 R. Full Fired checkout.

Intermediate point checkout 1360 R,
Supersonic cruise condition flame temperature variations.

# Shutdown along similar condition schedule.

&

B %

DAY 2: Supersonic cruise condition variations
{Flame temperature and fuel flow splits):

%

Repeat day 1 start-up procedure with fewer check points.
Supersonic cruise condition flame temperature variations.
Supersgonic cruise condition dome fuel split variations.

%

%

* Supersonic Maximum Climb option:
Design: T = 1709 R, P = 184 psia
Cell 3: T = 1560 R, P = 184 psia

DAY 3: High Pressure SLTO condition:
Degign: T = 1385 R, P = 302 psia
Cell 3: T = 1385 R, P = 250-280 psia
{pressure limited to remain on 20 atm air supply).

* Repeat day 1 start-up procedure with fewer check points.
# SLTO condition flame temperature variations.
* SLTO condition dome fuel split variations.

BAY 4: Subsonic cruise condition staging & crossfire variations
Degign & Cell 3: T = 1048 R, P = 88 psia

& Pilot lightoff at Idle: T = 702 R, P = 35 psia
Selected premixer lightoff at 510 R. Fired checkout.
Staging variations. Flame temperature and fuel splitc variations
at 1048 R, P = 88 psia. e

DAY &: Idle: Pilot only studies

® Pilot lightoff at Idle: T = 702 R, P = 35 psia. Fired checkout.
Blowout studies. Supplemental points from day 1-4 schedules.
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{867 K}. Subsequent sector combustor tests, starting in 1995 and beyond, will
be able to operate in a new combustor test facility with inlet air temperatures
exceeding the maximum HSCT combustor inlet temperatures.

7.0 CONCLUSIONS

The goals for this program have been achieved. Combustion system
performance goals needed to meet the operating requirements of the HSCT over
its flight envelope, while also meeting the HSR Program NOx emission goals,
have been defined. Preliminary combustor system designs are proposed.

These designs include features that allow the combustor system designs to
meet the combustor performance goals.

Flame tube evaluation tests of the Swirl-Jet Premixer, Lean Direct
Injector {Jet Mix}, Integrated Mixer Flame Holder (IMFH)}/Venturi IMFH,
Cyclone Swirler, and the Multiple-Venturi Lean Direct Injection fuel-air mixers
have been conducted. Of these, the Cyclone Swirler and IMFH premixer
designs had the best performance and were selected for incorporation into a
sector combustor.

A three-dome 5-pilot-cup sector combustor with a Cyclone Swirler pilot
stage and IMFH main stage has been designed, fabricated and built up for
evaluation tests (performed under the follow-on contract, NAS3-26617).
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Figure 3-8. Schematic of the Multi-Venturi.
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Configuration 2b - Counter-Rotate Configuration 22 Co-Rotate

AP, 3 T3,% P3, psis 4P, £ 13,°% P3, psis

I 450 17.0

A& 3 450 17.0

38 450 17.0

& 3 450 §6.0 & 3 450 §0.0

&2 450 60.0 % 2 450 60.0

B 3-i___&s0 §0.0 O 5.7 630 0.0

@ 6-8 950 §6.0 o 7 950 §0.0

3 950 $G.0 & 3-5 950 60.0

2 950 60,0 &2 950 80.0

. ) ) 60.0 o & 1006 60.0
20.0 T T 1 ] ¥ I !

10.0

=TT

§

Program Goal

1.0

NOx Fmissions Index

IR

t
Q

§ i i i i i i

bodrkd

i

S |

i

@_“ : 1200 1400 1600 1800 2000 2200 2400
Efficiency Corrected Flame Temperature, K

Figure 4-9. Swirl Jet Configurations 2A and 2B NOx Emissions.
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20.0

1.0

Inefficiency

0.1

Configuration 2b - Counter-Rotate
AP, % TB,OF P3, psia

Configuration 2e- Co-Rotate
AP, 7 T3,°F B3, psia

# 3-7 650 60.0 d3  5-7 650 60.0
6-8 950 6.0 o 7 956 50.0

3 950 60.0 A 3-5 950 60.0

X 2 950 60.0 52 950 60.0
@& & 1000 6.0 ¢ 4 1000 60.0

1.0

Program Goal

T T ] I

§ i

§ i i i

1200 1400

1600 1800 2000 2200

Efficiency Corrected Flame Temperature, K

Figure 4-10. Swirl Jet Configurations 2A and 2B Combustion Inefficiency.

NASA/CR—2005-213326

93

2400



080°0

9¢€0°0

dEQ&E%&&<%§mﬁﬁEgmE:%%Eogﬁﬁ%§§ﬁ§u§%ﬁmQZQMSEm

4, ovTt/evsd 05z = f1/fa (%)

7€0°0

OFie} XTV-Iong

¢e0°0

0€0°0

820°0

9%0°0

i

¥

¥

8

¥

L

0°E-

6 e

0°1

0°¢

4, os6/ersd 09 = €1/fq ()

oF3vy AFYy-Iang

050°0 870°0

9%0°0

§ i

A

{

0°€~

0°¢~

0°1-

0°1

¢z

0°¢

‘L

S3YOUT

%4

NASA/CR—2005-213326



"suoneue A uoidafuy jan,f X1 19f 9y JO onewoyds v -y 2ndi]

S2|0Y j2iKe BU) USSAIDG-LY BIB SBIOY [2ipes 1daoXD TH PING S sWeS - p# PINg
SBI0Y [E{e BU) USBAMIBG-U| 8J. SO[0Y [B1pes 1desXD L# DIING St SWES - £# ping

S# pling L# ping

N
] B @

95

NASA/CR—2005-213326



26 pph

50 pph

at 26 and 50 pph

ion

£

iza

isual

Spray Vi

X

igure 4-13. Jet Mi

.

F

96

NASA/CR—2005-213326



doiq sunssaud %C¢
douqg aunssaid %C

douaq) asnssadd ¥/

&

X

O

Spw] ANfIQRIS | uoneInByuoe) XA 19f -y aindiy

006

008

y-¥:Y

004

(4) sampusdws) sy

X

009

006

O0%

00¢

002

001

0

.20

Ls-xe3

&L
LAY

&
T

53

s}nsay 1s3} ousydsouny

o

0110y 2ouD|DAINDT O

97

NASA/CR—2005-213326



dosq sansssld %¢ &
dos] 24nssdid %S X

dos sinssaid %/ 0 O

0086

sy ANjiqRIS 7 uoneIndyuo) XIN 19f G [~ ndy

(4) sampusduwiay 38|y
008 004 009 00§ OOF 00C

00¢

001

G

&

R
2

s}nssy 188] sueydsouny

o

onoy @oup|pAINbl 0g7

98

NASA/CR—2005-213326



doisg sunssaig %o
doug sunssatd %C

douqg sinssesd %/

H

X

-0

006

Spwr] ANjqelS ¢ uonen3yuo) XA 191 9[-y aindig

(4) eamypuaduwis) o)y
008 004 008 005 OO0y 00

FADENS, B
d TRTN 4

00¢

001

Co

3=
.4

sS}NS8y 158 dusydsouwyy

99

O130N 8ouDpDAINDT OH1

NASA/CR—2005-213326



doig 24nssasd ¥C 4
dodq aunssaid ¥¢  x

dos ssnssaid %/, o

'sHwi] ANjiqeIs ¢ uoneIndyuoes XA 191 L[ ainSiy

(4) sumpusdwa] yo|u

006 008 004 008 00 0O0F OO0

- A 8,
& Vo Ca) N

00¢

001

1

X%G

s3nsey 183 ousydsouny

™

olIDY 82uDjDAINDT 07

100

NASA/CR—2005-213326



visd Q9

svaANsSsaid 190Ul

4 006
4 069
4 08t
4 06¢

O X b #

[l

't

Vv AousIoy)H uonsnquio) | uonemdyuoy Xip 19f g1 2andig

01Dy 22uUs|DAINDT

} 6

a°

[

L P

#Zl

0

0z S
3
o
-
03]
e

oy S
7y
=
o

os 9
L9
A 4
o
)
VWewrs®®

og

001

101

NASA/CR—2005-213326



ersd 09

c@Inssaid 391Ul

4 008
4 068

4 0S5
4 06¢

a X b #

08¢

'SUOISSIY XON [ wonendyuo) XA 19f g1~ 3ndig

(M) simpussdwsa] swp|4 P3}09.4107)

0Qse 010} 2 00Z¢ 000¢ 810)°74
o
[T
&
5
P X
A o
& £ m
Q
&
O
=
g U
Rl
f-
®,
@miﬁs\
;
¥l

102

NASA/CR—2005-213326



"LNIUS A -THNAL PuB HAAL 43 [iss XON XTA-I9[ Jo uostedwo) “OZ- 2inig
¥, 0191 = €1 (9)
(031338003 443 BX0D) o "3BNLYEIIRIL 3IWVid

L4

&,
\

@nwv%av@_g

¥

¥

YPIPE VY XIS
HYOPE @ IR
YPEET 28 "A'H
HOIVE BT MY
BOIPE VE MY

L 8-0h -4

AR

é

\li
L]

8

§
T

IERE N

fw i 3

15858 §

Kbqv

-«

i

i
&

& 008e)

géw&u» BNV U Xﬂmmwé b 4

FIVHIAY umrmzxzxq wm&w\y«w&, 3dRYS n - xuOZM mzommmmxu 0N
g, 016 = €L (®)
(03103WH0D " 343 8HOD) o "IBNLVYIGNEL 3RV

A, 0111 = €1 (9)
(031038H03° 443 8R0J) H "SuNiVYIdKEL 3KV

oY g%v @ﬂ% @wﬂ& @&g @@.@& Oﬂg @m@“ SOy
; 3 : 4 3 3 } oo
o HEIEY WY XIS @ \\\v\\\\\\lﬂ‘bﬂ.ﬂ.
- WIS LE XIW® 3 o4
N HETST I8 CAH M YAYE e
[~ ©OPES B3 AN 4 ERWI TN .
- WOBES VR MSKI @ . -
m TNEBTY -] m

i

TSR BN

I

2

%

gﬁg Eoiat Ewmwg b
IOVHIAY Uwh&%bwmﬂ wmmw>é.m. VS m - xm@ZM mzammwaw *ON

@

‘X30NI NOISSIW3 XOn

USR]

teny Bx/8

<
‘XIONT MOISSINZ XON

1en; 8x/8

ooy  sew osw & eamE oS . ows M L m x=

} § d $ 4 $ ¢ oo
- HE28 BY K W \\\»\\\\.@aﬂﬂ
- HOEY B MW O Z;
B ¥SI8 I8 AN 3 QM%W.&‘(&W -
n YEIB BG "A'H 8 o
L. OB WG KX 3 ol
- ONIBF L p

~

\
qx e »
w

\\

b4
i

fE5 i 8 8 3

/\\

- g&w&&&«w

a

R d0BE)
Aﬂﬂ. g&w&ﬂw@égwg o

(23

4

FOVHIAY uwwazkmm« mmmm\y@Eb FGHYS m - KWGZH SNOISSING XON

K30NI NOISSINZ %OM

feng By/8

103

NASA/CR—2005-213326



"UMUSA-TNA PUB HAN] 512 Yiam Aoustoyiy uonsnquio]y XA 191 jo uostreduwro] *[z- s

{03L334HOD " 4437 8W0T) Y “JUNLYHIAWIL IWYd

oovYy 002y 000¥ 008€ 009€ oove 002E 000€ o082 o
i 4 |4 1 3 i F
Wﬂa

~  WYIPT 98 XIWP N HITTE 539 AW M -
- WE2E 98 XIW® W HEYE 29 AW 8 - 2
. HYOPY L8 XIW® N HYPEET 129 "A'W 3 .
U868 48 XIW® ¢ HOTE VG HdWI 2
. HEIS IS AW X HOTPY VG HAWI ¥

ON383"

mmﬁmmwm& "HLY P o~

TOAY QM%MEE%MEQ wmmm>4m% wgaﬁﬁm G - %@ZMM@H&&MZH Z@M%mnmxﬁu

AJNSIOT443NI NOILSNEKWOI

104

NASA/CR—2005-213326



‘suolssiuy XON ¢ - | suonemndyuo) HAN| 7z-v o8y
{03L03HH00 " 4457 8HOT) M "3HNAVHIdWIL 3WYd

0052 Qawwm @mmm @mmm @@%& @&@m Qmmw cﬁmmw @ﬁ.hw Qoww.w Qmmm @@Ww @mmm 0oey

¥ H ] ¥ [ § L ¥ ¥ 2 8 4 wau @W
» dVEE "WIBROT W SIINDD ¥ ” -
dYES WIBDY ¥ " 9IINDD 8 %%EE%%%EW% B a
B wiBy .y 9I4NOD ¢ e X e
... T8E°9IANCD J xxx\\ X \\ . YLVO dd7 N
oVE "SI 4NOCT (B \\\ ¥ X e O3HsINaNd B v
- WETOIANOD X |7 VS -
- 2°9I4NDD ¥ X QW s + - B
- TUOIANDD 4 ; #O S .
- SNECER w_ 2X A o R
\‘Q m g @ \\\ Q
» s - 0 -
e 6 @\ + ]
3 \\\\ : & \&\ o T e
s ¢
e ew - A sL@Ea \..vn.miae + - - - - et
- \\\ o ¢ ) ] @&m ] am..,m= p— &
- s ¥ o0 Vv Y09 XON o o
e g 6 ST 0 0 -t g
” ] x\\ N ) ) MW@M@\\ H ) b ) ) _ ) } _ H 8
-~ & ¥ %\\ X @ ¥ - 03
o & o $ 1 %
s / x L] ® i m
// ‘ \\\ X ‘
N P SNOILLIONDD
- Vewne” IIJAT 32 -
- = 4
4 . ] ] 8 3 B ] i ] 3 i

ISHIAVHL I gWYS S J0 IOVHIAY JTL3WHIIHY CLITINI WLV ¥

‘Y30ONI NOISSIWZ XON
105

Teng Bx/8

NASA/CR—2005-213326



00&2

'SUOISSIWH XON  PUE g€ suoneindyuo) HAWI ‘£z 2indig
(03LI3UHOT " 443" 8WOD) M ‘JWNLVHISWIL IWyd

ooy goee gose 00T 38 0002 008% 008Y 00LY 0083 006y
| | - | ! m | m 0
® o .
" om Wv o o
g T
§
- o6 \\ ==
- ¢ 0 A@@Mv \\\\ o
» \\s é & o B
& @ N
i \\ .
66 7%
! \\ g
, &
i o / J
&
| A
I'4
- ¢ xx\ | SVEE WiV OF ‘r°9IdNGD ¥ ~
xx NOILVISHHO | &7%G WiV OT ‘F 9I4NOT B
. y NOLLSNEROZ WY ¥ 'y OISNOD 6 -8
\x INVOHd ded) WLY ¥ °GE°9T4NOD o
- & MZQE@E«P«%ZM> mmzmwm.um P
/ ~3:4:0H
§ : § 8 g 3 3 8 2 8 g

SSHIAVHL IdWVYS § J40 39VHIAY JIL3WHLIWY

‘BWTL sJUBPISSY/II XON

8&/13

106

NASA/CR—2005-213326



‘19 XON Jo uonounyj e se Aousidijjsuf uonsnquio)  pue g¢ suonendyuo)d HAWI pz-y 3indig

18ng 83/8 “X30NI NDISSIKI XON

i i i

02 &% 0% wm
¥

¥ ] L]

W03 XON

n esan G

d, @M: dV 2¢ ‘®W3® 01 ‘% DIINGD <

A4

- = "L {dV Z§ °WI® 07 ‘v DIINOD gm o= < -
- 4, 056 = L ‘WIB 4y SLANGD @ © o b o -
- 18 D1iNOD <& | eo @ -
— m & -
- ANEGITY < w m -
o £ i P i
~ ) M

- 7 -
- IVOS o 1° s
— AJNIIDTS43INT w o
prrnne W 00
. | < -
= ! Lo Fo =

i

i

|

]

i

i

i

i

8 & i 2

SSHIAVHL 3EWYS § 40 FOVHIAY JIL3WHLIIYY

"AONZIDIL43NI NOILSNEWOD

%

107

NASA/CR—2005-213326



"sawayag s3reyosi(y 11y Suljoo)) sepjoyswel ] gy pue b suonemdyuo) HAWI ‘§Z-p S

gy uwopieIndyzuc)y HAWI () y uoyleandyjuod HIWI (¥)

VI o = e m 3 { -2
maa FRe Nﬁ A (7075
§
sysedmotd N W J syaedaotd | N WM
38avYo8Iqg > uoTI0eITq a831wy08T( VOTIDBIATQ
aty Sugyood - ) ) T ROT A a1y 3urioon ® #OTA
Ispioysue 8 N 13pToYsUETd ~ 1 N %
proysmery / N w F N
N e N\
.u.«. .aa ﬁ\ -
éﬁv&ﬂv
{ 3 { 3

108

NASA/CR—2005-213326



"SUOISSIWE XON 2qn L dWel gy uoneindyuo) HAWI 97y 2ndiy
(OBLITHHOD " 43" EWOD) M "SUNLVHIIWIL Wy id

8082 @mwmm @@%m QO0EE 0082 0O0t2 0002 Q08T O08Y 004% 008Y 008 00FY 008
} 4 R R ! } } | ! } i : ;
B w38y 8y 9TINOD + ’ .
. dVEE ‘WIBOT Wy 9I4NOD ¥ P G -
dV%G ‘WIBOY 17 DIINOD B e Xt Y1YE dd
- wisp iy " X d -
B 18p wawwmzmm $ je ¥ X \\ g3IHSIEnd
TEE " 9I14NOD o i -
- WETSIANGD X[ 7 |, o —
- ‘ON393T 3 : Bo -
- 4 »% -
o en e 5 e e e 1 2 i 3o Fen \\ X(V&n i —
I R 4
&
5 A .*@w@ o
. L B -
o T
- o + oH ¢ : -
N Vy & W03 XON -
”M < 3 § H
™ 7 T e o e g e -
PRS-
3 8 ¥
w&ﬂ& * e & ooy
SNOTLICONOD
o 37043 30 -
- § 2 . L 8 g [ g g 8 i g §

ISHIAVHL IdWYS § 40 3OVHIAY JILIWHLILY ILIWNI WiV P
SLINSEW L1531 J8NL FWVd HAWI LISH

‘XIONI NOISSIWZ XON

Teng By%/8

109

NASA/CR—2005-213326



52

"S1093F Youang 1y ut[00)) Japloydwe]f HAN] ‘LZ-p 2ndiy
(1T°n3 23y/3) xopul SuUOTSSTWY XQON ‘

i i ! !

ge 57 o¥ S
]
T

§ ] i

ome"1Y 0 KON e

d/d0 %E€°L~L°S 8y 9I4NGD
e

tye

o

ﬁ// vog

AINIIIT HJ43NI

P poren s o
e 3os £ SN D SO RN GO T OO EXK TS LXK RS D Hory e Shwed Y ORADy ER R €A TS T LD RS AN IR D K g ——

d/d0 %57 4~6° 1 pe9IANOD

s e s s A S R S D BT DD WD s Rty D T D S G s Ger fpaas Do omers s ook G ey a0 Cxx s> e B cowes D G

8 i i i

FHNLYEIWIL L3INI 4 096-0v6 ‘BHNSSIHd LIINI WLV ¥
P OTSA 87 "OIANOD SL03443 HINZND HIVY ONITN0D H 4 HIWI

< (s

QW W
=t

"AONIIJISLINTI NOILSNERWOD

4

110

NASA/CR—2005-213326



oove

Koustolyeu] uonsnquoy A uo adusnjjuf dosg sunssaigd ‘gz~ 2indiyg

A OTBHUNLYHIGWIL WY

o lslor goge 0@ww 0002 0086% 008Y 004LY 0087% 008%
4 m ¥ m ¥ m ¥ “ ¥ m i m 3 m & m ¥
- g
- = 8
0%
,w.uu
o oo 2
- e 14
- P - N cE g e . - 9
- X ~_ d/d0 %¥2°9-4°y 4 v88 - .
e 03
\\ ¢ (4]
— / R
- @N e -
- N -
- // -t P
- / -
e ot g
- M - 8
— - 0%
- d/d0 ¥6°2-9°2 ‘4 889 d/d0 ¥9°7 ‘4 688 -
s ) - 2
>
e . 14
1 § 3 3 i 3 i 1 2 g i [ i § g g

FHNLYHIGWIL 4889-799 UNV 3HNSS3Hd WLVY 103443 J0HO JUNSS3dd

AONIIOIAL3INT NOILSNEWOD 8Y 9I4NOJ HAWL

NOILSNBKWOID %

AONZIITJT443NI

111

NASA/CR—2005-213326



‘Asustolyjouy uonsnquio) HAWI uo wayg simesadwa] 10]u] “gz-p 24ndig

A "FUNLVHILWIL IWVTId

oove Oommw mmmm fs[13 %= 0002 0067 008Y 0047 0087% 00%sY
3 1 5 3 '{ m [ w ¥ m 4 m 1 m ] w ]
T = g
- - =
e P-
- a/d0 AT A ’
4 ¥E'L~L°C "4 BGB eT\\ e
- Mw . 14
e \\\ ] a
- - -~ \0\\ S . o/d0 %2°8-Lv d ve9 =
zﬂw@\ e - 0%
\ ~ o}
. / -
- A\ N - B
el / .
- / - P
. d/d0 XV°S-L°E ‘d 0SY ¥ N -
- -~ -1®
- % M - g
2. 0%
¥
.. - 2
e ) o 4
i g 1 g i g 8 § g 3 i i § i 8 i g

JHNSEIYd Wivhk LV 103443 JHNLvHIdW3L L3TINI
AINITII443NT NOILSNEW0D €Y 9TI4NOJ HAWI

AONZIJIJH43NT NOILSNEW0D %

112

NASA/CR—2005-213326



"swisydg uonvafuf i1y Bu1joo) 1epjoH swel] ¢ uonendyuod HAWI 0c- smSig

2

7

eBqNY, IBRIW
o391 peivefuy
21Y Sugyood
1eproysas gy

BOTIINITG
ROTH

7

b o

113

NASA/CR—2005-213326



00Ge

"AdusIdlyysu] uoSNqWO)) ¢ pue gy “p suonesndyuo] HAWI 1§ o8]
(031036603 " 443 8R0OT) M SHNLVHIAWIL FWY1d

@&wm O0ES 0022 0% e 0002 006Y Q08T 004% 0087% 80GY
¥ g T m ¥ m ¥ M ¥ Jm ¥ m ¥ m 7 w ¥ m ¥
... ‘dW3L IV NIISIO - . -
S— x Fa—
= x =, © =
o €1 > -
opo -
W VH el
p 4
- 3 - o e
B e S —
L W09 -
- 3 -
- e w -
3 6
- HAVY ‘4058 5 9Id4N0D X -
o WAYP °JOS6 BF 9IdNGD 4 > -
—~ WIYOT ‘JGPT1T ¢ P 9T4N0D O3 -
- WiY¥P °‘d40SE © P 9I4ANOD @ N
- ‘OINE93 =
. . ;
JoRmAR @ ey
&
» s ® ]
3 § 8 8§ & i 1 g 8 i g 2 i § 8 8 § )] 2

AONZIJTH43NT NOILSNEWOD %

114

NASA/CR—2005-213326



'SUCISSIUIF XON § PUB @  ‘p SUONEMBLUOD HAWN] "Z¢-p 2inTiy

{031036H00 " 443 " 9W0J)

A FHNLVHIGWAL FWY1d

0082 @ommw aamvm Qawmm Qmmm @wam @w@m @mmw @@mmw @mhw @@mwm @@%w @0%& O0EY
]

¥ ¥ ¥ ¥ 3 H ¥ g ¥ ] |4 ¥ 3 ¥ ¥ 1] 1 ¥ 1 | i ¥ ¥, ¥

WAYY ‘4088 B °9I4N03 X
T WLYY °J0%6 8r° 9I4NDD <+
-~ WAVOT “JSPIE : v 9I4NGD  ©3
... WLYY °JOGE : VP 9I4NO3 @
- ONZ93T mw

S
- oF o
u 3
L.
L %w+ '
u s WO8 XON
- o
- smax
- %&% e i G ®
$

e

"WIONI NOISSIWI XON

tani 6/8

115

NASA/CR—2005-213326



00%s2

*ABuaIdljjau] uonNsSNGWo) ¢ pue gy suonem3yuosy HANI €5 a3y

(03133"H00° 443 8W0D) M FHNLVYHIGWIL 3WVId

@@Wm @@wmm @awmm @@WN @ﬁmam @@mmw wam @@mm« @mmm

0O08%

L ¥ ¥ H [ ] ¥ } ¥ ¥ ¥ ¥ g g ¥ 5 ] ¥ ¥

>

o9

w

4058 G 9IdINGD
/ﬁa

{

i

]

RN

4088 Br "9I4NC3

208% 5 9I4NOJ

e

i

¥2°8-L°€ 40 SJ0HO 3HNSS3IBd IWOD

14

8

8
a%

AONIIOTH43NI NOILSNEW0D %

116

NASA/CR—2005-213326



eose

@&mm 9

SHNSOY SUOISSIWE XON €S PUe VS ‘Gy  * SuonemnByue) HAW] ‘pe-p amig

(03L03HH0D " 443°8W0D) M "3HNLYHIIWIL IRV

@mmw @@wmm @emww ﬁm@m @&mw 0

]

wmwm o
¥

]

& g

WLVZY "J04Y3 86" 9I4NOD

HLYOT "406%%

HLYO? “H058
HLYY °J056

WivP

Hivy
HiVOE
HLVYY

‘H0G8E

"HOG6
‘HGPE Y
*H056

85 "8I4NOT
-85 " 9IANOD
‘85 °9I4NOT
V& " SIANOD

8P " 9ILINOD

32 ©9

¥

L]

@nmw o
7

§ § §

o
ol &

&L
@’  YiYD dd
S gaHsINEnd

3

rd

i

LLLE ]

WOH XON

el

beosrs

8

] B

i

i

i

11Eg g

SHNLVHIEHIL 3NVYId NIIS3O

3

] | ]

8

i

P

g

JOVHIAY DILIWHL

THY J5H3AVHL

JTIdHVE &

Gmhw @&@w @@mmm @&Ww QOEF

Boo

0%

4

"G9S 8 VG '8F Yy S9TLNOD

'WIONI NOISSIWI XON

1eni B/86

117

NASA/CR—2005-213326



OUWILL, 90USPISaY JOISNGUIOT) PUCISSH[IA Yod suoissiug XON €6 PUe ‘vS ‘gy  “p suonemSiyucy HAWI “s¢-p 2m8ig

(031330500 ° 443" 8W0D) X "IHNLYHIIWIL 3WVTid

DoGE @@mwm o0ed 802 00%e 0002 O06% 0083 BOLY 008% GOEY
; ] i } i i i  Ere— i ey @
o R
- & oo &
" o B
" e
HWAYLY “JOLTY SBG°9IND3 @
. WiVO® *HOBIT BS°9I4NGD O <
- > KiVOY ‘4068 g6°9I4N0D ¥ T
NOZLYI3HHOD HLYP °J0GE G5°8Id4N0D ¥
NOILSNEH0D o emitnge  oapge s
HiVP ‘4086 WG aIdNgd ¢
Ao INYH0HE ddT . ren. o
- ~3440H WLVOE “JGV¥% ¢ p°0IdNOD = T8
+ . HWiVy °JOGB ¢ P OIHNGD @
ONISITY

8 8 3 ] ] | 8 | i m
FVHIAY JIL3WHLIHY ISHIAVHL I dWvS & "85S T VG '8P 'Yy SOIINOD

118

‘BWTL 3JUBDISAH/IZ XON

sw/I3

NASA/CR—2005-213326



"Asustoygsul uonsnquIo) gs pue ‘vs ‘g “p suoneandyuo) H ANE 9¢-¥ a8y

{03L33HH00 " 4437 8W0D) 3 "SHNLVE3dW3L 3KV

8082 @@wmm @@wwm @@mmm @&mm @@mww mom@w @@wmm @@www @@%w @cwmw &mmw @@Ww DOEY

] ! i ! i : } } ! ! ! Py O
B HAVLT “40LF7 E5°9I4N0D @ WAYP °J0G6 WG 9I4NOD X

- WiY0T °406F7 @5 9I4N0D O WYY °40GE @y 9IaN03  +

- WLVOT °40G6 ‘85 9I4N0D W WLIVOY “4GPFT ¢ p°OIJNOD = o 8
= WiVP °JOSE ES°9IdANGD W HLYY 4086 1 vT9I4N0D e =
- ON3831 -] B
W 3 w 8
-~ 0w W 3.9
. . + > e

. FERS .

— v € W 8
w o \ 2 H oo
- W09 AONIIDIAS3NY * - -

~ - 8
= = ;%
- e MR N -

- g D n o

JGVHIAY JTLIWHLI

WY 3SHIAVHL 3dWYS & "85 B VE '8

P V¥ S9I4NOD

AINIIDIAHA3NT NOILSNEWOD %

119

NASA/CR—2005-213326



"SUOISSIUE XON $ns1oa AouUaidijjou] uonsnquio) g¢ pue ‘vs ‘g “p suonemnByuc) HAWI "L omSig

1]

1eng 6/8 °X30ONI NDISSIWI XON

Qum m (4]
T WAVLY 4043785 8IaNdD € : m ' ' .
= WLYOYL “H0611 9IS S1INGT__ O3 &
3 WiVOY °40SE :06°SIdN0D W BES
- WiVP °40G6 0S°SI4N0D v o
B HIVP °dOSE VG SILNOD ¢ v |
~ WiVP °‘d40CE 9F°STJINDD -+ - a
- HiVOT "4SPIT © P OTANGD = o 2
= WiYP ‘4086 © ¥°9IJINOD @ G5 x T
- o \ 4 ON393T 7 AAS
- - vw.g
- 57 > =
wer 3¢ o
- . e < i
- W09 AONIIDTS43N3 W
- G o
= =
. 3
- e “TYOS XOMN -
- 2 3 8 2 3 K & # 3 % % % b & )

0%

%

&
SNOILIONOD IHNLVHIGWIL HOIH LV 85 § vG 'db 'vP SNOILVHNSIANDOD

ASNITOTH4ENTI NOILSNEW0D %

120

NASA/CR—2005-213326



girelag
worIdeluy Ay

‘sursyag uondaluy ay Suijoo Japjoysel 9 uonenSyuod HANI "§E-b aundig

plealod SUTHOOTT I3V

MBTH BPIS

121

NASA/CR—2005-213326



SUOISSIUY XON V9 pue ‘g¢ V¢ suonem3iuo] Hyj uo 1edwy mogg Surjoor swoq "6L-p amdiy

{03103HH0D " 4437 8W0D) H ‘3UNLYHIGWIL 3IWVd

(101 4 @@www @@waw @wmm @mwm @oww.m 002E 0C0E o082

§ ¥ ¥ ] 3 . F SR, . @

a “qwgmwmzmu
e WAVP ‘HOTTT 1v9° 9IJNOD
bs , WLYLT ‘HOEST 85 ° 9IJNOD
WAVOT ‘HOSSY 8% 9I4NOD
WLYOT ‘HOTPT HS° OIJINOT
WLYYP ‘HOTFI 65 9TINOD
WAVY “HOIPT VG 9I4NGD
WLYY "HOTTT WG 9IJNGD
WiVY ‘HOTE ¥S OIJNGD

¥UXI<40OHE

NDILYI2UH03

NOILSNENGD —
INVOHd dd T

INVHYEYLVINSA- 9°9I4NOD HOJ Y3IQTOH

~3450 ~3WVId JHL HINOWHL § & 91aNOD

HOd SIENL BIXIW JHL OINI ST

3DHYHISIO MO ONITO0D W00 JHL

4. - 2 § I i 1 i g
JOVHIAY DILIWHLIHY ISHIAVHL FdWVS & VO 8 € S, "9I1-4NDD HoWI

122

‘BWTL 8ouspisay/II3 XON

sw/13

NASA/CR—2005-213326



"AouRIoLIaU] UONSNGUO) V9 PUE ‘gS ‘v suonemdyuos HAW] uo joedwy moly Sutjooy swiogg "Op-p 21y
(03L035H0D " 4437 €6W0T) Y "3HNIVHIdWIL 3WYTd

Felel 44 Falerd 4 000y $08BE 00%¢ 00%E 002t 000E 0082
: i w m w m m os
... _lg=
. WLYP ‘HOIPYI V8 BB e
. WiVYP ‘HOTIY vE & o
. RLVZY “m@mww B & -
. WLY0Y? HO59T? 8t 3 3 i el
- WIVOY 'HOIPT 95 W =
- WLVP HOIPI 8 X S pos o3
.. WLVP ‘HOIPI WG 3¢ -
. WLiVY HOTTE VS W 3 \ 4 ) -
| RLVP HOTE WS - ]
e [23¢] 5%] o2¢] s
- ONSIDIT € - &
— B -
o " e &3 = 5 0%
A4 v 4 —t T
- ' | W - g
- b v 4 b4 m
ST = g%
55 %@ > o
R = ¢ -
- . we
e ¢ =
3¢ IR

SOVHIAY JTLIWHLTIHY ISHIAVHL 3THWYS &

V8 9 5 S9IANOD HJIWI

AONSIOT443NI NOILSNBWOD %

123

NASA/CR—2005-213326



‘SuoIssIWy XON V9 pue g¢ suoneindyuo) HAW] uo weduw s8reyosi(] sopjoyauwe, molf Sujoo)y swog] “{y-y amsiyg
(O3LI3303 "443 "8HOD> o "3HNLVHIHRIL 3KV

ooy @@.N@ @@maw @mw&m @m@m @@W@m 8o2E DO0E 2g8e

§ [ ] ¥

P$

" =
& WiVE ‘MOIYI VO "SId4NOT @
£3 NOLLYTI3MNOD WiVP °“NOTIT VS "9I4NO3 68
NOT LSNBWOI WLV °NOEQT '6E "9I4N03 ©

INVION el WLVP °‘NOLST %6E "9I4NOD €3 Le
i TNVRYAYLVHNTA WLIYS °NGGET '8E “9I4NDI @
R WLIVE °HOLOL *GE "9I4NOD

SONZTIT

u, ' i § g g i g 8
FAVHIAY JILIWHLINY ISHIAVEL FdWVS S VS B 8E SNOILVENIIANGD

124

‘Buy) BOUBPISBY/II XON

Sw/ld

NASA/CR—2005-213326



Aousiolgsuf uoNsIqUIc] Y9 pue ge uonemdyuo) HAW] uo 1oeduwy afreyssiqy lapjoyswie]] mo[§ Buijoo)) swo 7~y 2imnSig

(031034600 443°EW0D) H "SHNLVYICWIL 3Ny Id

oorY ‘ooey 000¥ 008E 008E 0OVE o0z 000 o082
u t m } ; m g 0%
. o= &
S hne m
RXKES sy R Q
. - 8
i ey 8
g%
- RES
. WiVP HOIPT V9 B =5 - &
| WLVP CHOTIT V8 & o
" WLYP HOESY SgE  © -
T WLYY CHOLST E B3 = = = 4 7
— WLYY °dSOET BE @ - =4 9
= WiVY HOLOT [9E = =B
. {ON39I - ) ¥
s i) b 2
&2 B
e . v .
£ =
o= g8
g = 03
2] s 8
@ AR
& oms
@ € &
- - ¥
= e
= g m , =

SOVHIAY JILIWHLI

HY ISHIAVHL 27

] ] £ hisin o3
dHVS & VS § HE S, 9I4NOT HdRI

AJNIIII443NI NOILSNBWOD %

125

NASA/CR—2005-213326



"SUOISSIWUT XON €6 Pue VS ‘dy © p uonem8yuo)d HAW] uo wedwy moy, Sutjoe) swioq) "¢y smdig

(03LI3HH00 " 443 8W0D) H "3UNLYYIdWIL WV 1d

O0by @&NW @&@W mem @mmm @&@m 002E 000E 0082

] L ¥ T ¥

g WAVLE
WIVOE

WiYO0Y

W1V

i Wiv¥y
HNLYY

NOTLY TIHHOD id

NOTLSNENOD e

] INVOHd dd™ e
INVRYEYLYANIA RIVYOT

~J4:40H

3HUNLYHISW3L 3WVId NDIS30

HOEST ‘86 3I4NCD
‘HOGY ‘895 9I4NGD
‘HOTPT 85° 9I4NOD
‘HOTYY ‘85" 914N00
‘HOTPY VG 9T ANOD
‘WOTIT VG 914NOD
HOTE VG 9I4NOD
‘HOTYT 8y " GIINOD
‘HOTIT gy " 914NOD
‘HOTE -8v°914NOD
‘HO09Y - ¥ OI4NGD

dep+iUXY40

ON3a3T

SOVHIAY JILIWHLIIHY 3ISHIAVYHL 3dWVS &

8 § £
S ¥ v S, 914NOT HIWI

‘BWYL @ouspisay/I3 XON

su/13

126

NASA/CR—2005-213326



"Aouaidijyauy uonsnquio)) g6 pue ‘y¢ ‘gy  “p uonem8iuo]y HN] o 1edwy 20l 3uljoo) swoq “pp-p amiyg
| {(03103HH00 " 443 °8KW0J) H "3UNLYHIGWIL IWYd

00FY oozw 000¥ 008E 009 00vE 0028 000E 0082
” } } | : W ; ¢ OF
. WiVLE CHOEST 8BS @ -
| WLIYOT HO0S91 g8 0O v
T WLYOT HOIPI 8E W -
WYY CHOTPI S W €3 o
= WLYP CHOTPI WG 3¢ =
= WAYP CHOIIT VG W ® = P
—  WLYY HOIE VG ¢ -t &
- WLYP HOTPY EGF <+ 3 \ 4 -
.. WLYP HOI3T 8P & ¥ -
.. WiYY ‘HOIE @y @ -
— WAVOT HO0SY I v - - - o B
= - = g%
n SV EDER iEE
RERRSS X exend
- -
= x X X =
= = o8
- =
- " g A 4 e
e % sy
- oM P =1 8
= = =
= P DE oy
.. 3¢ s

SOVHIAY JTLIWHLIEY 3SHIAVHL IdWYVS & 6 8 ¥ S, "SIdNDD HAWI

127

AJNIIDTS43NT NOILSNEWOD %

NASA/CR—2005-213326



"§9 pue V9 Suonen8yuo) HAWI JO oHewsyog “p-p andig

"L1BA BQNL JPXIW

y3im usnly =bseyssig

EEXK)

40322fuy g9

> L e e,
o L2 - o

- P
e

i
-

-
o

*BUILSDIUBY BqQNY
43%1y 38 2bieydsig
s0338fuy ty9

#ITA BPIS

128

NASA/CR—2005-213326



*Aoustolijauy uonsnquio) H AW} uo 1eduwy uoisiswy 10103(uf jong g~y 2mBig

(031036H0D " 4437 6W0D) H "JHNLVHICWIL 3NV

oovY oozy 000¥ 008E 0O3E 00vE 002€ 000€ 0082
; ¥ } m m w | 0¥
o=
- 2 - 2
T WLYY CHOBPE g8 .
- WLYY ‘HPITE g9 e & o - ¥
- WLYP ‘HOIE €9 -
T WLYY HOIPY ve - -
= WiVP ‘HOTTY ve = 8
8 0%
- ONISI T &= A
- - -
. ] - ¥
- 5 e -
- - 8
= o] - 8
) o
- ~ - €
- o FUNLVHIWAL 3WVId NOISIO
- ~ ¥
- - 9
e 3 = g
= 2 =
3
i @ e
- w mt :

] . 82 | 8 m
JOVHIAY OIL3WHLIYV ISHIAVHL 3dWVS © @3V 9 S, "9I4NOD HdWI

129

AONIIOIZAINI NOILSNGWOD %

NASA/CR—2005-213326



elol 4

suoissiyg XON HAWI uo 1edui] uoisioww] 30100fuy jony £ p-p amdig

(03L336H02 " 4437 6WOD) H 3uNLVHIdWIL 3WYd

JOVHIAY OJTL3WHLIHY ISHIAVHL IIdWVYS & 83V 9 8§, "9I4NOJ HAWI

ooey 000v 00BE 003E 00vE 002¢ 0008 o082
m i ; } t } ¢ 5 07
- FHUNLVHADHIL 3NV 4 NSIS3O -
e O '
- \kn‘%@%&uﬁ‘&‘ \\NM_.
i
- WiVy Y02y 88 - YAVO dd AH - v
- WiVy ‘WpITT g8 o el O3HSIENd o -
- WLYY °‘HOTE @9 ¢ =
- WiVF ‘HOIPY VY @ s (S
- WiVP ‘HOFEY V3 BB =
ON3937 ¢
=
= T 4
- 9
- 8
o%
¥
- &
oo = ?

"XIONI NOISSIKI XCON

18ng B63/6

130

NASA/CR—2005-213326



“Iseurei(] JeOXY |, JO uonouny e se uidrejy uonudiomy aqn, JOXIN UMUSA HAWI "8p-b 2nSig

SBLYDILIY

‘IBABWOI(] D0 JBX TSI

A & ° E¥° i¥° gE"
i i i i

8

g

8

g

8 8

GQUE [T WNBIXDR I IUOBANSG =Ko =

BSINJ] PIN STU08JIBHNS o |

] i 8 | 2 § g i g 8,

]

8

yooosddy e 27U0SGNE —de—

£

QWE [T WNEIXDK 25U0BJBdNg ~gF- T &

o

£

SJBIBUD I 3D0JY] SnsJBa otapy suwi] uoiltubiogny o3 souspisay

sBgn |

ABXTWBIY TJINJUBA MHAW]

Buiy woiliubBrogny/suty sauspisey

131

NASA/CR—2005-213326



HSIOWRI(] 1O, JO uonoun,j € e auil §, uonezuode sqn, JOXIN HNUSA HAW] ‘6b-p 21

SBUYOUT “JIBIBUDI] DO SBR TWB

8% ° X I§° 8y ° &y ° &% ° gy’ 3 2 8€ ° LE° SE°
i ] { : I i i ] 1 o
¥ [ ¥ | ] § 8 b ¥ ] ] ¥ ] E § ] ¥ L] - )
o o d m ©
; "z
35 : o [
- & +s°1 &
: 1l: @
. T . B
~ e G g ¥
[
i " 5
- +€ @
: 1.3
- +=S€ @
) 1, ©
= = Basdts
adn 2 © i
o 5°% &
s - . 8
< oo [l
B Bl 1 i o
P ﬁpﬂi@ﬂy g 3
e QT WANIXDK 27405480NE gl i@ai@a ] -
™~ . s [N
. yooeJtddy ype 2ruoegns e ., g 5
- . @lil - o
QWE ] WABEXDE TIUDSNG S &3 i
] i 8 ue wﬁemu il mE 2 m. @hﬁ%&@&ﬁm Mﬂj i 2 3 8 g 8 g g

SBIBUD I ID0JY] SNS.BA OI3DYN BWT| ﬁ@mwﬁwm&@&@> o3 mwﬁw@mm@m
SBON] JBXTWBJY TJINIUBA HAWIT

132

NASA/CR—2005-213326



"SUOISSTWIH XON | uoneIndijuo Jspmg auo[ok]) "g¢- 2ndiyg
H O (O3LYTINDTIVI) SWNLYHIGWIL 3NV

009¥ omww 0ogy 000¥ Qﬁmm Qowm goveE ogze 000E @@mm @@ww

%ﬂdgﬁié ]
H H 0Ire o
H 0733 e N
H 018 o @
i& p-4
- . 7 viva dd / - =
. e gaHSIENd 7 1’
3 - 0
H ~ 8
0r ¥
0
E - el
- - mm
o
Puwsezy : 3
- H |
| - g X
T S g3 P
! | s?
| D
—_ o |
é 4
| AI188A18888 800883880088 2088 883 3.8 488088888380 2800888828 0880 R 8880880 RRRERRRNS

JHNLYHIWIL LIINI o OFPY Ol OT6 ONV JHNSS3Hd "WLY Hnod
JHNLYHIAWIL 3WYTId SNSHIA X3ONI SNOISSIWZ XON HITHIMS 3NOTJAJ

133

NASA/CR—2005-213326



"SUCISSIWY XON PIZi[eULION | uoneInSyuos) Jopimg auo[oh]. |G-y s
H T{O31VvTINJTIVI) 3HNLVYHIAW3L 3NV

Q0EY 0C2r O00YF 000y OO0BE OOBE O0O0LE O00SE OOCSE OO0YE OQO0EE 002E O0E 0008
mﬁﬁ:Ldﬁﬁdigﬁﬁ:r:ngﬁmz:E:Wﬁgiﬁ:zn.mm:333?:33?:Eﬁ.mnﬁ:gmaﬁgzm Y

1Y)

«
HWIL 3ON3AISEY / I3 XON

g
/ ¥ OTpY & o
/ W OTTT 3 Q
/ H 016 e e R
\ ©
/ JHMNLYEILHIL 5
<f L3INI @

Ty T T T T T e T T T T T T T TTTT ONTTYT
.LLE.LLLL% a.w,.&.i.u.}_gru..a_u L. LLE.%. LLiL LU.L&..%.EM-LL §E=

mtgctzm:Ep:,ﬁﬁngmﬁzzm:zmz.»::MEEM,E:E:Ew.:t_Ezc»::::»E:meg:zgcﬁhﬁm 63
AHNLVHIAW3L L3"WNI ® 09T OL 076 ONV 3”NSS3dHd "WLY HN0S
(ATINO V.IVO NV3T) 3WIL 30N30ISEH / I3 XON HITHIMS 3NCTIJAD

134

NASA/CR—2005-213326



"SUOISSIWY O | UOHBINGYUOD) JOHIIME SUOIAD '76-p aindiy

H O (03LVTINOTIVY) 3WNLVHIGWIL IWvd

oTelsd @@W@ 02y @@@@ o8 008E OoveE 002 0008
wmum::::::::::«a::m:ud:u::ﬁﬁﬂ::::::::m:m:::m:m: 7Y e
e = | 4
e == 3
- - g8 ©
e o 8
e - i
0% =
0 bod
— - o g
- 4 O¥vY - 4 . @
H O3} e -~
- H 0786 e o P
. FHNLYHIANIL N -t
= LN - 8 Z
- o g O
i o 3
0%
g 2%
. &
b Sy ﬁ
- o 4 a.?.
e o e
- =1 8 ®
1089888338889 ¢188388832883888888§8383328841383833383888353888 =

Ammnhﬁmmaxw% %mJZM o OTv? OL OF6 ONV 3HNSS3dd "WV HN0d
WATHEIMINDG3 O31VTINOTWI "40 I3 00 034UNSVYIW HITHIMS ZNOTJAD

135

NASA/CR—2005-213326



*ADURIDIJOU] UOSTIqUIOS) | UOREINBIIUOY) JO[IIMS SUOIIAD g6~ vndiyg

H "{031VIN3TIVI) 3HNLYHIOWIL 3IWYTid

009y olold 4 o0ey DooY @@mmm Ealorely @@Wm Do2E 0008
muwwwmmmwm“wuwﬁ«wuumqawwwumummmﬂwumdm«mmummummumatwﬁu«:ﬂ:ad:muqumuumﬂmu«ﬂm«mmm«
FTREAY e w
e oo 8
e 0%
= 3
2
~
- \\ i %
b \\\ L g W
< d
\\ -
& -
... y - g
s
- s’ e ¥ e
S Z
e V4 = m
- v@ — B 0
- CHO I T H 03IT O - mw
- / : L o
- ~ & [
- ta @W 3
s 0 =
7
\, mw
o s B =
\ H 0Iry
e s H OV -~ 2 38
; W 016
¢
~ IHNLYHIAWIL
o/ v LIINT -
/ o
_%%%&tt.ﬁggzhﬁ::ubb:::m:m::tg@mm:mt.m.h.wgzzz::::::

FHALYHIAWAL L3NT H 0TpY 0L OI6 ONV JHNSSIHd "WLY HNOd
(03LOVHLENS LON WNIWBITIND3) AINIIDILHENT HITHIMS 3NOTIOAD

136

NASA/CR—2005-213326



"SUOISSIWH XN 7 UOHRINGPUO]) JS[IIMS JUOoAD G- aindig

(H} JuUNLVYHIGWIL IWYI4 gILYINIVD

00sY 00or 00SE 000E 00%e
- § 4 |4 ¥ i g |4 ¥ ¥ H 4 ¥ ¥ 4 M 1 { L] . 4
- ¥
- Wi -
- NSIS3C / L
BRATH . =
T S
- P - e =
- o7 vivo ddn “mwa\\ .
.. - mwxmmdmnaxxx -
-t e y M\Mx\ m
i - 74 4°
\\ i e
- \\ \\ @ wL
- - = W09 WYHOOHd
B \\ . P \.\ \ \&. \@ \uﬂa 7
- e \v 4 : -
- \\\ e \xi .
i rd ¥ OSET < 3
- mmMghugag a g H OTTY o -
.. ~ P o : " 018 4 -
s
&
- — FHNLYYISNIL -
= rd L3I -~
- 8 1 m@ g ] 3 1 3 i £ 3 .- i 2 3 3 i | -

SEUNLVHIGWI L mz«gm G3LYTINJTIv3 SNSHEA

KAONI SNOISSIWI XON (2 9IJNOD) HITHIMS mzadm>u

I3 XON

(tani 6x/8)

137

NASA/CR—2005-213326



"SUOISSIWT] (O 7 UoneIn3yuo)) JDMIMS 3UoL) 66~ sindiyg

{H) JUNLYHIdWIL 3WvTd 031YIN3IVD

SNOISSIWI 00 "3NWIMS INCTIOAD

@@m@@ 00%E 0008 0062
t ¥ ¥ L] ¥ ] m - g 14 |4 m [

- ] &

m H O%PY @ 016 LY 03 xjwmmﬁg@wﬁ/ M
- N |3
-t 8
. I

H 09€} < -

H OTTY o et

< 2

H 08 A\ =
ON383T - B

3 B i i 2 g 8 8 4 2 2. i 3 g 4 .4 m
JHNLVHIGWIL FWVTL J3LVTINITIVI SNSHIA ) €

{713Nd4 OM/B8) X3IONI SNOISSIWI 07

138

NASA/CR—2005-213326



"SUOISSIWIF XON V7 uonemn3yuoy) Is[msg suopAy 96 aandiyg

I3 XON-

(tanj B6/0)

139

(H) 3HNLIVHIdW3L 3WVI4 03LVINITIVI
oooy 00SE 0008 0052
¥ i ] ¥ ¥ ] ¥ ¥ ¥ w ¥ H i 4 w H 8 L ¥
. } . iy
e -
e \\\ .
\ e v e
/ < -
N9IS3a v / e -
Q\\ .\ .\\ =
\.\ %\ \\ﬁ m
- - e i+ T -~ S A i-.ila“.\e\uv\&s-.:. * SO |
e S er” °
~ \\. \.\.\ 1
\\\ \\ oﬂN -
~ I s ]
L itw«mpxk\ x\“\\ -
\\ v @, .
= Yiva dd - - -
.!......N\ I ﬂgﬁwmwwwwwwﬂmmmmv. W O SR Y GRS B m lo@.ww.mw a Vi s pREs. w
BN d H 016 W —
\\\
- N\ - IHNLYHIGWIL -
= LA INT =
- 3 3 g 3 3 F i 8 i i i i 1 ] i 3 1 g 1 )

SIHINI £L8°E = HILIWVIO HOLSNEWOD ‘NNY EBBT 'ET AHVANVYD

NASA/CR—2005-213326



SUOISSTWY O Y Uonemdyuo)) 1olims suok) “/c-p andiyg
(6) 3JUNLYHIAWIL 3WVI4 031vINDTIvO

41015) 4 @@w@% Ommm

cmem

W 0IET o _

Y 016 W 7
- HHNLYHIANI L -]
= | 13INI =
i ] £ ] 2 i ] § i g i 1 b | i § 3 4 v

S3HINI 489°€ = HILIWVIO HOLSNEWOD 'NNY

E6GT

‘ET AHVANYD €

0%

X30ONI SNOISSIWZ 0J

(7an4d B63/6)

140

NASA/CR—2005-213326



Jojowrered uneleLIo]) s,91Aq3597 0} paredulo]) eleQ INoMo[g Ues] paInsesy sucjrL) ‘gS-p aindig

HALIWYHYd ONILVTIIHEHOD 087 S, 3dAg3437

v. st 3 ca- . oy -
Wu IR LA A A B mlmmlvu [0 D A I A D B A D B B § m ] u!m.w [N T A B S w [ R 2 w” No
- 37189V .LSNN TE
- +v
= B8 g o .

H § ‘lemo
- 3EVLS :

" Ky .

" T
- Y7 1e
» 1.5
. v v -

m
- INION3 €SV H0d 1071d ¥ -

- Viv0 H3NIT 0703 3WVADS 0 4 ..,
- 7 - ViVO HINIT JIWVHID 39V © -

- VLVO H3INITT JINVHAD TIVWS -+

r.m $ % 3 ¢ & % % & § ¥ § ¢ & & ¢ £ & 4 f % & § & 4 8 2 § § R B R & B F % .y % % B A B B Gt ,.m 8 m.l New

SNOTLIONOD LOTId INIONT 88Y § S9I4N03 3NOTIAD £ HOd vivOo 087

OTivYd 3INIIVAINDI

141

NASA/CR—2005-213326



U0 Nealq Q) "WIE ('p PUB BIR(] INOMOJF UBS] PaInsesjy suolsk]y “g¢-p aindiyg
HALIWYHYd SONILVIIHHOD 0871 S, 3"HA83437

v SE" £ g2" 2 G

i i m ] o
Kvu P8 Y ¥ 0§ § §F T T YOUNNTYTYVYVUYTUYTNURNUVUNUVUTTTYy Yy vy VR UTOUPNUVYTIUY TTUVNTUYYFROTITUy iUy YOy e mﬂl
- e + .
- P <o
- X\ = e P
- - ﬁ e 8
u < intod wvaus, oo

Pad o
- ey
- < .
- Ry
- YLVO OF e 1o
- + 378V1S % .
- 4,
- N d-g
n dge
- v 7 .
- 1.
o NLY ¥ B .INIOS HVEHE, 03 3K o
- AT GGY NOTLVHILO LOTId HOLSNEWOD 7 ]
- ViVO 067 WLY T WENIT 0100 3uvnos L3 3%
- A7 < ViVO 097 WLV T BINIT OIWVE30 39HVI < O
- YLVO OS7 WLV T HENXT DIWVEED TIWKS -+
§.3 8% 8 8§ § 4 .m 4 9 % § 8§ § 9 § & g % p # & % K & § L ¢ B %4 3 %4 v 4 3 i 3 ®p & 4 8. % L B 1.1 $ 1 i msw

SNOILIONDD 107Id 8SY 9 “INIOd Mv3adH8 00 WLV v 'vivO 087 WLV ¥

OILvd JONITIVAINDI

142

NASA/CR—2005-213326



"SUOISSIWE XON PoINSEa] 7 U0nBIN3YUO)) 19[11ME SUO[L] 09~ 2anSi]

(H) JHNLYH3dWIL 3WVId 03LYVINDTIVYD

o

Om@w CO%E 000 £o%e
1 ) ¥ x ¥ 14 14 m ] i [ m‘( k] ¥ L 5
ruﬂo REAR
w&.
. (Pl S.3710A0 INIONI €GV) e 7 -
-] e\\»‘b&u o\
- 3SINHD JINCSHIANS LV e »
» THUNLVEIEWIL IWVId WANINIW P pd .
- e -
— ~ = = -
S & p—
- B s \\M\&: o ) %w%\\ \\\ — snm
” -
B \\ ,\\\\N 7 i
- \\\ \\\ ‘\,,\\ 3 e..A
e b -~
\\\. P P -
s e \wm.w\\ u
WH Qu\\\\\ 1
—~ 7 vivO dd7 (e I .
i A P R e e e s e Es Mr %uﬁoﬂ\”ﬂo e W ,K 4
{ gaHsivend .~ P 0
P / | PR . P \u‘\ ﬁeﬁ%ﬁ&vb‘ mm-m Omwﬂ X “
= Pty 03 0287 @ © —
~N o 06T OIET 3
- e o 09 03y 0w
- : (VISd) €d (H) EL 4
- 8 i 2 3 3 ] 3 3 g B 8 £ l i b Buw

I3 XON

(tenyg 6x/6)

143

NASA/CR—2005-213326



"SUOISSIWT (3D 7 UoneIndyuo) Isjaimg auoidA]y "19-p amdiy

() ZENLVYH3dW3L 3WYTd 03LVINIIWa

0oLy 000V 00GE 0008 0062
¥ 3 m i ¥ T 1 m ¥ ¥ § ¥ w T Y m o3
- &=
i
- g 14
. P
: =
= S —— 3
- LT
—
u GLE 029t > - 2
= oSt o2ar < -
- 0GY RIET O3 -y
- 0% CIET W i
= (VISd) £2 (W) €4 = g
- - S —
- Y - 2
- f .
m § & v
e 1
h & . m
= e ! = 8
v e g w = 0%
-~ LIINT VISd 09 3 U 0IvT LV ! -
- 03 WNIBEININDI Q3LVINDIYI ¥
- g
f I )1 i e 3 1 b §, i 3 ] £, % %u g ki w.m
N 2

X30ONI SNOISSIWI 03

(13n4 6x4/8)

144

NASA/CR—2005-213326



"JOXTA| LTUD A -I[RIA] 9Y) JO ONBWAYDS 79~ 21nd1]

(L L
Wﬂn.. T - <
AT wM\N\\\\
. ) “.” . aﬂ.w 9, .q.\. ...o o;ou - \\\\\W
, IBTUul 8qoay
ardueg 03 |
Jue3sIQ
%" C
34819y swmog e o e 1l . L
103BNQEOY
UVOTIDBIATQ
BOTFATY
¥
asuyg dee
ITWRIDY ﬁﬁﬁ%/f/hﬁ
////7
[] L]
-] m
NANNNEN
jeyuy m I
§ Tong |

145

NASA/CR—2005-213326



(€12 AYHO PUe YSVYN) SUOISSIWE XON HMUIA-NN €9~ ammBig

(03L33HH00 " 443 8GH0T) Y "JHNLVHIGHIL IWVI

o0FY 002y 0O0Y 008e 008% 00%E 00ce 000% o082
| i i ; m m oo 0¥
. §on
SLINS3Y VSYN N P
. WiYP CHEIG 19 4N0D B P P
WiVP HETIE IIS°SNOD O - -~
T HAVP ‘H20L C29°HNOD  © - S T
T WLV CHETE 29°4NO3 W - -~ 0 [
.. WiVP ‘HOPIE 29°dNOD W 7 e .
—  WAVP CHPEET :28°d4NOD V7 e p @w
o
‘ON393" o
. - 2
&
i %\\w.\ =
\k\
- P - ¥
\\%
e P L
= v - o
0%
3
- .
™,
gi// o - - €
=, 5
. &
e &&aﬂ&s@\% pr—

IVIH LV YISd 09 "SA YSYN LV VISd 002-087 S3uNSS3dHd L3"INI

146

"X3ONI NOISSIKWI XON

1any Bx/B

NASA/CR—2005-213326



(e1eQ VD PUE YSYN) AoUsioljau] uonsnquio) LU A-NINA “p9- a1ns]

Q31333803 "443 "8HW0D) 8 "JHNIVYIdWNIL 3WVId

B0y @@W@ @@mmwv gOoge mﬁwwm @mwm 0C2E @Ow@m 2082

i g or
U SLTIIS3IN YSYN N ’ ' : : 2=
" WAYE CHEIS 9 CJINOT 8B =y
= WAVY MITITIGID°4NOI O - - 2
HiVYP °“H20L 29 °3Nga ©
= WIVYY “HEIB 29 °H4NDT 0B =
= WIYY “HMOFTT 29 °4NO3 iR ] = ¥
= WiVP “MHMYEET 29 °4NO3 pv 4 o g
- 3 N , i
- ON333 N N - w@ o = m
% ® t-
- ¥ wf B
- 3 N ] -
- \vd o N .
. - @
o ® s SR
= £ N i - 8
o
- ® - &
- = 8
-t -t @
£+ 4
o o2 e

- 8 8 4 8 i i 2
IV3T LY VIiSd 08 °SA YSYN LY VISd 002-0G1 ::SJaNSS3dd 'L37INI

147

AJNIIITA43NT NOILSNBKWOSD

NASA/CR—2005-213326



<

[

NASA/CR—2005-213326 148

iy
T R B BT an o 22 O cx g
o P priagatiuny m&@?ﬂﬂa@e@m

X o s
s
P

Figure 6-1. Schematic of the IMFH/Cyclone 5 Cup Sector (Initial Configuration).
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NASA/CR—2005-213326

Test Type

Test Date

Test Location

Fuel-Alr Mixer Type
Configuration

Mixer Effective Flow Area

Cooling Effective Flow Area
Dome Diameter
Combustor Pressure

Dome
Rdg T Pres. Fuel
in Drop Flow

(R) (%)  (pph)

Lean Blow Out
May 28, 1992
Evendale ACL (Bidg 306)
Cyclone Swirler
1
0.648

0.216 in?
2.7 in
14.47 psia

Mixer

Air FIA
Flow

{Ib/sec) (Ratio}

3rl, dp%l,;  wily, wacl,  farl

72% 707 14.9

0.0994{ 10.0416

732 7.05 i3.3

0.0988] [0.0430

735 7.09 15.2

0.0986] [0.0428

735 £.87 i1.0 0.0798] |0.0383
735 4.75 10 0.0787, 10.0388
918 415 9.1 0.0705; [0.0359
925 4.75 10.4 0.0702} 10.0412

926 4.75 10.4

0.0701] [0.0412

935 6.97 i2.0

0.0865] [0.0385

933 6.97 120

0.0866] [0.0385

1099 6.97 10.¢

0.0798) [0.0348

P12 697 10.2

0.0793] 10.0357

o 4.75 9.1

0.0641] 10.0395

itio 4.75 9.1

0.0641} 10.039

1405 6.97 7.0

0.0706; [0.0276

1385 498 1.9

0.0588] 0.0330

1251 6.71 FEd

EEEFEFEERLR LGS - .

0.0732] 10.0421
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Test Type
Test Date

f.ean Blow Out
September 22, 1982

Test Location Evendale ACL (Bidg 306)

Fuel-Air Mixer Type Cycione Swirler

Configuration 2

Dome Effective Flow Area  0.73in?

Dome Diameter 4.84 in

Combustor Pressure 14.37 psia

Dome
Rdg T Pres. Fuel Air FiA
in Drop Flow Flow

# (R) {%) {pph) {Ib/sec) (Ratio)
pi2;5 312, dp%2;5 wiZ, wacZ; far2,,
1] foos | [478 11.2 0.0894] [0.0348
2| 918 4.90 Iis 0.0899; [0.0355
3] 16821 [4.74 12.1 0.08131 |0.0413
7 1682, [4.67 i1.6 0.0807 [0.0399
5 10931 7.0l 122 0.1008] [0.033¢6
3 T102] 17.01 L7 0.10604] [0.0324

NASA/CR—2005-213326
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Test Type Lean Blow Out

Test Date January 19, 1993

Test Location Evendale ACL (Bldg 306)

Fuel-Air Mixer Type Cyclone Swirler

Configuration 2

Dome Effective Flow Area  0.73in?

Square Dome Side Length  3.505 in

Combustor Pressure 14.7 psia

Dome
Rdg 7T Pres. Fusl Air FIA
in Drop Flow Flow
# R} (%) {pph} (lb/sec) (Ratio)
pt3;y 3134 dp%BB WBB wac3, 4 far3i3
i) [655] [s70 12.3 0.1185] [0.0288
7] 663 6.13 13.2 0.1227) 10.0299
B 668 4.84 113 0.10711 10.0298
4 666 3.05 9.6 0.0836) 10.0319
5 068 3.19 9.5 0.0854] [0.0309
3 691 7.05 15.2 0.1302] 16.0324
7 697 7.03 152 0.1294] 10.0326
1 906 6.88 12.6 0.1121] {0.0312
LR 910 6.90 123 0.1121] 10.0303
10 903 4.84 9.8 6.0921] 10.0295
7] 905 4.61 9.5 0.0897] 10.0294
¥ 898 3.19 83 0.0737F 100313
T3] 901 3.21 8.0 0.0739] 10.0301
4] 1045] |6.86 10.4 0.10427 10.0277
15 1346] |6.84 105 0.10401 [0.0281
18] 10327 1559 9.2 0.0934] 10.0274
171 1032} 15.63 9.3 0.0938] [0.0276
it 1032} 1552 9.4 0.0927] 10.0282
169



June 25, 1992

Test Location Evendale ACL {Bldg 306E)
Fuel-Air Mixer Type Cyclone Swirler
Configuration 1

Test Date

Dome Effective Area  0.646 in?

Cooling Effective Area  0.216 in?

Dome Diameter 270 in

Length to Sample 7.0in

Injector Flow Number 10

Traverse Points 4109

Sample Average Type Area-weighted

Dome Fusl
Rdg T P P Pres. Man. Fus! 60] HC NOx FiA Comb
in in Comb. Drop P Flow El £l ] Sample Eff.

# (R) (psia) (psia) (%}  (psia) (pph) (g/kg) (g/kg) (g/kg) (Ratio) (%)
i 3r, p3; P4 dph%,  pf| wi, coei; heei, nox, far, ce%,
0 9152 60.4 57.3 4.92 78.2 473 170.79 2.47 9.78 0.0514} 195.77
H 916.7 59.5 56.5 4.91 71.6 43.7 0.3 0.72 1.56 15.0356] 199.93
7 T113.0] j61.1 58.0 4.90 722 420 25.12 0.96 13.41 0.0480] 199.33
3] 1424.0] 15935 56.5 4.87 67.4 37.3 2.54 0.2 4.83 0.0371} 199.92
7] 1410.3] |39.1 55.9 5.07 14.2 41.9 18.55 0.08 21.32 0.0517] [99.56
5] 1416.3] [60.1 559 6.87 70.7 447 391 0.05 5.08 0.0390] 199.9
ra 1418.0] [60.0 55.8 6.79 82.3 60.5 23.16 0.04 22.24 0.0540] [99.45
7] 14186.5] 160.7} 56.6 6.80 G8.4 76.0 197.91 0.03 20.97 0.0703] 195.55
H 1413.1, 1592 54.8 7.64 64.2 346 1.28 0.29 2.2 0.0330] |99.94
g 1406.1] 1605 55.9 1.47 659 346 1.28 0.29 2.2 0.0330] (99.54
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Test Date
Test Location
Fuel-Air Mixer Type
Configuration

Dome Effective Area
Dome Diameter
Length to Sample
Injector Flow Number 7.1
Traverse Points
Sample Average Type Area-weighted

March 4, 1993
Evendale Cell A5
Cyclone Swirler
2

0.73 in?
387 in
4.5 in

4

Dome  Fuel
Rdg 7T P P Pres. Man. Fuel Co HC NOx FiA Comb
in in Comb. Drop P Flow El El El Sample Eff.

# (R) (psia} (psia) (%)  (psia) (pph) (g/kg) (o/kg) (g/kg) (Ratic) (%)

i Grg pt3i pé dp%i pfé wfi coeii hce:ii nox, fari ce%,
6 | 1296 59.8 56.7 5.12 112.31 |52.0 11.43 0.23 641 0.0446] 199.71
7| 1376 [60.1 571 499 101.4] [46.1 473 0.14 333 0.0307, (5988
3] 13150 |60.2 57.2 5.00 88.51 1377 0.66 013 1.27 0.0335} [95.57
ERn 1318 1394 564 500 81.61 1247 082 6.14 0.61 0.0287 [99.57
10 1325 511 143.3 5.13 461.4] 1283 772 0.05 1353 0.0479| [99.81
n 1308] {T150. 14371 4.53 3824 {1108 2.12 0.03 548 0.0403] [99.55
12 1308 {14538 1422 5.05 32551 (973 0.2 004 1.83 0.6330] 199.99
T3] 1308 (1513 1435 492 3245 [9%56 0.21 0.04 1.59 0.63331 (9959
14 13087 [1505 1431 4.93 25411 [738 1.2 0.06 0.55 0.0268) [99.97
13 1305 [130.1 14271 5.31 240.3] [68% G.18 0.02 335 G.0230] [99.99
18] 1307] [1503 14235 5.30 2476 1692 0.3 0.07 334 0.0250] [99.9%
17 1618] [1493 1418 5.14 3319 981 7.66 0.04 37.03 0.0425] [95.82
15 1622] 14938 1420 523 2821 | 833 1.97 063 16.88 0.0346] 199.53
9] 16721 150.8 143, 501 2347 [639 0.32 0.03 16.45 0.0280] {95.99
20 1622, 1510 1433 513 196.0] 488 0.25 0.03 7.5 0.0197, [95.5%
21 1608 12743 2613 497 7750] 11642 2.6 0.04 29.39 0.0390] [59.94
pri 1607) {2759 2613 5.28 6349 1383 0.82 0.03 16.92 0.0330] [59.98
23 1604, 12763 2619 3.20 511.31 {1116 0.11 0.3 T1.53 0.0257; (99.99
pxs 1602 [270.1 256, 459 4029 837 0.08 0.06 948 0.02021 199.99
23] 1371 1522 1445 5.08 2576 [743 117 0.06 0.9 0.0265] {99.97
76, 1309 {1452 1414 5.2% 2434 700 849 76.43 0.62 0.0238] [96.38
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Test Date March 13, 1893

Test Location Evendale ACL (Bidg 306W)
Fuel-Air Mixer Type Cyclone Swirler
Configuration 2

Dome Effective Area  0.73in?

Dome Diameter 367in

Length to Sample 7.0in

injector Flow Number 7.1

Traverse Poinis 4

Sample Average Type  Area-weighted

Dome Fuel

Rdg T P P Pres. Man Fuel Co HC NOx FIA Comb

in in Comb. Drop P Flow £l El gl Sample Eff.
# (R} (psia) (psia) (%) (psia) (pph) ({g/kg)  {g/kg) (g/kg) (Ratio}] (%)
P 3r, pt3, P4 dp%, pf; wi, coei; heei, nox, far, ce%,
1] 910.5 | 161.5 58.7 4.68 9.5 535 1.25 0.15 2.06 0.0426] 199.96
7 921.2 | [59.9 57.0 4.77 132,71 1628 7.94 0.06 3.39 0.0501] [99.81
3] 912371 160.7 57.7 4.96 150.8f 170.3 43.64 57.43 5.01 0.0572] 199.45
3| 9116 | 160.0 56.8 5.27 103.20 146.7 232 0.05 0.33 0.0376] [93.98
N 911.0 | 159.3 57.4 3.15 106.3] [48.3 5.27 1.51 3.78 0.0507] 199.74
5 | 13195 (609 56.7 6.91 102.0] ]46.0 1.62 0.39 2.69 0.03671 {99.93
7 1331.9] [60.5 57.4 501 100.7; 145.7 4.68 0.2 4.78 0.0413) 199.87
8 | 1305.11 [60.3 57.2 5.12 91.3 390 1.3 0.14 2.61 0.0361] 199.96
N 13245} (604 57.2 5.31 82.8 325 1.66 0.1¢6 1.4 0.0292] 199.95
10 1322.5] 160.5 57.5 5.06 76.0 26.5 40.91 14.37 0.77 0.0239] 197.79
H 1299.5] 1599 58.0 3.42 79.5 30.3 114 0.25 2.88 0.0359] 199.95
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Test Date
Test Location
Fuel-Air Mixer Type
Configuration

Dome Effective Area

Dome Diameter
Length to Sample
Injector Flow Number 8

MNovember 12, 1892
Evendale ACL (Bldg 308E})

Cyclone Swirler

2

0.73 in?

4. 84 in
7.0in

Traverse Poinis 4
Sample Average Type Area-weighted
Dome Fusl
Rdg T P P Pres. Man. Fuel co HC NOx FIA Comb
in in Comb. Drop P Flow £l £l Ei Sample Eff.
# (Ry (psia} (psia) (%} (psia) (pph} (g/ka) (g/kg) (g/kg} (Ratio) (%}
i Bri p3, P4, dpw%i pfi wfé c:oeii hcel i nox, farg m%i
0 | 1358.7; 160.1 56.7 5.22 86.9 53.4 991 0.49 16.52 0.04671 199.72
T 1359.1) [60.0 56.7 5.13 824 48.9 6.57 0.29 9.47 0.0434] 199.82
v 1347.1} i60.1 56.7 5.34 79.8 458 18.15 0.21 43.56 0.0522} {99.55
kB 1356.0] 160.8 574 4.99 80.0 45.6 23.49 0.17 52.23 0.0541] 199.43
Iy 1357.1} {60.2 56.8 5.28 74.6 39.2 5.84 0.17 12.54 0.04271 199.85
R 1370.6] {60.8 576 517 72.3 35.4 3.33 0.2 7.74 0.0400 {999
5 | 1361.0] {60.4 57.2 4.91 69.7 32.0 1.22 .15 3.39 0.0358] 199.96
7] 13539] [60.6 57.2 547 69.8 31.8 £.52 0.11 412 0.0371] {99.95
% 1364.2] [60.6 57.5 491 68.1 29.6 0.67 .08 2.24 0.0337] 199.98
El 1356.2] 160.0 570 4.87 65.9 27.4 0.01 0.09 0.16 0.0238 [99.99
10/ 1353.6] 160.3 570 4.94 64.3 23.9 52.91 14.06 0.05 0.0201; [97.53
NASA/CR—2005-213326 173



Rdg. Point
3 15
4 16
5 13
6 31
7 32
g8 36
g 40
10 41
11 42
2 400
13 401

A 15
3B 15
3B 15
4 16
5§ 13
8 31
7 32
8 36
9 40
0 41
11 42
12 400
13 401

HSCT Multiple Venturi Configuration G1 with 4.89” Dome Height

7 Mixer Array with injector Discharge 1/16 inch downstream of venturi throat

inlet T inlet P Dome DP Wf  Wa mixer

{F)

52
54
55

454
448
456

654
847
653
655
644

52
52
52
54
55

454
448
456

654
647
653
655
644

{psia)

60.72
82.26
60.30

81.06
59.68
80.47

59.93
60.30
60.57
59.67
59.58

60.72
60.72
60.72
62.26
60.30

61.06
58.99
60.47

59.93
60.30
60.57
58.67
59.58

NASA/CR—2005-213326

{psid)

3.87
4.03
3.10

3.33
3.18
4.26

3.28
3.10
2.94
3.25
3.23

3.87
3.87
3.87
4.03
3.10

3.33
3.18
4.25

3.28
3.10
2.94
3.25
3.23

Tested November 25, 1992

{pph)

79.8
90.4
94.3

48.9
55.1
68.3

36.1
41.6
45.9
374
33.2

796
79.6
79.6
90.4
94.3

49.9
55.1
66.3

36.1
418
46.9
37.1
33.2

{pps)

0.48
0.50
0.43

0.34
0.33
0.38

0.30
0.30
0.2¢
0.30
0.30

0.49
0.49
0.49
0.50
0.43

0.34
0.33
0.38

0.30
0.30
0.28
0.3C
0.30

174

co HC NOx
Et (g/kg) El(gikg) El (gikg)
17.25 1.75 1.51
26.25 0.30 2.42
203.32 2.48 3.43
12.63 0.08 8.21
18.51 0.06 6.79
38.55 0.06 7.50
1.38 0.06 267
5.05 0.04 5.04
12.20 0.05 9.45
2.87 0.04 3.48
0.71 0.05 2.35
18.15 1.43 1.82
13.79 1.44 1.45
23.40 2.37 1.58
33.56 0.38 2.46
258.88 343 2.95
16.73 0.08 8.57
22.96 0.05 6.77
51.11 0.06 7.57
1.73 0.06 2.69
6.38 0.04 522
14.55 0.04 969
3.20 0.04 3.49
0.84 0.04 2.35

Sample Comb.

Equiv.

Ratio

0.711
0.824
0.688

0.764
0.802
0.848

0.558
0.652
0.741
0.599
0.517

C.746
0.698
0.728
0.840
1.017

0.787
0.817
0.872

0.568
0.667
0.756
0610
0.524

Eff.,
%

98.44%
99.36%
85.01%

88.70%
99.56%
99.09%

98.96%
89.88%
99.71%
99.93%
99.98%

99.45%
99.55%
99.24%
93.186%
93.60%

99.60%
99.37%
98.78%

99.85%
99.85%
98.66%
99.92%
99.97%



HSCT Muitiple Venturi Configuration G2 with 3.67" Dome Height

7 Mixer Array with Injector Discharge 1/16 inch downstream of venturi throat

Tested December 8, 1882

Sample Comb.

inlet 7 inletP Dome DP W Wamixer CO HC NOx Equiv. Eff,
Rdg. Point (F) (psia) (psid} (pph} (pps} El{g/kg) E!l(g/kg) El{g/kg) Ratio %
1 150 39 6078 443 732 053 156.33 8513 1.57 0605 88.93%
7 25 220 8045 427 676 Q44 145.28 1.08 3.18 0.884 96.49%
§ 26 245 65084 432 773 044 466.77  4.37 2.85 1.048 88.66%
11 21 280 860.41 297 648 036 54576  9.36 3.01 1.069 86.34%
12 35 454 60268 440 501 0.38 28.29 0.08 3.93 0.735 ©8.33%
13 38 453 6085 420 592 038 84.49 0.13 5.85 (.847 ©8.00%
16 352 453 5890 483 458 (.38 16.14 0.59 2.66 0635 939.57%
17 32 450 69.71 3.08 58.3 0.32 381.01 0.96 5.64 1.030 90.97%
16 46 684 6078 4.01 52.3  0.33 13.84 0.04 4.90 0.703 9%.67%
1@ 45 880 8065 435 417 035 3.24 0.04 2.35 0.558 9282%
20 451 €71 80.53 414 452 0.34 5.14 0.04 2.98 £.605 ©2.88%
21 42 671 6146 285 482 028 2096 0.03 €.78 0.755 98.51%
22 41 881 60.22 2.97 41.7 0.28 7.18 0.02 4.27 0.646 99.83%
23 40 697 6072 303 362 029 3.25 0.02 325 0.570 99.92%
24 52 B56 60.2¢ 3.14 35.2 0.27 4.34 0.04 4.60 0.575 99.90%
25 53 881 6022 287 423 026 14.38 0.03 8.34 0.706 ©9.66%
26 51 863 5898 325 319 028 2.18 0.03 379 0.518 99.85%
27 55 885 60.13 4.15 417 0.31 5.32 0.03 4.18 0.588 99.87%
28 56 888 6026 4268 515 @ 0.31 21.31 0.03 8.92 0.747 99.50%
30 57 8%2 6026 4.26 51.5 0.31 2.94 0.18 3.25 0.524 98.92%
1 150 39 860.78 4.43 73.2 0.53 187.47 112.04 1.61 0.587 85.83%
2 18 40 ©80.68 4.35 0.4 0.52 320.16 62.82 1.71 0.888 87.02%
3 M 4% 6055 280 762 043 13173 932 2.30 0874 96.10%
5 12 41  60.43 2.87 84.9 0.42 45680 2512 2.11 1.043 87.08%
& 111 41 6047 3.03 79.7 0.44 18583  10.81 2.35 0.927 94.69%
7 25 220 6045 427 67.6 0.44 158.52 1.03 3.24 0.900 96.19%
8 26 245 6084 4.32 77.3 0.44 489.57 4.56 2.78 1.0587 88.10%
11 21 260 60.41 2.97 648 0.36 558.64 10.23 3.02 1.080 85.87%
12 35 454 6026 440  50.1 0.39 34.16 0.08 447 0760 99.18%
13 36 453 60.85 420 582 0.38 100.83 0.14 468 0.871 98.62%
18 352 453 5880 483 458 (.39 17.58 0.81 2.79 0648 99.53%
17 32 450 59.71% 309 583 032 406.20  0.81 564 1.046 ©20.38%
18 46 684 6078 4.01 52.3  0.33 15.23 0.04 4.93 0.713 8964%
19 45 G680 6065 435 417 035 367 0.03 245 0.568 99.81%
20 451 671 6053 414 452 034 5.64 0.03 3.06 0616 99.87%
21 42 671 6146 285 482 0.28 20.59 0.02 6.55 0.759 99.51%
22 41 681 6022 297 417 029 8.02 0.02 4.30 0654 9981%
23 40 887 6072 303 382z 028 3583 0.02 331 0578 99.91%
24 52 856 86028 314 352 027 5.14 0.02 4.68 0.585 99.80%
25 53 861 6022 297 423 0.26 15.73 0.02 8.31 0.716 88.83%
26 51 883 59988 325 31% 0.28 248 0.02 3.81 0.629 98.24%
27 55 885 6013 415 417 0.3 5.84 0.02 4.47 0.596 ©9.86%
28 58 888 6026 4268 515 039 23.08 0.02 8.86 0.7583 98.55%
30 &7 892 6091 447 3684 0.3 3.36 0.18 329 0.532 9291%
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10.0 APPENDIX B: GE CR&D FINAL REPORT
FINAL REPORT

Laser Diagnostics at CR&DC

Sub Task H
Task No. §
Contract NAS3-25951
Advanced Engineering Technologies

Aero-Propulsion Technology (APT) Program

Prepared
by

Anil Gulati
at

GE - Corporate Research & Development Center
Schenectady, N.Y.

SUMMARY

* The non-intrusive laser-based diagnostic technique of Spontaneous Raman/Rayleigh scattering
has been successfully extended to elevated pressures to measure the scalar fiowfield downstream of a
single IMFH (Integrated Mixer Flame Holder) tube at elevated pressures of upto 150 psig (10 atm.).
This study represenis the first practical application of Raman\Rayleigh scattering at elevated pressures.
A single IMFH tube is mounted in a 8" combustion tunnel with large optical access buili specifically for
this purpose. Detailed measurements of mean and rms of temperature and major species are made at
three axial locations downstream of the bumer exit in a premixed flame region with Hquid fuel (both
kerosene and Jet-A) to demonstrate the enhanced capabilities of the technique. Provision is made to
account for laser-induced fluorescence and flame generated luminescence anticipated in this application.
Measured data, however, shows that under the conditions examined in this study i.. of lean premixed
combustion with significant pre-heat of upto 750 F; the interferences from laser-induced fluorescence and
flame generated lurninescence are minimal and are easily accounted for. The study is conductedin a
simple jet-shaped flame downstream of a modified single IMFH arrangement. The results show the
measured temperature and scalar profiles (o be representative of flowfield established by premixed
fuel\air jet issuing into recirculating product field downstream of the exit. The expertise and experience
gained from this unique application is expected to be applicable to all such applications at elevated
pressures. The major goal of the program to demonstrate the feasibility of such measurements has been
successfully met.
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Introduction

As the performance demands on current and planned advanced combustors (such as required for
HSCT) increase in terms of the requirement for increased efficiency and reduced emissions new
technology is needed both to meet the required goals and to verify\diagnose the actual performance of
these devices. The problem is two-fold: (a) increased temperature limits of the combustion technique
render physical probes such as thermocouples suspect and vulnerable to hardware damage. (b) the goal of
reducing emissions such as NOx and CO places increased emphasis on minimizing fluctuations in fuelair
mixture fraction ratios and providing a means to measure such unsteadiness in the flowfield. Itis
believed that rms fluctuations in fuel-air mixture ratios in lean premixed combustion (such as being
developed for HSCT) can result in huge increases in NOx formation even with a lean fuelair mixture on
the average. The reason for this is the exponential (non-linear) dependence of NOx formation rate on the
local mixture ratio. Physical probes such as thermocouples and gas sampling probes can only measure
mean guantities and are unsuitable for the task at hand. New advanced diagnostics are, therefore, needed
1o provide measurement capabilities for mean and rms scalar field in the combusting region. The
advanced diagnostic technique of Spontaneous Raman\Rayleigh used in this study meets all these
requirements and in addition possesses excellent spatial and temporal resolution capabilities.

Thus far the applications of advanced diagnostics to practical combustion systems have been far
and few. At GE-CR&DC the diagnostic technique of Raman\Rayleigh has been developed over a number
of years to measure temperature and major species in laboratory scale flames of Hp and CONH\Np
mixtures. Current emphasis has been 1o extend the Raman\Rayleigh technique to full scale hardware with
practical fuel (i.e. liquid) at elevaied pressures for direct applications to combustion hardware such as in
this application. Some of the recent advances and applications include extension of Raman scattering to
sooty fuel-rich regions of bluff-body stabilized hydrocarbon flames, F-120 combustor sector exit with
both natural gas and liquid fuel (kerosene) and most recendly to elevated pressures for this application. In
this report the technique of spontanecus Raman\Rayleigh is described in brief and its extension to
elevated pressures discussed. Further details about the experimental setup or the physics of the technigue
are available in Refs. 1-3. ‘

Raman Set-Up

The joint Raman-Rayleigh diagnostic system used in this study is similar to that used in the
past [2, 3] except for the modifications made to allow measurements in the harsh environment of a test
cell where the sector assembly is located. The original Raman system consists of a Candela LFDL-20
flashlamp pumped dye laser that provides pulses of ~ 1 J in ~ 2 ys, within a 0.2-nm bandpass at 488.0
nm at 10 Hz. The laser has two 20-gallon dye circulating systems to allow continuous operation. The
laser beam is approximately 1 cm in diameter and is focused by a 200-mm lens forming the probe
volume. The Raman scattered light is collected at right angles by a specially designed achromatic 230-
mm {/2 lens, collimated, and refocused onto the entrance slit of a 3/4-m Spex polychromator following
a x3 magnification. The probe volume dimensions are approximately 0.3 mm x 0.3 mm x 0.6 mm.
The collected light is then dispersed for detection at the exit plane by numerous RCA 4526
photomultiplier tubes located at appropriate locations (Fig. 1) for detecting anti-Stokes Raman
scattering from Ny, Stokes vibrational Raman scattering from No, Gy, Hy, HpO, CC, COp, and
unburnt hydrocarbons (C-H bond) and Rayleigh scattering. The data from the photomultiplier tubes is
collected by custom-designed sample and hold circuitry, which integrates the signal over a 2 ys window
before and after the firing of the laser with an 8 ys interval. The differential voltages corresponding 10
the Raman signal minus the background are recorded for all the channels simultaneously using a Data
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Translation 12-bit A/D board, Dell 333 based IBM-AT compatible system, and Global Lab data
acquisition software. The signals are then corrected for electrical and other background errors
corresponding to each channel, and afier normalization, are corrected for the relative sensitivities of the
photomultiplier tubes using custom written software. Typically, 200 measurements are made at every
location although 2000 data points are also collected at some locations for statistical purposes. A
schematic of the overall Raman system is shown in Fig. 2.

The Raman system described above has the inherent advantage of filtering any low-frequency
(< 125 kHz), low intensity flame background emissions. This is due to the method of subtracting the
background signal before the firing of the laser for every shot and subsequenty recording only the
differential signal as opposed to other integration methods. This systern, however, is unable to correct
for the high values of laser-induced fluorescence interference observed in the recirculation zone of
turbulent pure CHy flame stabilized by a bluff body in a low-speed combustion tunnel [4] because the
fluorescence accompanies the Raman signal. It is believed 1o be due 10 soot precursors in the flame [5].
An extensive calibration procedure has been developed to account for this laser-induced flucrescence
using a procedure similar to that described by Masri et al. [5] for diluted CHy flames. Initial studies of
this fluorescence had showed that it is fairly broadband and correlates well throughout the measured
spectra. The method used 0 correct for this fluorescence, in brief, is as follows: Two additional
photorultiplier tubes termed *“Fy" and “"F," are added to the exit plane of the polychrometer at Raman
free regions of the spectra at 535 and 578 nm between the Oy and CO; and CHy, and H;O vibrational
bands, respectively, as shown in Fig. 1 to account for and monitor this fluorescence. The system is then
applied 1o a laminar CHy flame diluted with CO in a well-defined laminar flame combustor o obtain
correction factors corresponding to all the major species. The combustor exit is a 38-mm-diameter tube
with thin walls and has a 300-mm-long upstream section filled with screens foliowed by a honeycomb
section for the last 75 mm of the exit. The combustor is installed in the low turbulence tunnel with
large optical access. This facility has been used extensively in the past to study turbulent jet and
bluffbody flames and is well described {2]. The visual flamefront is conical in shape and consists of a
thin (2 to 3 mm) axisymmetric reaction zone, which initially appears blue in the vicinity of the bumer
exit and progressively becomes yellowish and sooty as it merges downstream. The total flame length is
approximately 150 mm. The bumer exit velocity is matched to the co-flowing air velocity. The
modified Raman system with monitoring channels F and Fy is traversed through the flamefront 38
mm downstream of the burner exit in the blue region of the flame in steps of 1 mm. The resulting
profiles represent the extent of fluorescence interference in all the channels.

Accounting for the laser-induced fluorescence discussed above is somewhat of an art because
all of the species are affected to a different extent. Furthermore, the data reduction process is
interactive rendering the process of obtaining correction factors for all the species iterative. In the
process used here the correction factors for all the species are initially guessed; the data is then reduced
after subtracting from the Raman signal for each species a value equal to the Fy value multiplied by the
correction factor for the species on a shot-to- shot basis. Depending on the shapes of the new profiles
(obtained based on the corrected Raman signais), new correction factors are guessed to minimize the

‘total error, in some gross manner, in the profiles for all the species and temperature. Temperature being
obtained by the sum of mole fractions method is most affected by the choice of correction factors for
the various species. More sophisticated methods to minimize total errors such as the least square
method recommended by Dibble et al. [6] should yield similar results, albeit in a more rigorous manner.
This procedure has been validated by taking extensive data in well known laminar flames where the
actual profile can be predicted accurately. In the rest of the Raman data presented here these correction
factors have been applied on a shot-to-shot basis to all the data. With kerosene fuel some minimal
activity was observed in the Fy and F; channels and the required corrections were found to be minimal.
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The maximum value of Fy recorded are less than one-tenth of those measured in the laminar CHg4/CO
calibration flame discussed above.

Extension fo Elevated Pressures

All of the above data for calibration and other purposes was obtained at atmospheric pressure.
Most practical combustors such as the candidate combustor for HSCT operate at elevated pressures and
therefore Raman measuremenis need 10 be extended to this regime. As a first step, a room temperature
cell capable of withstanding pressures of upto 225 psia (15 atm.) with quariz windows for optical access
was built. As the pressure increases the Raman signal is expecied to increase linearly with pressure since
it is proportional to the number density of the molecules of the species probed all else held constant.
Figure 3 shows the measured Spontaneous Raman signal from both Ny and Oy present in room air io
indeed increase linearly with pressure at upto 200 psig examined in this test. This confirms the linear
dependence of Raman signal on pressure and also suggests improved S\N ratios at elevated pressures
since the signal levels are much higher. Anticipated increase in the amount of soot at elevated pressures
could adversely affect this signal-to-noise ratio. In this application no such adverse effect was observed,
probably because it is a lean premixed flame.

High Pressure HSCT Combustor Rig

Figure 4 shows a schematic of the HSCT combustor rig built specifically for this task. The
overall combustor assembly consists of an inlet section to uniformly distribute preheated air, a flange
assembly to allow rapid mounting of the swirlef\premixer hardware and hold the quartz liner separating
the cooling air from the main combustion air, a test-section with three large optical quality fused quanz
windows 1o allow optical access and a downstrcam end with a back pressure valve and cooling assembly.
The combustor test-section is a specially designed 8" SS pipe with two 7" diameter (open area) quartz
windows across from each other and a third 5.5" diameter window in the same plane. The quariz windows
allow optical access in three directions for the Raman system and for any potential applications such as
LV, PDPA, flow visualization etc.. The combustor rig can accommeodate upto 4.7" diameter
swirlef\premixer assemblies. The rig is capable of operating at pressures of upto 225 psia (15 atm.) with
pre-heated air of upto 1000 F. Provision has been provided for cooling air to enter the rig from both
upstream and downstream ends to keep the test-section walls and the optical windows cool. The cooling-
air is separated from the main combustion air by a quartz liner (not shown in the schematic). Water-
cooling is also provided in the downstream end to keep the high temperature back pressure valve
operational. The combustor is capable of operation with both gaseous (natural gas) and liquid
(kerosene/Jet-A) fuels. Maximum flowrates are 1.5 1b/s for the main combustion air and 1.0 Ib/s for the
cooling air. A number of taps are provided along the combustor for mounting of pressure taps,
thermocouples, ignitor etc. The plane of the windows is 9" from one end of the 24" combustor. This
allows monitoring of the flame conditions over its complete length by switching the combustor side-to-
side (symmetrical). Figure 5 shows photographs of the overall combustor, the Raman system and the
details of the test-section.

The Raman system (schematic shown in Fig, 2) is mounted on a 3-D traversing table which is
remotely operated. In addition to the modifications described earlier, for this application the Raman
system had to be redesigned to result in the pulsed dye laser beam traversing the test-sectionina
horizontal manner through the two large windows. Due to the relatively small diameter of the traversing
beam in the 7" diameter windows a large section of the combusting region can be probed with this
arrangement. The scattered signal is collected by an air-cooled lens from the third window mounted on
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top of the test-section. The light is then folded and passed into the entrance slit of the polychromator for
further processing.

Application to IMFH Tube Exit

The IMFH tube used in this study consists of a single premixer tube based on the conceptof 2
cluster of such tubes studied at GEAE. The tube is of 0.5" diameter, is approximately 5" long and is
focated symmetrically exiting in a dump plane consisting of a TBC coated 5§ plate of 4.72" diameter (o
fit into the combustor rig described above. The IMFH tube and dump plate eic. are provided by GEAE.
To allow flame stabilization at the conditions of interest here the tube exit was modified by attaching a
step to provide recirculation zone at the face plate as shown in Fig. 6. A small amount of Hy was also
provided in the recirculation zone to help better anchor the flame. ‘A Delavan peanut nozzle aligned
symmetrically with the axis of the tbe facing downstream approximately 0.25" upstream of the tube infet
was used to supply Jet-A fuel. The operating conditions are 3 pressure drop across the tube of 6.5%,
static pressure in the combustor of 158 psig, inlet preheat air temperature of 630 F and an estimated
equivalence ratic of .34, There is cooling flow provided for the face plate which is taken from the main
combustion flow (which is measured to be 0.65 Ib/s) and thercfore the equivalence ratic is an
approximate value based on the fuel flow rate (21.2 pph) and estimated airflow through the premixer
tube. At these conditions the flame appears jet like, extends approximately 5" downstream of the bumer
exit and is fairly stcady. The flame, however, has some yellow streaks (is not completely blue) in the
vicinity of the tube exit and is somewhat asymmetric to the eye with the bottom half of the jet flame
visually appearing to be more stable and better anchored. Downstream of the exit the flame appears
symmetric with a 2" wide turbulent flame brush of bluish-white color. Raman traverses are obtained in
the vertical plane at three axial locations at 1", 3" and 6" downstream of the original tbe exit.

Figure 7 (a, b) shows profiles of the mean normalized raw Raman data obtained at X = 1" for the
major species i.e. Hy, H0, CO, COy, Oy, N, and CH containing species such as CHy, CoHj, CoHg
and other higher hydrocarbons which are all lumped together. Figure 7c is the tabulated series of all the
raw Raman data at various radial locations at this axial plane for all the species. These are average data
based on 200 shots at every location. The interference from laser-induced fluorescence discussed above
is maximurmn at this location (i.e. X = 1"} compared to the downstream axial locations (X = 3", 6") and is
shown in Fig. 7¢ in terms of measured voltage at Fy and F5 background monitoring channels. As can be
seen, however, these interferences are minimal even at this location e.g. the peak value of Fy 0f 0.132
Volts (data is shown x1000) is much less than the corresponding Raman signals of all species. At further
downstream locations of X = 3" and 6" these values are much lower since the soot precursors probably
bum up by then. This is confirmed by the fact that visually the yellow streaks in the flame are confined
to the initial anchoring region. This does suggest, however, that the fueNair mixture is not perfectly
premixed which certainly cannot be ruled out at these operating conditions. The Raman signals at these
conditions are much higher than those obtained in atmospheric jet flames. This is due 1o the elevated
pressure of 158 psig. The noise represented by background scattered lght and photomultiplier dark
current is independent of pressure and remains low. The Raman signal/noise ratios are therefore
considerably higher in this flame.,

The raw Raman data shown in Fig. 7 is then reduced using standard correction procedures and
100% calibration gases to result in mean and rms quantities of temperature, mole fraction of major
species and mixture fraction from the mole fractions. Instantaneous temperature is obtained from the
Ramari\Rayleigh data using two independent methods. The first method is an iterative scheme in which
an initial temperature is guessed, based upon which the mole fractions of all major species are calculated
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using their measured vibrational intensities. The mole fractions are then corrected using high temperature
correction factors to account for changes in the fraction of the Raman band falling in the fixed exit shits of
the respective photomultiplier tubes. The process is repeated until the sum of the mole fractions is unity. -
This iterative procedure converges in two or three iterations since the correction factors are relatively
wezk functions of temperature. An independent measurement of temperature is also obtained via
Rayleigh scattering. In premixed flames the Rayleigh signal is directly proportional to density and
thercfore inversely proportional to the temperature via the equation of state. Data obtained showed
reasonable agreement between the two procedures. All the temperature data presented here is based on
the first method.

Figs. 8 through 10 show the data worksheets and the mean temperature and major species
profiles for the three axial locations. As can be seen initially the jet of premixed fuel/air mixture close io
the exit has a diffusion jet like structure with a valley in the temperature field at the centerline, The peak
temperature is lower than the final equilibrium temperature. The major species show the expected trends.
Sinee it is 2 lean premixed flame the concentration of Nitrogen does not vary much anywhere as expected.
Oxygen deficit occurs in typical jet like fashion representing completion of combustion as the flame
progresses downstream of the exit. The combustion products are more interesting. The profile of water
{vapor) track the temperature field and is double peaked close to the exit but exhibits a typical well
developed jet profile at x = 6" with a peak value of 7%. The temperature profile is also representative of
a typical jet flame at this location. The peak temperature value is 2400 F. At x=6" the visible flame zone
has already ended and the flow has equilibrated. The other major product species of COy also shows
similar trend. The maximum centerline value of COp is 5%. The intermediate species in any
hydrocarbon flame are CO and Hj since that is the route by which most higher hydrocarbons burn. Figs.
8 - 10 again show the expected trends with there being measurable amounts of CO and Hj in the initial
regions of the flame as evidenced by the visible structure of the flame at x=1" and x=3". The blue color
of the flame is in fact believed to be due to chemiluminescence arising from CO -> CO; reaction. By the
furthest downstream location of x = 6" both CO and Hj and unbumt hydrocarbons represented by the C-
H species are less than 1% and are below the detection limits of the Raman system. This suggests very
high combustion efficiency of the combustor of upto 99% at this location. The Raman system can
measure major species accurately only for greater than 1% on an average basis. This data, however,
clearly shows that the flame is representative of typical turbulent jet flame with an initial lean premixed
fuel/air mixture representing the fuel. There is no evidence of any significant unbumt fuel downstream of
this last measurement location. The data can be also expressed in terms of the mixture fraction depending
on the element chosen. Based on 200 or more shots taken at every location statistics such as mean, nms,
pdf etc. for all species can be obtained. The data (shown in part here) clearly shows that the Raman
system has good S/N ratio at these operating conditions and there are no surprise interferences from any
combustion intermediates, soot etc. in this lean premixed situation. Raman diagnostics are thus not only
practical but represent a useful tocl in diagnosing the flame structure and the temperature ficld.

One final Figure of interest is the rms temperature field at x= 1" measured using this sysiem
shown in Fig. 8e. This data cannot be obtained by any conventional means. The data again clearly
shows the jet like structure of the flame with a double peaked profile for the normalized rms temperature
field. The peaks represent the fluctuating edges of the flame front which are strained by the shear layer
between the jet fuel/air mixture and the low velocity hot recirculating products. The rms temperature
fluctuations diminish to low values at the edges of the wrbulent jet as expected. Such data including rms
profiles of major species can be readily obtained from the Raman shot-to-shot statistical data obtained at
every location. Spectral data, however, cannot be obtained due 1o the limiting firing rate of the pulsed dye
laser of 5 Hz used in this study. These results represent the first application of Spontanecus Raman
scatiering to high pressure combusting system.
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_ Figure Captions

. Location of Raman vibrational bands and polychromator exit slit maskings for all major

species with respect to each other and Cp bands. Location of fluorescence monitoring
channels Fy and F7 is alsc shown in the Figure.

Schematic of the Raman system.

Raw Raman signals from N5 and Oy in room air as a function of pressure at room
temperature.

. Schematic of the HSCT combustor rig.

. Photographs of the HSCT rig showing the laser beam and details of the test-section.

Schematic of the modified IMFH single tube mounted in the HSCT combustor rig.

. Tabutated series and profile of raw Raman data at X= 1" from IMFH tube exit

Reduced Raman data showing the mean temperature and major species profiles at X = 1"

Reduced Raman data showing the mean temperature and major species profiles at X=3"

10. Reduced Raman data showing the mean temperature and major species profiles at X = 6"
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10.0 APPENDIX C: PENNSYLVANIA STATE UNIVERSITY FINAL REPORT
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Combustion Configurations

by

D. A. Santavicca and R. L. Steinberger
The Pennsylvania State University
Department of Mechanical Engineering
University Park, PA 16802

September 1993

NASA/CR—2005-213326 207






This final report details work carried out at Penn State to characterize fuel injection and
combustor designs presented by GEAE for use in the HSCT program. The report describes the
design and operation of the high pressure, high temperature flow combustor apparatus and
experimental results obtained therein,

In order %o achieve the overall goal of determining the effects of incomplete fuel-air mixing and
vaporization on the lean limit and emissions characteristics of a lean, prevaporized, premized
combustor, the experimental measurements were carried out in two phases. First, two-dimensional
exciplex fluorescence was used to characterize the degree of fuel vaporization and mixing at the
combustor inlet under non-combusting conditions. These tests were conducted at a pressure of 4 atm
abs, an inlet temperature of 360°C, a mixer tube velocity of 100 m/s, and an equivalence ratio of 0.8
using 2 mixture of tetradecane, ! methylnapthalene, and TMPD as 2 fuel simulant. Two transverse
injection geometries {on the centerline and at the wall) were investigated. In both cases, there was 2
significant amount of unvaporized fuel at the combustor entrance. Centerline injection, however,
exhibited a very non-uniform distributieé of fuel liquid and vapor, while wall injection yielded 2
much more uniform distribution of fuel across the width of the combustor entrance.

Second, lean limit and emissions measurements were made for combusting flows at a pressure of
4 atm abs, 2 mixer tube velocity of 100 m/s, and over a range of inlet temperatures, using Jet A as
the fuel and employing both fuel injection geometries. Contrary to expectations, wall injection which
produced better mixing, also yielded leaner operating limits. For a given equivalence ratic and inlet
temperature, the twe injection geometries also unexpectedly yielded comparable NO, emissions;
however, wall injection allowed operation at leaner equivalence ratios, thus yielding lower NO,

fevels.
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L SYSTEM DESIGN AND CONSTRUCTION

4. System Overview

Over a period of several months, 2 system was designed 1o allow operation of a pre-mized
pre-vaporized continuous flow combustor test section at pressures up 0 10 atm zbs, at inlet air
temperatures up ¢o 1000° K (1340°F), and with flow rates permitting 100 m/sec mean velocity in the
premixing section. The test section was designed to allow optical access on 4 sides around the
circumference and along the entire length of the premixer-combustor.

The mair portion of the apparatus consists of sections of 6” stainless steel, schedule 40 pipe,
which acts as a pressure containment vessel. Figure [ is a diagram of the system. Air is supplied by
a large, Ingersoll Rand reciprocating compressor capable of supplying about 400 scfm (0.5 Ib/s) at
400 psig. Air from the compressor is filtered and dx"ied in 2 Hankinson Aerolescer filter and flows
through a 4" stainless steel line holding a Hastings Raydist Mass Flow Meter and then tc 2 control
panel, which holds metering and shut-off valves. Upstream of the metering valve, the pressure is
maintained sufficiently high to create choked conditions at the valve, System pressure is controlled
by a Masoneilan Camflex valve located in the exhaust.

From the control panel, the air flows through the first section of 6" stainless steel pipe which
houses the air heating unit. This unit contains three, 9 kw Watlow rod heaters, each about 144" long
and each bent into 2 U-shape. The heaters and air flow are confined by a 3" diameter, 0.050" wall,
stainiess steel liner which is surrounded by ceramic insulation. The insulation used in this unit is a
combination of molded insulation made in house from Fiberfrax FC-25 Tamping Mix (molded into
sections about 12" long x 3" i.d. x 6" 0.d.), and loose ceramic insulation (Fiberfrax short staple
ceramic fiber) tamped into place. The 3° stainfess steel liner had to be cut into 3 sections, each about
24" long, in order to prevent warping, which was experienced with an original 6 long liner. To
improve heat transfer to the air, about 20 discs of perforated stainless steel are wired to the heaters

along their length at about 3-inch intervals.
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The next section of 6 stainless steel pipe houses the test section which is about 207 long.
The 6" pipe is fitted with 4 rectangular window ports spaced at 90° intervals around the
circumference. These window ports can hold quartz windows, each of which provides a viewing area
of 1 1/2° x 10 1/27, or stainless steel substitutes which allow feed-throughs for instrumentation, spark
ignition, etc., to the test section. The quartz windows are of a stepped design, are sealed by an O-
ring, and are held in place by an aluminum retaining ring. The stainless steel window blanks are also
O-ring sealed.

From the test section, air and/or exhaust gases flow into a quench section about 24° in length,
The gas flow here is also confined to the inside of 3 3° diameter stainless steel liner. This section is
fitted with a double coil of stainless steel 1/4” 0.d. tubing for water flow to enhance cooling of the
exhaust gases. Because the water flow in these coils from the building water supply was inadequate
to prevent boiling under combusting conditions, a pressure boost pump was introduced which
maintained about 4 gal/min.

From the gmench section, the exhaust flows through 1 1/2° schedule 40 stainiess steel pipe,
whickh is provided with a small nozzle for injecting a water spray transverse to the air flow to further
cool it, through a Masoneilan Camflex Valve used for adjusting back pressure, and then into the
building exhaust system. The exhaust section includes 3 90° elbow to allow for the axial insertion
and movement of a long, stainless steel, water-cooled gas sampling probe. The end of the exhaust
pipe contains a few inches of fiberglass insulation which provides some sound muffling, but is really
inadequate for the combustion tests. Each of the three 6" pipe sections (heater, test section, quench
section) is mounted on 3 mobile support stand which allows for their connection and disconnection foz

changes in test section configuration and repairs.

B. Safety Devices
The system is fited with several safety devices. There is a Fike burst disk assembly near the

exhaust region which is set for 158 psig. Also, there is 2 Watts pressure relief valve assembly near

NASA/CR—2005-213326 212



the system inlet set to open at 150 psig. There are also two pressure switches which will turn off the
heaters and the fuel flow if the pressure increases beyond 145 psig or decreases below 2 psig during 2
test. And, there is an Omega Engineering high limit switch which will turn off power to the heaters

should the heater sheath temperature exceed 2 set point, usually 800°C (1472°F).

C. Premixer-Combustor Test Section

The actual premixer-combustor apparatus was designed in two versions, one in quartz for use
in the exciplex liquid/vapor visualization studies, and one in metal for the combustion studies. Both
versions underwent several revisions before successful designs were achieved.

The quartz (fused silica) apparatus was fabricated from two tubes. The premixing section is
made from 13 mm i.d. x 15 mm o.d. twbing, while the flame tube or combustion section is from 28
mm i.d. x 31 mm o.d. tubing (nominal dimensions). The two tubes were joined by flaring the
smaller tube into a flat surface at right angles to the tube, and fusing this surface with the large
diameter tube, thus forming the sudden expansion which serves as the flame holder. The ends of this
complete quartz premixer, flame tube fit into machined parts of stainless steel. This design is shown
in Figure 2. The 5" long, 1.1° i.d. stainless stee! inlet section feeds the air from the heaters thxou@
a smooth rounded inlet into the quartz premixer. The downstream 5" stainless steel outlet section
simply feeds the flow through the flange into the quench section of the system. Seals at both ends
were achieved via compression of loose ceramic fiber insulation onto the quartz tubes. The inlet
section is modular and can be fitted with various fuel injection geometries.

The combustion apparatus was revised through several designs. The first three designs made
use of both hard, high-density (alumina) ceramic and low-density molded ceramic. The more rigid
aluminz desggn failed quickly, being unable to withstand the thermal shock. The low-density ceramic
design, while withstanding the thermal shock better, was very susceptible to erosion in the high-

speed, hot gas flow. None of the designs incorporating ceramics proved viable.
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The first metal flame tube was fabricated of thin-walled stainless steel tubing. Air flow which
initially was used simply as a qﬁenchimg flow injected into the hot exhaust stream to dilute and cool
it, was re-routed through the stainless steel windows in the test section to form a cooling air stream
on the flame tube exterior. However, this cooling was insufficient for the stainless tube which
warped and eventually burned away over a large area.

Finally, a flame tube measuring 1.125" i.d. x 1.315" 0.d. x 12" long was constructed of
Haynes 230 Alloy. A spiral groove was cut in its exterior surface to enhance heat transfer. Also this
tube was lengthened by about 15" so the flame tube then extended almost the entire length of the
quench section. The water cooling coils surround this extension piece, and the exterior cooling air is
mixed with exhaust gases at the exhaust end of the extended flame tube, near the end of the quench
section. The exterior surface is cooled by the previously mentioned air flow which flows in an
annulus formed by the flame tube and a length of 3" i.d. molded ceramic insulation. This design has
proved very satisfactory. A cooling air flow of 3-5 times the combustion air flow was required o

prevent the exterior surface temperature of the flame tube from exceeding 900°C (1650°F).

D. Fuel System

The fuel system, illustrated in Figure 3, consisted of 2 2-gallon tank made of steel pipe,
which was pressurized with nitrogen, thus enabling a constant and easily controlled fuel pressure.
Fuel flowed from the tank through a Fischer Porter rotameter-style flow meter, an in-line 15 filter,
and a solenoid vaive 1 a 1/16" stainless fuel line leading 0 2 fuel injector. Early flow visualization
tests incorporated a Delavan "peanut” nozzle mounted to spray axially with a 70° cone spray angle.
However, most of the testing was done with a "hypo-tube” fuel injector (0.040" 0.d. x 0.020" i.4.)
mounted in the ups&‘eam' end of the premixing section. Two mounting configurations were used: one
with the tube exit flush with the inside wall of the premixer, and the other with the tube exit on the
centerline of the premixer. In both cases, the axis of the wbe was tilted at 15° from the vertical in

the downstream direction.
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In the exciplex liquid-vapor studies, the fuel tube was mounted through a small hole in the
wall of the quartz tube. The fuel in these tests was a mixture of 84% Tetradecane, 15% 1-Methyl-
naphthalene and 1% N-N-N'-N'-Tetramethyl-P-phenylenediamine (TMPD), by mass.

In the combustion tests, the fuel tube was mounted through a swagelok fitting placing it at the

same axial location as in the visualization tests. The fuel used was Jet A obtained from the local
airport.

E. Controls and Instrumentation

A summary of the controls and instrumentation used in the apparatus is shown in Table 1.
The inlet air temperature was monitored by a Type K thermocouple positioned immediately
downstream of the flange separating the heater section from the test section. The temperature
controlier operated on the signal from this thermocouple, ’Ihex:mocoupﬂes were attached using hose
clamps on the sheaths of all three heaters. The signal from the heater experiencing the highest
temperatures was used for the input to the High Limit Controller.

The Air Flow Meter was checked against an American Meter Corporation Diaphragm Meter
with an accuracy of + 1%. The two meters agreed to within 2% over the range of 20.0 to 80.0 scfm
of air.

The Fuel Flow Meter was calibrated by timing 2 measured volume of liquid flow through the
meter. This was done once with pure tetradecane, and twice with Jet A. The Jet A data was
repeatable to within 5%.

During combustion tests in which CQ, €Oy, and O, exhaust concentration measurements
were made, the sampling probe was positioned about 1° upstream of the end of the flame tube (about
25" downstream of the flame holder). The emission instruments were operated in series with the

sample flow going from the CO to the CO, and then to the G, meters.
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Table &

Instrumentation
QUANTITY OR DEVICE INSTRUMENTATION ACCURACY
Temperatures Omega Type K +/- 0.75%
Thermocouples
Temperature Indicator Omega Model 115 +/- 2.6°C
Digital Thermometer
Temperature Controller Omega Model CNSGO0A +/- 0.25% FS
High Limit Temperature Omega Model CN2091 +/- 1% FS
Controller
System Ailr Pressure US Gauge +/- 0.5% FS
Process Gaugs
0-160 psig
System Air Pressure Control Masoneilan MNa
Camflex Valve
Fuel Pressure US Gauge +/- 0.5% FS
Process Gage
0-200 psig
Pressure Drop Dwyer Capsuhelic +/- 2% FS
{Test Section Inlet to Cutlet) Model 2205
0-5 psid
Pressure Switches Barksdale Controls NA

Model EIH-H230 143 psi inc
Model EIH-H1S 2 psi dec

Fuel Flow Meter Fischer Porter +/- 2% FS
Model 1046133
Rotameter
Alr Flow Meter Teledyne Hastings Raydist +/- 1% ES
Model HS-L10OSF Transducer
Model HAHL-100P Meter

CO Concentration Horiba Modei PIR-2000 +/- 0.3% FS
repeatability
CO, Concentration Horiba Model PIR-2000 +/- 0.3% FS
fepeatability

O, Concentration Beckman Model 755 +f- 1% FS
repeatability

NGO, Concentration Thermo Electron Model 10 +/- 1% F$
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When NO, measurements were made, no other meters were connected (o the sample line,
Al emissions measurements were made on 2 dry basis, water having been removed by a desiccant in

the case of CO, CO, and Oy, or by an ice bath condenser in the case of NO,.

An early version of the quartz premixer-flame twbe test section was used to perform spray
visualization experiments at atmospheric pressure and temperature. These experiments were

conducted while the main apparatus was under construction.

A. Atmospheric Pressure/Ambient Tempersture Tests

The first technique employed 2 35 mm still camera using color print and slide film. The
premixing section was illuminated using a pulsed Nd:YAG laser operating at 532 nm. The laser
beam was formed int a sheet about 50 mm wide in the horizontal plane, while the camera viewed the
Mie scattered light from the spray from the top. These experiments employed methanol as the fuel.
Several experiments were performed using the still camera method.

Initially, the spray from the peanut nozzle was photographed, mostly near the nozzle exit in
the premixing tube. These pictures revealed a very thick spray in this region and considerable wall
wetting was noted. ‘

The technique was then applied to the hypo-tube injector placed on the center line. In order
to obtain a side view of the spray, the injector entered the quartz tube from the side, in the plane of
the laser sheet, while the camera remained mounted above. In order to enhance vaporization, the .
guariz tube walls were heated using heated air flow from a heat gun, but no temperatures were
monitored. In these tests, there seemed to be an intermittency to the spray; even with the naked eye,
the spray seemed to start and stop.

As a final experiment in these preliminary atmospheric tests, aimed at verifying this

intermittency, the spray from the hypo-tube injector was photographed using a Kodak Spin Physics
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High Speed Video System recording at 2000 frames/sec. These sequences played back frame by
frame clearly showed that at irregular intervals, the fuel actually stops flowing out of the fuel tbe.
Although interesting, this phenomenon was not further pursued since its relevance to fuel injection

with kerosene-type fuels at operating pressures and temperatures was not clear,

B. Operating Pressure/Temperature Tesis

At this point, the full apparatus became zvailable, was assembled and modified until operation
for about an hour at 45 psig, 70 scfm, and 350°C (660°F) inlet conditions was achieved withowt
problems. The guartz premixer-flame tube test section was now one piece, as previously described.

A new racording sysiem, consisting of a compact CCD Mulaix TM-745 video camera
connected to 2 Sony SLV-RSVC super VHS VCR and 2 Sony KV20EXR20 television, was used.
Two types of visualization experiments were carried out using the new apparatus and the Pulnix
camera. In the first experiments, continucus dlumination was provided from a spot light and the
camera was allowed to record at its normal free-run framing rate wherein the effactive shutter speed
is 1/60 sec. Flow conditions are described in Table 2. Naked eye observation revealed a very finely
atomized spray all the way down the premixing tube. Video records showed no wall wening and no
visible intermittency. In an expansion of this test, the camera was adjusted for a shutter speed of
1/2000 sec. These video records showed there actually were fluctuations in the spray, but no distinct
on/off periods. There was no wall wetting. In these experiments, bowever, the required fuel flow
rates were not achieved; this problem was eventually traced to an improperly connected swagelok
fitting and was corrected.

In the next Mie scattering experiment, the video camera was employed again, but illumination
was provided by the puléed Nd:YAG laser. Flow conditions for this set of experiments are listed in
Table 3. Video records of the spray were made with the camera and laser positioned to view the
spray from both the top and the side, and at two axial locations: at the transition from premixer to

flame tube, and about §.5° farther downs@éam.
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Table 2

- Mie Scattering Experiments 4/2-4/4/92

System Pressure =
Air Flow Rate =

Alr Speed in Premixer =
{assuming flow coefficient = 0.86)

Inlet Air Temperature =
Fuel =

Fuel Flow =
Equivalence Ratio =
Injector =

Flow Conditions

52 psig
60-62 scfm (0.076 Ib/s)
121 mfs

360°C (680°F)

Jet A

40-77 gm/min (0.0015-0.0028 ib/s)
0.29-0.53

Hypo fuel-tube positioned on centerline

Table 3

Mie Scattering Experiments 6/11-6/12/92

System Pressure =
Air Flow Rate =

Air Speed i Premixer =
(assuming flow coefficient = §.86)

Infet Air Temperature =
Fuel =

Fuel Flow =
Equivalence Ratio =
Injector =

NASA/CR—2005-213326

Flow Conditions

66.3 psia
53.0 scfm (0.0661 Ib/s)
104 m/s

360°C (680°F)

Jet A

86.7 gm/min (0.00318 Ib/s)
0.70

Hypo fuel-tube
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Video records were made for two situations: the injector position on the centerline, and the
injector positioned at the wall. The records are summarized in Table 4 and reviews of the video
records revealed that:

t.  Fine droplets exist on both sides of the transition from small diameter 1o large diameter

in both injection geometries.

2. In the region after the trausition, the droplets present in the core jet do not migrate out
of the core, but rather remain confined o the core—though evaporative processes may
deposit vapor everywhere—in both injector geometries.

3. 'The major difference in the two injector geometries is that in the case of centeriine
injection, the droplet density on both sides of the transition appears to be higher above
the centerline than below it. This observation is apparent in the side views of the
scattered light. In top views of both cases, though, the droplets appear to be fairly
evenly distributed.

4. Fluctuations in the spray are apparent in ali vides sequences; viewing two consecutive
frames shows a slightly different droplet distribution image, though all gross test
conditions remain constant. No attempt was made to quantify or correlate these

fluctuations.

HE. EXCIPLEX LIQUID-VAPOR VISUALIZATION EXPERIMENTS

Once the flow system was proven o operate consistently at the required pressures and
temperatures the exciplex visualization experiments were begun. The photophysics of the exciplex
technique is described in several other references!™ and will not be detailed here. It is a laser
fluorescence twhﬁque in which an optically active chemical mixture is substituted for the actual fuel.
When this mixture is irradiated by UV laser light, the vapor component fluoresces at one wavelength
and the liquid at another. By properly selecting filters, these two components of emitted light can be

separated, thus allowing separate visualization of liquid and vapor. In general, the emitted light
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Table €
Video Data From 6/11-6/12/92

Date | Injector Video Axial Location View Observations
6/11 | centerline £ at transition side | droplets on both sides of |
premixer 1o flame transition; more drops above
tube | centerline in flame tube
2 i cm downstream of | side | droplets persist but thin out; no
transition droplets visible off core around

centerline; still more drops
above centerline

3 at transition top | droplets more evenly distributed
premixer to flame though fluctuations are visible;
tube no droplets visible outside core

4 i ¢m downstream of top | still droplets visible, but not as
transition dense

6/12 wall 1 at transition top | droplets on both sides of
premixer to flame transition evenly disiributed;
tube few droplets off axis

2 1 ¢m downstream of top | unchanged
transition

3 at transition side | droplets seem very evenly
premixer &0 flame dispersed
tube

4 1 ¢cm downstrears of | side | unchanged
transition

intensity is proportional to the mass concentration of the respective component. The fuel substitute
used here was 2 mixture of Tetradecane (T), I Methylnapthalene (MN), and NNN'N’ Tetramethyl-p-
phenylenediamine (TMPD). This mixtre then yields a fluorescence vapor signal in the blue (380

nm) and a fluorescence liquid signal in the green (470 mm).

A, Apparatus and Procedures
A pew fuel tank was constructed from 3 1/2" steel pipe to contain zbout 1.5 galions of

exciplex mixture, encugh for about 20-30 minutes of run time under normal operating conditions,
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The mixture used in all experiments was 84% T, 15% MN, and 1% TMPD by mass,
Tetradecans was obtained from the Humphrey Chemical Co., while the Naphthalene and TMPD were
obtained from either Aldrick Chemical Co. or Spectrum Chemical Co., and were used as received.
Usually, the mixture was prepared in a 2-liter batch. Oxygen rapidly degrades TMPD and the
mixture. Therefore, the fuel tank was purged with nitrogen for about 30 minutes befére it was filled,
Also, nitrogen was bubbled through the mixture to purge the liquids of dissolved oxygen for 15-30
minutes. The mixture was also vigorously shaken to encourage dissolving of the TMPD. Regardless
of how long the mixture was shaken, some black fiecks of unknown composition always remained in
the mixture. Therefore, the mixture was always poured through several layers of fine nylon mesh o
filter these solids out as the fuel tank was filled.

The exciplex fluorescence process is extremely susceptible to oxygen quenching. Thus, the
technique must be carried out in an oxygen-free environment. For these experiments, six standard-
size (1.5 £.3 @ 2500 psig) nitrogen bottles were manifolded together and a valving system was used
to allow switching from air flow to nitrogen flow. The nitrogen flow was regulated by & Grove Mity-
Mite Model 94 regulator down to about 175 psig to maintain choking at the flow control valve.
Under normal operating conditions (about 50 scfm), six nitrogen bottles provided about 25 minutes of
run time. Between the regulator and the Hastings flowmeter, the nitrogen flowed through about 30
feet of copper tubing to facilitate warming it back to near room temperature afier its throtiling from
the gas bottles. The Hastings flowmeter has a correction factor of 1.02 for nitrogen over air. During
a test, experimental conditions, including achieving steady-state inlet temperature, were stabilized
using air flow. Then, by changing the states of two valves, air flow was stopped and nitrogen ﬂowu
was started. Nitrogen was allowed to flow through the system for at least 1.5 minutes before taking
any data. This guaranteed purging of the air remaining in the apparatus.

The fluorescence images were recorded using a Princeton Instruments Image Intensifying

Camera, which makes use of 2 576 x 384 pizel CCD. This camera is computer controlled and is
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interfaced with 2 Gateway 486 33 MHz computer, where images were stored, processed and
analyzed. Camera control and image processing are accomplished with Princeton Instruments’ own
software called CSMA (CCD Spectrometric Multichanne! Analysis Software).

Exciplex fluorescence was stimulated by 355 nm light pulses {pulse duration = 20 ns) from 2
Nd:YAG laser with a frequency tripling crystal, operating at a repetition rate of 10 hz. Light pulses
from the laser were passed through an iris o try to eliminate as much of the stray, second harmonic
green (532 nm) light as possible, then through a 65 mm focal length glass cylindrical lens to spread
the circular beam into a sheet, and through a 610 mm focal length quartz spherical lens to focus the
sheet down to < 0.5 mm widih in the test section. Also placed in the beam path was a 532 nm
reflecting mirror to try to further remove any stray green laser light from the test section area where
reflections and Mie scattering can gverwhelm the fluorescence signals.

| Mounts were built to enable the camera to be positioned above or on the side of the test
section to allow top and side views. The camera and laser sheet were always at right angles. A
Nikon 60 mm £/2.8 lens was used to image the test section on the camera CCD.

The vapor and liquid fluorescence signals were separated using a Corion P10-500-R-1952,
500 nm center/10 am FWHM band pass filter for the green (liquid) signal and a Corion $§25-400-R- -
0008, 400 nm center/25 mm FWHM band pass filter for the blue (vapor) signal.

During the experiments, one of the most persistent problems encountered was swamping of
the CCD camera by a small area of high intensity light coming from the quartz test section, even
without liquid flow, and passing mraug}x the green (500 nm) filter. It may be that certzin impurities
in the quartz fluoresce at this wavelength. Much time was spent adjusting strips of tape, which were
placed on the test section windows to try to block this light. Since the windows were hot at test
conditions, this was a difficult task. The effect of bright spots on the image is to greatly reduce the

contrast in the less intense regions.
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The procedure in a typical exciplex experiment was as follows:

{.

2.

Set up the directory structure for storing images on the computer.

Set the air flow to the desired value and adjust the inlet temperature set point.

Allow air to flow while the system heats up and reaches equilibrium,

View images wiﬁh the CCD camera in real-time in order to focus and adjust its position.
Once the system is at equilibrivm, position the green filter on the camera lens, and
switch to nitrogen flow.

Having purged air from the system, begin spraying exciplex liquid, and better focus the
carnera on the liquid drops.

Record 3 set of liguid images.

Switch the filter on the camera and record a set of vapor images.

Beginning a test with 4 liters of exciplex mixture and 6 bottles of nitrogen would usually

allow z set of 20-25 images (frames) to be recorded. Included in each set of liquid and vapor images,

was an image under the same conditions but with no liquid flow. All exciplex images were recorded

with the room lights off.

B. Resulis

A complete set of exciplex vapor and liquid images was obtained for two hypo-tube injector

locations: 2t the wall and on the centerline, a¢t an axial location about 1.3" downstream of the leading

edge of the rounded inlet to the premixer. The operating conditions were the same in all cases:

System Pressure: 61-63 psia
Inlet Air Temperature: 366°C (680°F)
Air Flow Rate: 51-53 scfm (234 pph}

Premixer Air Speed: 109 m/s
{assuming a flow coefficient of §.86)

Liquid Flow Rate: 110 cc/min (11.7 pph)
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The vapor and lquid images were obtained in both side and top views; the axial location of the laser
and camefa was always such that the transition from premixer to flame tube was in the center of the
image area. Magnification was adjusted so that the diameter of the flame wbe just filled the width of
the image area.

Images recorded with the CCD camera are stored on disk and can be viewed and analyzed
with the CSMA software. Generally, a set of five liquid or vapor images was averaged to produce 2
final image. Averaging means that the individual pixel intensities at each pixel location were added
and the result divided by the number of images. The software then can assign colors to the various
intensity levels in the image and display a false color image on the video screen. Finally, 2 35 mm
color print of this image was made and 2 set of these prints was given 1o GE.

In Figures 4-11, contour plots corresponding to these same test results are shown. These
contour plots were generated by a separate software package which took as input an ASCII data file
made up of pixel x,y locations and the corresponding pixel intensity. Contours of constant intensity
(normalized by the maximum intensity in the field) are generated and plotted by the program.
Figures 4-7 show liquid and vapor distril'.mtions for centerline injection, while Figures 8-11 show the
distributions for wall injection.

From these tests, the following observations can be made:

1. There is significant liquid present on both sides of the transition, presumably as droplets,

whether the fuel tube is on the centerline or at the wall.

2. With the fuel tube on the centerline, the side views show the liquid concentrated in the
upper half of the premixer and having moved only slightly away from this Iine just
downstream of the transition. We believe this cbservation to be evidence of wall wetting
in the premixer due to over-penetration of the fuel jet. The vapor, t00, is concentrated
in the upper half of the premixer, but has spread somewhat off this line in the larger

diameter flametube. Still, the dispersion is very non-uniform with the region of highest
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Figure 4 Normalized Fluoresecence Contours:
Centerline Injection, Liquid, Top View

Figure 5 Normalized Fluorescence Contours:
Centerline Injection, Liquid, Side View I N N N T T R
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Figure ¢ Normalized Fluorescence Contours: =

Centerline Injection, Vapor, Top View — e

Figure 7 Normalized Fluorescence Contours:
Centerline Injection, Vapor, Side View -
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Figure 8 Normalized Fluorescence Contours:
Wall Injection, Liquid, Top View e R S

Figure 9 Normalized Fluorescence Contours: T T
Wall Injection, Liquid, Side View
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Figure 10 Normalized Fluorescence Contours:
Wall Injection, Vapor, Top View

Figure 11 N@z’magizedif Fluorescence Contours:
Wall Injection, Vapor, Side View
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concentration of vapor lying near 2 line running downstream from the upper boundary of
the premixer.

3. With the fuel tube at the wall, the side views show liquid and vapor on both sides of the
transition, but both are much more uniformiy distributed. Indeed the vapor fills the .
flametube region and seems very uniform.

At this point in the development of the exciplex technique, guantitative results were not

possible, except to the extent that rough comparisons between two regions withis 2 single image can

be made.

C. Exciplex Calibration Experiments

In order to obtain absolute concentration information from exciplex data, a calibration curve
of vapor or liquid concentration versus intensity must be obtained. For various reasons, including the
fact that it is now known that the absorption coefficient for the exciplex dopants is very temperature-
dependent above 500°K, it is best to obtain this calibration data in situ, under the same conditions
which exist during an experiment. Also, laser power must be consistently maintained and variations
in intensity along the laser sheet must be taken into account.

Several attempts were made to obtain this type of calibration data for the vapor component.
The methodology was to try to create a uniform, completely vaporized mixture in the flameholder
region and correlate the resulting fluorescent intensity with fuel flow.

For these calibration experiments, the fuel was injected via the hypo-tube at the far upstream
end of the test section, ahead of the premixer, at the wail and pointing vertically upwards, transverse
to the air flow. To improve the mixing, a set of Koflo static in-line mixing vanes was inserted in this
upsiream portion of the test section.

In order to give the exciplex mixture as much time to vaporize as possible, the camera and
laser were positioned o view a region about 2.5 inches dowanstream of the transition from the

premixer to flametube.

NASA/CR—2005-213326 232



Laser sheet uniformity was checked and measured in the following way. A 1/4° 0.d., 3/16°
i.d. quartz tube about 37 long w;& filled with Jet A (which fluoresces brightly under UV
iltumination), stoppered, and attached to 2 rod. The rod was then inserted down the centerline of the
test section so that the quartz tube was in the field of view of mé camera. Then under 335 nm laser
illumination, the flucrescence was recorded by the camera, producing an image of a thin line of
varying intensity. Normalization of this intensity record then gave a correction factor for intensity

variation along the laser sheet.

D. Results

Calibration images for several sets of experiments were analyzed for uniformity and for
consistent trends. In most cases, it was found that the average intensity in one region of the field of
view was quite different from that in another region. Also, in some cases, the data was not
repeatable. The last data set showed the most internal consistency and incorporated the laser sheet

uniformity correction. Experimental conditions were:

Date: . /1792
Infet temperature: 360°C (680°F)
‘Air (N,) Flow Rate: 52 scfm
System Pressure: 51 psig

For each of five fuel flow rates, a set of 5 images was recorded. These six images were averaged,
and were corrected for Iaser sheet intensity variation. Then, 2 region of the image (actually the
upstream half of the view area) was analyzed for its average pixel intensity, and for the standard
deviation of the intensities in this region. The resulting graph of intensity versus fuel flow rate is
shown in Figure 12; the data display a reasonably straight line.

These results demonstrate that we are making progress toward an exciplex calibration

methodology in these experiments; however, the calibration results here cannot be applied yet to the
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exciplex results for several reasons. For example, the gain setting on the camera was not the same in
the calibration tests as it was in the liquid-vapor visualization experiments.

The calibration experiments need to be considerably improved before applying them to
exciplex results. We cannot yet be sure the fuel is entirely vaporized, and the standard deviations are
too high, indicating non-uniformities persist. And we do not yet know the repeatability of these

results,

Y. COMBUSTION EXPERIMENTS

The goal of the combustion experiments was to obtain lean stability limit data and emission
NGy, CO, Uy, Oy) data for the same injection geometries and test conditions which were studied
with the exciplex technique. Several combustor designs were attempted before one which would
successfully survive the combustion environment was achieved. Initially, the designs incorporated
ceramic materials in order to keep the combustor adiabatic, thus simulating 2 real combustor situation
wherein one combustor is surrounded by others. However, the final successful design was entirely

metal and air cooled. A short description of each design follows.

A. Design History

The first design incorporated 2 hard ceramic (99.8% alumina, Vesuvius McDanel) flame tube
which acally formed the liner of a stainless steel outer tube. This external tube was welded to 3
stainless steel pre-mixer. The alumina combustion tube extended about 6" beyond the combustion
section into the quench section. Four 1/2° diameter holes were drilled circumferentially at § locations
along this 6" extension through the tube wall to aid mixing of combustion gases with quench air in
this quench region. A small hole was drilled through the outer stainiess steel tube and through the
alumina liner just downstream of the sudden expansion to accommodate an igniter.

The igniter was made from a four-hole, 3/16" dia. alumina tube in a stainless steel sleeve,

Two platinum wires were fed through two holes in the alumina to form 2 spark gap, a stainless steel
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tube was fed through a third bole to allow for hydrogen flow, and the fourth hole was not used. The
spark-ignited hydrogen flame served as the igniter to the main flow. This method of ignition has
been retained through all combustion tests.

Sustained combustion was achieved in this apparatus, but examination of it afier only a few
short tests revealed a broken and cracked alumina liner. It was concluded that the rigid alumina
cannot stand up to the severe thermal shock encountered during ignition and combustion.

The second design incorporated low density ceramics from Zircar Products, Inc., for the
combustion section. This section consisted of three ceramic tubes nested inside each other. The
innermost was 1 1/8” i.d. x 2° o.d. SALI ceramic, the middie section was 2° i.d. x 3" 0.d. ALC
ceramic, and the outer section was 3° i.d. x 5" o.d. ASH ceramic, each cut to a 12° length and
housed inside a length of steel pipe which fit inside the 6" stainless test section. However, after only
three combustion tests, inspection showed that the inner SALI tube had broken in several places.
Consequently, kot combustion gases had reached the stainless liner in the quench section and damaged
it. Also, it was clear that the hot, high-velocity gases, easily eroded this low-density ceramic
material, |

At this point, the ceramic flame tube design was discarded in favor of a cooled, thin-walled (1
18" id. x | 1/4° 0.d. x 12° long) stainless steel tube. The region around the step transition was also
redesigned to allow for annular cooling flow along the entire length of the flame tube. The stainless
steel "window" poris in the test section were modified to accommodate hose connections and air,
which previously flowed directly into the quench section was redirected through these window ports.
An annular region around the flame tube was formed by retaining the outer two ceramic tubes. AiR:
entering the test section through the window ports flowed through an annular ring of perforated
stainless steel to help distribute the flow and then flowed down the length of the flame tube to cool it.

A schematic drawing of this design is shown in Figure 13.
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A number of combustion tests were made with this design, Initial inspection of the stainless
aube showed it 10 be intact. However, at some unknown point in these tests, the flame tube badly
warped, and 2 large hole was burned through its wall. Thus, emission data from this period could
not be considered valid. We had w conclude that the stainless steel tube also was not durable enough
for these conditions and that cooling of the stainless steel tube was still inadequate,

This led to the final and most successful design. The flame tube was fabricated from Haynes
Alloy 230, 17 schedule 40 pipe, with the i.d. machined 0 1.125°. The tube was made to extend
from the sudden step at the transition, nearly to the end of the quench section (a total length of about
27 1/27}; it passed inside the cooling coils in the quench section. A square cross section, spiral
groove was cut in the upstream 12 inches of the flame tube in order to enhance cooling by the annular
flow of cooling air. This special alloy tube was welded to the upstream premixing section using 2
redesigned transition piece.

In the first version of this design, a pair of Koflo static mixers was fizxed in the flame tube in
order to encourage mixing of the combustion gases so that the sampling probe would be sampling a
uniform mixture. However, these siainléss steel mixers burned up and blew out in the first test. The
combustion tube itself, though, has sustained many tests in which its measured exterior wall
temperature has been > 800°C (1472°F) and has been relatively problem free. This configuration

was used in all experiments reported here.

B. Experimental Conditions

Certain conditions remained unchanged throughout these experiments. They were:
System Pressure = 50-53 psig
Alr Flow Rate = 50-52 scfm
Alr Speed in Premixer (assuming a flow coefficient of 0.86)=10! m/s @ 360°C (680°F) inlet

=117 m/s @ 460°C (860°F) inlet
Fueﬁ = Jet A
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Injector = 0.020° i.d. x 0.040" o.4. hypo-tube positioned either at the wall or on the
centerling

Sampling Probe Position = 25" downstream from the step transition between premixer and flame
tube (except in special experiments during which the probe position
was axially varied).

Early combustion experiments in which CO, CO, and O levels were measured showed a discrepancy

between the equivalence ratio based upon measured flow rates of fuel and air, and that calculated

from measured CO, €Oy, and O, emissions using hydrogen, carbon and oxygen balances. This latter
calculation requires certain assumptions including that there are negligible unburned hydrocarbons and
nitrogen oxides in the products, that all water is removed from the products before measurements are

| made, and that the atomic ratio of hydrogen to carbon in the fuel is 2.0 to 1. Jet A is 2 mixture of
hydrocarbons, but is often modeled as Cy4H,, in chemical calculations. However, because of this
equivalence ratio discrepancy, questions remain concerning the fuel composition, and st@s are being
taken to define the hydrogen-to-carbon ratio. The equivalence ratio discrepancy was almost always
such that the emission-based equivalence ratic was richer than the flow-based ratic. In order to be
sure that air measured in the air flowmeter was not somehow lost from the combustion process, the
combustor test section was tightened against leaks by welding most of it together; also, the inlet
section of the premixer-combustor was screwed tightly to the flange connecting the heater section and
the test section. And the fuel inlet was accomplished through a welded-on swagelok fitting.

In order to prove the tightness of the system, the following test was done. First, the Hastings
Raydist Flowmeter measured flow through the pipe and hose from the compressor to the control
panel, and a large Fischer-Porter rotameter measured it at the panel outlet and exhausted to the
atmosphere. The two meter readings were compared over a range of 22 to 40 scfi, with the system
operating at essentially ! atm and room temperature, and found to agree to within + 5%. Then, the
heater section and the test section inlet-combustor were inserted between the two flowmeters. Again,

the two readings were compared under the same operating conditions and found to agree to within +
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5%. This is certainly strong evidence that no air is lost in the test section and that the Hastings meter

is measuring the entire combustion air flow.

C. CO, COy, Oy Emissions Experiments

For the centerline injection case, tests were run with inlet air temperatures of 360°C (680°F)
and 400°C (750°F). These results are shown in Figures 14-16. The flow-based equivalence ratio
was varied from about 0.75 to about 1.05. In the tests of 3/19 and 3/22/93 (Figures 15 and 16), the
agreement between flow-based and emission-based equivalence ratios is excellent; however, in the
first test (Figure 14), the emission-based equivalence ratio is consistently richer than the flow-based.
No explanation for this difference has been found,

For the wall injection case, one test was performed at the 360°C (680°F) inlet condition. The
results of this test are shown in Figure 17, and it can be seen that there is a large discrepancy
between flow- and emission-based equivalence ratics. The emission-based ratio ranges from about
0.50 w 0.85.

In order to try to find the cause of this discrepancy, additional investigations were made.
First, the system was once again checked for air leaks by comparing the Hastings Flowmeter reading
at the infet to the system, to the Fischer Porter reading at the exit. These readings were found to
agree to within +10% over the range of 10-44 scfm which cannot account for the large differences in
equivalence ratios.

It was also thought that possibly the sampling probe was collecting a sample from a location
at which the exhaust gases were not uniformly mixed. In order to check this possibility, 2 second
investigation was run in which the CO, CQy and U, measurements were made at several axial
locations inside the combustion tube upstream of the usual location for the wall injection case. These
results are shown in Figures 18-21, for flow-based equivalence ratios of 0.39 and 0.51.

In Figure 18, note that the emission-based eguivalence ratio is about 0.59, and the variation of

the computed values at the 5 azial locations is less than 3%. In Figure 20, this variation is less than
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AXIAL VARIATION OF MEASURED EMISSION
Injector ot Wali Jet A
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5%. From this evidence, it is likely that the sample is being extracted from a region, in each case,
which is reasonably well zmxed and uniform. At the present time, this 20-30% difference between
flow-based and emission-based equivalence ratios cannot be explained and further tests must be doae
to uncover the problem. For example, the previously mentioned air flow meter comparisons were
done with the Hastings meter at pressures fower than it experiences during combustion tests; its
pressure dependence will be tested. And the fuel will be analyzed to better identify the hydrogen-to-
carbor ratio.

The CO levels were generally very low, thus indicating a high combustion efficiency. For
example, in the case of wall injection with an inlet temperature of 360°C, the combustion efficiency
was greater than 99.9% between the equivalence ratios of 0.6 and .8 (emission-based); in the case of

centerline injection, at 400°C inlet, the combustion efficiencies were slightly lower, at about 99.8%.

B. NO, Emissions Experiments

With the injector on the centerline of the premixer, measurements of NO, in the exhaust were
made at inlet air temperatures of 360°C {680"?‘), 400°C (752°F), 430°C (806°F) and 460°C
{B60°F), over a (flow-based) equivalence ratio range of 0.65 o 1.05. These data are shown
individually in Figures 22-25 and combined on one graph in Figure 26. Recall that when NQ, levels
were measured, oo other components in the exhaust were measured; the equivalence ratic in these
figures is based on flowrates. In no case for centerline injéction was the NO, level ever much below
100 ppm. The higher inlet temperature cases do show slightly higher NO, levels as might be
expected.

With the injector at the wall, NO; measurements were made at inlet temperatures of 363°C
{680°F) and 460°C (860°F) over a flowrate based equivalence ratic range of 0.3 t0 0.7. Results
from these tests are shown in Figure 27. In these cases, the NO; levels ranged from 20 to 200 ppm.
Again, the levels are slightly increased at the higher inlet air temperatures. Results for both the

centerline and wall injection NO, levels are shown in Figure 28, for the 460°C inlet case.
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Surprisingly, it can be seen that the trends are such that the two injection geometries result in similar
NO, levels for a given equivalénce ratio. The exciplex visualization results defined the wall injection
case as yielding a more uniform distribution of both fuel liquid and fuel vapor. For a given overall
equivalence ratio, & more uniform mixture at lean conditions ylelds reduced NO, Hevgisgs“é however,
this was not observed in these experiments. Wall injection, though, did allow operation at feaner
equivalence ratios, and hence, at lower NG, levels.

In the course of making the NO, measurements, it was not difficult to extend the
measurements slightly and investigate the axial development of NO, along the length of the
combustion tube. Axial measurements of NO, were made for one case, namely wall injection, 360°C
(680°F) inlet temperature, and & flow rate based equivalence ratio of 0.51. These measurements are
shown in Figure 29, and may be compared with the results shown in Figure 20 for CO under very
similar conditions. It is clear in Figure 29 that NO, is still forming, even at probe position 0, while
in Figure 20, CO has reached a steady value at probe position -4 or so. Studies such as these may
provide useful information applicable to determining a combustor length resulting in reduced NQ,

while completing the burning of CO.

E. Lean Limit Experiments

During the NO, emission experiments, the weak extinction limit of these flames was also
measured. For both the centerline and wall injection cases, the limit was measured at 360°C
{680°F), 400°C (732°F), 430°C (806°F), and 460°C (860°F) inlet air temperatures; one additional
test, at 300°C (572°F), was done for wall iﬁjecﬁon.

The results for centerline injection are shown in Figure 30, and as inlet air temperature
increases, the weak extinction equivalence ratio decreases almost linearly from 0.78 to 0.64 (flow-
based) over this 100°C range.

A more surprising result was found for the wall injection case. Here, the weak limit was

nearly comstant over the inlet air temperature range considered, 300-460°C (572-860°F), varying
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from 0.25 t0 0.275, as seen in Figmré 31, Also surprising is that these lean limits are so much lower
than those for the centerline injection case. We know from the exciplex visualization results that the
wall injection case yields 2 more uniform fuel-alr mixture distribution, and it is generally accepted

that improved mixing results in higher lean limit equivalence ratios.”"12

A high temperature, high pressure continuous flow combustion facility has been designed and
buile which has an optically accessible test section. The facility bas been operated with 3 lean,
prevaporized, premixed combustor d&sigm\aﬁ 2 pf&ssure of 4 atm, a velocity in the premixer of 100
m/fs and over 2 range of inlet temperatures.

Under these test conditions, at an inlet temperature of 360°C (680°F), the degree of fuel
vaporization and fuel-air mixing was qualitatively characterized using exciplex fluorescence for non-
combusting flows. Two injection geometries were studied, both employing transverse injection
through a hypo fuel-tube. Both had appreciable unvaporized fuel at the combustor inlet; center line
injection produced a very non-uniform fuel distribution, while wall injection produced 2 relatively
uniform distribution. |

Under the same conditions, but over an inlet temperature range of 360-460° (680-860°F),
lean limits and emissions were measured for combusting flows. Unexpectedly, the better mixed case
had a significantly leaner limit, while NO, emissions were comparable for the two fuel distributions.

The more uniform case, however, was capable of lower NO, emissions due #0 its ability to operate

leaner.
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