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I. SUMMARY

This report documents the design, analysis, and testing of three reverse-flow
annular combustor concepts resulting from NASA Contract NAS 3-22762, Small Gas
Turbine Combustor Primary Zone Study. The objective of the program was to
verify a design methodology using a three-dimensional (3-D) combustor primary
zone (PZ) performance computer model for optimizing the design process and for
gaining insight into combustor PZ performance. Three reverse-flow annular
combustor concepts were used with at least five modifications made to each
concept.

The Concept I reverse-flow combustor was a swirl-stabilized, double-vortex,
annular combustor. The double vortex in the primary zone resulted from the
combination of prechamber swirled air, a sudden expansion into the primary
zone, and opposing rows of PZ air entry holes. A baseline liner and five mod-
ified versions were designed, analyzed with the 3-D computer model, fabricated,
and then tested on a combustor rig. Liner modifications included a change in
swirler angle; adjustments in PZ hole spacing, number of holes, and area of
holes; and an increase in the porosity of the Lamilloy®* cooling material.

The Concept II reverse-flow combustor was a swirl-stabilized, double-vortex,
reverse-circulation annular combustor with some film cooling in addition to
the Lamilloy cooling as in Concept I. This combustor liner incorporated an
upstream (reverse) film air cooling for the liner dome and forward portion of
the primary zone and was subsequently used as a portion of the PZ combustion
air. A baseline liner and five modified versions of this concept were also
designed, analyzed, fabricated, and tested. The modifications included a
change in swirler angle, increases and decreases in the PZ hole areas, and
operation on only eight of the sixteen fuel nozzles.

The Concept III reverse-flow combustor was an annulus-air-aligned, single-vor-
tex design. In this concept the PZ flame stabilization was accomplished by a
single large torus created by a single-loop film cooling system and angled
primary-air entry jets. Increasing the size of the PZ vortex permitted the
reduction in the number of fuel nozzles from sixteen to twelve. In addition
to having fewer fuel nozzles, each fuel nozzle was chuted to enhance premixing
and prevaporizing of the fuel and air and to permit precise placement of the
fuel in the primary zone. A baseline and eight modifications were evaluated
in the program. The modifications included changes in fuel placement, changes
in the PZ air between inner and outer shells, and changes to the fuel chute
designs.

The major analytical effort in this program was the application of a 3-D aero-
dynamic combustor flow-field model to the design and test-result correlation.
The model, designated MARC-I for multidimensional aerodynamic recirculation
combustion--version I, is the Detroit Diesel Allison (DDA) adaptation of the
3-D recirculating (elliptic) reacting flow model developed by the Garrett
Corporation for the U.S. Army Research and Technology Laboratories (AVRADCOM).
MARC-I was used to analyze each of the twenty-or! combustor designs. After
testing of the combustor designs, the analytical snd experimental data were
compared to assess both qualitative and quantitative agreement.

*Lamilloy is a registered trademark of General Motors Corporation.



In conclusion, the MARC-I three-dimensional, combustor PZ computer model proved
to be a beneficial tool in combustion system design and development. Good
agreement was found between analytical and experimental PZ fuel-air ratio dis-
tributions, and the three combustor concepts evaluated illustrated that the PZ
stabilization can be obtained with various internal aerodynamic and fuel in-
jection methods. As design requirements dictate unique combustor concepts,
the computer model will become an increasingly more useful tool.



II. INTRODUCTION

The program discussed herein was part of an effort directed by NASA Lewis Re-
search Center to advance the combustion technology for small gas turbine en-
gines. This report documents the work performed under contract NAS 3-22762,
Small Gas Turbine Combustor Primary Zone Study. This program evaluated design
methodology and geometric approaches for obtaining the maximum performance po-
tential of reverse-flow annular combustors. This combustor type has gained
wide acceptance in small engine designs since it allows a close-coupled com-
pressor-to-turbine shafting arrangement, resulting in a compact engine design.

The objective of this technology-generation program was to improve design
methods applicable to the reverse-flow annular combustor. The program goal is
to formulate an understanding of PZ aerodynamics and its relation to perfor-
mance optimization. The emphasis is to improve the design process and gain
insight into PZ performance through interactive analysis and test. Analytical
models and test results are used to define the interaction of internal airflow
patterns with fuel concentrations and burning patterns. Combustors with three
distinctively different PZ flame stabilization patterns were included in this
evaluation.

All performance goals for the three basic combustor designs were achieved.
Despite the varied approaches for achieving flame stabilization by controlling
the internal flow paths, each combustor exhibited very acceptable total per-
formance. Gas temperature profiles, stability limits, efficiency, smoke,
emissions, and metal-temperature levels were well within the range of accept-
able preliminary-design standards. In addition, the effective use of the 3-D
analytical aerodynamic/combustion model as a design aid was demonstrated and
verified by test results. The performance predictions of the 3-D model pro-
vided the needed insight and batter understanding of the PZ aerodynamics.

The baseline combustor for this investigation is a reverse-flow annular of
similar size and construction to the DDA combustor used in the GMA500 engine
currently under development for the U.S. Army Research and Technology Labora-
tories (AVRADCOM), Fort Eustis, Virginia. The primary zone of this combustor
features a conventional, double-vortex, swirl-stabilized flow pattern resulting
from the interaction of swirl and PZ air jets. Two other combustar concepts
were studied which have variations in the flame-stabilization swirl patterns
of the primary zone. The second combustor was constructed to achieve a re-
verse-circulation, double-vortex pattern, while the third combustor concept
exhibited a single-vortex flame-stabilization pattern.

The program elements consisted of the design process and analytical performance
predictions, fabrication, and test evaluations. Test data were obtained at the
intermediate plane of the FZ exit and also at the combustor exit. The test
results were correlated with the analysis to validate and update design pro-
cedures. This report contains analytical and performance data from each ele-
ment of the design and development process.

pal
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III. COMBUSTOR DESIGN PROCEDURE

The design process proceeds in a manner of iterative steps as illustrated in

Figure 1. Once the operating conditions and performance goals are established,
the type of combustor selected is often dictated from engine component arrange-

ments. Preliminary sizing, cons'sts of aerodynamic and chemical loading con-
siderations. Widely accepted practices used for this step are described in
the Combustor Design Methods Manual by Northern Research (Ref 1). Variations
of this general sizing method are usual'.y at the discretion and preference of

the designer.

Ire design conditions for this program were as follows:

Inlet press-ie	 1014 kPa (10 atm)

Inlet temperstir.e	 672 K (740"F)

Airflow	 2.27 kg/s (5 lb/sec)

Temperature rise	 695 K (1250°F)

Max liner metal temperatlire 	 1144 K (1600°F)

Pressure drop	 4

The final design and development of the combustor is an interactive process

between the detail analytical models and feedback from test evaluations. This
levelopment phase continues until all performance objectives for the combustor
are realized.

OPERATING CONDITIONS

• DESIGN POINT [NASA)
• PART POWER
• ALTITUDE

PERFORMANCE GOALS J

• EFFICIENCY
• PRESSURE DROP
• EMISSIONS. SMOKE
• PATTERN FACTOR
• LIFE

ANALYTICA: MODELS

• AERODYNAMIC
• EMISSIONS
• FUEL DROPLET SIZE
• HEAT TRANSFER
• STRESS

COMBUSTOR SELL'ToUN

• REVERSE-FLOW
ANNULAR

• AIRBLAST FUEL

PRELIMINARY SIZING

• AERODYNAMIC
• CHEMICAL LIMITS

FINAL DESIGN

• COMBUSTOR
• FUEL NOZZLE
• IGNITION SY """

TEST EVALUATIONS

• STARTING
• TFMPERATURE PROFILE

Figure 1.	 Flowcl^art for pi
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The major analytical effort in this progra. was the application of a 3-D aero-
dynamic combustor flow-field model to the design and test-result correlation.
The model, designated MARC-1 for multidimensional aerodynamic recirculation
combustion--version I, is the DDA arip;::ation of the 3-D recirculating (ellip-
tic) reacting flow model develop-,d by the Garrett Corporation for tF- U.S. Army
Research and Technology Laboratories (AVRADCOM) (Ref 2). MARC-I is a primitive
variable, finite-difference computer code that solves the Navier-Stoker equa-
tions for a three-dimensional reactive flow field. Turbulence is simulated by
a two-equation K-a model, and combustion following drop vaporization is de-
termined by a two-step chemical reaction model based on Arrhenius and eddy
breakup concepts. A six-flux radiation model is also incorporated.

The following variables are c(mputed by MARC-I:

• velocity ( axial, radial, and swir! components)
• pressure
• enthalpy ( and, derived from that, temaersturc and density)
• kinetic energy of turbule nce and dis sipation rate
• composition (mass fractions of fuel, 0 2 , N 2 , CO, CO2 , and H20)

• radiation flux vectors
• fuel spray trajectory and evaporation rate

:'he transport equations for all depe :ident variables # are of the following
general form:

d iv ( p u O -
jAef

 ̂ f grad ) So

where

P
	 is the mixture density

U	 is the relocity vector

peff	 is the effective turbulence
T	 is the effective Prandtl /Schraidt number
So	is the source term for

An iterative finite-difference solution procedure is used to solve the result-
ing system of nonlinear, partial-differential equations.

MARC-I has been updated to incorporate the following gas turbine combustor
geometrical features:

• prechambers
• internal walls
• rounded dome walls
• axial dome swirlers
• vertical dome slots
• slanted liner entries
• reverse cooling slots

In addition, an extensive plotting and restart capability has been incorporated
into the program. Restart is the terminology used to describe the storage of
the computer solution. for a combustor design and its subsequent use to begin
the solution for a similar design. This technique has significantly reduced
the number of iterations required for successful n , merical. convergence.
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By means of an IBM 370/3081 computer the MARC-I model Baas used to analyze each
of the 21 combustor configurations tested during this program. The compute:
grids used for each of the three combustor concepts are listed in Table I. A
complete solution for a combustor design required about 300 computer itera-
tions. A complete solution was required for each of the three concept base-
line combustor designs. Using the restart capability, the successive modified
combustor revisions required only 100 iterations, thus saving significant
machine time. In general, 100 iterations of a 1000-point grid required 4.7
CPU minutes of computer time. The complete solution for the Concept I base-
line combustor design was 40.3 CPU minutes. The restart solution for the
Concept I mod 1 combustor design was about 13.4 CPU minutes.

Table I.
MARC-I solution grids for the three primary zone combustor concepts.

Number of grid points
Combustor	 Axial	 Radial	 Circumferential	 Total

Concept I	 17	 13	 13	 2873
Concept II	 17	 17	 17	 4913
Concept III	 27	 19	 15	 7695

The program demonstrated the value of the MARC-I model as a useful tool to the
combustor designer. The accuracy of analytical performance predictions com-
pared to test results has not reached a level of precision desired for complete
reliance on the analytical method. Combustor designs and performance attain-
able will still rely heavily upon the quasi-empirical correlations developed
from test experience by manufacturers over the years. The analytical model,
however, does exhibit the potential of efective interaction with the design
process by helping to visualize the resulting aerodynamic effects of geometric
variations in the combustor. Design guidance results and experimental costs
are reduced when many candidate designs can be studied before committing a
chosen design to hardware.

4
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IV. COMBUSTOR DESIGNS

Full-size, reverse-flow annular combustors are being evaluated in this program.
The combustors are swirl-stabilized systems established by PZ air entry ports
and swirlers. A prechamber cup surrounds the fuel nozzles in the baseline
combustor, where partial premixing and prevaporizing of the air and fuel occur
prior to entry into the primary zone. Both axial and radial swirlers have been
used to induce swirl in the prechamber zone.

Three distinctly different combustor concepts, shown in Figure 2*, were se-
lected to provide a wide scope approach to this investigative program. Each
combustor was designed with a different aerodynamic approach to the internal
flow patterns that provide the fuel vaporization paths and the flame stabili-
zation regions within the primary zone. These combustors incorporate features
that address the elements of the small annular combustor that have been iden-
tified as sources of problems. Direct apprcaches to some problem areas were
the applic..tioa of advanced Lamilloy cooling and simplex airblast fuel nozzles
as shown in Figure 3. Unique design approaches were to recycle air used for
cooling back into the primary zone for combustion or to utilize air management_
techniques involving hole locations and swirlers to provide desired fuel-to-air
distribution in the primary zones.

The fuel nozzle used for each of the combustor concepts was a simplex-airblast
type composed of two subassemblies. The first subassembly was the simplex fuel
atomizer shown in Figure 4. The atomizer was mounted through the outer combus-
tor case and piloted inside the airblast swirler subassembly (see Figure S).
The airblast swirler was mounted as a floating ferrule at the front of the
combustor .liner prechamber. The air passing through the swirler vanes further
atomized the fuel from the simplex injector and also helped generate the pre-
chamber swirl aerodynamics. Separation of the simplex injector and the air-
blast swirler into subassemblies permitted the swirler portion to be a part of
the combustor 'ner, thus simplifying the fuel injecting portion of the nozzle.

The combustor PZ concepts selected for study are identified by aerodynamic flow
patterns:

Concept I	 double-vortex swirl-stabilized
Concept II double-vortex swirl-stabilized reverse-circulation
Concept III single-vortex stabilized

For each of the three combustor concepts, a baseline configuration and five
modifications were designed. These eighteen combustor versions are summarized
in Table II. Subsequent paragraphs in this section will describe the design
of each combustor concept baseline and the five modifications made to each
combustor concept. Three additional modifications to the Concept III combustor
were designed and evaluated in the contract addendum. These designs are de-
scribed in Appendix A.

CONCEPT I: DOUBLE-VORTEX, SWIRL-STABILIZED COMBUSTOR

The double-vortex, swirl-stabilized combustor was selected as the Concept I
combustor because it represents conventional techniques for obtaining the

*The figures for this section appear at the end of the section.

9



flame stabilization pattern. The double vortex is achieved by a combination
of a radial-inflow swirler and opposing rows of PZ air entry jets. Lamilloy
transpiration .soling was utilized for all the walls of the combustor. The
high effectiveness of this cooling technique reduces the amount of cooling air
required. Also, the cooling-air entry into the primary zone is at a uniform
temperature level and eliminates flame quenching normally associated with films
in close proximity to the walls.

Table II.
Combustor configuration summary.

Combustor Version Description

Concept I Baseline 45 deg prechamber swirler
Swirl stabilized Mod 1 30 deg prechamber swirler
Double vortex Mod 2 30 deg swirler, close PZ hole spacing

Mod 3 Double number of PZ holes
Mod 4 Reduced-area PZ holes
Mod 5 Increased Lamilloy cooling airflow

Concept II Baseline 30 deg axial swirler
Swirl stabilized Mod 1 45 deg axial swirler
Double vortex Mod 2 45 deg swirler, 50% more PZ hole area
Reverse cooling flow Mod 3 100% more rZ hole area

Mod 4 Original PZ hole area, 8 fuel nozzles
Mod 5 All PZ air at active fuel nozzles

Concept III Baseline Fuel tubes radially out
Annulus air aligned Mod 1 Fuel tubes circumferential clockwise
Single vortex Mod 2 Fuel tubes circumferential counterclockwise

Mod 3 Fuel tubes out, increased outer PZ air,
decreased inner PZ air

Mod 4 All outer PZ air
Mod 5 All inner PZ air

Baseline Combustor

A dimensional sketch of the Concept I baseline combustor can be seen in Figure
6. The baseline combustor has 16 fuel injectors resulting in a 1.4 circumfer-
ence/height spacing. These fuel nozzles are a combination simplex-airblast
type. The basic nozzle consists of a simple shell encasing a filter, spin
chamber. and single-orifice tip exit. An air swirler, separately attached to
the combustor dome, surrounds the external nozzle casing. The combined parts
form the components of an airblast nozzle which utilizes high-velocity air
passing through the swirler to improve fuel atomization. The Concept I base-
line combustor has 32 primary air-addition holes (2 per nozzle) through the
inner liner shell plus 32 primary holes (2 per nozzle) through the outer shell.
There are no intermediate zone (IZ) holes. Like the primary holes, there are
32 dilution zone (DZ; air-addition holes through the inner shell and 32
through the outer shell. All remaining air enters through the Lamilloy cool-
ing surfaces. A summary of the air distributions for the Concept I baseline
and all five of the Concept I liner mods is presented in Table III.

10
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Table III.
Concept I combustor design summary.

------------------Concept I----------------------
Base Mod 1 Mod 2 Mod 3 Mod 4 Mod 5

Axial swirler blade angle 45 deg 30 deg 30 deg 30 deg 30 deg 30 deg

Number fuel nozzles 16 16 16 16 16 16

Outer shell
PZ holes
Number holes/nozzle 2 2 2 4 4 2

Spacing*	 Pair 1 0.250 0.250 0.083 0.083 0.083 0.250

Pair 2 --- --- --- 0.250 0.250 ---

Area, % 6.9 7.1 7.1 12.5 7.2 7.0

Number IZ holes/nozzle 0 0 0 0 0 0

Number DZ holes/nozzle 2 2 2 2 2 2

Inner shell
PZ holes
Number holes/nozzle 2 2 2 4 4 2

Spacing*	 Pair 1 0.250 0.250 0.083 0.083 0.083 0.250
Pair 2 --- --- --- 0.250 0.250 ---

Area, % 5.9 6.0 6.0 10.7 6.1 6.0
Number IZ holes/r ► ,)zzle 0 0 0 0 0 0

Number DZ holes/nozzle 2 2 2 2 2 2

Total effective area, mm 2 3425.9 3341.4 3341.4 3780.1 3345.3 3368.7
% 100.00 97.53 97.53 110.34 97.65 98.33

Lamilloy porosity, Cd 0.0053 0.0053 0.0053 0.0053 0.0053 0.0057

Liner areas, %
Dome swirlers 14.4 12.3 12.3 10.9 12.3 12.2

PZ holes total 12.8 13.1 13.1 23.2 13.3 13.0
IZ holes total 0 0 0 0 0 0
DZ holes total 39.6 40.6 40.6 35.9 40.6 40.2
Cooling total 33.0 34.0 34.0 30.1 33.9 34.6

PZ equivalence ratio at
100% power 0.944 0.998 0.998 0.780 0.992 1.005

*Spacing - angle of hole from nozzle centerline/angle between nozzles

The Concept I baseline combustor, as well as all of the other combustors, was
analyzed with the three-dimensional combustor model described in Section III.
For each combustor cinfiguration the 3-D model generated plots of fuel-air
ratio in the primary zone at various radial planes so that the interaction of
the fuel spray and the combustion air could be observed. Typical of these
theoretical investigations are fuel-air plots, shown in Figures 7 through 9.
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Figure 7 is a prediction of the circumferential average fuel-air ratios for
the Concept I baseline combustor for a one-fuel-*..ozzle centered liner sector
(the fuel nozzle is centered at 11.25 deg) in a radial plane located 54.6 mm
downstream of the fuel-nozzle exit. This plane corresponds to the location of
the PZ gas-sampling probe used in the experimental portion of the program.
For the combustor operating at the 80% power condition, the average fuel-air
ratio varied from 0.021 to 0.074 in each fuel-nozzle sector. Predicted fuel-
air ratios for each of the experimental probes are given in Figure 8. These
curves illustrate the fuel-air ratio variation across the liner annulus at each
of three circumferential positions. Figure 9 shows a fuel-air ratio map of
the entire 22.5 deg sector surrounding each fuel nozzle. The view direction
for this map is downstream. This type of plot clearly reveals the high and
low concentrations of the fuel in the primary zone of the Concept I baseline
combustor. The axial position of the plane depicted in Figure 9 is plane of
the experimental PZ gas-sampling probe. The predicted contours show that the
baseline combustor should have four fuel-air peaks spaced around the fuel-noz-
zle centerline. If a series of fuel-air contour maps at different axial planes
were stacked together, the result would be Figure 10. In this representation
of the baseline annulus sector the map from Figure 9 is the plane identified
as 54.6 mm downstream. For reference, the prechamber exit is the 13.1 mm lo-
cation plane, the primary holes are located at the 35.6 mm plane, and the di-
lution holes are located at 68.8 mm or about halfway between the planes 54.6
mm and 76.2 mm shown. In this type of presentation, the effects of the pre-
chamber swirl, the primary holes, and the dilution holes on the fuel spray can
all be traced as the fuel spray passes down the combustor liner.

In a similar manner the gas temperatures and the local combustion efficiencies
can be traced through the combustor liner, as illustrated by Figures 11 and 12.

An internal aerodynamic analysis of the liner flow fields was also performed
for the first 76.2 mm downstream of the fuel nozzle tip. Figure 13 shows a
series of radial planes at 12.7, 17.8, 35.6, and 48.3 mm downstream of the fuel
nozzle. Physically these planes correspond to the prechamber flow just prier
to the exit, the PZ flow just inside the primary zone, the flow in the plane
of the PZ air entry holes, and the PZ flow downstream of the primary holes.
Figure 14 is a similar set of velocity plots but in the axial plane of the
baseline liner. With the fuel nozzle located at U.25 deg, a series of velo-
city plots are presented at circumferential locations of 0, 0.1667, 0.5, and
0.8333 of the half angle spacing between the fuel nozzles.

Mod 1 Combustor

The first modification to the baseline Concept I combustor was the change in
the blade ankle of the axial swirler surrounding the fuel nozzle from 45 deg
of turning to 60 deg of turning or an angle of 30 deg. There were no other
changes made to the combustor. Figure 15 shows the fuel-air ratio map in the
radial plane of the PZ gas-sample probes for the mod 1 combustor liner. Com-
parison of this map with the baseline map in Figure 9 shows no change in the
distribution of fuel-air in this plane. A look at the liner internal veloci-
ties in the axial plane of the fuel nozzle (see Figure 16) does show a change
with the increase in swirl number. The velocity map now shows a deV.nite re-
verse flow region upstream from the plane of the PZ holes to the exit of the
prechamber. This reverse flow region is, however, either too small or too weak
to have any effect on the PZ combustor performance.
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Mod 2 Combustor

The second modification to the Concept I baseline combustor was to move the PZ
holes in the inner and outer shells closer to the centerline of the fuel noz-
zle. The 30 deg swirler from Concept I, mod 1, was retained. Thus there were
no changes made other than the moving of the primary holes.

The average circumferential fuel-air ratio for this mod is shown in Figure 17.
It shows a definite depression of the fuel-air ratio profile near the axis of
the fuel nozzle as compared to the profile in the Concept I baseline design in
Figure 7. The sector fuel-air ratio map for this configuration in Figure 18
also shows the evening of the fuel-air pattern. The fuel-air peaks were re-
duced thus indicating a potential reduction of NOx and smoke which result
from the high-temperature fuel-rich pockets in the primary zone.

Velocity diagrams for Concept I, mod 2, simply show the movement of the air
jets toward the fuel nozzle in the axial plane. The radial plane velocities
shown in Figure 19 would indicate that all of the flow would be directed to-
ward the center and then would flow circumferentially away from the fuel noz-
zle. The recirculation seen in Figure 13c for the baseline combustor design
would not be present.

Mod 3 Combustor

The third modification to the Concept I baseline combustor was to utilize all
of the primary zone holes from mods 1 and 2. This increase in primary zone
holes was intended to further smooth the fuel-air ratio distribution in the
primary zone. This smoothing process is evident in Figure 20, where the fuel-
air ratio average varied only between 0.031 to 0.049. It is clear in Figure
21 that the rich pockets in the primary zone have been substantially reduced.

The velocity diagram in the radial plane given in Figure 22 shows that the
majority of the flow in this zone is toward the center of the annulus with the
recirculation occurring between the fuel nozzles.

Mod 4 Combustor

The fourth modification to the Concept I baseline combustor was to utilize all
of the primary zone holes from mods 1 and 2, but to reduce the flow area of
the holes to be equivalent with the baseline flow. There was concern that the
large holes in mod 3 were overpenetrating and would thus be detrimental to the
performance in the primary zone. The circumferential-average, fuel-air ratio
pattern, as seen in Figure 23, is between the baseline pattern, which was high
in the middle of the sector, and the mod 3 pattern, which was low in the middle
of the sector. The radial-plane, fuel-air ratio profiles in Figure 24 also
show that the fuel is reasonably uniform but somewhat concentrated in line
with the fuel nozzles.

The radial-plane velocity profiles in Figure 25 indicate more mixing in line
with the fuel nozzle due to the air jets penetrating less toward the center of
the annulus.

{
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Mod 5 Combustor

The fifth modification to the Concept I baseline combustor was to replace the
PZ Lamilloy with a more porous, higher flowing Lamilloy to further improve the
durability of the combustor in the primary zone. The swirler and PZ hole pat-
tern were returned to the configuration of Concept I, mod 1. Aerodynamics an-
alysis of this combustor . ,iodification did not show any effect in the internal
flow field. This is due to the fact that the Lamilloy flow was increased only
7.5%. The low flow of Lamilloy and its very shallow air penetration beyond the
liner wall contribute to the lack of effect on the flow pattern.

Design Summary

A summary of the radial-plane fuel-air ratio patterns for each of the Con,-'epc
I combustors is shown in Figure 26. It is clear from inspection o' these pro-
files that the change in axial swirler (mod 1) and the change in Lamilloy por-
osity (mod 5) had negligible influences on the internal distributions. Chang-
ing the PZ air-injection hole sizes and/or location does make predictable
changes to the internal flow distributions. Coupling of these changes in the
primary zone with their effects on combustor internal and exit performance is
an area that will be discussed in the results portion of this report.

CONCEPT II: DOUBLE-VORTEX, SWIRL-STABILIZED, REVERSE-CIRCULATION COMBUSTOR

The double-vertex, swirl-stabilized reverse-circulation combustor was selected
as the Concept II combustor because the PZ aerodynamics appears to be well
suited for small gas turbine combustors having problems with fuel impingement
on the P7, walls or with quenching in a cooling film near the walls. In the
reverse-flow design, the PZ cooling-air film is directed upstream and inter-
mixes with the combustion air by entering the reaction zone from behind the
fuel spray. This cooling-air regeneration leaves no path of escape for the
quenched products of combustion without passing through the more favorable hot
reaction zone. Lamilloy transpiration cooling was utilized for all of the re-
maining walls of the combustor. The high effectiveness of Lamilloy reduces
the amount of cooling air required for the rest of the combustor liner.

Baseline Combustor

A dimensional sketch of the Concept II baseline combustor can be seen in Fig-
ure 27. The baseline combustor has 16 fuel injectors resulting in a 1.4 cir-
cumference/height spacing. These fuel nozzles are a combination simplex-air-
blast type and were the same nozzles used with the Concept I combustor. The
Concept II baseline combustor has 16 primary air-addition holes (1 per nozzle)
through the inner liner shell plus 16 primary holes (1 per nozzle) through the
outer shell. Each of the holes is located on the centerline of a fuel nozzle.
The air enters through formed air bushings. There are 32 intermediate zone
holes (2 per nozzle) through the inner shell and 32 holes (2 per nozzle)
through the outer shell. Similarly, there are 32 dilution air-addition holes
through the inner shell and 32 through the outer shell. All remaining air en-
ters through the PZ reverse film cooling slots, the fuel nozzle swirler, or
the Lamilloy cooling surfaces. A summary of the air distributions for the
Concept II baseline and all five of the Concept II liner mods is presented in
Table IV.
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1	 1
3.6	 3.5
2	 2
2	 2

1	 1
3.0	 3.0
2	 2
2	 2
3333.1 3417.6
100.00 102.54
0.0053 0.0053

	

6.0	 8.4

	

6.6	 6.5

	

6.6	 6.5
40.7	 39.7
39.9	 39.0

1.121	 1.041

1
5.0
2
2

1
4.3
2
2
3526.0
105.79
0.0053

8.1
9.3
6.3

38.5
37.8

0.969

1
6.5
2
2

1
5.5
2
2
3633.7
109.02
0.0053

7.9
12.0
6.1

37.3
36.8

0.903

1	 3
6.5	 6.7
2	 2
2	 2

1	 3
5.5	 5.7
2	 2
2	 2
3633.7 3653.8
109.02 109.62
0.0053 0.0053

	

7.9	 7.8
12.0	 12.4

	

6.1	 6.0
37.4	 37.1
36.8	 36.5

1.452* 0.900

Table IV.	
ORIGINAL p GE I3

Concept II combustor design summary. 
OF POOR QUALITY

------------------Concept II-----------------
Base Mod 1 Mod 2 Mod 3 Mod 4 Mod 5

30 deg 45 deg 45 deg 45 deg 45 deg 45 deg
16	 16	 16	 16	 8	 8

Axial swirler blade angle
Number fuel nozzles
Outer shell

PZ holes
Number holes/active nozzle
Area, %

Number IZ holes/active nozzle
Number DZ holes/active nozzle

Inner shell
PZ holes
Number holes/active nozzle
Area, %

Number IZ holes/active nozzle
Number DZ holes/active nozzle

Total effective area, mm2
X

Lamilloy porosity, Cd
Liner areas, %

Dome swirlers
PZ holes total
IZ holes total
DZ holes total
Cooling total

PZ equivalence ratio at
100% power

*Based on effective air for each active fuel nozzle

The Concept II baseline combustor, as well as all of the other combustors, was
analyzed with the three-dimensional combustor model described in Section III.
For each combustor configuration the 3-D model generated plots of fuel-air ra-
tio in the primary zone at various radial planes so that the interaction of
the fuel spray and the combustion air could be observed. Typical of these
theoretical investigations are fuel-air plots as shown in Figures 28 through
30. Figure 28 is a prediction of the circumferential average fuel-air ratios
for the Concept II baseline combustor for a single nozzle centered liner sector
(the fuel nozzle is centered at 11.25 deg) in a radial plane located 54.6 mm
downstream of the fuel-nozzle exit. This plane corresponds to the location of
the PZ gas-sampling probe used in the experimental portion of the program.
For the combustor operating at the 80% power condition, the average fuel-air
ratio varied from 0.032 to 0.082 in each fuel-nozzle sector. Predicted fuel-
air ratios for each of the experimental probes are given in Figure 29. These
curves illustrate the fuel-air ratio variation across the liner annulus at each
of three circumferential positions. Figure 30 shows a fuel-air ratio map of
the entire 22.5 deg sector surrounding each fuel nozzle. The viewing direction
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for this map is downstream. Figure 30 clearly shows a single, high concentra-
tion of the fuel near the PZ inner wall of the Concept II baseline combustor.
The axial position of the plane depicted in Figure 30 is the plane of the ex-
perimental gas-sampling probes. The predicted contours show that the baseline
combustor should have only one fuel-air peak, which is quite different than
what was predicted for the Concept I baseline combustor in Figure 9. A series
of fuel-air contour maps at different axial planes stacked together results in
the composite in Figure 31. In this representation of the baseline annulus
sector the map from Figure 30 is the plane identified as 51 mm downstream.
For reference, the prechamber exit is the 0.25 mm location plane, the primary
holes are located at the 22.9 mm plane, the intermediate holes are located at
the 40.6 mm plane, and the dilution holes are located at 71.1 no or about half-
way between the 63.5 mm and 76.2 mm planes shown. In this type of presenta-
tion, the effects of the prechamber swirl, the reverse-flow cooling air, the
primary holes, the intermediate holes, and the dilution holes on the fuel spray
can all be traced as the fuel spray passes down the combustor liner.

In a similar manner the gas temperatures and the local combustion efficiencies
can be traced through the combustor liner as illustrated by Figures 32 and 33.

An internal aerodynamic analysis of the liner flow fields was also performed
for the first 100 mm downstream of the fuel nozzle tip. Figure 34 shows a ser-
ies of radial planes at 3.8, 6.4, 22.9, and 40.6 mm downstream of the fuel
nozzle. Physically these planes correspond to the flow at the exit of the
prechamber, the flow in the plane of the reverse cooling air exit, the flow in
the plane of the PZ air-entry holes, and the flow in the plane of the interme-
diate holes. Figure 35 is a similar set of velocity plots but in the axial
plane of the baseline liner. With the fuel nozzle located at 11.25 deg, a
series of velocity plots are presented at circumferential locations of 0,
0.244, 0.5, and 0.889 of the half angle spacing between the fuel nozzles.

Mod 1 Combustor

The first modification to the Concept II baseline combustor was to reduce the
amount of turning in the axial swirler surrounding the fuel nozzle from 60 deg
of turning to 45 deg of turning. There were no other changes made to the com-
bustor. Figure 36 shows the effect of the mechanical change on the circumfer-
ential average fuel-air ratio distribution. Comparison with the Concept II
baseline distribution (Figure 28) shows that the fuel-air ratio peak would be
expected to decrease from 0.082 to about 0.072. Figure 37 shows the fuel-air
ratio map in the radial plane of the PZ gas-sample probes. Comparison of this
map with the baseline map in Figure 30 shows almost no change in the distribu-
tion of fuel-air in that plane.

Mod 2 Combustor

The second modification to the Concept II baseline combustor was to increase
the hole area of the primary holes by 50%. The 45 deg swirler from Concept
II, mod 1, was retained. There were no changes made other than increasing the
size of the primary holes.

The average circumferential fuel-air ratio for this mod is shown in Figure 38
and predicts a slight decrease in the fuel-air ratio peak near the axis of the
fuel nozzle when compared to the profiles in both Concept II baseline and mod 1
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designs. The sector fuel-air ratio map for this configuration in Figure 39
also shows a smoothing of the fuel-air pattern. The fuel-air peaks were re-
duced thus indicating a potential reduction of NOx and smoke which result
from the high-temperature fuel-rich pockets in the primary zone.

Comparison of the baseline and the mod 1 predicted internal velocity diagrams
did not reveal any meaningful differences between the two designs.

Mod 3 Combustor

The third modification to the Concept II baseline combustor was to further in-
crease the areas of the PZ holes by 100% when compared to the Concept II base-
line combustor. This increase in PZ hole area was intended to further smooth
the fuel-air ratio distribution in the primary zone. This smoothing process
is evident in Figure 40, where the fuel-air ratio peak should be reduced to
0.055. It is clear in Figure 41 that the rich pockets in the primary zone have
been substantially reduced.

Comparison of the mod 1 and the mod 2 predicted internal velocity diagrams did
not reveal any meaningful differences between the two designs. The mod 2 de-
sign showed slightly higher velocities in the region of the primary holes, due
to the increased flow, but no significant changes to the flow patterns.

Mod 4 Combustor

The fourth modification to the Concept II baseline combustor was to operate
the mod 3 design by supplying fuel only to every other nozzle for a total of
eight fuel nozzles. Using only eight equally spaced fuel nozzles produced a
doubling of the annulus circumference/height spacing to 2.8. Increasing the
circumference/height spacing would have significant advantages in simplifying
annular combustors, especially the small annulars which now require small fuel
nozzles that are susceptible to contamination and clogging. The predicted
circumferential average fuel-air ratio distribution for the mod 4 design is
shown in Figure 42 for adjacent fueled and unfueled sectors. Without any
change in the combustor liner hole patterns there are alternate sectors of high
and low fuel-air ratios corresponding with the fueled and unfueled nozzles.
The sector fuel-air ratio map for this design is given in Fig+ire 43. The high
and low fuel-air regions are especially evident.

Mod 5 Combustor

The fifth modification to the Concept II baseline combustor was to close the
PZ holes in the regions of the unfueled nozzles and add that area to the pri-
mary zones of the fueled nozzles. For each closed hole two plane flush holes
were added behind the existing primary hole at equal distances from the fuel-
nozzle centerline. The intention of this design change was to even out the
fuel-air ratio distribution between the fueled and the unfueled nozzles.

Design Summary

A summary of the radial-plane fuel-air ratio patterns for each of the Concept
II combustors is shown in Figure 44. Decreasing the swirl number at the fuel
nozzle and then increasing the quantity of primary zone air in the baseline
through mod 3 designs did not change the overall aerodynamic pattern in the

I -

f
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liner annulus 'iut tended to steadily suppress the high fuel-air ratio regions
while raising the low regions. Changing to eight fuel nozzles in mod 4 pro-
duced a very nonuniform fuel-air ratio pattern, but moving all of the PZ air
toward the operating fuel nozzles should have improved the fuel-air distribu-
tion.

CONCEPT III: SINGLE-VORTEX, ANNULUS-AIR-ALIGNED COMBUSTOR

The single-vortex, annulus-air-aligned combustor was selected as the Concept
III combustor because this concept departs from the dual-vortex, conventional
flame-stabilization designs by establishing a large single torus in the pri-
mary zone. The single-loop film cooling around the primary zone complements
the internal annulus flow created by the PZ air jets. One major feature of
this design is the widening of the fuel nozzle spacing to reduce the number of
fuel injectors from the sixteen used in Concepts I and II to only twelve. The
fuel nozzles are of an airblast atomization type feeding a positionable pre-
mixing fuel chute. This chute allows for fuel placement into designated sec-
tions of the PZ annulus. As in Concept II the primary zone is cooled by a
continuously sweeping film of cooling air which, like the Concept II design,
flows upstream along the outer surface of the primary zone, inward around the
dome, and finally downstream along the iiner surface of the primary zone.
Lamilloy transpiration cooling was utilized for all of the remaining walls of
the combustor as was done in each of the other concepts.

The five modifications to the Concept III combustor were chosen to demonstrate
dramatic changes for analytical and experimental verification. Therefore suc-
cessive modifications to the Concept III combustor were major and not intended
to progress toward an optimum design configuration.

Baseline Combustor

A dimensional sketch of the Concept III baseline combustor can be seen in Fig-
ure 45. The baseline combustor has 12 fuel injectors resulting in a 1.9 cir-
cumference/height spacing compared to a 1.4 spacing in Concepts I and II.
These fuel nozzles are a combination simplex-airblast type and were the same
nozzles used with the Concept I combustor. Each fuel nozzle feeds into an
L-shaped premixing fuel chute which can be rotated to any 360 deg position for
placing the fuel in a desired location in the PZ annulus. These chutes act as
premixers and, to some degree, as prevaporizers. The Concept III baseline
combustor has 24 primary air-addition holes (2 per nozzle) through the liner
inner shell plus 24 primary holes (2 per nozzle) through the outer shell. Each
of the holes is located 7.5 deg off the centerline of a fuel nozzle. The air
enters through formed air bushings inclined to the annulus centerline to form
the single torus flow pattern. There are no intermediate zone holes in this
combustor concept. The dilution zone of this combustor concept is the same as
for Concepts I and II. Therefore, there are 32 dilution air-addition holes
through the inner shell and 32 through the outer shell giving a nonsymmetric
pattern of dilution holes relative to the number of fuel nozzles. There are
eight dilution holes on each shell for every three fuel nozzles making a ratio
of 2.67 shell dilution holes for each fuel nozzle. All remaining air enters
through the PZ film cooling slots, the fuel nozzle swirler, or the Lamilloy
cooling surfaces. A summary of the air distributions for the Concept III
baseline and all five of the Concept III liner mods is presented in Table V.
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Table V.
0FZ ►c",-11'AL P.-L ca

Concept III combustor design summary. 
OF POOR QUALITY

------------------Concept III----------------
Base Mod 1 Mod 2 Mod 3 Mod 4 Mod 5

Axial swirler blade angle 	 45 deg 45 deg 45 deg 45 deg 45 deg 45 deg

Fuel nozzles

Number nozzles 12 12 12 12 12 12

Exit chute
Direction Radial Circumf Circumf Radial Radial Radial
Rotation Out CW CCW Out Out Out

Outer Fhell
Number PZ holes/nozzle 2 2 2 2 2 0

Area, % 5.2 5.2 5.2 7.5 9.8 0
Number IZ holes/nozzle 0 0 0 0 0 0
Number DZ holes/active nozzle 2.67 2.67 2.67 2.67 2.67 2.67

Inner shell
Numbe. PZ holes/nozzle 2 2 2 2 0 2

Area, % 4.5 4.5 4.5 2.3 0 9.8
Number IZ holes/nozzle 0 0 0 0 0 0
Number DZ holes/nozzle 2.67 2.67 2.67 2.67 2.67 2.67

Total effective area, mm 2 3431.0 3431.0 3431.0 3434.0 3434.2 3434.2
2 100.00 100.00 100.00 100.09 100.09 100.09

Lamilloy porosity, C d	0.0053 0.0053 0.0053 0.0053 0.0053 0.0053

Liner areas, 2
Dome swirlers 6.2 6.2 6.2 6.2 6.2 6.2
Dome cooling gaps 16.6 16.6 16.6 16.6 16.6 16.6
PZ holes total 9.7 9.7 9.7 9.7 9.7 9.7
IZ holes total 0 0 0 0 0 0
DZ holes total 39.5 39.5 39.5 39.5 39.5 39.5
Cooling total 44.5 44.5 44.5 44.5 44.5 44.5

PZ equivalence ratio at
100% power 1.016 1.016 1.016 1.012 1.012 1.012

The Concept III baseline primary zone was also analyzed with the three-dimen-
sional combustor model described in Section II. For each PZ configuration the
3-D -oodel generated plots of fuel air ratio in the primary zone at various ra-
dial planes so that the interaction of the fuel spray and the combustion air
could be observed. Typical of these theoretical investigations are fuel air
plots as shown in Figures 46 through 48. Figure 46 is a prediction of the
cf- umferential average fuel-air ratios for the Concept III baseline primary
zone for a single nozzle centered liner sector (the fuel nozzle is centered at
15 deg) in a radial plane located 63 mm downstream of the fuel-nozzle exit.
This plane corresponds to the location of the PZ gas-sampling probe used in
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the experimental portion of the prog:tm. For the combustor operating at the
802 power ccndition, the average fuel-air ratio warted from 0.025 to 0.063 in
each fuel,-nozzle sector. Predicted fuel-air ratios for each of the experimen-
tal probee are given in Figure 47. These curves illustrate the fuel-air ratio
variation across the liner annulus at each of three circumferential positions.
Figure 48 shows a fuel-air ratio map of the entire 30 deg sector surrounding
each fuel nozzle. The viewing direction for this map is downstream. Figure
48 clearly shows the high concentration of the fuel near the n outer wall of
the Concept III baseline combustor and the very low levels of fuel concentra-
tion along the nozzle centerline. A series of fuel-air contour maps at dif-
ferent axial planes stacked together results in the composite in Figure 49.

In this representation of the baseline annulus sector the map from Figure 48
Is the plane identified as 63 mm downstream. In this type of presentation,
the effects of es;& of the air addition points on the fuel spray can all be
traced as the fuel spray passes down the combustor liner.

In a similar manner the gas temperatures and the local combustion efficiencies
can be traced through the combustor liner as illustrated by Figures 50 and 51.

An internal aerodynamic analysis of the liner flow fields was also performed

for the first 100 mm downstream of the fuel nozzle tip. Figure 52 shows a ser-
ies of radial planes at 13.0, 18.8, 25.4, and 53.' mm downstream of the liner
dome. Physically these planes correspond to the flow upstream of the fuel
chute exit, the flow at the leading edge of the fuel chute, the flow at the

exit of the fuel chute, and the flow just upstream of the experimental probes.
Figure 53 is a similar set of velocity plots but in the axial plane of the

baseline line:r. With the fuel nozzle located at 15 deg, a series of velocity

plots is presented at circumferential locations of between the fuel nozzle and
the primary hnles, through the primary holes, and outside the primary holes
near the edge of the sector.

Mod 1 Combustor

The first modification to the Concept III baseline combustor was to rotate the
fuel chutes so that the fuel exited in a clockwise circumferential direction
around the PZ annulus. There were no other changes made to the combustor.

Figure 54 shows the effect of this mechanical change on the direction of the
fuel exiting from the chute. In the plane of the instrumentati.5n probes, the

fuel is predicted to be quite concentrated in a region of the snaulus about
halfway between the fuel nozzles.

Mod 2 Combustor

The second modification to the Concept III baseline combustor was to rotate

the fuel chutes so that the fuel now exited in a counterelr Awise circumferen-
tial direction around the PZ annulus. There were no other changes made to the
combustor. The fuel-air map in Figure 55 shows the effect of this mechanical
change to the direction of the fuel exiting from the chute. In the plane of

the instrumentation probes, the fuel is again predicted to be quite concen-
trated in a region of the annulus about halfway between the fuel nozzles.

Mod 3 Combustor

The third modification to the Concept III baseline combustor was to return the

fuel chutes to the radially out position of the baseline combustor and to in-
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create by SOX the amount of air entering through the inner shel! primary holes.
The sector fuel-air ratio nap for this modification is shown in Figure 56.
Comparison of this map with the fuel-air ratio map predicted for the baseline
configuration shows that there should be very little difference in these two
deaigns. There were no discernible differences between the predicted velocity
d.agrams of the two designs.

Mod 4 Combustor

The fourth modification to the Concept III baseline combustor was to close off
the inner shell PZ air in the mod 3 design and to add all of that air to the
outer shell primary holes. The fuel chute remained in the radially outward
position. The sector fuel-air ratio map for this configuration is shown in
Figure 57. Comparison with the baseline and the mod 3 fuel-air maps shows only
^e minor effect of the additional outer shell PZ air on the fuel-air distribu-
tion.

Mod 5 Combusto r

The fifth modification to the Concept III baseline combustor was to close off
the outer shell PZ air in the mod 3 design and to add that air to the inner
shell primary holes. The fuel chute remained in the radially outward position,
The sector fuel-air ratio map for this configuration is shown in Figure 58.
Comparison with the baseline, the mod 3, and the mod 4 configuration feel-air
maps shows that the annulus has become more fuel lean near the inner shell,
where all of the primary air %. ,%a added.

Design Summary

A summary of the radial -plane fuel-air ratio patterns for each of the Concept
III combustors is shown in Figure 59. The -D model predicted major changes
to the fu. -air ratio distributi-nn when the fuel chutes were rotated and the
fuel entered the primary zone in different directions. As shown, the model
predizts that the fuel will not mix well in the primary zone leaving a rich
region near the outer shell wall (baseline, mods 3-5) jr oroducing rich cores
which may past through the primary zone altogether. Mods 3-5 attempted to re-
duce the fu4. -air ratio gradient from the inner shell ill to the outer shell
wall by adjusting the balance between the PZ air added through the inner and
outer shell walls. The intent of the Concept III combustor designs was to
produce internal aerodynamic changes of i-Aficient magnitudes that the 3-D
model results and the experimental test results could be compared to assess
the prediction accuracy of the model.
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Figure 4. Fuel nozzle simplex fuel atomizer details.
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Figure 15. Predicted primary zone fuel -air ratio contours
(Concept I, mod 1- -80% power).

oA

TE83-1323

Figure 16. Concept I, mod 1, combustor internal axial velocities prediction
(in plane of fuel injector).
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Figure 17. Predicted average primary zone fuel-air ratio
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Figure 22. Concept I, mod 3, combustor primary zone internal

radial velocities prediction.
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Figure 23. Predicted average primary zone fuel —air ratio
(Concept I, mod 4--80% power).
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Figure 27. Dimensional cross section of Concept II, baseline, combustor.
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Figure 28. Predicted average primary zone fuel-air ratio
(Concept II, baseline--80% power).
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Figure 36. Predicted average primary zone fuel —air ratio
(Concept II, mod 1--80% power).
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Figure 37. Predicted primary zone fuel—air ratio contours
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Figure 38. Predicted average primary zone fuel-air ratio
(Concept II, mod 2--80% power).
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Figure 39. Predicted primary zone fuel-air ratio contours
(Concept II, mod 2--80% power).
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Fuel injector
axis

TE83 -1361

Figure 54. Predicted primary zone fuel —air ratio contours
(Concept III, mod 1--80% power).
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i

injector
axis	 TW_1362

Figure 55. Predicted primary zone fuel —air ratio contours
(Concept III, mod 2--80% power).
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Figure 56. Predicted primary zone fuel-air ratio contours
(Concept III, mod 3--80% power).
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Figure 57. Predicted primary zone fuel-air ratio contours
(Concept III, mod 4--80% power).
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Figure 58. Predicted primary zone fuel-air ratio contours
(Concept III, mod 580% power).
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V. TEST RIG AND INSTRUMENTATION

COMBUSTOR TEST RIG

The GM 500 component test rig was utilized for the performance testing of these

small annular gas turbine primary zones. This rig shown in F:dure 60a fectures

a rotating temperature and gas sampling probe.

A cross section of the combustor rig is shown in Figure 61. The engine flow

path is simulated from the compressor diffuser tj the inlet of the gasifier

turbine. All parts surrounding the combustor are actual engine hardware. The

primary zone sections have provision for attachment to a flanged dilution zone

and a reverse-flow annular transition section, permitting test evaluations of
complete combustors.

Detailed instrumentation provides overall performance measurements at the exit
of the combustor, and gas sampling probes are used for determining conditions
in the primary zone.

In the exit plane of the combustor, the instrumentation consists of temperature
rakes and pressure and gas sampling probes as shown in Figure 62. A good sur-
vey of overall combustion performance is provided since the instrumentation is
capable of traversing through the entire 360 deg annulus. Probes and rakes
also survey radial positions, four depths for each of two thermocouple arms,
three depths for the gas sampling probe, and four depths for the pressure mea-
surement.

Primary zone gas sampling is conducted with three or four water-cooled probes

circumferentially locates: at 	 fferent positions relative to the fuel nozzle

in order to provide representative samples. Figure 63 shows the relative po-

sition of the PZ gas-sampling probes when testing both the 12 and 16 fuel noz-
zle systems. The water-cooler' primary zone probes are located immediately up-

stream of she dilution holes. A photograph of the probe is shown in Figure 64

with a cross section in Figure 65.

GAS ANALYSIS SYSTEM

The NASA PZ gas analysis system consisted of PZ sample probes, a rotating ex-

haust probe, stainless-steel heated sample lines and sample manifold, a gas

analyzer train, and a smoke sampling system. The four sample probes were in-
serted into the primary zone of each combustor in separate planes arranged so

as to provide good coverage in the circumferential direction relative to fuel
nozzle location. Concepts I and II used 16 fuel nozzles while Concept III used
only 12 nozzles. The fourth probe (No. 4, Figure 63) was added soon after the
start of work on Concept III to provide data on the nozzle centerline of Con-
cept III. Table VI is a listing of the number of primary zone probes surveyed
for each of the test conditions.

*The figures for this section appear at the end of the section.
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Table VI.

Primary zone probes ured in each test configuration.

Concept I Concept II Concept III

Baseline 3 3 3

Mod 1 3 3 3

Mod 2 3 3 4

Mod 3 3 4 A

Mnd 4 4 4 4

Mod 5 4 4 4

A tube was routed from each port to separate fittings on the extetnrl support
plate of the probe. Four heated sample lines carried the samples from each
port to four solenoid valves that were manifolded at their exite. The valves
for each probe could be actuated singly to obtain a port sample or simultane-
ously for a rake sample. The PZ rakes were water ,:poled.

The exhaust sample probe was also water cooled and consisted of a 6 mm (0.25

in.), stainless-steel, multihole tube mounted so that .t could rotate to any
circumferential location in the exhaust stream. The exhaust sample line was

also heated and brought the sample gas from the exhaust rro1+s to a solenoid
valve whose exit formed part of the sample manifold. Thus with four PZ sample

probes of four ports each and the exhaust sample, the completed sample array

was able to deliver 17 separate samples.

The resultant sample manifold had a static-pressure tap, reverse purge eapa-
bil.ity, and two sample-line exits. The static-pressure tap was used to monitor

the sample-line pressure. Reverse purging of the separate sample lines was
performed frequently to ensure adaquote sample flow. The purge system was
simply a nitrogen tank with a high-pressure regulator connected to the sample
manifold through a length of high-pressure hose. The nitrogen tank was located
in the control room so that it could be used without having to go into the test

cell during the run.

Of the two, heated, 6 mm sample lines, one led to the gas analyzer train in
the test cell. A schematic of the Analyzer train is given in Figure 66. Neap
sured species were carbon monoxide (CO), carbon dioxide (CO2), oxygen (02),

unburned hydrocarbons WHO, and total oxides of nitrogen (NOx). Although
not shown, inlet water vapor was measured and used in the chemistry calcula-
tions. Analyzer outputs wc-e read directly by the data acquisition system.

Data acquisition consisted of a performance run and two types of gas-analysis
sampling. Each data run required one reading, each with its ewn reading num-

ber. To take each type of data, the exhaust probe actuator was preset to stop
a certain number of times around the combustor annulus; then data were taken
when the probe was at rest and steady state was achieved. Once the reading
was begun, the probe could be stopped at any of its preset increments and re-

main at the position for as long as needed. In automatic mode the probe would

reach a position, take the required data, and immediately continue on to the

next position. Continuous on-line rig conditions were also monitored.
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To take a performance-run reading, the probe actuator was set to pause at 10
deg steps. Temperature, pressure, and flow conditions were taken and then the
probe continued to the next position. This process repeated until all 36 data

3

points were taken, in which case the probe automatically returned in the re-
verse rotation to its starting position. All computed data were printed on
the line printer. Raw data could be stored on floppy disk and cassette tapes
if desired and were controlled by proper input commands during prog•am ini-
tialization.

The second type of data taken was either one of the gas-analysis readings,
which, at the option of the operator, could be either an exhaust survey r a
PZ-rake survey. Usually the exhaust sample was taken first and then thc. four
PZ-rake surveys were taken beginning with rake number one. The same sequence
of steps was taken for probe actuation except that the probe was stopped after
each reading to allow the manual input of the analyzer ranges from the keyboard
console. Also the probe stopped at each 45 deg step giving eight samples per
exhaust survey. An average exhaust reading was calculated and these values
were used in the fuel-air ratio and efficiency computations. To take the
chemistry samples, the analyzers were zero checked with an inert purge gas
flowing through them. These were zeroed on the concentration range on which
the sample would be read to give maximum but less than full-scale voltage out-
put for each species. The analyzers were then switched to sample mode and the
exhaust solenoid valve switched on. At each sample stop of the probe, a set-
tling time of at least 90 sec was required to allow steady flow to all analy-
zers. Smoke measurements were taken at 0 and 180 deg of probe travel after the
completion of the exhaust survey. The smoke procedure is described later. A
typical exhaust survey printout is given in Table VII.

For the primary zone probe chemistry survey, the probe was set to stop in 90-
deg steps for four performance data readings and gas samples. At the first
stop; port one chemistry was sampled; then port two at 180 deg; and so on.
An example of the PZ chemistry printout is shown in Table VIII. A smoke sam-
ple was taken after the on-line reading by actuating all four solenoid valves
of the probe being sampled.

The smoke sample reached the sampling system through the second 6 mm heated
line that exited the sample manifold from the side opposite the chemistry line.
To take either an exhaust or a manifolded PZ smoke sample, the gas analyzers are
taken off sample and the appropriate solenoid valves opened to the smoke anal-
yzer. Four samples of different volumes of gas are withdrawn and measured for
a smoke number according to the SAE ARP 1179A procedure (Ref 3). See Figure 67
for a schematic of the smoke sample system.
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Table VII.	 ORIGINAL. P'"`Ct&-; !S

Exhaust gas sample	 survey.	 OF pdOR QUALITY

DETROIT DIESEL ALLISON DIVISION COMBUSTION RESEARCH LABORATORY - ROOM 8137
NASA PRIMARY ZONE STUDY - COMBUSTOR, RIG EXFERIMENTAL RESULTS
RIG BUILDUP 14	 TEST SERIES -A	 TEST DATE: 04/03/82

NASA PRIMARY ZONE STUDY--CONCEPT I1I, MOD, 2
FUEL TUBES ROTATED TO TANGENT POSITION--CCW LOOKING AT DOME FROM FRONT.

*READING NUMBER. 221*
*TIME OF DAY: 1338*
********************

*************** EXPERIMENTAL BURNER OPERATING CONDITIONS ***************
BURNER AIR FLOW 4.567 LB/SEC BURNER INLET	 TEMF 625. DEG F
BURNER INLET PRESSURE 131.4 PSIA BURNER OUTLET TEMP 1923. DEG F
FLOW FACTOR - F1 1.1499 AVG TEMPERATURE RISE 1297. DEG F
SOT T-MAX /T-AVG 1.2191 PATTERN FACTOR .3247
BOT HOT SPOT (43@ 90) 2344, SKIN HOT SPCT,#,10 1490. DEG F
BURNER SYSTEM DELTA -P 10.85 "HG BURNER SYSTEM LOSS 4.06 % DP /P
OUTER CASE	 DELTA -P 3.71 "HG OUTER CASE	 LOSS 1.39 /. DPiP
BURNER PRIMARY ZONE DP -.02 "HG PRIMARY ZONE LOSS -.01 X DP/P
OVERALL F/A RATIO .01957 FUEL FLOW RATE 323.2 LB/HR
FUEL INLET TEMP 73. DEG F FUEL INLET PRESSURE 511.9 PSIA
FUEL F/M TEMP 76, DEF F FUEL F/M PRESSURE 798.8 PSIA
CALCULATED ACD VALUE 5.199 FUEL NOZZLE FLOW NO. 16.45
******************************************* *******************************

EXHAUST DUCT CHEMISTRY RESULTS FROM THE ROTATING. PROBE

PROBE 02 CO2 H2O CO CHX CL NOX ND	 NO ND NO2
ANGLE % :v GR;'LB PPM PPM PPM PPM PPM

225 13.9 5.15 6.3 39.3 1.3 137.7 148.4 .1
270 14.5 4.55 6.3 31.0 .9 128.5 139.4 11

315 14.4 4.61 6.2 34.6 .8 121.2 134.7 .1
360 15.3 3.92 6.2 41.2 .8 110.8 120.8 .1
45 14.6 4.38 6.2 51.7 .8 107.4 122.7 .1
90 12.0 6.10 6.2 59.8 1.0 160.0 172.7 .1

135 14.6 4.47 6.2 36.7 .6 117.7 132.5 .1
180 14.2 4.77 6.3 29.9 .6 124.2 142.4 .1

AVERAGE: 14.2 4.74 6.2 40.5
-------------------------------------------------------------------------------

.8 125.9 139.2 .1

EMISSIONS INDEX - GM/KG FUEL: 1.73 .06 8.80 9.26 .0'

AVERAGE OF CHEMISTRY CALCULATIONS FOR EACH SAMPLE
OVERALL FUEL/AIR RATIO a .01957 METERED
CALCULATED FUEL/AIR RATIO = .02328 W/O	 02

_ .02258 WITH 02
COMBUSTION EFFICIENCY 99.91 X
CALCULATED 02 - 13.55 X
SAMPLE MOLECULAR WEIGHT 28.93
SAMPLE MOLE SUM = 1.01049
F/A RATIO DEVIATION = 18.93 Y. W/O	 02

= 15.36 X WITH 02
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Table VIII.	
ORIGINAL PA=Primary zone gas sample survey.
OF POOR QUALITY

DETROIT DIESEL ALLISON DIVISION COMBUSTION RESEARCH LA80RNTOPY - ROCK $
NASA PRIMAR'i ZONE STUDY - COMbMTOR RIG EXPERIM 010L & k Tb
RIC BUILDUP 14 TEST SERIES -A	 TEST DATE:	 04/03/82

NASA PRIMARY ZONE STUDY--CONCEPT III,	 MOD. 2
FU gL TUBES kOTATED TO TANGENT POSITION--CCW LOOKING AT DOME FROM FRONT.

*READING NUMBER 222*
*TIME OF DAY:	 1422*

***************	 EXPERIMENTAL_ BURNER OPERATING CONDITIONS 	 ** *************
BURNER AIR FLOW 4.573 LE/SEC	 BURNER INLET	 TEMF 610, DEC F
BURNER INLET PRESSURE 130.8 PSIA	 BURNER OUTLET TEMP 1954. DEC F
FLOW FACTOR - F1 1.1433 AVG TEMPERATURE RISE 1344. DEG F
BOT T-MAX/T-AVG 1.1944 PATTERN FACTOR .2826
BOT HOT SPOT C1138 90) 2334. SKIN HOT SPOT 0 ,10 1476. DEG F
BURNER SYSTEM DELTA-P 10.88 "HG	 BURNER SYSTEM LOSS 4.09 % DP/P
OUTER CASE	 DELTA-P 3.65 "HG	 OUTER CASE	 LOSS 1.37 % DP/F
BURNER PRIMARY ZONE DP -.03 "HG	 PRIMARY ZONE LOSS -.01 % DP/F
OVERALL F/A RATIO .01965 FUEL FLOW RATE 323.4 LOSHR
FUEL INLET TEMP 78. DEG F	 FUEL INLET PRESSURE 514.4 PSIA
FUEL F/M TEMP 81. DEF F	 FUEL F/M PRESSURE 837.2 PSIA
CALCULATED ACD VALUE 51151 FUEL NOZZLE FLOW NO. 16.40
******************************************* ****************** ******** *****

PRIMARY ZONE CHEMISTRY RESULTS FROM RAKE NO. 1, SEQUENTIAL PORT SAMPLING

PORT	 02	 CO2	 H2O CO CHX CL NOY. ND	 NO	 ND MO2
NUMBER	 %	 %	 GR/LB PPM PPM FPM PPM PPM

1	 717	 9.04	 6.7 2332.5 54.3 190.4 180.0 .1

2	 7.9	 8.97	 6.7 490.1 2.0 225.9 208.1 .1

3	 10.2	 7.48	 6.7 319.8 19 173.0 174.9 .1

4	 13.8	 4.95	 6.7 115.9 1.3 101.2 113.9 .1

AVERAGE:	 9.9	 7.61	 6.7 814.6
-------------------------------------------------------------------------------

14.6 172.6 184.2 .1

EMISSIONS INDEX - GM/KG FUEL: 21.39 .60 7.44 7.33 .00

************************************************ ********** *********** **********

CHEMISTRY CALCULATIONS FOR EACH PORT

RAKE NO.	 1	 PORT NO.: 1 2 3 4 AVERAGE
CALCULATED F/A RATIO W/O	 02: .04669 .04520 .03735 .02436 .03832
CALCULATED F/A RATIO WITH 02: .04386 .04267 .03544 .02367 .03644

COMBUSTION EFFICIENCY - %; 98.63 99.74 99.76 99.65 99.42
CALCULATED 02 - X: 6.38 6.73 9.13 13.21 8.86

SAMPLE MOLECULAR WEIGHTS: 28.88 28.91 28.92 28.93 28.91
SAMPLE MOLE SUM: 1.010 1.010 1.010 1.011 11010
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Figure 61. Reverse—flow combustor test rig.
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Figure 62. Combustor exit instrumentation.

Figure 63. Primary Zone probe locations.
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Figure 65. Primary zone gas sampling probe.
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VI. EXPERIMENTAL AND THEORETICAL RESULTS

This section describes the component test conditions and procedures, test re-
sults, and PZ performance predictions. The test plan was structured co provide
a systematic test investigation of three distinctive primary zone concepts and
the modifications necessary to correlate test results with analytical perfor-
mance predictions. The test evaluation extended over a typical range of engine
operating conditions and included the following performance data: outlet gas-
temperature profile, pressure drop, combustion efficiency, exhaust and PZ
emissions (CO, UHC, NOx , and smoke), metal temperature indications (thermo-
couple or thermal paint), and blow-out limits. All testing was conducted using
JP-4 fuel.

TEST CONDITIONS

The design conditions used in the evaluation tests of these primary zones and
modifications are representative of the design point and part load points as-
sociated with this size combustor. The range of operating conditions tested
is shown in Table IX. In addition to these conditions, other test conditions
were evaluated to explore the effects of loading.

Table IX.
Combustor operating conditions.

Power Airflow Tin Tout Pin
(y) (k	 /s) (K) (K) (MPa) F/A

100 2.27 672 1367 1.01 0.0196
80 2.09 594 1294 0.90 0.0195
50 1.68 556 1144 0.69 0.0158

Idle 1.04 456 867 0.38 0.0104
100 alt* 1.18 639 1367 0.54 0.0204

*This altitude condition is simulated at 6096 m elevation.

The test evaluation of the three primary-zone concepts and five modifications
each required a total of 108.5 burning hours. This test time was divided among
the three concepts as follows: Concept I--47.5 hr, Concept II--36.5 hr, and
Concept III--24.5 hr. This testing can be categorized as follows:

• stability limits
• performance and emissions
• metal temperature determination

STABILITY LIMITS

This testing consisted of evaluating each combustor configuration's ability to
sustain combustion at low fuel flows at the various test operating conditions.
With the combustor airflow, inlet temperature, and inlet pressure maintained
and the desired test condition and flame stabilized, the following procedure
was used: Fuel flow was reduced in discrete steps until flame-out occurred
and the flame did not respond to increased fuel flow.
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PERFORMANCE AND EMISSIONS

Performance and emission tests consisted of measuring parameters at both the
exhaust station and the PZ sampling station. The following parameters were
determined at the steady-s pate operating conditions listed in Table IX:

• emissions of unburned hydrocarbons, carbon monoxide, carbon dioxide, ox-
ygen, oxides of nitrogen, and smoke

• pressure loss
• combustor outlet gas-temperature profile

The instrumentation and data acquisition/reduction system is automated such
that these data were obtained in a minimal time period after test conditions
stabilized. The description of this instrumentation is covered in Section V
and the data acquisition system is cove-Rd in Appendix A.

METAL TEMPERATURE DETERMINATION

Test evaluation of the adequacy of the Lamilloy wall cooling and film-cooled
combustor walls was determined by both temperature-sensitive paint and thermo-
couples attached to the outer wall. Type TP-5 paint was applied to each base-
line configuration by spraying both internal and external surfaces of the com-
bustor. When applied, this paint has a purple color. After the comt ,istor is
run the paint changes to various shades as a function of surface temperature.
The colors for various temperature ranges for TP-5 paint are listed in Table X.

Table X.
TP-5 paint temperature ranges.

Std.	 ref Temperature
Color code (K)

Blue (purple) - Below 793
Pale blue-gray N 793-1133
Dark blue-gray T 1133-1233
Blue P 1233-1262
Midnight blue G 1262-1293
Matt black M 1293-1323
Black glaze Y 1323-1344
Dark blue glaze R Above 1344

To obtain a good thermal paint evaluation, ignition is achieved after combustor

inlet conditions (100% power) are attained. Fuel flow is maintained at the
design value for 10-15 min to thermally "set" the paint.

CONCEPT I BASELINE EXPERIMENTAL RESULTS

The Concept I combustor has a conventional, swirl-stabilized, double- vortex

primary zone. Figure 68* is a photograph of Concept I. The Concept I baseline
test scope consisted of thermal paint evaluation at the 100% power condition,

*The figures for this section appear at the end of the section.
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combustor exhaust data at all power conditions, rnd primary zone emission data
at idle and 100% power conditions. Also a cold-flow pressure-loss performance
was obtained. Table XI presents the measured data for Concept I baseline.
Figure 69 presents the wall temperature and thermal paint results. The photos,
taken after a run at 100% power conditions, indicate that the maximum Lamilloy
wall temperatures occurred in the range of 1133-1233 K on the outside surface
of the liner and 1262-1283 K on the inside surface. In addition to the thermal
paint temperature evaluation, eighteen C-A thermocouples were attached to t:le
liner outer surface and monitored during all tests. Cimbustor durability ex-
perience has previously been based on thermocouple measurements, the placement
of which was intended to read the high metal temperature regions on the com-
bustor liner. During the thermal paint test, the highest metal temperature
rvad by the thermocouples was 954 K. The design goal on this measurement basis
was 1144 K.

The overall combustor performance, consisting of combustor outlet pattern,
pressure loss, and exhaust smoke, is presented in Figure 70. The circumferen-
tial pattern factor of 0.128 at 100% power condition is a good uniform pattern.
Exhaust smoke (SAE smoke number) was far below the visible limit. Exhaust
emission data and efficiency are shown in Figure 71.

Primary zone emissions data were obtained at idle and 100% power test condi-
tions utilizing the three fixed-position probes. The following constituents
were measured: 02 , CO2 , H2O, CO UHC, NOx , NO2 , and smoke. Figure 72 presents
the primary zone fuel-air ratio, efficiency, and smoke data vs power condition.
Figure 73 presents the 100% power data in a sector interpretation. The fuel
nozzle is located at the 11.25 deg position.

CONCEPT I BASELINE COMBUSTOR PZ PERFORMANCE ANALYTICAL PREDICTION/TEST DATA

COMPARISON

Analytical predictions of the primary zone performance were developed utilizing
the 3-D model described in Section III. These predicted values are compared
to the measured values obtained from the primary zone gas-sampling probes dur-
ing the combustor tests. Both the analytical prediction and the test data
values will be compared on the same figures for fuel-air ratio, oxides of ni-
trogen, carbon monoxide, carbon dioxide, and unburned hydrocarb3ns. The fuel-
air ratio distribution in the plane of primary zone sampling probes are con-
sidered to be the most meaningful from a model verification standpoint. Fig-
ure 74 presents the comparison of the predicted and measured fuel-air ratio
values for idle-power condition. As can be seen from these data, the probes
have four elements each. Considering that each of these probes is located in
a different sector of the PZ anr:.lus and influenced by separate fuel nozzles,
the similarity of the analytical and measured data is quite good.

CONCEPT I MODIFICATIONS AND EXPERIMENTAL RESULTS

In order to explore the capability of the primary zone analytical-prediction
model and compare with actual test results, five primary zone modifications
were analytically modeled and rig tested. These five modifications consisted
of the following:

Mod 1: Axial swirlers in the prechamber changed from 45 deg to 30 deg
(29.6% reduction in swirler area)
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Mod 2: Mod 1 with primary holes relocated closer to fuel nozzle center-
line ( from 5.6 deg to 1.9 deg)

Mod 3: Mod 1 with double the number of primary holes and double the hole
area (8 holes per fuel nozzle)

Mod 4: :Qod 1 with 8 primary holes/nozzle but diameters reduced to equal
bastline hole area

Mod 5: Mod 1 with new higher flow Lamilloy (7.5% Increase) in combustor
primary zone walls

Table XII presents a summary of the measured data for Concept I, mods 1
through 5.

The highlights of this summary are as follows:

o Mod 1, with the 30 deg swirlers, had little effect upon PZ or exhaust per-
formance. There was a measured reduction in PZ smoke from an SAE smoke
number of 55 to 32

o Mod 2, with the close PZ hole spacing, increased exhaust pattern factor
and PZ smoke, decreased PZ efficiency, increased PZ fuel-air ratio, and
increased carbon monoxide

o Mod 3, with twice as many primary holes (and z corresponding increase in
primary area), had a 9.57.' reduction in measured PZ fuel-air ratio and de-
creased PZ smoke and carbon monoxide

o Mod 4, with twice the number of primary holes and no change in total pri-
mery zone hole area, had an increase in measured PZ fuel-air ratio and
NOx and a reduction in PZ smoke and carbon monoxide

CONCEPT I COMBUSTOR MODIFICATIONS PZ PERFORMANCE ANALYTICAL PREDICTION/TEST
DATA COMPARISON

The analytical predictions of the primary zone performance were used in deter-
mining the primary zone modifications that were fabricated and tested. It is
therefore important to compare these predicted values with the primary zone
test results. This comparison is restricted to feel-air ratio values in the
axial plane of the primary zone gas-sampling probes and mainly at the 80%
power condition. The bases for making this comparison are overall average
value and sector presentation of fuel-air isopleth.

The overall average value of the analytically predicted fuel-air ratio at the
PZ probe location is compared to the measured average value (based on 3 or 4
probes) in Table XIII. Considering the limited instrumentation and the stage
of development of the analytical model, these values are in reasonable agree-
ment. Measured data for mod 5 were considered to be inaccurate and are not
included in this table.

Figure 75 presents a contour plot comparison of the fuel-air ratios of the an-
alytically predicteu and measured values. There is considerable similarity
for most of the configurations evaluated. Modifications 4 and 5 were tested
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Pressure	 Hot	 Avg P

Reading Condition	 Measurement	 drop, % skin, K skin_K f

91 Idle Exhaust chemistry 4.49 744 587
92 Idle PZ sequential rake 1 4.49 753 591
95 Idle PZ sequential rake 2 4.43 747 596
96 Idle PZ sequential rake 3 4.43 748 597
97 Idle PZ manifold rake 1 4.58 742 594
98 Idle PZ manifold rake 2 4.56 759 597
99 Idle PZ manifold rake 3 4.59 757 594
100 Idle PZ manifold rake 3 4.52 756 598
101 Idle Exhaust chemistry 4.54 769 599
102 Idle No chemis try 4.49 789 604
10? 100% Exhaust chemistry 3.75 1016 859
104 100% No chemistry 3.74 999 858
105 100% PZ manifold rake 1 3.69 3014 861
106 100% PZ manifold rake 2 3.74 999 857
107 100% PZ manifold rake 3 3.73 998 858
108 Alt Exhaust chemistry 3.69 1078 876
109 Alt No chemistry 3.67 1G83 879
110 80% Exhaust chemistry 3.60 933 778
111 80% No chemistry 3.55 941 782
112 50% Exhaust chemistry 3.85 854 711
113 50% No chemistry 3.82 851 717
114 100% No chemistry 3.60 954 887
115 100% No chemistry 3.60 945 881

3b

0.187
5

0.156
0

0.178
0.162
0.156
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Table XI.
Concept 1, baae'Ine, teat data aumnary.

Avg Pattern Smoke, Fuel-air ratio CO2, Efficiency, 'Emission indices
skin, K factor SAE No. Lean blowout	 ical % % C

587 0.0108 2.19 98.76 36.1 4.2 1.1
591 0.0226 4 .53 99.00 40.8 0.5 4.0
596 0.0121 2.44 98.88 38.2 2.5 1.1
597 0.0200 4.08 99.68 12.2 0.3 2.7
594 7 x.0233 4.62 98.60 59.2 0.3 2.9
597 0 0.0120 2.40 98.21 57.8 4.9 0.6
594 0 0.0177 3.61 99.57 17.1 0.3 2.3
598 0.0184 3.76 99.66 13.7 0.1 2.5
599 0.0103 2.10 98.90 35.4 2.9 1.5
604 0.155
859 0 0,0222 4.54 99.91 1.1 0.0 '11.9
858
861 92 0.0436 8.07 96.05 120.6 12.3 6.8
857 36 0.0202 4-12 99.77 8.0 0.1 8.2
858 36 0.0399 7.93 99.51 19.1 0.1 9.2
876 0.0232 4.73 99.92 1.4 0.0 8.1
879 0.187
778 5 0.0211 4.30 99.91 1.5 0.1 9.8
782 0.150
711 0 0.0163 3.34 99.89 3.2 0.0 6.4
717	 0.178
887	 0.162
881	 0.156
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Concept I,_

Concept 1, Mod 1

Pressure Hot Avg Pattern Smoke, Fuel-air rat
Rea_	 ding Condition Measurement drop, % skin, K skin, K factor SAE No. Lean	 owout

165 Idle No chemistry 4.51 729 596 0.191 0.0032
166 Idle Exhaust chemistry 4.38 718 606 0
167 Idle PZ sequential rake 1 4.38 716 605 0 0
168 Idle PZ sequential rake 2 4.57 719 601 0 0
169 Idle PZ sequential rake 3 4.21 727 594 0 0
170 80% No chemistry 3.55 870 736 0.147 0.0018
171 80% Exhaust chemistry 3.64 874 740 0 0
172 80% PZ sequential rake 1 3.49 892 744 77 0
173 80% PZ sequential rake 2 3.49 860 736 24 0
174 80% PZ sequential rake 3 3.55 855 738 82 0
175 100% No chemistry 3.49 956 846 0.133
176 100% PZ sequential rake 1 3.53 970 848 56 0
177 100% PZ sequential rake 2 3.44 972 854 16 3
178 100% PZ sequential rake 3 3.43 995 852 23 0

Concept 1, Mod 2

Pressure	 Hot	 Avg Pattern Smoke,	 Fuel-air rat
Reading Condition	 Measurement	 drop, % skin, K skin, K factor SAE No. Lean blowout C

189 Idle No chemistry 4.15 721 611 0.128 0.0040
191 '.dle Exhaust chemistry 4.06 704 597 0
192 Idle PZ sequential rake 1 4.09 704 592 0
193 Idle PZ sequential rake 2 4.09 700 591 0
194 Idle PZ sequential rake 3 4.10 680 586 0
195 80% No chemistry 3.56 908 791 0.17•:
196 80% Exhaust chemistry 3.54 904 791 0
197 80% PZ sequential rake 1 3.57 899 79; 51
198 80% PZ sequential rake 2 3.46 897 780 100
199 80% PZ sequential rake 3 3.57 923 774 91
201 100% No chemistry 3.63 959 872 0.200
202 100% Exhaust chemistry 3.60 956 868 16
203 80% No cheristry 3.57 928 808 0.193
205 80% PZ sequential rake 1 3.45 891 791 70
206 80% PZ seouential rake 2 3.44 912 783 93
207 80% PZ sequential rake 2 3.57 922 784 85	 0.0020
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Table %II.
Concept I, mods I-5, test data summary.

Concept 1, Mod 1

Avg Pattern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices
skin, K factor SAE No. Lean blowout	 -mical % % CO CHX N,X

596 0.191 0.0032
606 0.0108 2.21 99.26 25.6 1.5 3.2
605 0 0.0189 3.81 99.23 29.5 0.9 2.3
601 0 0.0156 3.09 98.08 57.1 6.3 1.3
594 0 0.0222 4.51 99.76 8.7 0.3 3.6
736 0.147 0.0018
740 0 0.0216 4.42 99.91 1.7 0.1 8.4
744 77 0.0403 7.81 98.40 61.3 1.7 6.9
736 24 0.0287 5.81 99.82 5.8 0.1 5.6
738 82 0.0526 9.99 98.10 79.5 0.5 7.7
846 0.133
848 56 0.0355 7.03 99.18 30.0 0.9 9.3
854 16 0,0299 6.04 99.71 9.7 0.2 9.6
852 23 0.0457 9 "' 99.46 20.5 0.1 11.2

Concept 1, Mod 2

Avg Pattern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices
skin, K factor SAE No. Lean b owout ' heroical % % CO CHx

"0-X

611 0.128 0.0040
597 0 0.0116 2.36 99.01 30.5 3.0 2.6
592 0 0.0167 3,36 98.95 34.1 2.13 2.6
591 0 0.0136 2.73 98.58 38.9 5.4 2.4
586 0 0.0257 5.15 99.34 24.3 1.0 3.0
791 0.174
791 0 0.0228 4.65 99.92 1.4 0.0 8.1
791 51 0.0484 9.36 98.74 51.4 0.5 7.1
780 100 0.0470 7.70 87.31 167.0 93.6 5.0
774 91 0.0508 9.40 96.74 122.9 4.4 6.9
872 0.200
868 16 0.0239 4.87 99.91 0.9 0.1 13.0
808
791

0.193
70 0.0484 9.16 97.78 90.9 1.0 10.3

783 9^- 0.0423 7.21 89.82 158.9 69.9 6.7
784 85 0.0020 0.0609 11.01 96.31 150.9 2.0 8.7
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Reading Condition	 Measurement

214 80% No chemistry
215 80.1 Exhaust chemistry
216 80% PZ sequential rake 1
217 80% PZ sequential rake 2
218 80% PZ sequential rake 3
219 100% No chemistry

Reading Condition	 Measurement

236 80% No chemistry
237 80% Exhaust chemistry
238 80% PZ sequential rake 1
239 80% PZ sequential rake 2
240 80% PZ sequential rake 3
241 80% PZ sequential rake 4
242 100% No chemistry

Reading Condition 	 Measurement

286 80% No chemistry
287 80% Exhaust chemistry
288 80% PZ sequential rake 1
289 80% PZ sequential rake 2
290 80% PZ sequential rake 3
291 80% PZ sequential rake 4
292 80% No chemistry
293 100% No chemistry

Concept 1, Mod 3

Pressure	 Hot	 Avg Pattern Smoke,
	

Fuel-air
drop, % skin, K skin, K factor SAE No. Lean blowout

0.0012

0.0016

Concept 1, Mod 4

Pressure	 Not	 Avg Pattern Smoke,	 Fuel-air
drop, % skin, K skin, K factor SAE No. Lean blowout

3.59 0.154 0.0015
3.64 4
3.52 36
3.44 8
3.60 23
3.54 25
3.79 0.184 0 0.0016

Concept 1, Mod 5	 3

Pressure Hot	 ;.vg	 Pattern Smoke, Fuel-air
drop,dro	 % skin, K	 skin, K factor SAE No. Leanohl wout

4.19 0.215 0.0020
4.30 11
4.25 45
4.27 28
4.24 27
4.23 14
5.73 0.214 5
4.14 0.168 5 0.0020

3.23 0.199
3.45 12
3.34 48
3.29 12
3.42 37
3.37 0.243
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Table XII. (cont)

Concept 1, Mod 3

Avg Pattern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices
skin, K factor SAE No. !_ean blowout	 Memical % % CO Hx N X

0.199 0.0012
12 0.0214 4.38 99.94 0.9 0.0 9.9
48 0.0326 6.54 99.65 13.4 0.1 7.4
12 0.0298 6.03 99.93 1.4 0.0 7.4
37 0.0487 9.38 98.55 60.0 0.5 8.5

0.243 0.0016

Concept 1, Mod 4

Avg Pattern Smoke. Fuel-air ratio CO2, Efficiency, Emission indices
skin, K factor SAE N'). Lean blowout Chemical % % CO

x NOx

0.154 0.0015
4 0.0218 4.46 99.92 1.' 0.0 11.4

36 0.0480 9.28 98.62 57.4 0.3 8.7
8 0.0337 6.79 99.84 4.9 0.0 9.3

23 0.0500 9.77 99.16 34.6 0.1 9.1
25 0.0288 5.80 99.68 12.4 0.1 7.9

0.184 0 0.0016

Concept 1, Mod 5

Avg Pattern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices
skin, K factor SAE No. Lean b~fowou-^	 C-^ical % % CO N--xc X

0.215 0.0020
11 0.0215 4.39 99.90 1.6 0.3 9.1
45 0.0234 4.72 99.52 19.5 0.1 5.5
28 0.0170 3.47 99.44 4.4 4.6 5.1
27 0.0306 F-17 99.73 9.9 0.1 6.8
14 0.0256 5.17 99.53 17.6 0.4 6.6

0.?14 5
0.168 5 0 .0020x,:., A
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Table XIII.
Fuel-air ratios--Concept I.

Fuel-air ratio Percent
Mod Test condition Predicted Measured difference

Baseline 100% 0.0474 0.0346 +37
1 80% 0.0508 0.0474 +7.2
2 80% 0.0511 0.0488 +4.7
3 80% 0.0428 0.0370 +15.7
4 80% 0.0489 0.0401 +21.9

with the fourth primary zone probe installed. This additional probe improves
the sector interpretation, as can be seen in Figure 75.

CONCEPT II BASELINE EXPERIMENTAL RESULTS

The Concept II combustor has a double-vortex swirl-stabilized reverse-circula-
tion primary zone. Figure 76 is a	 -tograph of Concept II.

The Concept II baseline test scot/ . -lsted of a thermal paint evaluation at
100% power condition and combustor i; 	 data at 100%, 80%, 50%, idle, and
100% altitude test culAditions. Pri%e, , zone emission data were obtained at
90% and idle power conditions. Table XIV presents the measured data for the
Concept II baseline. Figure 77 presents the wall temperature and thermal paint
results. As can be seen from these photos, the outside wall temperature was
1133-1232 K maximum in the dome area close to the fuel nozzle locations and
1293-1323 K on the inner wall.

Exhaust temperature pattern and profile are presented in Figure 78. The cir-
cumferential pattern factor of 0.216 at 100% is an acceptable value. The ra-
dial gradient of 36 K indicates a relatively uniform profile. The radial gra-
dient is defined as the difference between the maximum and the minimum radial
average temperatures.

Combustor exhaust emission indices for CO, UHC, and NOx and thei- corre-
sponding combustion efficiencies over the power range are presented in Figure
79. These levels are similar .o values obtained with Concept I baseline.

Primary zone emission data, which include CO, UHC, NOx, and smoke, were ob-
tained at idle and 80% power conditions. The average fuel-air ratio, combus-
tion efficiency, and primary zone smoke versus power condition curves are pre-
sented in Figure 80. Figure 81 presents combustion efficiency, CO, and NOx
data at 80% power condition in a sector interpretation. The fuel nozzle is
located at 11.25 deg position. The average, measured, primary zone combustion
efficiency of 99.47% indicates a high degree of completed reactions at this
plane. The zone between fuel nozzles was slightly depressed in efficiency.

CONCEPT II BASELINE COMBUSTOR PZ PE&eORMANCE ANALYTICAL PREDICTION/TEST DATA
COMPARISON

The analytical prediction of the PZ performance for the Concept II baseline
design indicates a high fuel-air ratio in the area of the fuel nozzle at 80%	 i
power condition. The hub area is predicted to have a very high fuel-air ratio
(above 0.10).
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The test results at 80% power simulations gave a uniform fuel-air ratio profile
except in the center of the passage between fuel nozzles. These data are pre-
sented in Figure 82. This does not represent a good correlation between model
prediction and test data.

Figure 83 is this same measured data as compared to a circumferential average
and a radial prediction in the plane of the PZ probes. From this presentation
it is evident that the measured values did not correlate well with the pre-
dicted values for probes 1 and 2.

CONCEPT II MODIFICATIONS AND EXPERIMENTAL RESULTS

The Concept II combustor primary zone section was modified into a total of five
configurations. These modifications to this swirl-stabilized, double-vortex
reverse-circulation concept consisted of evaluating a reduction in primary zone
equivalence ratios (10pZ ) and an increase in fuel injector spacing. These
modifications consisted of the following:

Mod 1: Axial swirlers in prechamber changed from 30 deg to 45 deg (42%
increase in swirler flow ares), OpZ - 1.041

Mod 2: Mod 1 with primary hole area increased 50%, O pZ - 0.969

Mod 3: Mod 1 with primary hole area increased 100%, O pZ -0.903

Mod 4: Mod 3 with one half of the fuel injectors inoperative (8 injectors
operative); this gave a fuel spacing ratio L/h - 2.8

Mod 5: Mod 3 with primary air relocated in sector of active fuel injectors
(8 injectors operative per mod 4)

Table XV presents a summary of the measured data for Concept II, mods 1
through 5.

The highlights of this summary are as follows:

• All combustors, as well as the baseline configuration, exhibited a high
combustion efficiency at the primary zone station.

• The measured maximum wall temperature increased with the increase in pri-
mary hole area.

• The testing with only eight fuel nozzles operational was limited to idle
evaluation because of the high values of pattern factor. Pattern factor
was much improved with the primary-air redistribution close to active fuel
nozzles (0.54 to 0.35)

• Exhaust smoke was far below the visible area (SAE Smoke No. - 5).

CONCEPT II COMBUSTOR MODIFICATIONS PZ PERFORMANCE ANALYTICAL PREDICTION/TEST
DATA COMPARISON

Analytical predictions of the primary zone performance were made for mods 1
through 4 of Concept II. A problem in matching the aerodynamic changes to the
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Conte

Pressure Hot Avg Pattern Smoke,	 Fuel-air;
Reading Condition Measurement drop, % skin, K skin, K factor SAE No. 	 Lean Blowout

116 100% No chemistry 3.63 968 873 0.216
117 100% No chemistry 3.52 994 866 0.220
124 Idle No chemistry 3.66 705 563 0.175
125 Idle Exhaust chemistry 3.63 701 567
126 Idle PZ sequential °ake 1 3.64 718 569 6
127 Idle PZ sequential rake 2 3.67 731 571 10
128 Idle PZ sequential rake 3 3.63 729 569 0
129 Idle Exhaust chemistry 3.70 730 570
130 Idle No chemistry 3.72 734 569 0.169
133 Alt Exhaust chemistry 3.45 1039 881
134 Alt No chemistry 3.38 1031 873 0.203
135 Alt Exhaust chemistry 3.35 1028 869
136 50% Exhaust chemistry 3.52 859 719
137 50% No chemistry 3.51 856 714 0.237
138 80% No chemistry 3.67 9& 821 0.354
139 b6i Exhaust chemistry 3.63 968 824
140 80% PZ sequential rake 1 3.60 934 809 34
141 80% PZ sequential rake 2 3.53 921 798 61
142 80% PZ sequential rake 2 3.47 922 797 66
143 80% PZ sequential rake 3 3.63 922 797 0
144 80% PZ sequential rake 3 3.61 931 804
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Table XIV.
Concept II, baseline, test data suamar ..

Avg Pattern Smoke, Fuel-air ratio CO2,	 Efficiency, Emission indices
in, K factor SAE No. Lean blowout	 emical % % CAA- O
873 0.216
866 0.220
563 0.175
567 0.0097 1.95 98.26 40.8 8.3 1.9
569 6 0.0139 2.79 98.53 38.4 6.1 2.9
571 10 0.0201 3.98 97.87 44.3 11.7 2.5
569 0 0.0129 2.51 95.93 71.4 25.6 0.8
570 0.0096 1.94 98.42 39.4 7.0 1.2
569 0.169
881 0.0176 3.60 99.89 1.6 0.2 13.6
873 0.203
869 0.0212 4.33 99.91 1.5 0.1 10.7
719 0.0162 3.32 99.91 2.1 0.1 8.4
714 0.237
821 0.354
824 0.0205 4.19 99.92 1.2 0.0 10.8
809 34 0.0345 6.91 99.73 9.8 0.1 8.8
798 61 0.0462 8.79 88.5 0.3
797 66 0.0343 6.80 99.20 31.3 0.4 10.1
797 0 0.0266 5.36 99.62 13.4 0.4 8.4
804 0.0244 4.96 99.90 2.4 0.1 7.7
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Concept I

ORICANs AAL PAGE iS

QE POOR QUALITY	
Concept II, Mod 1

Pressure Hot Avg Pattern Smoke, Fuel-air r1
Reading Condition Measurement drop, % skin, K skin, K factor SAE No. Lean blowout	 C

179 Idle No chemistry 3.41 716 585 0.172 0.0050
180 80% No chemistry 3.29 901 8(A 0.274 0.0040
181 80% Exhaust chemistry 3.26 901 806 0
183 80% PI, sequential rake 1 3.29 906 799 7
184 80% PZ sequential rake 2 3.23 903 796 16
185 80% PZ sequential rake 3 3.36 904 798 21
186 100% No chemistry 3.57 973 880 0.216 21
187 100% Exhaust chemistry 3.59 973 880 5 0.0025

Concept II, Mod 2

Pressure Hot Avg Pattern Smoke, Fuel-air ri
Reading Condition Measurement drop, % skin, K skin, K factor SAE No. Lean blowout

208 80% No chemistry 3.57 1011 843 0.237 0.0020
209 80% Exhaust chemistry 3.46 1003 843 8
210 80% PZ sequential rake 1 3.51 987 838 27
211 80% PZ sequential rake 2 3.41 987 838 33
212 80% PZ sequential rake 3 3.44 978 835 29
213 100% No chemistry 3.69 1063 930 0.238 0.0015

Concept II, Mod 3

Pressure	 Hot	 Avg Pattern Smoke,	 Fuel-air r
Reading Condition 	 Measurement	 drop, % skin, K skin, K factor SAE No. Lean owou

227 Idle No chemistry 3.56 0.197 0.0050
228 Idle Exhaust chemistry 3.57 0
229 80% No chemistry 3.51 0.180 0.0020
230 80% Exhaust chemistry 3.25 0
231 80% PZ sequential rake 1 3.29 55
232 80% PZ sequential rake 2 3.24 27
233 80% PZ sequential rake 3 3.26 8
234 80% PZ sequential rake 4 3.22 29
235 100% No chemistry 3.35 0.198 0.0017
243 Idle No chemistry 3.32 0.665 0.0060
244 Idle No chemistry 3.18 0.156
245 Idle No chemistry 3.46 0.530
246 Idle No chemistry 3.38 0.569 0.0065
247 Idle No chemistry 3.80 0.267
248 Idle PZ sequential rake 1 x.86
249 Idle PZ sequential rake 2 3.82
250 Idle PZ sequential rake 3 3.79
251 Idle PZ sequential rake 4 3.84



Table IV.
Concept II, mods 1-5, test data aummaty.

	
ORIGNAL
M_ POOR QUALITY

Concept II, Mod 1

Avg Pattern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices
K	 skin, K factor SAE No. Lean blowout Chemical X x _ INDi 

585 0.172 0.0050
800 0.274 0.000
806 0 0.0217 4.42 99.90 1.5 0.1 11.4
799 7 0.0372 7.46 99.79 7.4 0.0 8.4
796 if, 0.0270 5.41 99.49 20.0 0.1 10.5
798 21 0.0322 6.47 99.70 10.9 0.0 10.3
880 0.216 21
880 5 0.0025 0.0209 4.27 99.90 1.1 0.0 15.6

Concept II, Mod 2

Avg Pattern Smoke, Fuel-air ratio CO29 Efficiency, Emission indices
K	 skin, K factor SAE No. Lean blowout Chemical % % CO HX NO K

843 0.237 0.0020
843 8 0.0212 4.33 99.92 1.2 0.1 10.7
838 27 0.0282 5.70 99.74 9.4 0.1 8.5
838 33 0.0371 7.33 99.13 35.6 0.2 9.7
835 29 0.0280 5.66 99.71 10.0 0.1 10.6
930 0.238 0.0015

Concept II, Mod 3

Avg Pattern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices
K	 skin, K factor SAE No. Lean blowout	 emical % % CO W FIX

0.197 0.0050
0 0.0109 2.02 92.70 121.3 47.8 2.1

0.180 0.0020
0 0.0219 4.46 99.88 1.2 0.4 12.0

55 0.0323 6.42 99.15 33.3 0.5 9.7
27 0.0251 5.07 99.57 15.1 0.3 11.7

0.0336 6.77 99.81 5.0 0.4 9.4
29 0.0270 5.42 99.30 26.2 0.6 9.6

0.198 0.0017
0.665 0.0060
0.156
0.530
0.569 0.0065
0.267

0.0222 4.34 97.19 62.2 14.7 2.4
0.0254 5.00 97.67 51.6 12.1 2.3
0.0199 3.99 98.85 35.5 3.5 2.7
0.0272 5.25 96.68 73.7 17.3 2.2
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Concept II, Mod 4

Pressure Hot	 Avg Pattern Smoke, Fuel-aid
Reading Condition Measurement drop, % skin, K	 skin, K factor SAE No. Lean blowout

252 Idle No chemistry 3.26 0.539 0.0038
253 Idle No chemistry 3.67 0.504
254 Idle Exhaust chemistry 3.58 0
255 Idle Exhaust chemistry 3.65 0
256 Idle PZ sequential rake 1 3.65 8
257 Idle PZ sequential rake 2 3.66 69
258 Idle PZ sequential rake 3 3.67 0
2505 Idle PZ sequential rake 4 3.65 18

Concept II, Mod 5

Pressure Hot	 Avg Pattern Smoke, Fuel-air
Reading Condition Measurement drop, % skin, K	 skin, K factor SAE No. Lean Uowout

267 Idle No chemistry 3.64 0.366 0.0040
268 Idle Exhaust chemistry 3.56 0
269 Idle PZ sequential rake 1 3.49 0
270 Idle PZ sequential rake 2 3.49 0
271 Idle PZ sequential rake 3 3.47 0
272 Idle PZ sequential rake 4 3.44 0
273 Idle No chemistry 3.91 0.348
274 Idle Exhaust chemistry 3.76 0
275 Idle PZ sequential rake 1 3.67 3
276 Idle PZ sequential rake 2 3.64 22
277 Idle PZ sequential rake 3 3.80 0
278 Idle PZ sequential rake 4 3.78 0
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Table KY. (cont)

Concept II, Mod 4

Avg Pattern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices
skin, K factor SAE Na. Lean blowout	 emical X X Co"K

0.539 0.0038
0.504

0 O.Oi20 2.42 98.28 38.1 8.8 4.1
0 0.0152 3.06 98.60 29.0 7.6 4.2
8 0.0284 5.56 97.75 46.5 12.4 3.7
69 0.0374 7.08 97.11 102.0 5.6 4.8
0 0.0120 2.43 98.84 29.0 5.1 4.3
18 0.0359 6.31 92.43 179.9 36.4 2.4

Concept II, Mod 5

Avg Pattern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices
skin, K factor SAE No. Lean Elowout	 emical X X Ca X

0.366 0.0040
0 0.0105 2.07 97.00 52.2 19.1 2.7
0 0.0138 2.69 96.22 67.3 23.7 2.6
0 0.0190 3.76 97.52 46.5 14.9 3.3
0 0.0102 2.03 97.81 40.9 13.2 2.8
0 0.0106 2.08 96.39 61.4 23.3 2.2

0.348
0 0.0126 2.54 98.67 32.2 6.2 3.1
3 0.0232 4.57 98.06 59.4 6.1 2.5

22 0.0388 7.50 98.07 70.4 3.3 3.4
0 0.0131 2.66 99.02 24.7 4.3 3.1
0 0.0180 3.55 97.78 61.7 8.5 2.0
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analytical model prevented the prediction for mod 5. Again the fuel-air ratio
data is compared to the predicted values. This comparison is shown in Figure
84. It can be seen that from these contour plots that rig data do not agree
with the predictions either in shape or level.

The absolute level of predicted and measured fuel-air ratios is shown in Table
XVI. The measured values represent approximately 2/3 the value for the calcu-
lated value. This could be a result of inadequb.^.; sampling positions or pre-
dicted value shortcomings.

Table XVI.
Fuel-air ratios--Concept II.

Fuel-air ratio Percent
Mod Test condition Predicted Measured difference

Baseline 80% 0.0496 0.0331 +49.9
1 80% 0.0484 0.0321 +50.8
2 80% 0.0448 0.0311 +44.1
3 80% 0.0412 0.0295 +39.7
4 Idle 0.0266 0.0283 - 6.0

CONCOPT III BASELINE EXPERIMENTAL RESULTS

The Concept III combustor features a single-vortex primary zone with a 25% re-
duction in the number of fuel injectors (12 instead of 16). Figure 85 is a
photograph of Concept III.

Concept III baseline testing consisted of the following:

• thermal paint at 100% power
• exhaust performance at 100%, 80%, 50%, and idle power
• primary zone emissions at 80% power

Table XVII presents the measured data for the Concept III baseline. Figure 86
presents the wall temperature and thermal-paint results. The Concept III con-
figuratioa exhibited localized hot zones in the plane of the fuel injector.
Thermal paint results indicates these areas are in the 1323-1344 K temperature
range. The film cooling of the dome portion of this design appears to be in-
adequate for 100% power operatics.

Exhaust temperature profile and pattern factor versus power plots are presented
in Figure 87. The circumferential pattern factor of 0.189 at 100% power for a
new primary zone concept indicates a uniform gas temperature profile. The
level of pattern factor was not affected by power condition. The radial gra-
dient of 30 K indicates a relatively uniform profile.

Combustor exhaust emission level indices for CO, UHC, and NOx and corre-
sponding combustion efficiency over the power range is presented in Figure 88.
These levels are similar to values obtained with Concept I and II.

Primary zone emission data were obtained at 80% power. condition. Figure 89
presents the combustion efficiency, carbon monoxide, and oxides of nitrogen
data in a sector interpretation. The feel nozzle is lc:_ated at the 15 deg
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position. The low combustion efficiency at probe No. 2 position is substanti-
ated by a high level of smoke at that position. Smoke love! was 87 at probe
No. 2 as compared to 42 and 48 for the other probes.

The predicted and measured fuel-air ratios are compared in Table XVIII. Mods
2 through 5 were evaluated with four probe positions providing a uniform loca-
tion as samples. The measured values for these configurations compare very
favorably with the predicted value of the overall primary zone fuel-air ratio.

CONCEPT III BASELINE COMBUSTOR PZ PERFORMANCE ANALYTICAL. PREDICTION/TEST DATA
COMPARISON

The analytical prediction of the primary zone performance for Concept III
baseline design indicated a high redial gradient with the outer zone in excess
of 0.05 fuel-air ratio and the inner zone at 0.01 fuel-air ratio. The area
between fuel injectors has the higher fuel-air values. The measured data in-
dicated fuel-air values below average between fuel nozzles and did -.ot resemble
the predicted values. These data are presented in Figures 90 and 91

CONCEPT III MODIFICATIONS AND EXPERIMENTAL RESULTS

Concept III combustor primary zone section was modified into five distinct
configurations. The modifications of this single-vortex primary zone consisted
of changes to fuel entry directions and variations of inner-to-outer primary-
air balance. These modifications are briefly described as Follows:

Mod 1: Fuel tube exit located tangent to combustor centerline pointing
clockwise viewed looking downstream

Mod 2: Mod 1 with fuel tube pointing in a counterclockwise direction

Mod 3: Fuel tube radially outward (baseline configuration), with 50% in-
crease in outer-shell primary air and 50% reduction in inner-shell
primary air

Mod 4: Mod 3 with all primary air in the outer wall

Mud 5: Mod 3 with all primary air in the inner wall

Table XIX presents a summary of the measured data for Concept III, mods 1
through 5.

The highlights of this summary are these:

o The fuel placement, whether radially out or tangent right or left had lit-
tle effect upon overall performance except there was some deterioration of
exhatist pattern factor for mod 2. It was also noted that the primary zone
smoke was lower for mod 2.

o Lean-burn to a low fuel-air ratio value was observed for all mods.

u The attempt to put all of the primary sir through the inner wall tubes
produced a drastic increase in wall tetuperature and limited the test eval-
uation to the idle conditions.
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Reading Condition

118 100%
119 100%
149 Idle
1;,•0 Idle
151 Idle
152 50%
153 50%
154 80%
155 80%
156 80%
157 80%
158 80%
?59 80%

No chemistry
No chemistry
No chemistry

Exhaust chemistry
Exhaust chemistry

No chemistry
Exhaust chemistry

No chemistry
No chemistry

Exhaust chemistry
PZ sequential rake 1

PZ sequential rake 2
Pi sequential rake 3

Conceut III

Pressure Hot Avg Pattern Smoke, Fuel-air rati

drop, % skin, K skin, K factor SAE No. Lean blowout heO

3.85 998 841 0.200
3.93 1021 855 0.189
4.04 772 581 0.200 0.0030
4.00 759 578 0.
4.01 763 580 0.
3.53 963 704 0.210 0.0018 i
3.52 966 706 0.
3.35 1135 793 0.215 0.0024
3.37 1115 7R5 0.218
3.36 1073 771 6 0.
3.37 1053 759 48 0.
3.32 1096 773 87 0.
3.45 1122 764 42 0.

OF r0+	
Q";A,

Fuel-air]

Mod	 Test condition

Baseline 80%
1 80%
2 80%

3 80%
4 80%

5 Idle

-a^



Table XVII.
Concept III, baseline, teat data summary.

Pattern Smoke, Fuel-air ratio CO2,	 Efficiency, Emission indices
'K factor SAE No. Lean blowout Chemical % % C6 CH NX U

0.200
0.189
0.200 0.0030

0.0113 2.28 98.85 32.9 4.0 3.9
0.0114 2.32 99.07 31.5 2.1 2.8

0.2.10 0.0018
0.0171 3.50 99.84 4.8 0.1 7.3

0.215 0.0024
0.218

6 0.0229 4.66 99.91 1.9 0.0 9.6
48 0.0283 5.72 99.73 9.5 0.1 9.9
87 0.0545 7.36 72.81 126.5	 256.7 2.9
42 0.0170 ,	 4' 99.42 7.5 4.0 6.8

Table XVIII.

Fue l-air ratios--Concept III.

Fuel-air ratio Percent
Mod Test condition	 Predicted Measureil difference

Baseline 80% 0.0360 0.0333 +8.1
1 8U% 0.035U 0.0446 --21.5
2 8U% U.0375 0.0339 00.6
3 80% 0.0359 O.U355 +1.1
4 80% 0.0374 0.0382 -2.1
5 Idle 0.0205 O.U208 -1.4
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Reading Condition

160 80%
161 80%
162 80%
163 80%
164 80%

Measurement

No chemistry
Exhaust chemistry
PZ sequential rake 1

PZ sequential rake 2
PZ sequential rake 3

Reading Condition

260 80%
261 80%
262 80%
263 80%
264 80%
265 80%
266 100%

C
	

III

Concept III, Mod 1	 i

Pressure Hot Avg Pattern Smoke, Fuel-air rata'
drop, % skin, K skin, K factor SAE No. Lean blowout	 C

3.53 933 767 0.209 0
3.42 933 763 0.
3.42 933 763 82 0.
3.46 936 765 29 0.
3.44 933 763 95 0.

Reading Condition

220 80%
221 80%
222 80%
223 80%
224 80%
225 80%
226 100%

Concept III, Mod 2

Pressure	 Hot	 Avg	 Pattern Smoke,	 Fuel-air ra

Measurement	 drop, % skin, K skin, K factor SAE No. Lean blowout 	 C

4.04 1071 844 0.452
4.06 1083 849 5
4.09 1076 842 28
4.06 1077 843 33
4.03 1079 843 35
4.24 1073 841 6
4.11 1178 936 0.234

Concept III, Mod 3

Pressure	 Hot	 Avg Pattern Smoke,
Measurement	 dro % skin, K skin, K factor SAE No. Lean

0. U015
0.
0.
0.
0.

0.0012	
0.

No chemistry
Exhaust chemistry

PZ sequential rake 1
PZ sequential rake 2

PZ sequential rake 3
PZ sequential rake 4

No chemistry

0.0020	 0.
0.
0.
0.
0.

0.0015

No chemistry 3.48 856 769 0.239
Exhaust chemistry 3.51 848 764 7
PZ sequential rake 1 3.46 863 77P 61
PZ sequential rake 2 3.74 853 768 74
PZ sequential rake 3 3.74 864 768 44
PZ cenuential rake 4 3.69 875 770 74
No chemistry 3.69 1023 866 0.212

Fuel-air rati
blowout Ch

!' !'tE11iVtI^

-



i pd-GLUING P .GE BLANK NOT FILMED

V^a QU

95

Table XIX.
Concept III, mods 1-5, test data summary.

Concept III,	 Mod 1

Pattern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices
K factor SAE No. Lean blowout Chemical % % CO CHX NO

0.209 0
. 0.0234 4.77 99.85 3.2 0.3 7.9

82 0.0458 7.89 91.57 175.6 46.3 4.3
29 0.0388 7.67 99.18 27.6 1.6 6.6
95 0.0493 8.49 92.17 186.5 37.4 4.4

Concept III, Mod 2

Pattern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices

factor SAE No. Lean blowout Chemical % % CO CHx NOX

0.452
5 0.0020 0.0233 4.74 99.91 1.7 0.1 8.8

28 0.0383 7.61 99.42 21.4 0.6 7.4
33 0.0307 6.18 99.63 13.8 0.1 8.6
35 0.0347 6.82 98.75 49.9 0.8 7.3
6 0.0320 6.45 99.89 2.8 0.1 8.0

0.234 0.0015

Concept III,	 Mod 3

Pattern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices

K factor SAE No. Lean blowout Chemical % % CO

0.239 0.0015
7 0.0211 4.33 99.83 3.2 0.6 9.6

61 0.0296 6.00 99.(;5 9.1 1.1 9.1
74 0.0422 7.97 94.08 6.6 61.3 7.8
44 0.1215 4.39 99.6? 9.4 0.7 8.8
74 0.0485 9.63 99.3? 7.0 4.8 5.3

0.212 0.0012
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Concept III, Mod 4

Pressure	 Hot	 Avg Pattern Smoke,	 Fuel-air ra
Reading Condition	 Measurement
	

drop, %	 skin, K skin, K factor SAE No. Lean blowout

279 80% No chemistry 3.41 387 791 0.239 0.0015
280 80% Exhaust chemistry 3.39 902 784 36 d
281 80% PZ sequential rake 1 3.40 950 796 100
282 80% PZ sequential rake 2 3.43 947 812 95 d
283 80% PZ sequential rake 3 3.36 956 782 80 a
284 80% PZ sequential rake 4 3.33 948 796 53 p
285 100% No chemistry 3.29 978 878 0.233 0.0014

Concept III, Mod 5

Pressure Hot Avg Pattern Smoke, Fuel-air raft.
Reading Condition Measurement drop, % skin, K skin, K factor SAE No. Lean b owout	 C

294 --- No chemistry 3.09 1304 691 0.352 0.0025
295 Idle No chemistry 3.46 717 547 0.322 0.0030
296 Idle Exhaust chemistry 3.41 614 534 0
297 Idle PZ sequential rake 1 3.41 616 533 60 0
298 Idle PZ sequential rake 2 3.45 624 538 68 0
299 Idle PZ sequential rake 3 3.39 617 532 42 0
300 Idle PZ sequential rake 4 3.43 631 538 42 0



Table XIX. (cont)

Opt III	 Mod 4

ern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices

or SAE No. Lean b owout Chemical % % CO CHx NO

39 0.0015
36 0.0220 4.48 99.73 7.2 0.8 8.1
100 0.0347 6.61 97.04 90.3 9.2 6.5
95 0.0485 7.40 82.24 180.6 144.2 3.4
80 0.0290 5.69 98.26 60:1 3.6 4.6
5? 0.0406 8.04 99.36 23.8 0.8 4.5

33 0.0014

t III	 Pod 5

i

ern Smoke, Fuel-air ratio CO2, Efficiency, Emission indices
or SAE No. Lean b owout Chemical % % CO CH NOx

52 0.0025
22 0.0030

0.0119 2.37 97.16 50.9 17.7 3.0
60 0.0283 5.34 95.38 89.9 27.1 2.7
68 0.0250 4.73 9.83 105.0 18.7 2.7
42 0.0141 2.71 95.53 82.4 27.3 2.7_
4? 0.0158 2.96 94.05 106.1 37.3 2.2

PRECEDING PAGE BLANK NOT FILMED'
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CONCEPT III COMBUSTOR MODIFIC".TIONS PZ PERFORMANCE ANALYTICAL PREDICTION/TEST
DATA COMPARISON

The comparison of the primary zone analytical prediction and the measured test

data for fuel-air ratio in the plane of the primary zone probe for the five
modification configurations is presented in Figure 92. The redirection of the

fuel spray in wodifications 1 and 2 produced a significant shift in the calcu-
lated fuel-air signatures. This characteristic was found in the measured data
as can be seen in Figure 92, mods 1 and 2. The modifications which were de-

signed to influence the primary air recirculation did not produce data that

reflected the anaytical prediction.

COMBUSTOR CONCEPT PERFORMANCE SUMMARY

Even though this was r_st a combustor development program. some comparative
evaluations of the combustor concepts and modifications ;hould be made based
on the physical differences among the configurations of each concept and the
data resulting from the experimental testing. A summary of the test data for
all eighteen combustor tests is show:i in Table XX for the 80% power condition.

More data were recorded at 80% than at any other condition even though all
combustor mods could not be operated at that high a power condition.

The Concept I combustor designs are summarized in Table III. The performance
of the baseline Concept I combustor was excellent. Metal temperatures were

below 950 K, exhaust temperature profiles were uniform, and exhaust emissions
were acceptable. Increasing the fuel nozzle swirler swirl number from 0.84 to

1.45 by increasing the turning angle of the air from 45 deg to 60 deg produced

performance improvements. Bc,,h maximum and average metal temperatures were

reduced. Exhaust CO and UHC remained nearly the same with NO x and smoke
number decreasing. Changes in primary zone hole spacing (mod 2), numbers of
holes (mods 3 and 4), and flow fraction (mod 3) showed no improvement over the
baseline configuration or no additional improvement over mod 1. Thus for Con-
cept I, the best configuration from an overall performance standpoint was the
mod 1 design with the increased fuel nozzle swirl number.

The Concept 11 combustor designs are summarized in Table IV. The performance
of the baseline Concept II combustor was good, but not as good as the Concept
I combustors. Metal temperatures were below 975 K, exhaust pattern factor at
0.35 was poor, and she exhaust emissions showed a hotter reaction zone with
lower CO and UHC but higher NO x . The Concept II, mod 1, combustor changed to
the lower swirl number fuel nozzle swirler used in the Concept I baseline com-

bustor a*-d showed an increase in exhaust emissions, especially NO x . Metal
temperature and exit temperature profile were reduced as well as primary zone
CO, UHC, and smoke. Primary zone NOx increased. Mods 2 and 3 progressively
increa ses the flow area of the primary holes by 50% and 100% respectively.
Temperature pattern improved for these two mods when compared to mod 1. Mod 2
showed lower exhaust CO, UHC, and NOx but an increase in smoke. In the pri-
mary zone, CO, UHC, and smoke increased but NOx decreased slightly. Both
metal temperature and exit temperature profile increased. Mod 2 performance

appears equally variable. The final two designs, mods 4 and 5, used only
8 fuel nozzles instead of 16. These combustors at a nozzle spacing-to-annulus
height ratio of 2.8 produced very high exit temperature profiles and thus were

r



limited to idle operating conditions. The best overall performance was pro-

bably the Concept II, mod 3, design which demonstrated a low exit temperature
profile and slightly higher exhaust, MiC , and NOx . Exhaust smoke and pri-

mary zone CC, UHC, and smoke were approximately equal in all Concept 11 de-
signs.

The Concept III single vortex combustor designs are summarized in Table V.

The performance of the baseline Concept III combustor was quite good consider-
ing that this was the initial design of the general concept. Except for the
1013 K maximum measured metal temperature, all of the combustor performance
parameters werr more than satisfactory. The exit temperature profile was very
uniform having, a pattern factor of 0.215. The exhaust emissions were only
slightly higher than the Concept I baseline emissions. The primary zone emis-
sions showed very high levels of CO, UHC, and smoke, but these levels were not

observed in the exhaust gas samples. Concept 111, mods 1 and 2, rotated th,
fuel nuzzle chutes 90 deg clockwise and counterclockwise, respectively. The
clockwise rotation in mod 1 showed considerably oetter performance than the
mod 2 rotation. The mod Z design produced high average and maximum metal tem-

peratures as well as an unacceptably high exit temperature profile. Compared

to the Concept III baseline combustor, the mod 1 design demonstrated lower
metal temperatures, exhaust NO., and exhaust smoke, but higher exit tempera-

ture profilts, exhaust CO, and exhaust UHC. Concept 111, mods 3 and y , pro-

gressively roved primary zone injection air from the inner shell to the outer
shell. The a:od 3 design which had half the inner shell primary zone injection
air transferred to the outer shell gave better performance than the mod 4 and
better than the baseline designs; mete'. temperatures were lower, the exit

temperature profile was the most unifo r i , exhaust NOx and smoke were low,

and exhaust CO and UHC were acceptat'ie. Primary zone emissions also were as

low as for most designs 	 Concept 111, mod 5, moved all of the primary zone
air tc the inner shell, but high metal temperatures restricted operation to

idle conditions. Thus for the single vortex design, baseline and mod 2 pro-

duced the best overall performance.



Table XX.
Combustor performance summary at 80% power conditions.

Primary Zone Emissions
Combustor P/P Metal te_m_p_(K) Exit temp nrofile LBO ox Eff.-

oncep	 o (%) -AAvg Max m	 a PiTTRR F/A (ppm) (Ppm) (pP (%)

I	 Base 3.60 778 933 1.100 0.150 --- --- --- --- ---
1 3.64 740 874 1.100 0.147 0.0018 555 26 29 0 99.02
2 3.54 789 904 1.119 0.174 --- 5414 964 185 81 94.26
3 3.45 --- --- 1.136 0.199 0.0012 1117 5 176 32 99.38
4 3.64 --- --- 1.105 0.154 0.0015 1234 3 213 23 99.32
5 4.30 --- --- 1.144 0.215 0.0020 323 16 91 28 99.55

II	 Base 3.63 824 968 1.235 0.354 --- 1151 5 162 32 99.61
1 3.26 806 901 1.186 0.274 0.0040 388 1 189 15 99.66
2 3.46 843 1003 1.160 0.237 0.0020 620 3 182 30 99.52
3 3.25 --- --- 1.122 0.180 0.0020 584 8 181 30 99.46
4 --- --- --- --- --- --- --- --- --- -- ---
5 --- --- --- --- --- --- --- --- --- -- ---

III	 Base 3.36 771 1073 1.144 0.215 0.0024 2347 2873 112 59 99.65
1 3.42 763 933 1.143 0.209 --- 5981 837 134 69 94.31
2 4.06 849 1083 1.304 0.452 0.0020 764 9 161 25 99.42
3 3.51 764 848 1.162 0.238 0.0015 270 449 157 63 98.20
4 3.39 784 902 1.162 0.239 0.0015 3592 1155 106 82 94.23
5 --- --- --- --- --- --- --- --- --- -- ---

s-I



r conditions.

Zone Emissions
aox JN UT.

29 0 99.02
185 81 94.26
176 32 99.38
213 23 99.32
91 28 99.55

.162 32 99.61
189 15 99.66
182 30 99.52
181 30 99.46

Combustor Exit Emissions
vvV

m
	W..%,

(ppm) (HM)
.. V 

^m1'`J

x

D

JI. &.1	 1 .

(%)

32 1.6 127 5 99.91
37 0.9 112 0 99.91
33 0.4 113 0 99.92
19 0.1 131 12 99.94
28 0.5 153 4 99.92
34 4.0 120 11 99.90

26 0.2 136 0 99.92
32 2.0 151 0 99.90
27 0.8 140 8 99.92
26 5.9 162 0 99.88

112 59 99.65 43 0.7 135 6 99.91
134 59 94.31 76 5.2 114 0 99.85
161 25 99.42 41 0.8 126 5 99.91
157 63 98.20 67 8.1 125 7 99.83
106 82 94.23 160 10.9 109 36 99.73
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Figure 68. Concept I conventional, swirl —stabilized, doub]
annular combustor.
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VII. CONCLUSIONS

Three small gas-turbine annular-combustur concepts and five modifications of
each were designed, fabricated, and tested for the purpose of formulating an

understanding of primary zone aerodynamics and improving the design methodology

of reverse-flow annular combustors.

These combustor concepts were designed with the following features:

o Concept I	 double-N.)rtex, swirl-stabilized, primary zone

o Concept II double-vortex, swirl-stabilized, reverse-circulation primary
zone

c Concept III single-vortex primary zone

The MARC-I three-dimensional aerodynamic combustor flow-field model was modi-

fied to adapt to the distinctive features of these three primary zone concepts.

The combustor geometric features Incorporated in this model include the fol-
lowing:

• prechambers

• internal walls

• rounded dome walls
• axial dome swirlers
• vertical dome slots
• slanted liner entries
• reverse cooling slots

From the analytical modeling and testing of the eighteen combustor configura-

tions the following conclusions can be drawn:

o The analytical model as modified and updated has provided a useful tool in
designing and analyzing test results from this program.

o The primary zone gas sampling probes, designed and fabricated for this

study, were satisfactory in all aspects. Utilizing these prober, CO,

CO 2 , NOx , and UHC and smoke emissions were obtained for all combustor

configurations.

o The three primary zone concepts, designed with the aid of the analytical
model, demonstrated excellent performance in the following areas:

o exhaust temperature pattern
o low exhaust smoke

o cool liner walls
o high combustion efficiency

o wide combustion limits

o The correlation of primary zone predicted with the m?asured fuel-air ratio

contours demonstrated the usefulness of the analytical model as an aid to
the combustion designer.

o Additional model development is needed to define completely new designs
having geometric features that depart from conventional internal flow pat-
terns.
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STATUS 01' 3-D COMBUSTION MODEL

Several factors are believed to be responsible for those cases when the corre-
lation between the analytical model and actual fuel-air measurements was less
than satisfactory. First the experimental measurements were made at discrete
probe locations while the analytical model computed values across the entire
combustor cross section. In addition, some simplifying boundary condition as-

sumptions undoubtedly affected the analytical results. For example, Lamilloy
air was assumed to enter as cooling slot air parallel to the walls. Beyond

these items the three-dimensional combustion model has been found to be defi-
cient in several phiso-chemical areas. These deficiencies are not due to nu-

merical techniques but rather to real deficiencies in the submodels used to

describe physical and chemical phenomena. These areas in which deficiencies

occur are the following:

1. Prechambers on annular section

Up to the present time all reacting 3-D codes treat the prechamber as

part of the annular combustor and attempt to analyze the flow field
within this circular can with the coordinates used for the annular sec-
tur. Since the coordinates for the entire combustor originate at the
centerline of the sector, the circular prechamber is approximated by a

polygon. Detailed analysis comparing prechambers analyzed by body-cen-
tered coordinates and those analyzed by fine-grid sector Coordinates re-

veals some discrepancies. The correct computation of angular momentum
from both axial and, if present, radial air swirlers incorporated in

prechambers is extremely sensitive to the coordinate system describing
the boundary condition of the prechamber. Deviations from true circular
boundary conditions introduce steps such as those resulting from a mul-
tisided polygon. A portion of the circulating flow impinges c an these

stets and creates an overpressure which propagates toward the center of
the circulating flow. The net effect of this overpressure is to reduce
the angular momentum to a level much lower than that which could be

caused by the action of viscous forces within a circular can.

The approach to rect.fy any possible discrepancy that may disturb the

actual flow-field computation is to integtate a body-centered circular

coordinate system describing the prechamber can with that describing the
body-centered coordinates of the sector.

2. Droplet fuel spray heating. Vaporization and drag, and subsequent
micro-mixing and chemically kinetic limited combustion of the fuel vapor

The latest published versions of 3-1) models contain at best an initial
spray size distribution ;subprogram. Usually this takes the form of the
Rosin-Rammler distribution, a correlation which is generally considered

to be adequate. However, subsequent droplet dynamics are treated in it

totally simplistic and incorrect manner. Modern well-designed gas tur-
bine combustors are generally believed to be evaporation rate limited.

At the high ,.ressures, temperatures, and convective conditions involved,
both chemical kinetic and mixing rates are high compared with those of

spray evaporation. All present 3-D codes, inc.ludinz; MkRC-1, only par-
tially recognize this fact. Following spray evaporation, the sourer

term for the rate of oxidation of the fuel is determined by the minitaum
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of the rate of fuel oxidation as controlled by chemical kinetics or
eddy-breakup mixing. This latter mixing term is dependent upon the

level of turbulence and fuel vapor and/or oxygen concentration. In al-

most all cases the rate of oxidation of the fuel must be artificially

slowed by choosing the latter minimum rate method involving mixing. De-

tailed analysis of droplet evaporation under convection conditions indi-
cates that the time for the droplet to evaporate is slow compared to the

time for fuel vapor and air to mix in the droplet wake. Clearly, the
existing 3-D models appear to be overpredicting the rate of evaporation
of the spray.

During droplet heat-up to the wet bulb temperature no evaporation is
allowed. As soon as the wet bulb temperature is reached, the vaporiza-
tion rate is set equal to its maximum rate. But this step function or-

proach is a gross oversimplification. Over wide ranges of operating
conditions the heat-up period represents an appreciable portlort ni the
total drop evaporation time. This is especially true for high gas pres-
sures and temperatures where all but the smallest droplets fail to attain

their wet bulb temperature and, hence, their maximum steady-state evap-
oration rate during their lifetime.

The result of the existing droplet evaporation model is to considerably
overpredict the evaporation rate. The effects of this overprediction
propagate throughout the entire solution domain. The droplet diameter
and, hence, droplet mass are underpredicted, with the consequence that
the droplet trajectory is not proper evaluated. This affects Lhe calcu-
lated distribution of fuel-air ratio, temperature, chemical kinetics,
and species concentration. The error is tempered somewhat in all present
models by the artificial reduction of the apparent evaporation rate
through the use of the mixing model. But, while overall performance and
pattern factor predictions may be only slightly changed, local primary

zone temperature profiles and chemical kinetics can be substantially

affected.

As a consequence of these effects, detailed droplet dynamic models are

being evaluated in a separate NASA program (Analytical Fuel Property
Effects--Small Combustor, NASA Contract NAS3-23165) and the best of
these will be used to replace the existing droplet dynamics package
within 14ARC-1. It is anticipated that incorporation of such a model
will remove the need for MARC-1 to rely so heavily upon artificial
techniques to properly predict the combustion rate of the fuel.

3. Fuel insertion modeling--dual orifice and airblast type injectors

The phenomena described above with regard to droplet dynamic effects on

model predictions are extremely important. But replacement of the current
droplet dynamic package with an improved submodel still requir ,, ^recise

boundary conditions regarding the initial fuel placement. Better dual

orifice and airblast fuel insertion models are required in order that

the improved droplet dynamics submodel can accurately predict fuel-air
ratio distributions, etc. Work on such models is presently being initi-

ated.

-i
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All of the deficiencies described iL °.he paragraphs above are well understood,
many as a result of the investigations conducted under this program. Contrac-
tual and/or IR&D effort is presently underway to eliminate these problems from
MARC-1.
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PRIMARY ZONE ADDENDUM PROGRAM OF POOR QUALITY

The single-torus primary zone combustor (Concept III) demonstrated the poten-

tial for reducing the number of fuel nozzles in a small annular combustor.
Therefore this combustor concept was selected for additional evaluation in a

program addendum. This design, shown in Figure 93, reduced the number of fuel
nozzles from 16 to 12, which increased the spacing-to-height ratio from 1.4 to

1.8. The principle of this concept departed from the dual-vortex, conventional
flame stabilization methods by establishing a larger single torus in the pri-

mary zone. Features of this design were as follows:

• torus directionally aligned with annulus airflow
• fuel entry tangential and opposed to torus
• film cooling upstream on one side and downstream on the other

• variable fuel directing tubes
• fewer fuel nozzles

Figure 93. Concept III combustor--single torus selected for
addendum to primary zone study.
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The major aerodynamic feature of this design was the increased residence time
in the primary zone established by the single reversal pattern. This provided
the potential for improved vaporization of the fuel droplets and for more com-

plete combustion reaction.

The three additional modifications selected for the contract a^jendum included

two aerodynamic configurations and one fuel placement configuration. The de-

sign changes were made to provide a more uniform fuel-air mixture to avoid fuel
impingement on the liner walls and to introduce the fuel at an optimum location

that provided the best vaporization path for improved combustion performance.

Modifications to alter the primary zone aerodynamic flow patterns are shown in

Figures 94 and 95. In Figure 94 the primary zone air bushings in the outer
combustor liner were positioned circumferentially on either side of the fuel
nozzle centerline, while on the inner liner wall a larger single air bushing
was aligned with the fuel nozzle. The air bushing was located axially near
the fuel nozzle to disperse the fuel spray into two patterns emanating from a

single fuel nozzle source. The second aerodynamic modification, shown in Fig-
ure 95, was a similar concept, but the inner bushings were moved axially down-
stream to allow more time for the development of the fuel spray prior to in-

troducing the jet flow. Experience has shown that care must be taken when di-

recting air ,jets near the spray injection point. Combustion instability,

noise, or flame quenching are possible results of early air admission. The
size and jet angles used were dictated by the predictions from the MARC-1 3-D

model.

The third Concept III combustion system modification involved a change to the
fuel direction tubes, as shown in Figure 96. The evaluations inade during the

basic program demonstrated the potential for improved performance from fuel
placement techniques. For this modification, the fuel directing tube was
capped off and two fuel exit holes were directed in opposed circumferential
directions from each fuel nozzle source. In this manner, the fuel spray gave
mere uniform fuel-sir coverage between fuel injection points; this design also
provided a means of preventing fuel from impinging on the combustor walls.

ANALYTICAL RESULTS

Concept III mods Al, A2, and A3 were analyzed with the three-dimensional com-
bustor model described in Section III. For each modification the I-D model
generated plots of fuel-air ratio in the primary zone at various radial planes

so that the interaction of the fuel spray and the combustion air could be
studied. Figure 97 shows the predicted fuel-air ratio in the prima:v zone both

on sector presentation and an average circumferential plot per fuel injector
sector for all three design configurations. In all mods it was predicted that

the inner wall primary air jets would produce a low fuel-air ratio region in

its wake. Mod A3, which featured bifurcated fuel tubes, responded with high
fuel concentrations on each side of the fuel injector location. While all de-

signs of Concept HI exhibit the tendency for high fuel-air ratios at the outer
wall and low ratios at the inner wall, the predictions for mod A3 indicated a

lower gradient than the other designs.
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Figure 94. Concept III, mod Al, combustor (short fuel tube).

Figure 95. Concept III, mod A2, combustor.

Figure 96. Concept III, mod A3, combustor with bifurcated fuel tube.
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Experimental testing of the addendum configuration consisted of the following:

• exhaust performance at 100%, 80%, and idle power
• primary zone emissions at 80% power

Table XXI summarizes the measured performance for Concept III mods Al, A2, and
A3. Included in the table are both the exhaust and the primary zone data.

Exhaust temperature patterns for each of the addendum mods are shown in Figure
98. Mod Al, which features the inner primary hole in close proximity to the

fuel spray, resulted in an unsatisfactory exhaust pattern factor of 0.478.
The pattern improved significantly by placing the inner air jet in a more nor-
mal downstream position, as noted by the 0.294 pattern factor value of Mod A2.

The combustion efficiency measured in the combustor exhaust was 99.15% for mod
Al, while mods A2 and A3 were 99.88% and 99.90% respectively. Mod Al's lower
overall efficiency was due to the close proximity of the inner primary air jet,

which also resulted in the poor temperature pattern.

Primary zone emission data were obtained at 80% power condition. Figure 99 is

a comparison of computer code analytical prediction and measured primary zone
fuel-air ratio sector contours. There was a degree of similarity between cal-

culated and measured values for these test configurations. All mods exhibited
an above average fuel-air ratio on the outer annulus area and below average

values at the inner annulus area on both the calculated and predicted evalu-

ations.

SUMMARY

The exhaust and primary zone performance values are as follows (in all mods
tested the primary zone combustion efficiency was relatively high):

Mod Performance
Primary zone Exhaust

Eff. Smoke CO EI CHx EI NOX EI Eff. P.F. LBO

Al 98.84% 35.0 33.8 3.7 6.8 99.15% 0.478 0.0010

A2 97.44% 49.5 54.4 13.5 7.3 99.88% 0.294 0.0008

A3 99.01% 59.0 36.8 1.2 8.5 99.90% 0.309 0.0005

In conclusion, the design, analysis, and testing of the Addendum Concept III
modifications again verified the usefulness of the three-dimensional computer

model in combustor design and analysis effort.
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Concept III, Mod Al

Pressure Hot Avg Pattern Smoke, Fuel-air ra
Reading Condition Measurement drop, % skin, K skin, K factor SAE No. Lean blowout

327 Idle Exhaust chemistry 3.60 723 586 0.0058

328 idle No chemistry 3.60 723 584 0.244

329 80% No chemistry 3.43 1051 766 0.499 0.0010

330 80% Exhaust chemistry 3.37 1059 776

331 80% PZ sequential rake 1 3.44 1074 777

332 80% P7 sequential rake 1 3.43 1083 785

333 80% No chemistry 3.84 1029 777 0.462

334 80% PZ sequential rake 1 3.43 1042 789 40

335 80% PZ sequential rake 2 3.43 1046 788 78

336 80% PZ sequential rake 3 3.38 1098 797 4

337 80% PZ sequential rake 4 3.39 1089 795 18

338 80% No chemistry 3.41 1107 791 0.478 1

339 80% Exhaust chemistry 3.42 1115 792

Concept III, Mod A2

Pressure Hot Avg Pattern Smoke, Fuel-air ra
Reading Condition Measurement drop, % skin,	 K skin, K factor SAE No. Lean blowout C

340 Idle No chemistry 3.85 698 543 0.544 0.0050

341 Idle Exhaust chemistry 3.81 699 547
348 80% No chemistry 3.65 855 816 0.294 0.0008

349 80% Exhaust chemistry 3.66 834 804 0
350 80% PZ sequential rake 1 3.61 854 810 53 0

351 80% PZ sequential rake 2 3.58 832 806 37 0
352 80% PZ sequential	 rake 3 3.56 836 814 32 0

353 80% PZ sequential rake 4 3.53 836 802 76 0

Concept III, Mod A3

Pressure Hot Avg Pattern Smoke, Fuel-air rat

Reading Condition Measurement drop, % skin,	 K skin,	 K factor SAE No. Lean blowout

354 80% No chemistry 3.40 957 870 0.309 0.0005

355 80% Exhaust chemistry 3.27 950 868 04
356 80% PZ sequential	 rake 4 3.25 961 876 34 0i
357 80% PZ sequential	 rake 1 3.22 949 872 80 04
358 80% PZ sequential	 rake 2 3.27 945 867 74 0
359 80% PZ sequential	 rake 3 3.24 949 871 48 04
360 100% No chemistry 3.53 1011 945 0.333
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21.6 5.0 9.5
53.4 3.4 3.0
26.8 3.6 5.8

30.8 7.2 7.5
54.3 6.0 6.8
6.0 0.3 6.8

44.2 1.3 4.1

26.6	 2.1	 4.8

Emission indices
CO	 CH x %

53.81	 37.6	 0.3

3.0 0.1 9.8
61.1 3.6 7.1
52.4 3.8 8.3
9.7 0.1 9.5

94.3 46.7 4.4

OR/wiw•
OF,	

figGF 
►8ITable XX I.	 ^R QUALlryConcept III, mods Al, A2, and A3, test data summary

Conceot III. Mod Al

Avq Pattern Smoke, Fuel-air ratio CO2, Efficiency,
in,	 K factor SAE No. Lean blowout	 Chemical % %

586 0.0058 0.0117 2.19 91.64
584 0.244
766 0.499 0.0010
776 0.0231 4.65 99.00
777 0.0334 6.53 98.33
785 0.0252 5.05 99.02
777 0.462
789 40 0.0278 5.52 98.58
788 78 0.0337 6.57 98.16
797 4 0.0238 4.84 99.79
795 18 0.0200 4.00 98.84
791 0.478 1
792 0.0221 4.44 99.15

Conceot III. Mod A2

Avg Pattern Smoke, Fuel-air ratio CO2, Efficiency,
in,	 K factor SAE No. Lean blowout Chemical % %

543 0.544 0.0050
547 0.0103 1.80 85.78
816 0.294 0.0008
804 0.0215 4.38 99.88
810 53 0.0346 6.75 98.23
806 37 0.0305 5.99 98.40
814 32 0.0222 4.52 99.72
802 76 0.0392 7.14 93.41

Emission indices

46.3	 77.2	 3.2

Concept III, Mod A3

Avg	 Pattern Smoke,	 Fue'-air ratio
skin, K factor SAE No. Lean blowout	 Chemical

870	 0.309	 0.0005
868	 0.0254
876	 34	 0.0257
872	 80	 0.0399
867	 74	 0.0372
871	 48	 0.0328
945	 0.333

CO2, Efficiency, Emission indices
CO	 CH 	 N0x

5.16 99.90 1.9 0.1 9.6
5.18 99.53 16.6 0.6 7.7
7.83 98.84 42.6 1.5 9.2
7.28 98.68 49.0 1.7 9.2
6.50 99.00 39.1 0.8 8.0

;'I T* DING PAGE 
BLANK NOT 
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APPENDIX B

TEST DATA SUMMARY

Tabulated in this appendix are the test data for a! i. three concepts and mods

including the addendum test program. Each aDta grouping requires three lines
of description on separate pages for summary of exhaust and primary zone data.
An additional two pages are required 'or tabulation of primary zone pijbc. data.

This tabulation is grouped for each of the three concepts and the addendum.
The comments below describe the parameters in the following tabulation.

RDG	 Reading number

COND	 Test condition--described in Section VI

MEASUR:MENT Defines test measurement, i.e., exhaust chemistry, primary
zone chemistry (PZSEQUN RK1), and exhaust temp e rature pat-

tern (no chemistry)

WA	 Airflow An lb/sec

BIP Burner inlet pressure,	 lb/in. 2 abs

BIT Average burner inlet temperature, 	 OF

BOT Ave,-age burner outlet temperature, 	 OF

RISE Temperature	 rise,	 OF

.7F Fuel flow, lb/hr

F/A Fuel-air ratio

112
FLOW # Fuel flow/(fuel flow pressure drop)

Fl Flow factor Wa 4T/P

ACD Calculated liner effective hole area based on measured

pressure lass,	 tn.2

')P/P Burner pressure Joss,	 %

HOT SKIN Maximum combustor metal temperature via thermocoupl_s

AVG SKI14 Average combustor metal temperature via thermocouples

TY../TA Exhaust maximum temperature/exhaust average temperature,

°F/°F

PATRN Exhaust pattern factor - PF - (BOTmax - BOT)/(BOT - BI)

TIP Tip (max	 radit.$) annulus average exhaust gas temperature, OF

TMID Mid-tip annulus average exhaust gas temperature,	 OF
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F

RMID Mid-root annulus average exhaust gas temperature, OF

ROOT
L

Root (min radius) average exhaust gas temperature,	 OF

AT Data location (EX - exhaust, PZ a primary zone)

F	 SMOKE SAE smoke number per ARP-1179

LBO F/A Lean blowout fuel-air ratio

6
E	

CHEM F/Ai Gas analysis fuel-air ratio

CO2 o Measured carbon dioxide, perc-nt

CO PPM Measured carbon monoxide, parts per million

CHX PPM Measured unburned hydrocarbon (C 3 base, as C3H8)

NOX PPM Total nitrogen oxides

EFF Combustion efficiency calculated from exhaust gases, %

CO EI Measured carbon monoxide emission index, g/kg

CHX EI Measured unburned hydrocarbons emission index, g/kg

NOX EI Measured oxide of nitrogen emission index, g/kg

CIRCUM LOCATION Circumferential location, degrees from right-hand edge of
sector

PAGE. IS
OF POOR QUALITY
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PAGE 1

-- DATA LISTING FOR CONCEPT 1 BASELINE -- NASA PR

DATE TABULATEDI 9 FEB 82

ROG COND	 MEASUREMENT	 NA	 SIP	 817	 BOT

	

91 IDLE EXHAUST CHEM 2.30	 55.3 374. 1046.

	

92 IDLE Pl SEOLN RK 1 2.30	 55.5 380. 1052.

	

95 IDLE Pl SEOUN RK 2 2.30	 56.0 384. 1070.

	

96 IDLE P2 SEOUN RK 3 2.29	 56.1 366. 1075.

	

97 101E PZ IIFULD RK 1 2.30	 55.2 386. 1057.

	

98 IDLE PZ MFOLD RK 2 2.29	 55.4 387. 1064.

	

99 IDLE PZ NFOLO RK 3 2.30	 55.2 388. 1041.

100 IDLE PZ MFOLD RK 3 2.29	 55.6 388. 1065.

	

101 IDLE EXHAUST CHEM 2.29	 55.6 388. 1058.

102 IDLE NO CHEMISTRY 2.2S	 55.9 389. 1069.

103 1002 EXHAUST CHEM 5.03 147.4 754. 1991.

104 1002 NO CHEMISTRY 5.02 147.6 75?. 1970.

IDS 1002 PZ MFOLD RK 1 5.02 148.4 755. 1992.

106 1002 PI MFOLD RK 2 5.03 147.6 752. 1991.

107 1001 PI MFOLD RK 3 S.O4 148.3 751. 1996.

108 ALT EXHAUST CHEM 2.62	 78.2 698. 1911.

109 All NO CHEMISTRY 2.62	 78.5 702. 1871.

110 801 EXHAUST CHEM 4.62 131.2 614. 1885.

111 SOX NO CHEMISTRY 4.56 130.9 612. 1860.

112 501 EXHAUST CHEM 3.73 100.9 535. 1545.

113 502 NO CHEMISTRY 3.72 101.3 541. 1547.

114 1001 NO CHEMISTRY 4.93 146.1 753. 2026.

115 1002 NO CHEMISTRY 4.97 147.0 753. 2019.

IMARY ZONE STUDY --

RISE	 NF	 F/A	
FLQM

672. 85.4 0.01031 3000.

672. 85.4 0.01032 30.

685. 87.5 0.01059 30.

689. S7.9 0.01065 30.

670. 85.3 0.01031 30.

677. 66.3 0.01046 30.

653. 83.2 0.01006 30.

677. 85.9 0.01040 30.

669. 84.9 0.01030 30.

680. 86.9 0.01055 30.

1236. 356.2 0.01968 25.

1213. 353.9 0.01957 25.

1237. 3ST.1 0.01975 25.

1238. 355.5 0.01964 24.

1245. 356.4 0.01963 24.

1213. 190.3 0.02018 24.

1169. 190.3 0.02017 24.

1270. 324.6 0.01950 25.

1247. 323.1	 0.01960 24.

1010. 210.2 0.01563 25.

1006. 210.6 0.01575 25.

1273. 349.2 0.01967 24.

1265. 349.2 0.01953 24.
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PAGE 2

-- DATA LISTING FOR Cl

ROG CONO	 FI	 ACO

91 IDLE 1.198 5.15

92 IDLE 1.201 5.16

95 IDLE 1.192 5.16

96 IDLE 1.189 5.14

97 IDLE 1.210 5.15

98 IDLE 1.202 5.13

99 IDLE 1.212 S.15

100 IDLE 1.202 5.15

101 IDLE 1.199 5.13

102 IDLE 1.192 5.12

103 1001 1.189 5.59

104 loot toles S.59
105 1001 1.180 5.59

106 1001 1.186 5.58

107 1001 i.184 5.58

106 ALT 1.139 5.40

109 ALT 1.139 5.41

110 802 1.155 5.54

111 801 1.1.5 5.54

112 502 1.168 59.2

113 502 10161 59.1

11. 1002 1.176 5.65

its 1001 1.177 5.65

)NCEPT 1 BASELINE

DATE TABULATED=

DP/POAVG
SKI TN SKIN

4.49 eBC. S96.

4.49 895. 603.

4.43 $85. 612.

4. 113 886. 615.

4.58 876. 609.

4956 906. 614.

4.59 903. 609.

4.52 901. 617.

•.S• 925. 618.

4.49 960. 628.

3.75 1368. 1087.

3.7. 1330, LOSS,

3.69 1366. 1090.

3.7. 1338. 1083.

303 1336. 1084.

3.69 1.8C. 1117.

3.67 1.90. 1123.

3.60 1220. 9.0.

3.55 1234. 9.8.

3.85 1078. 820.

3.82 1071. 830.

3.60 1258. 1137,

3960 12.1. 1125.

- NASA PRIMARY TON

9 FEB 82

TM/TA PATRN TIP

11099 O.1S5 22.

1.088 0.137 23.

1.090 001.0 24.

19084 0.131 24.

1.084 0.132 25.

1.084 0.132 24.

1.085 0.135 24.

1.083 0.130 24.

1.084 0.132 24.

19099 09155 22.

1.072 0.116 -7.

1.079 0.128 -1.

	

1.078 0.126	 6.

	

1,078 0.125	 7.

	

1.074 0.119	 3.

11094 0.1.9 40.

1.117 0.187 29.

	

1.080 0.119	 S.

1.100 0.150 -3.

1.081 0.123 24.

1.116 0.178 17.

1.102 0.162 -25.

1.098 0.156 -31.

E STUCY --

TMJD RM1

S

D ROQT

2•.	 S. -51.

24.	 •. -51.

24. •. -54.

25. •. -53.

25.	 3. -52.

25.	 •. -53.

24.	 3. -51.

24. 3. -52.

25. •. -52.

25.	 6. -St.

48. 38. -79.

42. 37. -76.

47. 32. -85.

47. 32. -87.

46. 35. -86.

55. 26. -122.

48. 30.-106.

37. 32. -75.

33. 36. -66.

36. 18. -77.

32. 21. -72.

31. 37. -43.

30. 38. -38.
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PAGE 3

-- DATA LISTING FOR CONCEPT 1 BASELINE -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 9 FES 82

ROG AT SMOKE	 LBO CHEM CO2 CO CHX NOR EFF CO CHX NOR
F/A F/A B PPM PPM PPM E1 El El

91 EX 000108 2019 399. 29.8 7. 98.76 3691 4.2 1.1

92 PZ 0.0226 4.53 932, 7.5 55. 99.00 40.8 095 4.0

95 PZ 010121 2.44 472. 19.3 B. 98.88 38.2 2.5 1.1

96 PZ 0.0200 4.08 247. 3.9 33. 99.68 12.2 0.3 2.7

97 PZ 79 0.0233 4.62 1392. 5.1 41. 98.60 59.2 0.3 2.9

98 PZ 0. 0.0120 2.40 707. 38.0 S. 98.21 57.6 4.9 0.6

99 P1 00 0.0177 3961 307. 3.3 26. 99.57 17.1 0.3 2.3

100 P1 0.0184 3.76 257. 1.8 29. 99.66 1397 0.1 2.5

101 EX 0.0103 2910 374. 19.4 9. 98.90 35.4 2.9 1.5

102

103 EX 09 0.0222 4.54 25. 0.2 163. 99.91 1.1 000 1109

104

105 PZ 92. 0.0436 8.07 5187. 335.9 179. 90.05 120.6 12.3 6.8

106 PZ 36. 0.0202 4.12 163. 099 102. 99.77 8.0 0.1 8.2

107 PZ 369 0.0399 7.93 756. 199 222. 99.51 19.1 0.1 9.2

108 EX 0.0232 4.73 33. 0.0 116. 99.92 1.4 0.0 8.1

109

110 EX 5. 0.0211 4.30 32. 196 127. 99.91 1.5 011 9.8

111

112 EX 00 0.0163 3.34 53. 0.2 64. 99.89 3.2 0.0 6.4

113

114

115
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2.35

2.36

2.37

2.27

2.27

4.56

4.56

4.50

4.54

4.57

4.93

4.92

4.90

4.89

55.9

56.5

56.6

53.3

55.4

129.7

127.2

128.3

130.2

129.6

146.6

146.1

147.2

147.2
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PAGE 1
-• DATA LISTING FOR CONCEPT I MOD 1 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED2 18 FES 82

ROG COND	 MEASUREMENT	 MA	 SIP	 817	 BOT	 RISE	 MF	 F/A	 FLQM

r

165 IDLE NO CHEMISTRY

166 TOLE EXHAUST CHEN

167 IDLE PZ SEQUN RK 1

168 IDLE P2 SEQUN RK 2

169 IDLE P2 SEQUN RK 3

170 802 NO CHEMISTRY

171 801 EXHAUST CMEM

172 802 P2 SEQUN RK 1

173 801 P2 SEQUN RK 2

174 801 PZ SEQUN RK 3

175 1001 NO CHEMISTRY

176 1001 PZ SFQUN RK 1

177 1001 PZ SEQUN RK 2

178 1002 P2 SEQUN RK 3

368. 1054.

37C. 1080.

369. 1086.

368. 1079.

370, 1084.

615. 1930.

618. 1924.

608. 1933.

608. 1923.

609. 1928.

756. 2065.

7SC. 2046.

755. 2103,

752. 2094.

685. S7.9

710. 88.3

717. 88.3

711. 94.7

713. 85.4

1315. 323.9

1306. 321.0

1325. 3200

1314. 321.0

1319. 320.6

1309. 346.0

1296. 345.5

1348. 347.3

1342. 345.8

0.01038 28.

0.01038 28.

0.01036 28.

0901036 28.

0.01043 28.

0.01973 24.

0.01955 24.

0.01979 24.

0.01963 23.

0.01949 23.

0.01951 24.

0.01951 24.

0.01969 23.

0901963 22.

PAGE 2
-- DATA LISTING FOR CONCEPT 1 MOD 1 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 18 FES 82

ROG COND	 F1	 ACD OP/P SKIN	 SKIN
T M/ TA PATRN TIP TMID RMID ROF

165 IDLE 1.212 5.19 4.51 853. 613. 1.124 0.191 29. 34. -190 -4666.

166 IDLE 19204 5.24 4.38 833. 6309 19072 0.110 22. 26.	 S. -52.

167 IDLE 19205 5.24 4.38 828. 629. 1.080 0.121 20. 25.	 5. -51.

168 IDLE 1.227 5.23 4.57 835. 621. 1.064 0.097 20. 269 	 69 -50.

169 IDLE 1.182 5.24 4921 848. 610. 19072 0.109 19. 27.	 6. -51.

170 SOX 1.153 5.57 3955 1106. 864. 19100 09147 	 7. 37. 24. -67.

171 802 1.177 5.62 3.64 11139 872. 1.090 0.133 -9. 39. 31. -60.

172 801 1.147 S.S9 3.49 1145. 880. 1.071 09104 	 59 40. 24. -71.

173 BOX 1.141 5.56 3.49 1088. 864. 1.106 0.155 -44. 32. 48. -38.

174 BOX 1.153 S.S7 3.S5 1079. 8689 1.076 0.111 -42. 32. 50. -40.

175 1001 1.171 5.71 3.49 1260. 10639 1.OB4 0.133 10, 379 229 -71.

176 1001 1.172 5.68 3.S3 1286. 1067. 1.039 0.062 -5. 30. 29. -55.

177 1001 19160 5.70 3.44 1290. 1078. 1.044 0.068 -7. 27. 27. -47.

178 1002 19157 5969 3.43 13319 10749 1.045 0.070 -4. 26. 30. -52.
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10.4

10.6

63.8

4.3

0.9

44.4

2.7

15.9

20.6

3.6

2.3

22.

27.

12.

49.

112.

168,

99.

240.

200.

175.

308.

0MINAL PAGE IS
OF POOR QUALITY

PAGE 3

-- DATA LISTING FOR CONCEPT I NCO 1 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 18 FED 82 p
	 Cp

C
ROG AT SMOKE 

FBA	
CrEM	

CJ2 PPM PPA	 PRA 
EFF	

EI	 E1 "E1

5

a

165 0.0032

166 ER

167 PZ 0.

168 PZ 0.

169 PZ O.

170 0.0018

171 Ex 0.

172 PZ 77.

173 PZ 24.

174 PZ 82.

175

176 PZ 56.

177 PZ 16.

178 PZ 23.

0.0108 2921	 284.

0.0189 3.81	 565.

0.0156 3.09	 904.

000222 4051	 1960

0.0216 4.42	 37.

0.0403 7.81 2448.

0.0287 5.81	 166.

0.0526 9.99 4092.

090355 7.03 1060,

0.0299 6.04	 290.

0.0457 9902	 926.

99926 2596 1.5 3.2

99.23 29.5 0.9 2.3

98908 57.1 6.3 1.3

	

99.76	 897 0.3 3.6

	

99.91	 107 0.1 804

98940 61.3 197 6.9

	

99.82	 5.8 0.1 5.6

98.10 79.5 0.5 7.7

99.18 30.0 0.9 9.3

	

99.71	 9.7 0.2 9.6

99.46 20.5 0.1 11.2
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PAGE l

•- DATA LISTING FOR CONCEPT 1 MOD 2 	 !A%A PRIMARY ZONE STUDY --

DATE TABULATEOt S APR 82

RDG CONO MEASUREMENT 	 NA	 SIP	 BIT	 SOT	 RISE	 NF	 F/A	
FLOW

2.28

2.27

2.29

2.29

2.29

4.59

4.59

4.66

4.68

4.68

4.89

4.88

4.6C

4.57
4.57

4.58

169 IDLE NO CHEMISTRY

191 IDLE EXHAUST CHEM

192 IDLE PZ SEQUN RK 1

193 IDLE PI SEQUN RK 2

194 IDLE PZ SEQUN RK 3

195 801 NO CHEMISTRY

196 801 EXHAUST CHEM

197 801 PZ SEQUN RK 1

198 601 PZ SEQUIN RK 2

199 801 PZ SEQUN RK 3

201 1001 NO CHEMISTRY

202 1001 EXHAUST CHEM

203 801 NO CHEMISTRY

205 801 PZ SEQUN RK 1

206 801 PZ SEQUN RK 2

207 801 PI SEQUN RK 3

55.4

55.9

55.9

S5.9

55.9

130.6

131.6

131.6

133.5

132.0

146.2

147.0

130.2

131.1

)31.7

128.9

373. 1070.

367. 1074,

368. 1051.

367. 1049,

367. 1050.

6200 1976,

617, 1974.

608. 1978.

602. 1995.

601. 1990.

751. 2061,

749. 2088.

619. 1945.

604. 2086.

603. 2117.

600. 2095.

697. 84.6

706. 85.2

683. 84.5

682. 85.2

683. 84.4

1355. 323.9

1357. 323.2

1370. 325.5

1393. 327.0

1388. 327.6

1309. 345.0

1339, 342.9

1326. 323.5

1481. 323.5

1514. 322.2

1494. 322.4

0.01032 28.

0901041 28.

0.01026 27.

0.01035 27.

0001026 27.

0.01958 24.

0.01955 24.

0.01942 24,

0.01941 24.

0.01946 24.

0601958 22.

0.01952 22.

0.01952 23.

0.01967 23.

0.01957 23.

0.01957 23.

PAGE 2

•• DATA LISTING FOR CONCEPT 1 MOD 2 -- NASA PRIMARY ZONE STUDY --

DATE TASULATED t 5 APR 82

RDG COND	 F1	 ACD	 DP/P HOT	 AVG	 TM/TA PATRN TIP TMID RMID ROOT

	

SKIN SKIN	 F	 F	 F	 F

189 IDLE 1.185 5.29 4.15 837. 640. 1.084 0.128 20. 28. 	 3. -51.

191 IDLE 1.170 5928 4.06 808. 618. 1 9088 0.133 16. 26.	 40 -47.

192 IDLE 1.177 5.30 4.09 807. 606. 1.108 0.167 18. 26. 	 2. -47.

193 IDLE 19175 5.30 4.09 800. 603. 1.122 0.187 21. 2'l. 	 1. -49.

194 IDLE 1.177 5.29 4910 764. 594. 1.116 0.179 19. 26. 	 3. -48.

195 801 I.IS6 5.58 3956 1175. 964. 19119 0.174 	 6. 37. 24. -66.

196 801 1.145 S.54 3.54 1168. 9609 1.110 0.160 -1. 35. 26. •60.

197 801 19156 5957 3.S7 11589 964. 1.085 0.123 -8. 29. 27. -49.

198 801 1.113 5.60 3.46 1154. 944. 1.070 0.101 -40. 27. 46. -34.

199 801 1.IS4 S.56 3.57 1202. 934. 1.068 0.097 -2. 37. 26. -61.

201 1001 1.165 5.57 3.63 1266. 1109. 1.127 0.200 -10. 36. 45. -40.

202 1001 1.154 5.54 3.60 1261. 1102, 1.067 0.105 -28. 34. 37. -44.

203 801 1.162 5.60 3.57 1211. 994. 1.131 0.193	 7. 43. 27. -77.

205 801 1.138 5.57 3.45 1143. 964. 19036 0.051 -13. 22. 36. -46.

206 801 1.132 5.56 3.44 1181. 950. 1.028 0.038 -12. 26. 39. -53.

207 B01 1.156 S.S7 3.57 1199. 952. 1.022 0.030 -16. 23. 41. -48.
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PAGE 3

•• DATA LISTING FOR CONCEPT 1 MOD 2 •• ' / ASA PRIMARY ZONE STUDY -•

DATE TABULATED:	 5 APR 82

ROG AT SMOKE kBO CHEM CO2 CO CHX NOX EFF CO CHX NOX
/A F/A R PPM PPM PPM EI El E1

189 0.0040

191 EX 00 090116 2936 363, 22.6 190 99001 30.5 3.0 2.6
192 PZ 0. 0.0167 3.36 578. 29.8 27. 98.95 34.1 298 2.6

193 PZ 0. 0.0136 2.73 538. 47.8 20, 98.58 38.9 594 2.4
194 PZ 0. 0.0257 5.15 628, 15.8 47. 99.34 2493 190 3.0

195

196 EX 0. 0.0228 4.65 33, 0.4 113. 99.92 194 0.0 8.1

197 PZ 510 0.0484 9.36 24469 15.4 206. 98.74 51.4 0.5 i.1

198 PZ 100. 0.0470 7.70 7679.2737.4 139. 87.31 167.0 93.6 S.0

199 PZ 91. 0.0508 994C 6116. 138.6 209. 96974 122.9 4.4 6.9

201

202 EX 16. 0.0239 4.17 22. 1.4 190. 99.91 0.9 O.1 13.0

203

205 PZ 70, 0.0484 9.16 43199 29.0 298. 97978 90.9 1.0 10.3

206 PZ 93. 0.0423 7.21 6620.1827.7 169. 89.82 158.9 68.9 6.7

207 PZ 85. 0.0020 0.0609 11.01 8907. 76.5 3139 96.31 150.9 2.0 8.7
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PAGE 1	

OF POOR Q

-- DATA LISTING FOR CONCEPT 11400 3 -- NASA PRIMARY ZONE STUDY --
DATE TABULATED: 5 APR 82

FLOW
ROG COND	 MEASUREMENT	 MA	 SIP	 BIT	 BOT	 RISE	 MF	 F/A	 C

214 802 NO CHEMISTRY 4.65 130.8 608. 1925. 1317. 32496 0.01941 24.

215 602 EXHAUST CHEN 4.66 130.1 611. 1906. 1295. 324.6 0.01935 240

216 B02 PZ SEQUN RK 1 4.63 13195 608. 1940. 1332. 324.4 0.01944 24.

217 802 PZ SEQUN RK 2 4.61 132.2 61C. 19099 1300. 324.5 0.01957 24.

218 B02 PZ SEQUN RK 3 4.64 129.9 609. 1911. 1303. 324.7 0.01944 239

219 1002 NO CHEMISTRY 4.98 147.0 76C. 2015. 1256. 352.6 0.01966 24.

s

PAGE 2

-- DATA LISTING FOR Cl INCEPT

DATE

ROG COND	 F1	 ACO
	

DP/P

214 802 10161 5.88 3.23

215 802 1.172 5.74 3.45

216 BOX 1.151 5.74 3.34

217 802 1.139 5.72 3.29

216 802 19168 5.75 3.42

219 1002 1.183 5.87 3.37

I MOD 3 -- NASA PRIMARY ZONE STUDY --

TABULATED: 5 APR 82

NOT	 AVG	 TM/TA PATRN TIP TM1D RMID ROOT
SKIN SKIN	 F	 F	 F	 F

117.	 09 1.136 0.199 -53. 25. 57. -30.

116.	 0.	 1.116 0.171 -85. 24. 71. -10.

I18.	 0. 1.052 0.076 -78. 21. 70. -13.

121.	 0. 1.065 0.095 -72. 73. 65. -15.

120.	 0. 1.079 0.116 -59. 25. 60. -25.

134.	 0.	 1.152 0.243 -61. 47. 75. -60.

PAGE 3

-- DATA LISTING FOR CONCEPT I MCD 3 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 5 APR 82

ROG AT SMOKE 
F9i	

CV5"	
CJ2 PPM JPM	 ORA 

EFF 
JQ

214 0.0012

215 EX 12.

216 PZ 48,

217 PZ 12.

218 PZ 37.

219 O.0016

C9f	 "Ff

0.0214 4938 199 0.1 131. 99.94 0,9 0.0 9.9

0.0326 6954 435. 1.2 147. 99.65 13.4 0.1 7.4

0.0298 6.03 43. 0.7 1349 99.93 1.4 0.0 7.4

0.0487 9.38 2872. 13.9 246. 98.55 60.0 0.5 8.5

360



♦.58
+.58

+.57

4.56

•.58

♦.62
♦.97

131.1

131.2

131.6

132.8

130.9

132.6
146.7

Ogrr!rinq PAGE FS

OF POOR QUALITY

PAGE I
-• DATA LISTING FOR CONCEPT I MCC 4 -- NASA PRIMARY ZONE STUDY •-

DATE TABULATEDI 26 MAY 82	
FLAWROG COMO	 MEASUREMENT	 MA	 BIP	 BIT	 807	 RISE	 NF	 F/A	 i

236 BOX NO CHEMISTRY

237 BOX EXHAUST CKM
238 SOX PZ SEQUq RK 1
239 BOX P2 SEQUN RK 2
2*0 BOX PZ SEQUN RK 3
241 802 PZ SEQUN RK
2 4#2 100X NO CHEMISTRY

613. 1928.

611. 1940.

609. 1930.

609. 1940.

610. 1957.

609. 1932.
748. 2076.

1315. 3220 0.01956 23.

1328. 322.6 0.01955 23,

1320. 322.7 0.01960 23.

1330. 322.9 0.01967 23.

1347. 32293 0.01956 23.

1323. 322.2 0.01936 23.
1328. 351.8 0.01966 22.

PAGE 2
-- DATA LISTING FOR C1

ROG CONO	 Fl	 ACD

236 802 1.143 5.50

237 BOX 1.143 5946

238 SOX 1.136 5.51

239 802 1.122 5.51

240 802 10144 5049

2 4#1 802 1.139 5.52

242 1002 1.178 5.51

DMCEP7 I MOO 4 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 26 MAY 82
DP /P 

SKIN SKIN	 ITM/TA PATRN TIP TM1D RMD ROPY

3.S9	 87.	 D. 1.105 0.154 -29. 57. 58. -87.

396 6	87,	 0. 1.078 0.114 -16. 54. 47. •87.
3.52	 89.	 0. 1.100 0.146 -27. 56. 49. -78.

3. f#♦ 	90.	 0. 1.076 0.110 -21. 55. 49. -84.
3960	 91.	 0. 1.089 0.130 -69 55. ♦2. -92.
3.54	 900	 0. 1.074 0.108 -7. 52. 43. -90.
3.79	 94.	 0. 1.118 0018 0,	 6. 60. 44.-112.

PAGE 3
-- DATA LISTING FOR CONCEPT I 14CD 4 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED; 26 MAY 82
ROG AT SMOKE ``BO	 CHEM	 CO2	 CO CHX	 NOX EFF	 CO CHX NOX

F/A	 F/A	 X	 PPM	 PPM	 PPM	 El	 El	 El
236	 0.0015

237 EX	 40	 0.0218 4.46	 280	 0.5 1530 99092	 1.3 0.0 11.4
238 P1 36,	 0.0480 9.26 2712.	 9.1 2506 98.62 57.4 0.3 867
239 PZ	 8,	 0.0337 6.79	 166,	 0.6 191. 99.84	 4.9 0.0 9.3
240 PZ 23.	 0.0500 907 1700.	 2.0 272. 99.16 34.6 0.1 9.1
241 PZ 25.	 0.0268 5.80	 357.	 1.1 139. 99.68 12.4 0.1 7.9
242	 0. 0.0016
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PAGE 1

•- DATA LISTING FOR CONCEPT 1 ROD S -- NASA PRIMARY ZONE STUDY

DATE TASULATEOt 28 MAY 82	
FLOW

ROG CONO	 MEASUREMENT	 MA	 DIP 81T	 GOT	 RISE	 NF	 F/A	 9

4.59

4.58

4.59

4.62

4.57

4.59

S.26

4.95

286 BOX NO CHEMISTRY

287 BOX EXHAUST CMEM

288 BOX PZ SEGUN RK 1

289 SOX PZ SEOUN RK 2

290 80X PZ SEQUN RK 3

291 80% PZ SEOUN RK 4

292 SOX NO CHEMISTRY

293 l00>< NO CHEMISTRY

131.1

130.4

131.5

131.3

130.5

131.2

129.6

148.1

616. 1863.

623. 1949.

604. 1924.

607. 1907.

611. 1933.

612. 1932.

612. 1865.

755. 1983.

1247. 323.•

1326. 323.6

1320, 323.2

1300. 323.7

1321. 323.6

1320. 323.3

1253, 370.2

1228. 349.3

0901957 33.

0901961 31,

0001955 29.

0.01946 29.

0.01966 27.

0.01955 27.

0.01957 254

0001962 24.

PAGE 2

-• DATA LISTING FOR CONCEPT I MOD 5 -- NASA PRIMARY ZONE STUDY •-
DATE TABULATED: 26 MAY 82

ROG COND	 F1	 ACO	
OP/P SKiM SKIN	

TM/TA PATRN TIP TMID RMID ROQT

286 $02 1.148 5.11 4.19 	 0.	 0. 1.144 0.215	 3. 31. 38. -74.

287 805 1.156 5.08 4.30 	 0.	 0. 1.098 06144	 8. 37. 42. •67.

288 8071 1.139 5.03 4.25 	 0.	 0. 1.125 0.183 -5. 27. 47. •71.

289 8071 19150 5.07 4927 	 0.	 0. 1.124 0.182 -0. 30. 45. -74.

290 8011 1.147 5.07 4.24	 0.	 0. 1.134 0.196	 3. 34. 46. -82.

291 8071 1.147 5.08 4.23 	 0.	 0. 1.120 0.175	 1. 30. 45. •75.

292 SOX 19327 5.05 5.73 	 0.	 0. 1.144 0.214	 4. 36. 44. -85.

293 1002 1.164 5.21 4.14	 C.	 0. 1.104 0.168	 6. 38. 49. -94.

PAGE 3

-• DATA LISTING FOR CONCEPT I MOD 5 -- NASA PRIMARY ZONE STUDY --
CATE TABULATEDt 28 MAY 82

!ODG AT SMOKE kqj	 CP52	 CQ2 40 JMA	 ORA	 EFF	 F4 Cjf	 NFf

286	 0.0020

287 EA 11.	 0.0215 4.39	 34.	 4.0 120. 99.90	 1.6 0.3 9.1

288 PZ 45.	 0.0234 4.72	 459.	 2.2	 79. 99.52 19.5 0.1 5.5

289 PZ 28.	 0.0170 3.47	 76. 50.8	 53. 99.44	 404 4.6 Sol

290 PZ 27.	 0.0306 6.17	 305.	 2.6 127. 99.73	 9.9 0.1 6.8

291 PZ 34.	 090256 5.17	 453.	 6.6 104. 99.53 1796 0.4 6.6

292	 5.

293	 S. 0.0020
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OF POOR QilhL: ry

JUNE 82 -- TABULATION OF DATA FROM PRIMARY ZONE PROBES -- CONCEPT I

16 COW CONCEPT MOD RAKE LURAMM f/A -EjjERA6E,2AKEP;BLUENiM-SMOK

92 IDLE I SASLNE 1 11.25 0.0226 99.00 4.53 932. 55,

95 IDLE I 9ASLNE 2 22.50 0.0121 90.50 2.44 4720 e.

96 IDLE I SASLNE 3 15.50 0.0200 99.68 4.06 247. 33.

97 IDLE I BASLNE 1 11.25 090233 98.60 4.62 1392. 41, 7.

98 IDLE I BASLNE 2 22.50 0.0120 98.21 2.40 707. S. 00

99 IDLE 1 BASLNE 3 15.50 0.0177 99.57 3.61 307, 269 0,

100 IDLE I SASLNE 3 19.90 0.0184 99.66 3.76 257. 29.

105 1008 I BASLNE 1 11.25 0.0436 96.05 8.07 5187. 179. 92.

106 100X I BASLNE 2 22.50 0.0202 99.77 4.12 163. 102. 36.

107 1008 I BASLNE 3 15.50 0.0399 99.51 7.93 756. 222. 36.

167 IDLE I 1 1 11025 0.0189 99923 3.81 S65. 27. 0.

166 IDLE 1 1 2 22.50 0.0156 98.08 3.09 904. 12. 0.

169 IDLE 1 l 3 15.50 0.0222 99.76 4.51 196. 49. 0.

172 BOX I 1 1 11.25 0.0403 98.60 7.81 2638. 168, 779

173 BOB 1 1 2 22.50 0.0287 99.82 5.61 166. 99. 24.

174 BOX 1 11 3 15.50 0.0526 98.10 9.99 4u92. 240, 62.

176 100X I 1 1 11.25 0.0355 99.18 7.03 1060. 200. S6.

177 1008 1 1 2 22.50 0.0299 99.71 6.04 290. 175. 16.

178 1008 l 1 3 15.50 0.0457 99.66 9.02 926. 308. 23.

192 IDLE 1 2 1 l T	 25 0.0167 98.95 3.36 576. 27. 0.

193 IDLE 1 2 2 2c.SO 0.0136 98.56 2.73 5381 200 0.

194 IDLE I 2 3 15.50 0.0257 99.34 5.15 628, 479 0.

197 BOX I 2 1 119JS O.C:e: 96.74 9.36 2446. 206. 51.

198 BOX 1 2 2 22.50 0.0470 87.31 7970 '679. 139.100.

199 BOX I 2 3 15.50 O.OSOS 96.74 9.40 6116. 209. 91.

205 80X 1 2 1 11.25 0.0484 97.78 9.16 43199 298. 70.

206 BOX 1 2 2 22.50 0.0423 89.62 7.21 6620. 169. 93.

207 BOX I 2 3 15.50 090609 96.31 11.01 8907. 313. 85,

216 BOX 1 3 1 11.25 0.0326 99.65 6.54 435. 147. 48.

217 BOX 1 3 2 22.50 0.0298 99.93 6.03 43, 134. 12.

218 BOX 1 3 3 15.30 0.0497 98.55 9.38 2872. 246. 37.

238 BOX 1 4 1 11.25 0.0460 98.62 9.28 2712. 250. 36.

239 BOX I 4 2 22.50 0.0337 99.84 6.79 1660 191. e.

240 BOX I 4 3 15.90 090500 99.16 9.77 1700, 272. 23.

241 BOX 1 4 4 7950 0.0288 99.68 5.60 3S7. 139. 25.

ZBB BOX 1 5 1 11.25 0.0234 99.52 4.72 459. 79. 45.

269 BOX 1 5 2 22.50 0.0170 99.44 3.47 76. 53. 28.

290 BOX I 5 3 15.50 0.0306 99.73 6.17 305. 127. 27.

291 BOX 1 5 4 7.50 0.0256 99.53 5.17 453. 104. 14.
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1 JUNE 62 -- TASULATION OF DATA FROM PRIMARY ZONE "ROB17 5 -- CONCEPT I

RDG CONO CONCEPT MOD RAKE PORT LIM AN IF/A ,ND1y
DUAL 69" vtbUE3PjM'

92 IDLE I 6ASLNE 1

1 1: g^ ^:83$::2^ 1633.:
95 IDLE 1 6ASLNE 2

• 5.12 0.0166 99.35 3961 462. 44.

*PORTS CONNECTED 6ACKMAROS
•

'
S^.12 *: Si g;

y

96.6 2	 3 411.

335.

6.

6. 079 00.00 :0 .15 9.
96 IDLE I 6ASLNE 3

32

6 o

S^1S :02
11
1
776
66g00 9yy9:

6
771̂j 43:199 3

33 8g
148.

2238q7:
i ^:^3 0:^1)3 2 2:71 72: 2Z:

i DL A LME

DE O$$

00 MAN f
3 06 ALN MAN F LDD

ASLNE
101 006 6ASLNE MAN IF LDED
167 TOLE I l 1

.	 7 0.0 2• 99.17 •.SO 797. 40.A
S.12 8:8 

99
56

99:11
99. •

1.11 111: 53:
166 IDLE 1 1 2

9. 21.

1:98 8:81 11 $g:81 :
a '^38: fib:

.•• 0.0169 96.22 3.35 693. 12.

1649 IDLE 1 1 3
• .12 0.0121 97.99 2.41 6.6. 6.

2 9S9 :fS 0:01
2
12

y
999.59 44.33p 3202•: 656033:

1 5:12 S :Sj7B 99 :79 2:7e 299: 33:
172 SOX 1 1

1 6.07 0.0365 97.13 7.26 4259.
.TS

:13

1 : 1495

:398

 7.

09:0 :00a

•

2 3

1.2.
8T.

21:
13 SOX 1 1

:64;a 99.86 5 60 7 7S: 198:
• S.12 999 SS5 90. 11 6.174 606 I 1 3

.
6

l

p

0

11

•.

3

0

33

7

2 M4 URI 9d :00
 
101

s
3 119: W:

3
•

5.44 0.0612 96.53 11.09 6671. 274.

176 10ox 1 1 1
5.12 0.0352 99.70 746 391. 157.

1 6.07 0.0.006 97.60 7.61 3h49. 166.

H257
67

5. 23 13.
1 33 j, :-

:12  99:83 8:
1T7 1 I 21 001

.	 7

1 :11 0.

8:181

99.66MH .•Ma •.

fig :

91.113:176 1001 I l 3

1
1:17
:R .8;1

1 .0366
8$:$N ^^:81 23641. I2

• .11 99.54 .33 460.
.

269.
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OPrGMAL' PAGE IS
OF POOR QUALITY

PAGE 2 CONTINUED

I JUNE 02 •- TASULAT10N OF DATA FROM PRIMArY ZONE PROSES -- CONCEPT 1

R06 COND CONCEPT MOO RAKE PORT L& RlfbN I F/A -
1ND'jjDUALCjgRT )

0
PjbUE

192 IDLE	 1	 2	 1

%;

193	 1 d)LE	 I	 2	 2
4	 N 2 ^.01^6 99:40 9:S7 i0°: 9:
1	 1:17

:;S J:0p11153320 55dq98
3

194 IDLE	 1	 2	 3 4.lY 8.0094 96.44 :64
.84

697.
401.

22p3.

15.
6.07
.7S

1:412

1:0358
0 ; 7

.1#1:S

99.64
$9. 317

7.15
4.a4

484.
84

Ise:

70.
4sI.

l9:es 4 :b1 25:197	 sox	 1	 2	 1

^	 1•'+

1 : 1473
i59 99:1 ^74^:

1 76*
4:

198	 sox 	1	 2	 2 4	 .12 :0 25 98.41
SS

10.06

111 0:8M 98:11 18:0 19221: fit:
199	 sox	 1	 2	 3 4	

:112
99.56 3.68 180. 68.

0

0.8

8

0129981

8 74
205	 60x	 I	 2	 1

s:' 5
S.12

:0653
0.02pp7^^6

9
98.95.5

pp
2

1 9 ;3 12376:
363.

25;.
117.

2	 :00 0: 177 97:28 s: 5 116 259:

:06	 sox :33 8:8844 ;%:9 1 4:	 t ^8N: ^^ 4.1	 2	 2
1	 6:

p33pp2
O.OS64

1 :8114

777.53

g

7.

t

77 13532, 19.

207	 BOX	 1	 2	 3
:37 .41 99:79 S:O 1210

s^

1	 1:89 b:oe ;$: ; 18:
;il 1: ie^i:

216	 sox	 1	 3	 1
5.37 0.0612 97.13 11.26 715 359.
1:01

1

S:0132 99 25 6 01 650.

3?3.

}
153:

21'	 6 Ox	 1	 3	 2

5

44 0:0	 3 99:90
7:^

^3. 136.
6.07

1:i2
0.0266

ib6:8

99.

8

93

Ull

3.41

1:1$
38.

i1:
300

216 #	 :sox	 1	 3	 3
2
3	 NZ

3 7 0590$
0:852

b
95 77
y+

99:99

'0
pp

, 9: 2
+l

9610: 214:
238	 BOX	 1	 4	 1 4	 2 0.0476 99.77 9.43 383.73.

1 :9? 10:1411 ;: 1g IV :.I: Ma: NJ:
239	 BOX	 I	 4	 2 4	 .12 0.0396 99.7S 7.92 347. 2427.

1	 6:072 :0300

p0

1#9090 600? 76. 17332.

9:12 0:0307 49:760
7 :61

, 30: 129:
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0MG!'dAL	 IS
OF POOR QUALITY

PAGE 2 CONTINUED

1 JUNE 82 -- TABULATION OF DATA FROM 

L

PRIMARY ZONE PROBES -- CONCEPT I

ROG COND CONCEPT MOD RAKE PONT NUN 4/A-INljjjDUALC19RT PPbUESPPMI

240 BOX	 1	 4	 3	
1	

1:75 8:0501 9j : j6 I 9:9j 3850: I764:

	

3	 .44.0486 99.26 9.5	 1458.	 49.
	4 	 S.12 0.0446 99.65 8.85	 588. 2L9.

241 80X	 I	 4	 4

	

1	 65 .07 0.0091 99.03 1.84	 3713.	 2247.

	3 	 5.44 
0
:0#111 99.74 8:6	377: 224

288 801	 1	 S	 1	
4	 5 ' 12 0.0324 99.79 6.5

1
3	 240. 158,

	

1	 6.07 0.0115 98.55 2.31	 725.	 3S.
.75	 .0268 99.24 S.36	 835e .	 93.

:11 ^:81N MH 8:91 I le: 181:
289 BOX	 I	 s	 2	

5 1:971:0118

:6 99:63 Uo	 92:	 R
4	 .12 0.01461 99.?0 2. 9	 89.	 4

290 BOX	 1	 S	 3	
1.

e

	2 	 9:75 0:039099:75 1:e1	 351: 171:

	

3	 S.44 0.0269 99.73 5.44	 257. 113.

291 801	 I	 5	 4	
4	 S.12 0.0327 99986 6.61	 142. 134.

	

1	 6.07 0.0115 98.88 2.32	 500.	 46.

	

2	 5.75 0.0232 99.50 4.68	 440.	 93.

	

3	 9.44 0.0440 99.57 8.74 	 726. 172.

	

4	 .12	 .0243 99.80 4.94	 144. 104.
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PAGE l

-• DATA LISTING FOR CONCEPT II BASELINE -- NASA PRIMARY ZONE STUDY

DATE TABULATED: 9 FES 82	
FLOW

ROG COND	 MEASUREMENT	 WA	 SIP	 817	 BUT	 RISE	 WF	 F/A	 9

4.94

4.94

2.27

2.27

2.28

2.26

2.28

2.29

2.29

2.60

2.6.

2.6C

3.66

3.67

4.57

4.57

4.56

4.56

4.54

4.55

4.56

116 100X NO CHEMISTRY

117 100% NO CHEMISTRY

124 IDLE NO CHEMISTRY

125 IDLE EXHAUST CHEM

126 IDLE PZ SEQUN RK 1

127 IDLE PZ SEQUN RK 2

128 IDLE PZ SEQUN RK 3

129 IDLE EXHAUST CHEM

130 IDLE NO CHEMISTRY

133 ALT EXHAUST CHEM

134 ALT NO CHEMISTRY

135 ALT EXHAUST CHEM

136 SOX EXHAUST CHEM

137 SOX NO CHEMISTRY

138 BOX NO CHEMISTRY

139 80% EXHAUST CHEM

140 80% PZ SEQUN RK 1

141 80% PZ SEQUN RK 2

142 SOX PZ SEQUN RK 2

143 SOX PZ SEQUN RK 3

144 80% PZ SEQUN RK 3

145.1

14700
54.7

55.6

55.2

55.2

55.6

55.3

55.0

78.2

78.6

78.9

99.0

98.6

129.6

130.0

129.8

130.5

131.4

128.6

129.0

752. 1981-

751. 1998.

367. 1041.

370. 1056.
370. 1060.

37C. 1050.

368. 1039.

368. 1054.

3 0. 1029.

696. 1896,

684. 1852.

662. 1878.

545. 1557.

538. 1530.

614. 1829.

615. 1872.

606. 1750.

606. 1752.

606. 1755.

604. 1747.

603. 1737.

1230. 345.6

1247. 349.4
675. 8S.5

687. 86.4

690. 85.8

680. 85.1

670. 86.5

685. 85.1

662. 84.2

1199. 18999

11689 190.1

1196. 189.3

10129 207.1

992. 205.6

1215. 321.7

1257. 321.3

1144. 32192

1146. 321.3

1150. 321.0

1143. 320.8

1134. 321.3

0.01943 25.

0.01965 26.

0601045 29.

0.01056 29.

0001047 29.

0.01046 29.

0.01055 29.

0.01033 29.

0.01021 290

0.02028 25.

0.02023 25.

0,02025 25.

0.01570 26.

0.01557 26.

0001958 25.

0.01955 25.

0.01956 25.

0.01956 25.

0.01963 25.

01959 25.

0.01958 25.
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OF POOR QUALITY

PAGE 2

-- DATA LISTING FOR Cl

ROG .ONO	 F1 ACD

116 100% 1.186 5.67

117 100% l .l 69 5.67

124 IDLE 1.196 5.69

125 IDLE 1.177 5.63

126 IDLE 1.187 5.67

127 IDLE 1.178 5.60

128 IDLE 1.179 5.63

129 IDLE 1.190 5.64

130 ME 1.198 5.65

133 ALT 1.131 5.55

134 ALT 1.123 S.56

135 ALT 1.113 5.53

136 SOX 1.173 5.70

137 SOX 1.175 5.71

138 80% 1.15S 5.49

139 80% 1.151 5.50

140 80% 10148 5.51

141 80% 1.141 5.53

142 BOX 1.128 5.51

143 BOX 19lS4 5.52

144 80% 10151 5.51

INCEPT 11 BASELINE

DATE TABULATED=

OP/P NOT AVG
SKIN SKIN

3.63 1283. 1111.

3.S2 1330. 1098.

3.66 809. SS3.

3.63 812. 561.

3.64 832. 565.

3.67 8559 S67.

3.63 853. 565.

3.70 854. 5669

3.72 852. 565.

3.45 1411. 1126.

3.38 13959 1111.

3.35 1391. 1105.

3.52 1086, 834,

3.51 10819 826.

3.67 1272. 1018.

3.63 1282. 1023.

3960 1222. 997.

3.53 1197. 977.

3947 1199. 975.

3.63 1199. 974.

3.61 1215. 988.

-- NASA PRIM&I

9 FED 82

TM/TA PATRN

1.134 09216

1.137 09220

1.113 01175

1.110 00170

1.106 0.162

1.115 0.178

1.060 0.093

10094 0.145

1.109 0.169

1.122 0.193

1.131 0.208

19132 0.208

1.142 00218

16154 06237

1.235 09354

1.170 0.254

1.026 09039

1 .030 0.045

1.025 0.039

1.037 0.056

1.042 0.064

tl ZONE STUDY --

TIP TMIO RMFD ROQ1

7. 18. 21. -44•

6. 19. 20. -454

20. 24.	 S. -49.

19. 22.	 4. -43.

21. 22.	 2. -45.

18. 21.	 4. -43.

22. 22.	 2. -45.

20. 21.	 3. -43.

20. 23.	 4. -47.

29. 32. 18. -78.

25. 36. 21. -82.

27. 31. 17. -76.

24. 29.	 9. -62.

19. 30. 13. -61.

14. 30. 12. -56.

18. 28.	 8. -54.

-7. 10. 25. -27.

-6. 11. 25. -28.

-5. 12. 23. -29.

-6. 14. 20. -27.

-9.	 S. 30. -27.
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OF, POOR QUALITY

PATE 3

-- DATA LISTING FOR CONCEPT I1 BASELINE -- NASA PRIMARY ZONE STUDY -•

GATE TABULATED: 9 FED 82

ROG AT SMOKE F/BA
	

CF%A 	
CJ2 PPM JPM	 NOX EFF El	

CEO NEX

116

117

124

125 EX

126 PZ	 6.

127 PZ 10,

128 PZ	 0.

129 EX

130

133 EX

134

13S EX

136 EX

137

136

149 EX

140 PZ 34.

141 PZ 61.

142 PZ 66.

143 PZ	 0.

144 PZ

	

0.0097 1.95	 406.

	

0.0139 2.79	 543.

	

0.0201 3.98	 903.

	

04129 2.51	 942.

	

000096 1.94	 389.

	

0.0176 3.60	 28.

	

0.0212 4.33	 32.

	

0.0162 3.32	 35.

	

0.0205 4.19	 26.

	

0.0345 6.91	 339.

0.0462 6.79 3927.

0.0343 6.80 1070.

	

0.0166 5.36	 359.

	

0.0144 4.96	 58.

52.8

54.5

151.2

215.1

43.7

its

0.9

0.6

0.2

1.8

7.11

8.9

6.7

1.6

129

25.

30.

6.

7.

148.

139.

84 .

136.

185.

P*****

210.

137.

116.

98.26 4098 8.3 1.9

98.53 38.4 6.1 2.9

97.87 44.3 11.7 2.5

95.93 71.4 25.6 0.8

98.42 39.4 7.0 1.2

99.89	 196 0.2 13.6

99.91	 195 0.1 10.7

99091	 2.1 Ozl 804

99.92	 1.2 0.0 10.8

99.73	 9.8 0.1 8.8

******* 88.5 0.34****

99.20 31.3 0.4 10.1

99.62 13.4 0.4 8.4

99.90	 2.4 0.1 7.7
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32. 2.0 151. 99.90 1.5 0.1 11.4

272. 0.2 190. 99.79 794 0.0 8.4

542. 1.2 174, 99.49 20.0 0.1 10.5

351. 0.9 202. 99.70 10.9 0.0 10.3

239	 0.1 201. 99.90	 1.1 0.0 15.6

.......... 	 7

OF FOUR QUALE I Y

PAGE I

-• DATA LISTING FOR CONCEPT 11 MOD l -• NASA PRIMARY ZONE STUDY •-

DATE TABULATED: 2 MAR B2 	
FLOW

ROG COND MEASUREMENT	 NA	 SIP	 617	 BOT	 RISE	 NF	 F/A	 C

t

2.35

4.58

4.S8

4.60

4.61

4.60

4.92

4.93

179 IDLE NO CHEMISTRY

180 802 NO CHEMISTRY

181 80% EXHAUST CHEM

163 802 PZ SEOUN RK 1

184 80% PZ SEOUN RK 2

185 BOX PZ SEOUN RK 3

186 1002 NO CHEMISTRY

187 1002 EXHAUST CHEM

56.4

130.8

131.4

131.1

132.7

130.0

145.3

146.0

360. 1044,

611. 1897.

612. 1931.

609. 1852.

608. 1846.

610. 1862.

753. 2007.

750. 2013.

684. 87.5

1286. 322.2

1319. 322.8

1243. 322.1

1238. 320.7

1252. 322.0

1254. 344.3

1263. 343.6

0.01035 28.

0.01952 23.

0.01959 23.

0.01946 23.

0.01935 23.

0.01946 23.

0.01943 23.

0.01935 23.

PAGE 2

-• DATA LISTING FOR CONCEPT 11 MOD 1 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 2 MAR 82

ROG COND	 F1	 ACD	 OP/P NOT	 AVG	 7M/TA PATRN TIP TM1D RMID ROOT

	

SKIN SKIN	 F	 F	 F	 F

179 IDLE 1.191 5.87 3.41 828. 593. 1.113 0.172 11. 23. 	 9. -42.

180 BOX 1.147 5.76 3.29 1161. 980. 1.186 0.274 -S. 18. 16. •29.

181 80% 1.141 5.75 3.26 1162. 991. 1.140 0.204 -4. 15. 11. -23.

163 80% 1.147 5.75 3.29 1171. 978. 1.035 0.052 -11. 10. 	 9. -8.

184 BOX 1.134 S.7S 3.23 1165. 972. 1.064 0.095 •9. 13.	 S. -5.
185 80% 1.156 5.74 3.36 1167. 976. 1.068 0.101 -7. 14.	 4. -6.

186 100% 1.180 5.69 3.57 1292. 1124. 1.135 0.216	 4. 26. -7. -21.

187 100% 19175 5.65 3.59 1292. 1123. 1.079 0.126 •3. 17. -3. -14.

PAGE 3

-- DATA LISTING FOR CONCEPT II MOD I -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 2 MAR ^2

ROG AT SMOKE 
F7R	

CR5T	
CQ2 PPR PO4	 ORA EFF	

EQ Cpf
	 NEI

179	 0.0050
180	 0.0040

181 EX	 0.	 0.0217 4.42

183 PZ	 7.	 0.0372 7.46

184 PZ 16,	 0.0270 5.43

185 PZ 21.	 0.0322 6947

186	 21.

187 EX	 S. 0.0025 0.0209 4.27
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PAGE 1

•• DATA LISTING FOR CONCEPT 11 MOD 2 •- NASA PRIMARY ZONE STUDY ••

DATE TABULATED: 5 APR 82 	
FLOW

ROG COND MEASUREMENT	 NA	 SIP	 B17	 BOY	 RISE	 MF	 F/A	 •

206 802 NO CHEMISTR; 4964 130.3 610. 18699

209 BOX EXHAUST	 CHEM 4964 132.0 609. 1890.

210 BOX PZ SEOUN RK 1 4966 130.8 605, 1873.

211 BOX PZ SEOUN RK 2 4.65 131.6 603. 1880.

212 BOX PZ SEOUN RK 3 4.66 130.9 601. 1854.

213 IOOX NO CHEMISTRY 5.00 145.9 757. 2004.

1259. 325.5 0.01947 239

1281, 32594 0901947 23.

1268. 325.5 0.01938 23.

1277. 325.7 0.01947 23.

1253. 324.9 0.01938 23.

1247. 352.5 0.01960 23.

PAGE 2

-• DATA LISTING FOR Cl

ROG COND	 F1	 ACD

208 802 1.165 5.62

209 802 1.150 5.63

210 BOX 1.164 5.66

211 802 1.151 5.67

212 802 1.158 5.68

213 1002 1.194 5.66

INCEPT 1I 1400 2 •• NASA PRIMARY

DATE TABULATED: 5 APR 82

OP/P SKIN SKIN	
TM/TA PATRN

3.57 1360. 1058, 1.160 0.237

3.46 1345. 1057. 1.143 0.210

3.51 1317. 10499 1.140 0.207

3.41 1317. 1050. 1.142 0.209
3944 1300. 1043. 1.148 0.219

3.69 1453. 1214. 19148 0.238

LONE STUDY --

TIP TM1D RM1D ROPT

-5. 22. 35. -52.

3. 25. 32. -59.

4. 25. 33. •60.

3. 27. 35. -65.

3. 26. 35. -62.

4. 28. 36. -68.

PAGE 3

•• DATA LISTING FOR CONCEPT 1I MOD 2 •- NASA PRIMARY ZONE STUDY •-

DATE TABULATEOt 5 APR 82

ROG AT SMOKE 
F7^	

Cp5T	 C92 Pik JPA	 PFA 
EFF 

EI	
CUf NF;f

208	 0.0020	

c

209 EX 8. 0.0212 4.33 27. 0.8 140. 99.92 1.2 Col 1097

210 PZ 27. 0.0282 5.70 io5. 1.0 147. 99.74 9.4 0.1 8.5

211 PZ 33. 0.0371 ';.33 1313. 4.8 218. 99.13 35.6 0.2 9.7

212 PZ 299 0.0280 5.66 282. 2.0 182. 99.71 10.0 0.1 1006

213 0.0015
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I^ PAGE 13

OF. POOR QUALITY

MOD 3 -- NASA PRIMARY ZONE STUDY --

	

IULATED= 26 MAY 82	
FLOW

SIP	 SIT	 BOT	 RISE	 MF	 F/A	 B

55.3 381. 1030.	 6499 87.4 0.01041 26.

5496 369. 1027.	 659. 8796 0.01047 26.

130.4 615. 1902. 1287. 31794 0.01944 23.

129.3 621. 1920. 1299. 317.2 0.01960 23.

12990 624. 1695. 1270. 317.4 0.01962 23.

130.2 624. 1915. 1292. 316.9 0901976 23.

130.1 609, 1865. 1257, 324.5 0.01980 23.

130.9 6079 1868. 1261. 321.4 0.01944 23.

14798 75S. 1974. 1219. 352.4 0.01965 23.

55.3 383.	 874.	 491. 8592 0.01036 25.

S8.7 408. 1366.	 958. 11709 0.01459 25.

55.2 399.	 940.	 541. SS.7 0.01043 25.

55.8 372.	 868.	 496. 84.9 0.01035 27.

5591 384. 1151.	 767. 10398 0.01242 26.

54.7 380.	 977.	 597. 103.7 0.01242 26.

SS.0 383. 1042.	 659. 103.9 0.01242 26.

55.5 385. 1071.	 685. 103.9 0.01246 26.

S5.7 385. 1136.	 7S1. 104.5 0.01252 26.

R

r

F

PAGE 1

-- DATA FISTING FOR CONCEPT II

DATE TA

ROG COND MEASUREMENT	 NA

227 IDLE NO CHEMISTRY 2.33

228 IDLE EXHAUST CHEM 2.32

229 BOX NO CHEMISTRY 4.53

230 SOX EXHAUST CHEM 4.SO

231 80% PZ SEQUN RK 1 4.49

232 BOX PZ SEQUN RK 2 4.4S

233 BOX PZ SEQUN RK 3 4.SS

234 BOX PZ SEQUN RK 4 4.S9

235 IOOX NO CHEMISTRY 4.98

243 IDLE NO CHEMISTRY 2.29

244 IDLE NO CHEMISTRY 2o24

245 IDLE NO CHEMISTRY 2.28

246 IDLE NO CHEMISTRY 2.28

247 IDLE NO CHEMISTRY 2.32

248 IDLE P2 SEQUN RK 1 2.32

249 IDLE PZ SEQUN RK 2 2.32

250 IDLE PZ SEQUN RK 3 2.32

251 IDLE PZ SEQUN RK 4 2.32

PAGE 2

-- DATA LISTING FOR CONCEPT II 140D 3 -- NASA PRIMARY ZONE STUDY --

DATE TABULATE D! 26 MAY 82

ROG COND	 Fl	 ACO	 DP/
P SKIM SKIN	

TM/TA PATRN TIP TMID RMIO ROFT

227 IDLE 1.224 5.91 3.S6	 72.	 09 1.124 09197 12, 21. 15. - 47.

226 IDLE 1.225 5.91 3.57	 760	 0. 1.153 09238 17. 25. 139 -54.

229 SOX 19139 S.S4 3.51	 83.	 0. 1.122 0.180 -o. 15. 26. -32.

230 BOX 1.143 S.7S 3.25	 SS.	 0. 1.102 O.1SO 2S. 45. 32.-101.

231 602 1.147 S.7S 3.29	 89•	 0. 1.OSO 0.075 14. 37. 35. -87•

232 80% 1.133 S.73 3.24	 90.	 0. 1.049 0.073 19. 41. 34. -94.

233 802 1.144 5.77 3.26	 92.	 0. LOSS 0.082 23. 44. 34.-101.

234 BOX 19146 S.81 3.22	 94.	 0. 19053 0.078 22. 48. 36.-104.

235 100% 1.175 5.84 393S	 999	 09 1.122 0.198 21. 43. 37.-102.

243 IDLE 19200 5.99 3932	 759	 0. 1.374 09666	 S. 15. 16. -35.

244 IDLE 1.126 5.7S 3918	 829	 0. 1.109 0.156	 0. 17. 24. -43.

245 IDLE 1.212 S.93 3.46 	 84,	 0. 1.305 0.530 -0. 12. 16. -28.

246 IDLE 19176 5.82 3.38	 90.	 0. 1.326 0.569 -1.	 7. 12. -18.

247 IDLE 1.224 S.72 3.80 	 91,	 0, I.17S 091S7 -19 12. 20. -31.

248 IDLE 1.230 S.70 3.86	 93.	 09 1.205 0.336	 8. 10. 11. -28.

249 IDLE 1.226 5.71 3.82	 95.	 09 1.184 0.291 12. 14. 11. -37.

250 IDLE 19215 5.68 3.79 	 96.	 0. 1.100 0.156 10. 13. 10. -34.

251 IDLE 1.212 5.63 3.84	 94.	 0, 1.185 0.280 13. 19. 10. -43.
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•• DATA LISTING FOR CONCEPT II POD 3 -- NASA PRIMARY ZONE STUDY --

DATE TABULATM 26 MAY 82

	

ROG AT SMOKE L80	 CHEM	 CO2	 CO	 CHI	 NOX	 EFF	 CQ CHI NOX

	

/A	 F/A	 R	 PPM	 PPM	 PPM	 E	 EI	 E1

227 000050

228 EX 0.

229 0.0020

230 EX 0.

231 PI 55.

232 PI 27.

233 PZ Be

234 PZ 29.

23S O.0017

243 0.0060

244

245

246 0.0065

247

248 PZ

249 PZ

250 PZ

251 PZ

	

0.0109 2.02 13569	 34093	 14. 92.70 12193 4798 2.1

	

000219 4.46	 26.	 5.9 1629 99988	 192 0.4 12.0

0.0323 6.42 1074. 10.1 191. 99.15 3393 0.5 9.7

	

0.0251 5.07	 3829	 5.4 180. 99.57 15.1 0.3 110

	

0.0336 6.77	 169,	 8.5 193. 99.81	 5.0 0.4 9.4

	

04270 5.42	 711.	 10.1 159. 99.30 26.2 096 9.6

0.0222 4.34 1390. 209.4 32. 97.19 62.2 14.7 2.4

0.0254 5.00 1320. 197.4 36. 97.67 51.6 12.1 2.3

0.0199 3.99 7120 45.1 339 98.85 35.5 3.5 2.7

0.0272 5.25 2012. 301.0 36. 56.68 73.7 17.3 2.2
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ORIGINAL PAGE IS

OF POOR QUALITY

PAGE l

-- DATA LISTING FOR CONCEPT II MOD 4 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 26 MAY 82	
FLfw

ROG CORD	 MEASUREMENT	 MA	 BIP	 517	 BOT	 RISE	 MF	 F/A

252 IDLE NO CHEMISTRY 2932 	 S6.3 377. 1022.	 644. 8692 0.01031 13.

253 IDLE NO CHEMISTRY 2.33 	 55.9 400. 1215.	 815. 105.3 0.01257 13.

254 IDLE EXHAUST CHEN 2.30 	 54.8 376. 1126.	 750. 86.7 0.01045 13.

255 IDLE EXHAUST CMEM 2.:)2	 54.9 374. 1305.	 931. 104.7 0.01253 13.

256 IDLE PZ SEOUN RK 1 2.31	 5497 313. 1209-	 836. 103.9 0.01251 13.

257 IDLE PZ SEOUN RK 2 2.30 	 S4.6 376. 1211,	 835. 104.2 0.01261 13.

258 IDLE PZ SEOUN RK 3 2.35 	 55.3 375. 1197.	 422. 104.3 0.01236 13.

259 IDLE PZ SEOUN RK 4 2.33 	 55.2 374. 1198.	 825. 104.4 0.01243 13.

PAGE 2

•• DATA LISTING FOR CONCEPT I1 MOD 4 -• NASA PRIMARY ZONE STUDY --

DATE TABULATED: 26 MAY 82

ROG CONO	 Fl	 ACD	
OP/P SKIN SKIN	 fF

TM/TA PATRN T IP TMID RM;D ROQT

2S2 IDLE 1.194 6.02 3.26 	 0.	 0. 1.340 0.539 20. 32. 19. -70.

2S3 IDLE 1.220 S.80 3967	 0.	 0. 1.336 0.504 18. 31. 21. -72.

2S4 IDLE 1.215 SAS 3.S8	 0.	 0. 1.263 0.395 32. 39. 13. -83.

255 IDLE 19220 5.82 3.65	 09	 0. 1.244 0.342 38. 48. 179-103.

256 IDLE 1.218 5.81 3.65	 0.	 0. 1.169 0.244 33. 38. 13. -83.

257 . IOLE 1.216 5.78 3.66	 0.	 0, 1.168 0.244 34. 38. 149 -86.
2S8 IDLE 1.224 5.82 3.67	 00	 0. 1.165 0.231 34. 39. 12. -84.

259 IDLE 1.220 5.81 3965	 0.	 0. 19181 0.263 34. 39. 13. -85.

PAGE 3

•• DATA L/STING FOR CONCEPT 11 MOD 4 -• NASA PRIMARY ZONE STUDY -•

DATE TABULATED: 26 MAY 82

ROG AT SMOKE F9i	 Cp5M	 C92	
Pvg PPM	 PDX	 EFF	 EI	 Cpf	 NOE

252	 0.0038	

EE]

253

254 EX	 0.	 0.0120 2.42	 468. 68.9	 30. 98.28 38.1 6.6 4.1

255 EX	 0.	 0.0152 3.06	 449. 74.5	 40. 98.60 29.0 7.6 4.2

2S6 PZ	 8.	 0.0284 S.S6 1328. 224.6 	 63. 97975 46.5 12.4 3.7

2S7 PZ 69.	 0.0374 7.08 3788. 133.4 108. 97.11 102.0 5.6 4.8

258 PZ	 0.	 090120 2943	 3559 39.6	 32. 98.84 29.0 S.1 4.3

2S9 PZ 18.	 0.0359 6.31 6413. 926.8	 S1. 92.43 179.9 36.4 2.4
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PAGE 1

•• DATA

ROG COND

267 IDLE

268 IDLE

269 IDLE

270 IDLE

271 IDLE

272 IDLE

273 IDLE

274 IDLE

275 IDLE

276 IDLE

277 IDLE

278 IDLE

LISTING FOR CONCEPT 11

DATE TA

MEASUREMENT	 MA

NO CHEMISTRY 2.31

EXHAUST CHEM 2.31

PZ SEGUN RK 1 2.31

PZ SEGUN RK 2 2„31

PZ SEGUN RK 3 2030

PZ SEGUN RK 4 2.30

NO CHEMISTRY 2.31

EXHAUST CHEM 2.32

PZ SEGUN RK 1 2.32

PZ SEGUN RK 2 2.33

PZ SEGUN RK 3 2.35

PZ SEGUN RK 4 2.33

MOD 5
SULATE!

SIP

55.8

56.1

56.2

56.2

56.1

56.3

54.6

55.5

56.0

56.1

55.2

55.0

-• NASA PRIM

3s 28 MAY 82

SIT	 DOT

364. W C^.

362. 1028.

354.	 950.

350.	 950.

341. 955.

345.	 945.

364. 1200.

361. 1176.

3S3. 1070.

348. 1i:).

344. 1048.

342. 1053.

OF POOR QUALITY

IRY ZONE STUDY •-

FLOW
RISE	 WF	 F/A	 9

686. 8693 0.01037 13.

665, 86.0 0901036 13.

595. 86.0 0.01037 12.

600. 86.3 0.0104C 12.

606. 86.1 0.01099 12.

600. 86.2 0.01040 12.

836. 104.1 0.01250 12.

815. 104.2 0.012SO 12.

718. 104.2 0.01248 12.

702. 104.0 0.01239 12.

704. 105.2 0.01243 12.

711. 105.5 0.01258 12.

PAGE 2

-- DATA LISTING FOR COP'CEPT I1 POD 5 -- NASA PRIMARY ZONE STUDY ••

DATE TABULATED: 28 MAY 82

ROG COND	 F1	 ACO OP /
P SKINSK

D
IN TM/
T A PATRN TIP TMIO RMFD ROFT

267 IDLE 19190 5.68 3.64	 06	 0. 1.240 0.366	 5. 16. 14. -36.

268 IDLE 19178 5968 3.S6 	 0.	 0. 1.137 0.212 15. 20.	 6. -43.

269 IDLE 1.172 5.il 3.49 	 0.	 0. 1.145 0.231 12. 16.	 6. •3S.

270 IDLE 1.169 5.69 3.49 	 00	 0. 1.150 0.238 12. 16.	 7. -33.

271 IDLE 1.166 5.70 3.47 	 0.	 0, 1.170 0.269 14. 16.	 S. -35.

272 IDLE 1.161 5.69 3.44 	 0.	 0. 1.152 0.240 16. 18.	 3. -37.

273 IDLE 1.217 5.61 3.91	 0.	 0. 1.242 0.348	 S. 21. 17. -47.

274 IDLE 1.196 5.62 3.76	 09	 0. 1.200 0.289 22. 29.	 8. •S9.

275 IDLE 1.182 5.62 3.67 	 00	 0. 1.092 0.137 16. 21.	 5. -44.

276 IDLE 1.181 5.63 3.64 	 0.	 0. 1.082 0.123 18. 22.	 6. -47.

277 IDLE 1.207 5.64 3.80	 0.	 0. 1.128 0.190 19. 20.	 7. -47.

278 IDLE 1.200 5.62 3.78 	 0.	 03 1.110 06162 20. 24.	 6. -50.

;75



ORIGINAL PAGE 19

OF POOR QUALITY

PAGE 3

-- DATA LISTING FOR CONCEPT II MOD 5 •• NASA PRIMARY ZONE STUDY ••

DAZE TASULATEDS 28 MAY 82

RDG AT SMOKE kb C	 CF %A 	 Cf2 PPM	 PPM	 NOX	 EFF El	 CE1 NE1
267 0.0040

268 EX 0.

269 P2 0.

270 P2 0.

271 P2 0.

272 P2 0.

273

274 EX 0.

275 PZ 3.

276 P2 22.

277 P2 0.

278 P2 O.

04105 2.07 SS8. 129.8 18. 97.00 5292 19.1 2.7

090138 2969 944. 211.8 22. 96.22 67.3 23.7 2.6

0.0190 3.76 895. 182.9 39. 97.52 46.5 14.9 3.3

090102 2.03 424. 87.5 18. 97.81 40.9 13.2 2.8

0.0106 2.08 666, 161.1 1S. 96.39 61.4 23.3 2.2

0.0126 2.S4 412. 50.6 26, 98.67 32.2 6.2 391

090232 4.57 13899 9099 36. 98.06 '.9.4 6.1 2.S

04388 7.50 2708. 80.9 79. 98.07 70.4 3.3 3.4

0.0131 2.66 331• 36.4 25. 99.02 24.7 493 3.1

0.0180 3.55 1123. 98.6 22. 97.78 6197 8.5 2.0
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ORIGINAL PAGE M
OF POOR QUALITY

1 JUNE 82 •- TABULATIUN OF DATA FROMPRIMARY ZONE PROBES •- CONCEPT 11

RD6 COND G,CMCEPT 1400 RAKE LO^AT30N ^1A	
E(FERA6 QZAKEP LUE X•SMOK

126 IDLE 11 8ASLNE 1 11.25 090139 98.53 2.79 56?;. 250 60

127 IDLE It BASLNE 2 22.50 0.0201 97.87 3.98 903. 30. 10.

124 IKE II BASLNE 3 ISM 0.0129 95.93 2.S1 962. 6. 0.

140 884 It 8ASLNE 1 11925 0.0355 99.73 6991 3399 18S. 35.

151 404 11 8ASLNE 2 22.50 0.09625'***** 8.79 39279****** 61.

152 404 11 BASLNE 2 22.50 0.0353 99.20 640 1070. 210. 66.

153 40% 11 BASLNE 3 1S.SO 0.0266 99.62 5936 359. 1379 0.

155 800 II BASLNE 3 ISM 0.0255 99.90 5.96 58. 116.

163 BOR 11 1 1 11925 090372 99.79 7.56 272. 1909 7.

IBS 404 11 1 2 22950 0.0270 99.59 5.53 552. 175. 16.

185 Box II 1 3 ISM 090322 99.70 6.57 351. 202. 21.

210 808 11 2 1 II.2S 0.0262 99.75 S.70 265. We 27.

211 ID01 it 2 2 22950 0.0371 99.13 7.33 1313. 216. 33.

212 Oft 11 2 3 1S.SO 0.0240 99.71 S.66 282. 182. 29.

231 OOK It 3 1 11.25 0.0323 99.15 6.52 1075. 191. SS.

232 909 11 3 2 22.50 0.0251 99.57 S-^ 7 382. 180. 27.

233 BOX 11 ? 3 1S.SO 0.0336 99.81 6.77 169, 193. Be

235 80R 11 3 5 7.50 0.0270 99.30 5.52 711. 159. 29.

258 IDLE II 3 1 11.25 0.0222 97.19 4.34 1390. 32.

259 IDLE 11 3 2 22.50 0.0255 97.67 5.00 1320. 36,

2SO IDLE 11 3 3 1S.SO 0.0199 98.85 3.99 712. 33.

251 IDLE 11 3 6 7.50 090272 96.68 5.25 2012. 36.

2S6 IDLE 11 5 1 11.25 0.0285 97.75 S.S6 1325. 63. S.

257 IDLE 11 6 2 65.00 0.0375 97.11 7.08 3788. 108. 69.

258 IDLE 11 6 3 38.00 0.0120 98.85 2.53 355. 32. 0.

2S9 IDLE II 6 5 ?*SO 0.0359 92.63 6.31 6413. St. 16.

269 IK E 11 5 1 11.25 0.0138 96922 2.69 944. 22. 0.

270 IDLE 11 5 2 65.00 OoCI90 97.52 3.76 8959 39. O.

271 IDLE II S 3 38.00 0.0102 97981 2.03 62 4 . 18. 00

272 IDLE 11 S 6 7.50 0.0106 96.39 2.08 666. 1S. 0.

275 IDLE II 5 1 11.25 0.0232 98.06 6957 1389. 36. 3.

276 IDLE 11 S 2 65.00 0.0388 98.07 79SO 27089 79. 229

277 IDLE 11 5 3 38.00 0.0131 99.02 2.66 331. 25. 0.

278 IK E 11 5 6 7.50 0.0180 97978 3.55 1125, 22. 0.
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ORIGINAL PUAL'TM
OF POOR Q

PACE 2

1 JUNE 82 -- TABULATION OF DATA FROM PRIMARY ZONE PROBES -- CONCEPT 11

ROG CONO CONCEPT NOD RAKE PORT LURI bN IF;A 1NDjjjDUALCjgRT
3bUESPP► 1

126 IDLE 11	 BASLNE	 1 P

s: g:^ 81^ 6$:
4 55.12 91.50

:`,
6.

127 IDLE It	 SASLNE	 2

*PORTS '

.0

1

121

CONNECTED BACKWARDS
1:15 8:8269 97:31 1.24 1429. 46.

128 IDLE 11	 BASLNE	 3 1 6.1+ 7 0.0161 97.36 3.17 741. 36.

2 J ,:OA99 2 1 $$2 b30e . 6g4.
1

:^7

:12

g0: $01

It 91
6
:06 1ST6:0:0 9 10:

140 SOX 11	 BASLNE	 1

•SOME PORTS PLUGGEb
7

3
0:0 31

8.851
99: 9

}
6:63

US
3:

lit.
lie.

1	 9.
3

.
5.44 0.0351 99.78 7.05 269. 180.

141 sox 11	 sASLNE	 2

*PORTS BACKWARDS C /IUGGEO ' ii	 aayy
1:1 0

^
0:0^6^44971[7 1 :53 4 6 9 316e

1 6907 0.0347 91.84 6.73 Ws 224.
142 BOX II	 BASLNE	 2

14 5.	 2 .0337 99.35 6.
22
70 870.

+
*PORTS, BACKWARDS G PLUGGED 4 2

6:	 1 :89 1
11

99.39* 84
99.32
1 e739:613 9 1.

lose6.07 .0303 6.06 602.
143 BOX sASLNE	 3

21 6.07 19 6.3l 6
7
1. 185.

.12
gg
0.

g

03
$$a

7100

98,e99$$9
$$
9:61 :Sl

ee 127$$

;7:
1 1

144 BOX 11	 BASLNE	 3

2
3:+

S $$
8:064

$$ $$
9^

gg ♦
5:^3

gg
5:^:

4 S.12 0.0181 93.
163 802 it	 1	 1

9999.888y

6

3.71 SSg 66y .
^ ^:07 Q.83^$ 99 :^5

.
77
44

55
v.0423 99. S 8.43 63. 114.

4 5.12 0.0329 99.7S 6.61 291. 211.
114 30% 11	 1	 2

0.00
6
85 99.00 5g5. 55.

21
3

56.07

:49 8:8374 99.59

551.72

7:46721
535
8: ^39:

•
5
S.12 0.0361 99961 7.22 534. 241.

185 •OX 11	 1	 3
.07 0.0 46 99.56 6.91 589. 2:

:$g :	 ^
210 sox 11	 2	 1

' bg
g

so'	
g

1. 1

SS 7
ttjĵ

• .	 2
00.00

99:70 Hl. 01.
211 sou 11	 2	 2

1
1:87

5 $: 8111 11:11
9

;:I$ X913: ffl.
4

.44
5.12

.04 6
0.0443

.1
99.69

9.31
8.79 495. 247.

212 SOX 11	 2	 3 X97 .03 99.41 6923 S94: 221.

1
.	 S

11142
.0270

1 :9,1992
99.90 S.49 64. 176.

99:$o N1 'H: IN:

178



OF"'I NAL PACE IS

OF POOR Q11ALITY

PAGE 2 CONTINUED

1 JUNE 02 -- 7ABULA710N OF DATA FROM

`l

PRIMARY ZONE PROBES -- CONCEPT

ROG COND CONCEPT 000 RAKE PONT C	 0l0^AT20N IF/j-INO3;30UALC19 	

PUESPPM'
pp

11

231 BOX II 3 1

3

p'

9:4 4

Z 6

0:0401 99.03 T:3 1959:

1

±:
• 9:12 0.037 `1 100.46 7.34 2247. 231.

232 BOB II 3 2 07
1: ?S

01
0 :0206

99.12
. 0 3 94.90.637 96 7:

4 4.12 1:S336 99.76 616 2 0. 22.
233 BOB lI 3 3

1 6.07 0.0949 99.00 6.09 222. 209.

x: 75 1111 U10 1A 211 W:
234 BOX II 3 •

6.07 090075 97.29 .47 B 4.

134:
3S.

Uz 8:803 0:11 A lit:
4 S.12 0.0372 9904 7.46 3066 2440

240 IDLE II 3 1

Hi SIM PM MI lit$: 14:
S944 0.0239 97946 4.60 450. 6.

4 5.12 0.0237 90.10 4.69 1129. 36.
249 IDLE 11 3 2 .07 0.0	 2 99.1 .04 70 S7.

44 °:°2 i 9 . 2^
4 .41 5080: 19:

4 .12 94.610 .0217 4.09 3092. 21.
250 IDLE II 3 3

:37
1.44

0

0 • 11H 7
H -11 1

1

•.
6se72s. 366

.li 3 3.	 • eee 6. e.
25l IDLE II 3 •

3

6 O 

1:;:
97 2q

 97:15
6	 3
5:33

p^}
j7Y3:

4 9.12
1 : 1111
.237 97.40 4.6S 230. 222226.

256 IDLE 1I • 1

3 9.83

11;11:
6q

6`::±+

1 : 1115
7301

5.3 :•7 1
;9:

257 IDLE 11 4 2
4 912 .0249 90

y 39
641.

9703
s5.

is
3X 44 0:0'sJ9

±!
0.0230

i8:74
6

5 5
4.36

1 93
6

912.

19}•

680:
2S0 IDLE 11 4 3 4 5.12 90.16

1

:17 8g0.8g0160 9
$
9.

0

06 .41
07

414.
5 4

51.

 11::12 0:0	 2 7E:S2 :63 HE
259 IDLE 11 • •

:1 °:x 4: 6s
5:1 7

1101. 1:
4 5012 000200 97.13 4: 7 26S. 37.

269 IDLE li S 1

1:$:1f 1Y:1:1 :9;
:1.2

1 : 11 11 9
:67 3: 91 73 1100

.

. 296..
270 101E 11 S 2

4

3
•

:IS

.	 62

:D OA

95

Oe:OS 693: 37,

4

S
p
O

0 :0231 96 :26

3.
2
72 6

4 :09 1631. i2::..2
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PAGE IS

OF pOOR QUALITY

PACE 2 CONTINUED

I JUNE 82 -- TABULATION OF DATA FROM ZONE PROBES -- CONCEPT 11

006 COMO CONCEPT MOD RAKE

271 IDLE	 11	 S	 3

272 IDLE	 Il	 5	 4

275 IDLE	 11	 5	 1

PORT

4

1

4
1
2

`

PRIMARY

k	 10N ! F
/A INDj;jDUALC

3	 y cc

1 
0o

:;8	 0.009	 98.±
p

0
S.12	 090104	 98.51

6.07	 090076	 91.71
5.75	 0.0091	 95.53.78
S.44	 0.0120	 97.26
S.12	 0.0138	 97.14

6.07	 0.0186	 96.83
8g5.75	 0.0

2
2
5
19
7	 y

9
yg
7,97

77
5:11 URI 98 :60

19R
11

1.
:14

2.11

1946

.38
2.72

3.61

S4*3322
Ml

T
C
PAPM	ppm

38
+

7:	 11:
379.	 18.

540.
611.	 1I.
657.	 1	 .
857.	 19.

1404.	 29.

11338
48.	 3.

po2
1+11:	 %3:

273 IDLE	 It	 5	 2 1 1:17
z 0:811 if. 1 ^1 l P. R:

277 IDLE	 11	 5	 3

278 IDLE	 II	 5	 4

4

3
4

2
3I

5.12

1 :
945044

5.12

1: 37

5.44
5.12

0.0357

19

: 81

1

18

5
0.0105

 0:0176
0.0236
0.0 46

91.22
e	 11

9
$
9.21

99.12
23

9S:2T
97.76
97.88

6.79

3.06
2.13

1:
4.64
4.82

3857.

is
 

418 .
6.

262.

461:975:
1558.
1606.

74.

28.
190

13.
31.
33.
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OF F4 °:)R QUALITY

PAGE 1

•- DATA LISTING FOR CONCEPT III BASELINE -

DATE TABULATED: 9

ROG COND MEASUREMENT	 WA	 BIP BIT

118 1002 NO CHEMISTRY 5.03 148.6 747.

119 1001 N1 CHEMISTRY 5.03 147.6 751.

149 IDLE NO CHEMISTRY 2.25	 54.0 3599

150 IDLE EXHAUST CHEM 2.2S	 5398 355.

151 IDLE EXHAUST CHEM 2.24 S3.8 358.

1S2 SOX NO CHEMISTRY 302 100.3 S44.

1S3 SOX EXHAUST CHEM 3.72 100.6 S40.

154 SOX NO CHEMISTRY 4.61 13192 624.

155 8011 NO CHEMISTRY 4.62 130.6 612.

1S6 BOX EXME'JST CHEM 4962 13190 610.

157 BOX PZ SEOUN RK 1 4962 13698 609.

158 801 PZ SEOUN RK 2 4.64 13194 607.

159 801 PZ SEOUN RK 3 4.63 12993 604.

- NASA PRIMARY ZONE STUDY °-

FES 82	
FLOW

BOT
	

RISE	 WF	 F/A	 9

2005. 1258. 355.3 0.01960 19.

2018. 12679 355.0 0.01959 19.

1033,	 673. 82.8 0.01021 20.

1059.	 7040 82.6 0.01019 20.

1071.	 713, 83.4 0.01035 20.

1590. 1046, 208.5 0.01537 18.

1593, 1054. 208.5 0001557 18.

1896. 1273. 323.7 0001949 I8.

1892. 1280. 322.6 0.01938 18.

1967. 1357. 323.5 0.01946 18.

1988. 1379. 322.9 0.01941 17.

2016. 1409. 322.7 0.01930 17.

1997. 13939 323.2 0.01941 17.

PAGE 2

-- DATA LISTING FOR Cl

ROG COND	 F1	 ACD

118 1001 1.177 5.46

119 100X 1.188 5.46

149 IDLE 1.195 5.41

150 IDLE 1.193 5.43

151 IDLE 10190 5.41

1S2 SO1 1.175 5.69

153 SOX 10169 5.67

154 801 1.157 506

155 BOX 10159 5.75

1S6 BOX 1.153 5.73

157 BOX 1.154 5.73

158 BOX 1.154 5.77

159 BOX 1.167 5.72

3NCEPT III BASELIN

DATE TABULATED:

OP/P NOT AVG
SKIN SKIN

3.85 1337. &054.

3.93 1377. &079.

4.04 930. 585.

4000 906. 581.

4.01 913. 584.

3.S3 1274. 807,

3.52 1279. 811,

3.35 1583. 968,

3.31 1547. 953.

3.36 1471. 928.

3937 1435. 906.

39.2 1512. 932.

3.45 1SS9. 915.

E -- NASA PRIM

9 FES 62

TM/TA PATRN

1.126 0.200

10119 0.189

1.130 0.200

1.109 0.164

10100 00150

19138 0.210

1.1:4 0.172

19144 0.215

1.148 0.218

1.;03 0.150

19079 00114

1.051 C 9073

10085 00122

1RY ZONE STUDY --

TIP TMID RMIO ROFT

7. 30. 19. -56.

3. 29. 21. -51.

9. 196	 9. -38.

14. 21.	 6. -43.

17. 24. 10. -51.

6. 27. 18. -51.

12. -31. 37. -17.

•0. 34. 27. -59.

-2. 33. 27. -60.

1. 34. 26. -59.

-2. 41. 27. -64.

S. 400 25. -71.

I1. 47. 23. -91.
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-- DA( A LISTING FOR CONCEPT 111 BASELINE -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 9 FEB 82

ROG AT SMOKE 
JOC
	 CHEM
	 CJ2 PPM PPM	 NOX EFF
	 ^ CHI NE1

118

119

149	 0.0030

ISO EX	 0.0113 2.28	 379. 29.3	 27. 98.85 32.9 4.0 3.9
1S1 EX	 0.0114 2.32	 368. 1S.5	 20. 99.07 31.S 2.1 2.8

152	 0.0018

153 EX	 6.0171 3.50	 84.	 194	 779 99.84	 4.8 0.1 7.3

154	 0.0024

155

1S6 EX	 6.	 0.0229 4.66	 439	 0.7 135. 99.91	 1.9 0.0 996
157 PZ 48.	 0.0283 5.72	 271.	 1.6 171. 99.73	 9.5 0.1 9.9

ISO PZ 87.	 0.0545 7.36 6639.8573.9	 929 72.81 126.5256.7 2.9

159 PZ 42.	 0.0170 3947	 130. 44.4	 72, 99.42	 7.5 490 6.8
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PAGE 1

-- DATA LISTING FOR CONCEPT III 1400 1 •• NASA PRIMARY ZONE STUDY --

DATE TABULATED: 22 FE8 82

NOS CONO MEASUREMENT	 MA	 BIP BIT	 BOT	 RISE	 MF	 F/A	
FL 00QM

160 BOX NO CHEMISTRY 4.62 130.7 615. 1945. 1330. 324.2 0.01949 19.

161 SOX EXHAUST CHEN 4.63 132.8 611. 1978. 1367. 3c2.7 0.01937 18.

162 8019 PZ SEOUN RK 1 4.58 131.3 603. 1918. 1315. 323.9 0.01965 18.

163 BOX PZ SEOUN RK 2 4.59 129.8 603. 1934. 1331. 324.2 0.01962 18,

164 SOX PZ SEGUN RK 3 4.59 130.2 602, 1903. 1301. 323.0 0.01955 18.

PAGE 2

-- DAT A LIST ING FOR C

ROG COND	 F1	 ACO

160 BOX 1.159 5.62

161 SOX 1.140 S.61

162 SOX 1.137 5960

163 SOX 19153 5.64

164 80% 19148 5.64

ONCEPT III MOD 1

DATE TABULATED:

DP/P SKIN SK
y
IN

3.53 12199 9219

3.42 1219. 913.

3.42 1219. 913.

3.46 1225. 917.

3.44 1220. 913,

NASA PRIMARY ZONE STUDY --

22 FE8 82

TM/TA PATRN TIP TM;D RMID ROFT

1.143 0.209 -13. 35. 31. •52.

1.132 0.191 -25. 32. 37. -45.

1.065 0.094 -36. 30. 43. -38.

1.070 0.102 -26. 31. 37. -43.

1.056 09082 -63. 27. 57. -220

PAGE 3

-• DATA LISTING FOR CONCEPT III MuD 1 -- NASA PRIMARY ZONE STUDY •-

DATE TABULATED: 22 FEB V'

ROC AT SMOKE 
kbR	

CVEM	 C12 P^0 PPM
	 EIPDX EFF
	 CEI NOi

160	 0.

161 EX

162 PZ /2.

163 PZ 29.

164 PZ 950

000234 4.77	 76.	 5.2 i14. 99.85	 3.2 0.3 7.9

090458 749 789391325.5 117. 91957 17596 46.3 4.3

0.0398 7.61 1064. 39.6 156. 99918 R7.6 1.6 606

0.0493 8049 8986.1147.0 1309 92.17 18605 3704 4.4
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PAGE I

-- DATA LISTING FOR CONCEPT 111 0400 2 •- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 9 AUG 82 	
FLOW

ROG COND MEASUREMENT	 MA	 81P BIT	 BOT	 RISE	 MF	 F/A	 0

•.59

4.s9

4.57

4.Se

4.58

4.60

4.97

220 802 NO CHEMISTRY

221 802 EXHAUST CHEN

222 802 PZ SEGUN RK 1

223 802 PZ SEGUN RK 2

224 802 PZ SEGUN RK 3

225 802 PZ SEGUN RK 4

226 1002 NO CHEMISTR:

130.5

131.4

130 ee

131.3

131.6

129.1

147.1

621. 1895.

625. 1924.

610, 1950.

610- 1952.

610, 1941.

609. 1940.

753. 2023.

12759 323.3

1299. 323.2

1340. 323.4

1342. 323.2

1331. 322.8

1332. 323.0

1270. 352.1

0001958 17.

0001957 160

0.01965 16.

0.01959 16.

0.01958 16.

0.01952 16.

0.01969 16.

PAGE 2

•- DATA LISTING FOR CONCEPT III MOD 2 -- NASA PRIMARY ZONE STUDY --

DATE TABUL A• Z _- t 9 AUG 82

ROG COND	 F1	 ACD O►/P SH	 ,^	 TM/TA PATRN T IP TMJO RMID ROFT

220 BOX 19155 5.23 4.04 14 167,	 1.304 0.452 -43. 40. 66. -62.

221 B02 1.150 S.20 4906 149to 't	 1.218 0.323 -40. 39. 67. -65.

222 802 1.143 5.15 4.09 1471. 105'. 1.197 0.287 -19. 55. S2e -88e

223 802 1.142 5.16 4.06 1478. 1057. 1.201 0.292 -12e 60. 50. -99.

224 802 1.138 5.16 4.03 1482. 1058. 1.186 0.271 -18. 56. 52. -90.

22S 802 1.163 5.15 4.24 1471. IOS3. 1.183 0.266 -179 61. S2. -95.

226 1002 1.176 5.29 4.11 1660, 12289 1.147 0.234 -56. 39. 73. -55.

PAGE 3

-- . DATA LISTING FOR CONCEPT III MOD 2 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 9 CCAUG 82	
0ROG.AT SMOKE F

BA	 CHEM	 CJ2 PPM OPMPPM PH	 EICEI NOX

220

221 EX	 S. 0.0020 0.0233

222 PZ 28.	 0.0383

223 PZ 33,	 0.0307

224 PZ 35e	 000347

225 PZ	 6.	 0.0320

226	 060015

	

4.74	 41.

	

1.61	 else

	

6.18	 426.

6.82 1727,

	

6.45	 99.

0.8 126. 99.91 1.7 1.1 Bee

1496 173. 99.42 21.4 0.6 7.4

2.8 161. f)9,63 13.8 Del 8.6

18.1 153. 98975 49.9 0.8 7,3

1.6 156. 99089 2.8 4.1 890

184



4.55

4.57

4.61

4.61

4.62

4.57

5.03

130.4

131.2

132.7

128.3

128.7

128.2

146.9

185

ORIGINAL PAGE 19

OF POOR QUALITY

PAGE 1

•• DATA LISTING FOR CONCEPT III MOD 3 -• NASA PRIMARY ZONE STUDY --
DATE TABULATED: 26 MAY 82

FLOW
ROG COND MEASUREMENT	 MA	 SIP	 BIT	 SOT	 RISE	 NF	 F/A	 =

260 80% NO CHEMISTRY

261 SO% EXHAUST CHEM

262 80% PZ SEQUN RK 1

263 80% PZ SEQUN RK 2

264 SOX PZ SEQUN RK 3

265 BOX PZ SEQUN RK 4

266 WOX NO CHEMISTRY

612. 1915.

610. 1923.

602. 1950.

598. 1936.

597. 1915.

597, 1967.

755. 2017.

1303. 322.4

13139 322.6

1348. 323.5

1337. 323.2

1318, 323.6

1370. 323.6

1263. 352.9

0001968 174

0.01962 17,

0.01949 174

0.01947 17.

0001947 17.

0.01969 17.

0.01.9 17.

PAGE 2

•• DATA LISTING FOR CONCEPT III MOD 3 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 26 MAY 82

ROG COND	 F1	 ACD	 OP/P I40T	 AVG	 TM/TA PATRN TIP TM10 RMID ROOT

	

SKIN SKIN	 F	 F	 F	 F

260 BOX 1.142 5.58 3.48 1080. 924o 1.162 0.238 12. 45. 37. -94.

261 BOX 1.139 5.53 3.51 1066. 915. 1.080 0.116 15. 48. 32. •97.

262 80% 3.133 5.54 3.46 1091. 940. 1.071 0.103 44. 63. 18.-123.

263 BOX 1.167 5.50 3.74 1076. 923. 1.067 0.096 43, 62. 17.-124.

264 BOX 19167 5.50 3.74 1095. 923. 1.078 0.113 38. 59. 20.-1179

265 BOX 1.157 5.49 3969 11159 9269 1.049 0.070 48. 64, 20.-133.

266 100% 1.193 5.65 3.69 1382. 3099. 1.132 0.212 	 1, 51. 46. -97.

PAGE 3

•- DATA LISTING FOR CONCEPT III MOO 3 •- NASA PRIMARY ZONE STUDY --

DATE TABI
a
: ,,ATED

C
: 26 MAY 82

ROG AT SMOKE F%i
	 CHEM	 Cf2 PPM JPM	 NOX	 EFF	 El	 C E1	 N E

pp
F/AI

260	 0.0015

261 EX	 7.	 090211 4.33	 67.	 8.1 125. 99.83	 3.2 0.6 9.6

262 PZ 61.	 0.0296 6900	 2709 21.2 164. 99.65	 9.1 1.1 5.1

263 PZ 74.	 0.0422 7997	 274.1620.4 1979 94.08	 6.6 61.3 7.6

264 PZ 44s,	 0.0215 4.39	 203.	 9.8 116. 99.68	 9.4 0.7 8.8

265 PZ 74.	 0.0485 9.63	 3319 145.8 153. 99.37	 7.0 4.8 5.3

266	 000012



4.58

4.58

4.57

4.63

4.61

4.58

4.97

131.3

131.3

131.3

130.4

131.9

131.1

147.6

OR"GINAL PAC'- 13
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OF POOR QUALITY

PAGL 1

-- DATA LISTING FOR CONCEPT III MOD 4 -- NASA PRIMARY ZONE STUDY --

	

CATE TABULATED: 26 MAY 82 	
FLOW

ROG CONO MEASUREMENT	 MA	 DIP BIT	 $07	 RISE	 NF	 F/A	 t

279 80x NO CHEMISTRY

260 BOX EXHAUST CHEN

281 BOX PZ SEGUN RK 1

282 BOX PZ SEGUN RK 2

283 BOX PZ SEGUN RK 3

284 BOX PZ SEGUN RK 4

285 IS= ND CHEMISTRY

616.	 1912.

608. 1962.

609, 1941.

605. 1958.

605. 1942.

607. 1942.

752. 2041.

1296. 323.1

1354. 323.9

1332. 322.7

1353. 322.1

1337. 322.2

1335, 323.2

1288. 352.0

0.01961 17.

0.01964 17.

0.01960 179

0.01933 29.

0.01940 39.

0.01960 32.

0.01966	 0.

PAGE 2

•• DATA LISTING FOR CONCEPT III MOD 4 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 26 MAY 82

ROG CONO	 F1	 ACO OP/P NOT	 AVG	 TM/TA PATRN TIP TM10 RMIG ROPT

	

SKIN SKIN	 1	 F	 F

279 BOX 1.143 5.64 3.41 1136. 964. 1.162 0.239 -19. 43. 449 -69.

280 BOX 19140 5.63 3.39 1164. 952. 1.102 0.147 -5. 46. 42. -83.

281 BOX 19138 5962 3.40 1250. 972. 1.073 0.106 -15. 459 47. -77.

282 BOX 1.159 5.70 3943 1245. 1002. 1.121 0.175 -23. 48. 53. •76.

283 BOX 1.142 5.68 3.36 1260. 947. 1.088 0.127 •20. 53. 53. •86.

284 BOX 1.142 5.70 3.33 1247. 973. 1.046 0.067 •31. 43. 56. -70.

285 IOAX 1.173 5.89 3929 1301, 1121. 1.147 0.233 -11. 51. SO. -90.

PAGE 3

-- DATA LISTING FOR CONCEPT III MOD 4 -- NASA PRIMARY ZONE STUDY --

CATE TABULATED: 26 MAY 82

RO `,T SMOKE PBO	
CF /A
	

Cfg2	 PPM PFA
	 PPM EFF	 EI	 CEI

	 MGM

279	 0.0015

280 EX 36.
	 0.0220 4.43
	

160. 10.9 109. 99.73	 7.2 0.8 8.1

281 PZ 1600	 O.C347 6.61 3119. 201.2 136. 97.04 90.3 9.2 6.5

282 PZ 95.	 O.O."as 7.40 8525.4331.0
	

98. 82924 180.614492 394

283 P: 80.
	 0.0290 5.69 1765. 65.7

	 el. 98.26 60.7 3.6 4.6
284 Ps S3.
	 0.0406 $toll	 9s7. 21.2 110. 49.36 23.8 0.8 495

245	 0.9014

186



ASA PRIMARY ZO

JULY 82

SOT	 RISE

	

993.	 504.

	

1031.	 747.

	

1079.	 793.

	

1005.	 721,

	

998.	 710.

	

985.	 699.

	

989.	 706.

NE STUDY --

FLOW
MF	 F/A	 c

110.6 0.00715 20.

8599 0.01041 219

85.7 0.01044 21,

65.7 0.01042 21.

85.7 0.01042 219

85.9 0.01044 21.

85.8 0.01037 21.

NASA PRIMARY ZONE

14 JULY 82

CMX	 NOX	 EFF
PPM	 PPM

	136.9	 22. 97.16

	

481.4	 47. 95938

	

298.3	 41. 95983

	

248.9	 23. 95.53

	

380.3	 22. 94.05

STUDY --

E1	 CEl	 NEI

5099 1797 3.0

89.9 27.1 2.7

105.0 18.7 2.7

8294 27.3 2.7

10691 37.3 2.2

OF POOR QUALITY

PAGE 1

-• DATA LISTING FOR CONCEPT III MOD S -- N

DATE TABULATED: 14

ADG COND MEASM-MENT	 MA	 SIP BIT

294 ---• NO CHEMISTRY 4.3C 11697 489.

295 IDLE NO CHEMISTRY 2.29 	 54.9 285.

296 IDLE EXHAUST CHEM 2.28 	 55.1 286.

297 IDLE PZ SEOUN RK 1 2.28 	 55.2 2849

298 IDLE PZ SEOUN RK 2 2.29 	 5504 288.

299 101E PZ SEGLIN RK 3 2.29	 55.6 286.

300 IDLE PZ SEOUN RK 4 2.30 	 55.6 283.

PAGE 2

-- DATA LISTING FOR CONCEPT III MOD S -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 14 JULY 82

ROG CONO	 Fl	 ACO	 OP/P HOT	 AVG	 TM/TA PATRN TIP TMID RMIO ROOT

	

SKIN SKIN	 F	 F	 F	 F

294 ---- 1.134 5.88 3.09 1888. 783. 1.179 0.353 	 2. 24. -7. -21.

295 IDLE 1.139 5.58 3.46 831. 525. 1.233 0.322 -5. 14.	 2. -9.

296 IDLE 1.130 5.57 3.41 646. 502. 1.112 09153 -9. 11.	 2. -4.

2S7 ROLE 1.129 5.57 3.41 648. 500. 1.139 0.194 	 0. 18.	 0. -18.

298 IDLE 1.128 5.53 3.45 663. S09. 1.146 0+205 -3. 16.	 2. -14.

299 IDLE 19122 S.SS 3.39 650. 497. 1.163 0.230 -6. 11.	 0. -5.

300 IDLE 1.127 5.54 3.43 675, 509. 1.155 0.217 -6. 11.	 0. -6.

PAGE 3

-• DATA LISTING FOR CONCEPT III 1400 5 --

DATE TABULATED:

ROG AT SMOKE k9Q
	

CFEM	 CQ2 
PPM
CCD

294	 0.0025	 s

295	 0.0030

296 EX	 0.0119 ?,37	 621.

297 PZ 60.	 0.0283 5934 2551.

298 PZ 689	 O.O&SO 4.73 2099

299 PZ 42.	 O.f'%*l 2.71 1179.

300 PZ 42.	 0.0158 2.96 1101,

187



(,	 P l	 pp

OF POOR QUALITY

9 AUG 62 -- TABULATION OF DATA FROM 
(
PRIMARY ZONE PROBES -- CONCEPT 111

006 COND CONCEPT MOD RAKE LOCA^ION F/A -• EIFERA
G92AKEP^OLUE 

^•SMOK

157 80! ill BASLNE I 3.75 0.0283 99.73 5.72 271. 171. 489

158 80; 1I1 BASLNE 2 22.50 0.0545 72.81 7936 66399 92. 87.

159 80% II1 BASLNE 3 0.90 0.0170 99.42 3.47 130. 729 42.

162 808 111 l 1 305 0.0458 9107 7.89 7893. 1179 82.

163 BOX 111 1 2 22950 0.0388 99.18 7.67 1064. 156. 29.

164 80x III 1 3 0.50 0.0493 92.17 8.49 6986. 130, 95.

222 SOX 111 2 1 3.75 0.0383 99.42 7961 815. 173. 28.

223 802 111 2 2 22950 090307 99.63 6.18 4269 161. 33.

224 808 III 2 3 0.50 0.0347 98.75 6.82 1727. 1539 35.

22S SOX 111 2 4 15900 0.0320 99.89 6945 89. 1560 6.

262 808 111 3 1 3.75 0.0296 99.65 6.00 270. 164. 61.

263 SOX III 3 2 22.50 0.0422 94.08 7997 274. 197. 74.

264 80% 111 3 3 0.50 0.0215 9948 4.39 203. 116. 449

265 SOX II1 3 4 15.00 0.0485 99937 9.63 331. 153, 74.

281 SOX 111 4 1 3975 0.0347 97.04 6.61 3119. 136.1009

282 SOB 111 4 2 22.50 0.0485 82.24 7.40 8525. 98. 95.

283 BOX III 4 3 O.SO 0.0290 98.26 5.69 1765. 81. 80.

284 80S 11I 4 4 15.00 04406 99936 8.04 957, 110. 53.

297 IDLE 11I 5 1 3.75 0.0283 95.38 5.34 2551. 47. 60.

298 IDLE 111 5 2 22950 0.0250 95.83 4.73 2639, 41. 68.

299 IDLE 111 5 3 0.50 0.0141 95.53 2.71 1179, 23. 42.

300 IDLE 111 5 4 15.00 O.OISS 94.05 2.96 1701. 22. 42.

188
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PAGE 2

9 AUG 82 •• TABULATION OF DATA FROM PRIMARY ZONE PROBES -- CONCEPT 111

ROG COHn CONCEPT MOD RAKE PORT LOtli70N I F/A_
IN05 ;JOUALCjgRT VAUES; W

157 SO! III BASLNE 1

1:9; I:Ii l j499.1 x.69113:Il i:
1Sd 80! lIl BASINE 2

♦ 	 .12 C.02SS 99.64 5.21	 3499 142.
1: 17 ,ee
 8:8

5 64
O 	

41 62.57 NO 1 1817 : 175:

159 BO! III PASLNE 3	 4	
5.12 0.0233 98.80 4969	 195.	 69.

1	 6.07 0.0058 99.10 1.18	 66.	 24.
2	 .75 	 99.57 5. 4	 199$ . 120.

162 i0! III	 I	 I	
1	 :12 11IN9 ma 1:19 159: U:
1	 6.07 	 98.53 3.14	 895.	 2.1.0157

:s6^Y 	 ^ 	 IH:
163 d0! 111	 1	 2

♦ 	 .12	 .0
2

S
3862 99

	

9 y

.	.
	

1{00:

66 * 994

	

902 3208334. 11273.

j 10'1 
1:8USU15 1.81 . 	.	 .	 1

.44	 00486 980 0	 .4	 1903.	 92.
♦ 	 S.12 0.0317 99.32 6.33	 659. 121.

164 d0! III	 1	 3	

2	
.07 0.0403 97946 7.64 41699 135.
.7S	 .0626 08.55 10.04 13449. 140.

3	 .44 5.0439 94.67 7.87 7397.	 22.

222 d0! I11	 2	 1
4	 S.12 090506 90.10 8.40 10929: ^25.

1 05 0.0 572 y999:7760 9:97 24329$3: 22699:

223 80! 111	 2	 2	 5:12 MIN U.11	 :95	 iib: 16'1:

1:171:0341 
U.613 1.1 1 : M:

4	 .12	 .0623051 y99.84 ♦4.110

7 4 8
B

97. 11201

j:

.

1

:R
224 i0! III	 2	 3	

1S 9:S 2e1 99:69 15:63j`: 12

1	 '55 :112 0:0201 99:83 4:23 1695: 196:
225 iA! III	 2	 4

1	 ¢.07 0.0372 99.90 7.47	 94. 192.
2	 66s.

:2	 9 99:S:97	 95: 1

75 0.03
4
73 99.90 7.SO	 89. 1177.

9	 51	 8:5228	 417:
262	 i0! 1I1	 3	 1

	

6.17gg .0♦ 7 99.65 8.55 	 319.43.

:12 8:	 $:6^:	 f g6:	 J3:
263 BO! II1	 3	 2

1

:17 	 6	 0 1	 2	 3 	 11 5.

♦ 	 .12 00.0248 999.7

71	

. 6	 is . ill.
26♦ 80! llI	 3	 3	

I I m

	

*44 
1

0
:1ju

 19:69 1:1

2

9	 2;5	
1

: 1±9:

265 B O! 111	 3	 44
	 5.12 0.0196 99.60 4.00	 234. 107.

	

6 ,07
 088.0499 y9g9 .5 7 1 9

e
:1i	 3 1}

333o 
1 30.

:
:75

4	 1.12 0.8436 99.69 	 .7326.	 92:
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OF MPOOR QUALITY

PAGE 2 CONTINUED
9 AUG 62 --TABULATION OF DATA FROM PRIMARY tONc PROBES -- CONCEPT III

ROG CONO CONCEPT MOD RAKE PORT LSt8i20N IF/A IN08jJDUAL
C19,7 PPbUESNg

281 BOX III	 •	 1	
5:75 g :8^33 V:HB 9:81 bb75: W:
5.44	 90317 98.28 6.21 1649. 139.

•	 5912 0.0218 98930 4.35 	 602.	 88.
282 80X 1I1	 •	 2

s:75 0:0591 99:0	 1:Sp3 1 : 1 07 22	 5	 `652: 1y61:

283 808 III	 •	 3	 6	 6:12 0:5291 98	 S :a^ 2684. 159:
S:7S 1*0267 98 :60 S:96 03.	 76.;:1)	 :SMI ; .19 2:90 111: IN:

284 80% III	 •	 •
7 J:rIR9S 99.	 1 .03.	 •9.

•	 5912 0.0292 99.56 5.87	 439.	 69.
297 IOt,F III	 5	 1

9:95 NIB ;8:18 1:11 HS: If::
i	 3:12 0:0144 84*IS 2:36 	 382:	 15:

298 IDLE III	 S	 2	 1	 66917 0$.0 1333 97.60 6944 2391.	 5 .2	 So

6 	 5:12 0:0129 91:43 1:32 20322.	 15.
299 TOLE III	 S	 3	 3	 Z

5:75 
0
:01 53 9S:eb 253 1282:	 29:

;:12:8118 MR 1:84 t 1111:	 f::
300 IDLE III	 S	 •	 •,

1	 6907 0.0211 96.81 4.10 13.1. 	 34.i NZ 1:818 11:41 j*: jAJRRI:ji:
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PAGE 1

•• DATA LISTING FOR CONCEPT III MOD A-1 -- NASA P:gIMARV ZONE STUDY

DATE TASULATEDt 23 NOV 82	
FLQM

ROG COMO MEASURE M ENT	 MA	 SIP W SOT	 RISE	 MF	 F/A	 ``

2.35

2.36

4.58

4.se

4059

4.60

4.58

4.56

!.56

4.55

4 054

4.56

4.56

327 IDLE EXHAUST CHEM

328 IDLE NO CHEMISTRY

329 502 NO CHEMISTRY

330 502 EXHAUST CHEN

331 502 P2 SEQUN RK 1

332 805 F2 SEQUN RK 1

333 802 NO CHEMISTRY

334 S02 PZ SEQUN RK 1

335 805 PZ SEQUN RK 2

336 805 PZ SEQUN RK 3

337 805 PZ SEQUN RK 4

338 802 NO CHEMISTRY

339 802 EXHAUST CHEM

S7.S

97.7

130.0

130.7

129.4

131.0

124.2

129.6

129.6

130.:

130.2

129.2

130.0

370. 1069.

370. 1039.

602. 1953.

611. 1996.

603. 2026-

615. 2051.

617, 1925.

614. 2034.

612. 2014,

613. 2007.

612. 2050.

612. 1943.

607. 1967.

699. 86.8

669. 86.2

1352. 326.9

1385. 325.4

1423. 322.7

1436. 323.2
1307. 321.9

1420. 321.9

1401. 320.3

1394. 322.1

1438. 320.9

1331. 320.7

1359. 320.1

0.01026 23,

0.01016 23.

0001982 21.

0.01972 21.

0001955 19.

0001952 19.

0.01954 21.

0001960 21.

0.01951 21.

0.01965 21.

0.01962 21.

0.01956 21.

0.01952 21.

PAGE 2

•• DATA LISTING FOR CONCEPT III MOD A-1 -- NASA PRIMARY ZONE STLOY --

DATE TASULATE^bt 23 NOV 82

RSG COMO	 F1	 ACO	
OP/P SKIN SXIIGIk	

TM/TA PATRH TjP TM1D RNIG ROQT

327 IDLE 1.172 5.62 3.60 842. 594. 1.132 0.202 -10. 11.	 4. -6.

328 IDLE 1.177 5.65 3.60 542, 592. 19157 0.244 -8. 11.	 4. •6.

329 805 1.148 5.65 3. A 3 1432. 919. 1.345 0.499 -27. 21. 10. -30

330 802 1.148 5.69 3.37 1447. 936, 1.200 0.288 -25. 27. 	 9. -13.

331 $02 19156 5.68 3.44 1473. 938. 1.134 0.191 -19. 35. 30. -26.

332 802 1.151 5.67 3.43 1490. 953. 1.121 0.173 •12. 42.	 70 -38.

333 502 19209 5.62 3.S4 1393. 939. 1.314 0.462 •29. 19. 10. -2.

334 S02 1.154 S.67 3.43 14159 960. 1.130 0.186 -10. 39. 	 6. -36.

335 502 1.153 5.66 3.43 1422, 9589 1.135 0.195 -15. 39. 	 8. -33.

336 502 1.146 5.68 3.38 1516. 974. 1.163 0.235 -13. 37. 	 8. -31.

337 502 1.143 5965 3.39 ISOO. 971. 1.136 0.194 -11. 41.	 5. -35.

338 802 1.154 S.69 3.41 1533. 164. 1.327 0.478 -29. 23. 10. -5.

339 A02 1.343 5.64 3.42 1547. 966. 1.170 9.246 -19. 24. 	 6. -13.
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•• OATA IISTIMC FOR CONCEPT III MOO A-1 -• NASA PRIMARY ZONE STUDY --

SATE TABULATEOt 23 NOV 82

ROO AT SMOKE 180	 CMER	 CO2	 CMX	 NOX EFF CO CHI NOX
F/A	 F/A	 R	 ► PM	 PPM	 PPM	 E1	 E1	 E!

327 E LI	 0.0058 0.0117 2.:	
``

	

9	 556. 7J•.3	 23, 91.64 66.3 7792 3.2

326

A29 0.0010

330 EX

331 ►Z

332 ► Z

333

336 ►Z 60.

335 ►Z 78.

336 PZ 6.

33? PZ 16.

334 1.

339 EX

0.0231 6.65	 5069 73.6 135. 99.00 2196 5.0 995

0.0336 6.53 1969. 72.6	 60. 98.33 SB.4 3.6 3.0

0.0252 5.05	 681. 57.6	 89, 99.02 26.8 3.6 5.0

0.0278 5.52 861. 127.2 128. 98.58 30.8 7.2 7.5

0.0337 6.57 IC26. 128.1 139. 98.16 5693 6.0 6.8

0.0238 6.86 165. 5.1 129. 99.79 6.0 0.3 Sol

0.0200 6.00 8969 16.7 51. 98.86 66.2 1.3 6.1

0.0221 6.66	 593. 30.1	 65. 99.15 26.6 2.1 6.8



OF FOUR

FACE I

•- DATA LISTING FOR CONCEPT 111 MOD A-2 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 3 JAN 83	
FLAN

ROG COND MEASUREMENT 	 NA	 BIP	 BIT	 007	 RISE	 NF	 F/A	 f

2028

2.27

4050

9.55

4 058

4057

1.S6

4.56

4.se

4058

4.se

4.57

4.s7

4.se

390 IDLE NO CHEMISTRY

341 IDLE EXHAUST CHEN

392 801 NO CHEMISTRY

393 801 EXHAUST CNEM

399 081 PZ SEOUN RK 1

345 001 P2 SEQUN RK 2

396 801 P2 SEQUN RK 3

347 801 PZ SEQUN RK 4

348 BOX NO CHEMISTRY

349 BOX EXHAUST CMEN

350 801 ►Z SEQUN RK 1
351 801 ►2 SFOUN RK 2
352 001 PZ SEQUN RK 3

3S3 BOX ►Z SEQUN RK 4

S9.4

54.7

130.7

13004

13O.0

131.1

129.2

129.8

127.5

126.8

12705

128.1

128.1

128.6

	

367,	 902.

	373,	 946.

611. 1953.

609. 2019.

610. 2012.

%06. 2033.

610. 2043.

610. 2059.

610. 1940.

614. 1945.

612. 1953.

611. 1987.

612. 1980.

611. 1958.

536. 83.2

574. 8394

1392. 329.8

1409. 329.4

1902. 322.3

1927. 322.2

1933. 320.6

1443. 329.0

1329. 323.9

1331. 320.0

1341. 320.9

1376. 322.0

1368. 322.0

1347. 319.9

0.01015 36,

0.01021 35.

0901970 27,

0901981 27.

0.01957 274

041959 27,

0.01952 274

0.01972 27.

0.01963 17.

0001943 174

0.01940 17.

0001955 17.

0.01959 17.

0001940 171

PAGE 2

-- DATA LISTING FOR CONCEPT 111 MOD A-2 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 3 JAN 83

ROG COND	 F1	 ACO	 OP/P NOT	 AY,	 7M/TA PATRN TIP TMID RMIO ROOT
S 

	

KIN SKIN	 f	 F

340 IDLE 1.203 5.58 3.85 796. 517, 1.323 0.544 -0. 13. -0. -12.

341 IDLE 1.196 5.58 3481 799. 524. :.269 0.436 	 2. 16. -1. -16.

342 801 19147 6.04 2.99 1271. 951. 1.212 0.309 -68. 	 9. 27. 33.

193 BOX 1.191 5099 3.00 1289. "S. 1.212 0.304 -75. 13. 29. 31.

314 301 1.151 6.05 3.00 12719 950. 1410 0.158 -76. 17. 29. 30.

345 BOX 1.138 6905 299. 1294. 939. 1.128 0.183 -72. 22. 27. 21.

346 001 191S5 6906 3001 1233. 944. 10111 0.159 -72. 23. 28. 20.

347 BOX 19150 6.06 2.99 12900 948, 10105 0.150 -69. 26. 29. 15.

398 801 1.179 5.60 3.65 10790 1009. 1.202 0.294 -4. 38. 	 0. -35.

599 001 1.102 5.62 3.66 10420 988. 1.216 0.316 -16. 29. 	 4. -16.
390 BOX 10175 5063 3961 10770 998. 1.180 0.262	 8. Si. -5. -53.

351 BOX 10169 5.63 3.58 10379 9900 1.251 0.362 14. 58. -8. -64.

352 001 1.166 5063 3056 1044. 1003. 1.231 0.334 10. 57. -8. -60.

353 BOX 10166 5.65 3053 1044. 94)9 1.186 0.270 	 2. 49. -3. -449.
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--.DATA LISTING FOR CONCEPT III MOD A-2 -- NASA PRIM,

DATE TABULATED: 3 JAN 63

ROG AT SMOKE F
	

p
a0	 CF%A 	 C12 PCO PPM	 PPM

340	 0.0050

341 EX	 0.0103 1.80	 5679 922.3	 2.

342

343 EX	 0.0004 0.0230 4.67	 1949 12.4 156.

344 PZ 79,	 0.0368 7.11 2443. 134.0 190.

345 PZ 74.	 090438 6.30 4147. 59.1 267.

346 PZ 29.	 0.0211 4.31	 89.	 511 1700

347 PZ 339	 04270 5.38 1015. 36.6 127.

348	 0.0008

349 EX	 0.0215 4.38	 6:).	 0.8 130.

350 PZ 539	 0.0346 6.75 ?10'19 79.9 149,

351 PZ 37.	 0.030S 5.99 15989 7496 154.

352 PZ 32.	 0.0222 4.S2	 210.	 2.0 129.

3S3 PZ 769	 0.0392 7.14 366091153.5 104.

kRr ZONE STUDY --

EFF	
E1	 CEI	 NE1

85.78 5398137.6 0.3

	

99.68	 804 9.8 11.0

97.89 66.8 5.8 8.5

97.55 95.9 2.1 10.9

	

99.81	 4.2 0.4 13.1

98.91 37.3 2.1 7.7

	

99.88	 3.0 0.1 9.8

98.23 61.1 3.6 7.1

98.40 52.4 3.8 8.3

	

99.72	 9.7 0.1 9.5

93.41 94.3 46.7 4.4

C -3
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-• DATA LISTING FOR CONCEPT III MOD A-3 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 3 JAN 83
FLIW

ROG COND MEASUREMENT 	 NA	 BIP BIT GOT	 RISE	 MF	 F/A	 s

3S4 802 NO CHEMISTRY 4.61 129.2 615, 1937. 1322. 322.4 0.01942 174

3SS 802 EXHAUST CHEN 4.61 131.8 614. 1976. 1362. 322.3 0.01942 174

3S6 802 PZ SEOUN RK 4 4.60 131.6 617. 1925. 1309. 322.9 0.01950 17.

357 802 PZ SEOUN RK I 4.58 131.6 614. 1921. 1306. 3200 0.01944 17.

3S8 802 PZ SEOUN RK 2 4.62 131.5 613. 1907. 1294. 322.9 0.01940 17.

3S9 802 PZ SEOUN RK 3 4.62 132.3 613. 1909. 1297. 322.4 0.01938 174

360 1002 NO CHEMISTRY 4.97 143.3 746. 2067. 1321. 352.0 0.01967 17.

PAGE 2

•- DATA LISTING FOR CONCEPT III MOD A-3 •- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 3 JAN 83

ROG CONO	 F1	 ACO	 DP/P NOT	 AVG	 TF -k PATRN TIP TMID RMID ROOT

	

SKIN SKIN	 F	 F	 F	 F

354 802 1.171 S.78 3.40 1263. 1106. 1.211 0.309	 6. 42. -4. -44.

355 808 1.146 5.77 3.27 1250. 1103. 1.158 0.229 10. 42. -6. •47.

356 802 1.147 S.79 3.25 1269. 1116. 1.€" 	 0.227 30. 52. -15. -66.

357 802 1.141 5.60 3.22 1249. 1110. 1.176 09259 28. 51. -14. -65.

3S8 802 1.152 5.80 3.27 1241, 1101. 1.145 0.214 33. 52. -16. -68.

3S9 802 1.144 5.79 3.24 1249. 1107. 1.149 0.220 32. 53. -15. -67.

360 1002 1.204 5.84 3.53 1360. 1241. 1.213 0.333 	 4. 43. -4. -45.

PAGE 3

-- DATA LISTING FOR CONCEPT III 1400 A-3 -- NASA PRIMARY ZONE STUDY --

DATE TABULATED: 3 JAN 83

ROG AT SMOKE F92	 CPEM	 CJ2 
►PM JSA
	 NPA EFF 

E! 
CEl NQ;

354	 0.0005	

tj	 tt

355 EX	 0.0254 5.16	 49.	 1.9 149. 99.90	 1.9 0.1 9.6

356 PZ 34.	 0.0257 5.18	 426.	 9.4 122. 99.53 1696 0.6 7.7

357 PZ 80.	 0.0399 7.83 1689. 380 221. 98.84 42.6 1.5 9.2

358 PZ 74.	 0.0372 7.26 1810. 39.8 2089 98.68 49.0 1.7 9.2

3S9 PZ 48.	 0.0328 69SO 12849 16.1 IS9. 99.00 3991 0.6 6*0

360

195
1
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3JAN 83 

p

-

N

-

[

TABULATION OF DATA FROM PTIMART

.

ZONE PROSES -- ADDENDUM

I31
p` 

CjNj 
C111EPT A0q RAKE L8j'j^p .jjj;

11

 9if 3RA6 Q

 RAKE
19 lUENbO.SMOKI

332 B01 III A-1 1 7.75 0.0252 99.02 Se 05 661. 89,

336 801 111 A-1 1 3.75 0.0276 98956 S.S2 861. 128, 60.

33S 801 111 A-1 2 22.50 0.0337 98916 6.S7 1826. 139. 789

336 601 III A-1 3 0950 000238 99079 6686 165. 1290 60

337 801 Ill A-1 6 15.00 0.0200 98.86 6.00 896. Si. 18.

366 606 III A-2 I 3.7S 0.0368 97.89 7.11 2663. 190. 79.

36S 601 III A-2 2 22.50 0.0638 97.SS 6.30 6167. 287. 76.

366 801 III A-2 3 0.50 0.0211 99.61 6.31 89, 170. 290

367 801 111 A-2 6 15.00 0.0270 98.91 5.38 lO1S. 127. 339

3SO 801 III A-2 1 305 0.0366 96923 6.7S 2109. 169. S3.

3S1 601 III A -2 2 22950 0.0305 96.60 S.99 1598. 156. 37.

3S2 601 III A-2 3 0.50 0.0222 99.72 6.52 2189 129. 32.

3S3 601 111 A-2 6 15.00 090392 93961 7.16 3660. 106. 76.

356 801 III A-3 6 ISM 0.0257 99.53 5.16 628. 122. 36.

357 601 III A-3 1 3.7S 0.0399 9846 743 16899 221. 80.

3S8 801 Ill A-3 2 22.50 0.0372 98.68 7.28 1610. 208. 76,

3S9 801 111 A-3 3 O.SO 0.0326 99900 6.50 1286. 159. 68.
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3 JAN 83 -• TABULATION OF ZONE PROBES -- ADDENOU14

ROG COND CONCEPT MOD RAKE

DATA FRRRpOIM//^^`PRIMARY
PONT LOtAlIOM

%;-I"OjjjOUAL C
%

FRT v	 UESNOMI

331 80% 111	 A-1	 I 1:91 1 :11z 1$:14 ;:It 3aa
•	 S.12 li 96.96 3:06 2;s : '•i:

332 •01I ilt	 A-I	 1
6.p7 .0 90 96077 7.62 19960 105.
01s

1012
00 37

1 :8
99.66 •.	 1 9s. 00.

It V.8i 43:0e 5$1: 91.
))• •0>< 111	 A•1	 1

Is,7 1 : 11008
.9.3 6.7.•4 Ts: .

^
6

3S
^::

•OS 111	 .-1	 2
1	 j:jj

•	 012 00 so 9 . 8 .931 60 .
336 60% 111	 A-1	 3

Mal 1:91 M: fit:
3	 s.••

1 :81 18
.0 S• 99081

99081
s. 9
•.^7

126. 136.

337 •01< 111	 A•1	 -
•	 5012 coo 40 1190 129.

1	 t1s' SARI
e

MIR 1:01 3' 1 10: $i:
1	 N142 SAM Mal 3::3' lit: U:

344 802 Ill	 A-2	 I
.07

4
27 91 .Sl

1:la
.3

:;

1	 2 49.

1.1 :•	 .12
.12

•1
3 .IS e.• 2i's• e

345 80>< III	 •-1	 2
.

•	 012 0.02.8 990 5 .03 •. 1.3.
3.6 80% 111	 A-2	 3

i	 1:V SAM MU N64 2 3l: W:
3.•• 0.82.0 99.80 4.89 40. 198.

3.7 •0; Ill	 A-2	 •
•	 .12 00	 1.3 99.86 2.93 36. 26.

*44 o 3'1 * 0164 M14, s:1: if
350 lot Ili	 A-2	 1

•	 .12 98.68 3.30 411: •.
:^5 :^ ';:3'9 7;i;: S:ti ITS 341 11:11, F1 iag : to:

3sl •OS 111	 A -2	 2

4
	 1 :0 112, 10: 11s s 11:88

0•  99. se o	 .
352 last Ill	 A-2	 3

IM
1: 8111

:8 Pla 3':H T: M:
353 •0X Ill	 A-2	 •

.12

: is
04

1
.
: 8111

'y'

 $6,3^
e
l.99

j

82 6. 192.
•	 5.12 0.0388 94.0! 7.09 4074. 118.
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3 JAN 83 -- TABULATION OF DATA 

!!
FROM PRIMARY ZONE PROBES

LO^RDG COND CONCEPT MOD RAKE PORT 	
UNN IF/A-INDIVJDUAL q!

356 •OR i1I	 A-3	 4

44	

3 	 l9:^
99.42 7.7

3	
^

.	 a0

.12 
0:0192

17 99.45 6.3♦
357 .OR III	 A-3	 1	 `	 s	 '	 2

358 .OK III	 A-3	 2	
41	1.12 1 :01491 49.56 4.03
1	 .07 0.0219 99.65 4.45

.75 	 99 .2 T.8 ♦

359 •Oa III	 A-3 3

	 11M 
9:^ 

7	 ♦99.54 6.29
118014 88:91 x:43♦ 	 5.12 0.028? 98.89 5.68

- ADDENDUM

RT MUE S;,;,M

III:
6. .	 6:

11801
1

: 14:
711: '17:

290. 148.

11. H:
56 . 169.
fit: 139:
1233. 138.
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