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FINAL REPORT
LOW NO_ EMISSION COMBUSTOR

X
DEVELOPMENT FOR AUTOMOBILE GAS
TURBINE ENGINES

1. INTRODUCTION AND SUMMARY

1.1 Introduction

The investigation reported herein was performed by AiResearch
Manufacturing Company of Arizona, A Division of The Garrett Corpora-
tion, to satisfy the Low NOX Emission Combustor Study for Automobile
Gas Turbine Engines under Contract 68-04-0014 for the Environmental
Protection Agency, Office of Air and Water Programs, Advanced Automo-

tive Power Systems Development Division.

The purpose of this program was to perform an analytical and
experimental study of gas turbine combustors suitable for automotive
engines. A chemical kinetics analysis was formulated and performed.
Combustors representative of regenerated and nonregenerated automotive
gas turbines were analyzed, designed, tested, and evaluated relative
to reducing exhaust emissions. The program goal was to establish com-
bustor design data and emission criteria that through test demonstra-
tion would aid in achieving the 1976 Federal Emissions Standards tabu-
lated below. The program included emphasis on the reduction of NOX
emissions which for gas turbine combustors is the most difficult emis-

sion species to reduce to the 1976 Standards.

1976 Federal Emission Standards

NOX (as Noz) 0.40 gm/mi

CoO 3.40

HC (as CH1.85) 0.41
AT-6097-R12
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A number of combustor types were fabricated and evaluated under
specified test conditions. When the estimated program cost was
expended at 8 months, an extension was negotiated, after a four month
hold period to cover 8 tests on two specified combustor configurations.
The specified configurations were a vaporizer combustor and a
pneumatic-impact injector combustor.

1.2 Acknowledgments

The authors would like to acknowledge major technical contribu-
tions given throughout the program by the following individuals:
S. C. Hunter, Principal Investigator; C. G. Mackay, Project Engineer;
K. W. Benn, J. T, Irwin, Program Managers; Dr's. J. G. Sotter,
V. Quan, and C. A. Bodeen of KVB Engineering Inc.,, Consultant Firm.

1.3 Summary

This document reports on analytical and experimental work per-
formed for the Environmental Protection Agency, Office of Air and
Water Programs (formerly Office of Air Programs) under Contract 68-04-
0014. The total program, including the four month hold, covered the
period from May 11, 1971 to November 30, 1972,

During the contract period 35 combustor configurations were tested
to determine emissions characteristics. Six combustor types were

checked for emissions characteristics but not extensively investigated.

The goal of demonstrating emissions (NOX, HC, and CO) lower than
the 1976 Federal Emission Standards for Light Duty Vehicles was met,
except for NOX, when utilizing simulated Federal Driving Cycle proced-
ures. A design technique that achieved significant NOx reductions in
a gas turbine combustor was demonstrated. This technique involved the
application of recuperator (or regenerator; bypass air directly into
the combustor primary zone.

AT-6097~R12
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Some difficulties were encountered during the program. One of
these was the difficulty of achieving reliable extrapolations of emis-
sions at combustor inlet temperatures higher than the maximum available
test temperature., This revealed the desirability of performing combus-
tor emissions tests in facilities capable of providing full-scale air

flows with combustor inlet temperatures of at least 1400°F.

Another difficulty related to the method of predicting or simula-
ting the Federal Driving Cycle (FDC) emissions from steady-state test
conditions. However, during the course of the program, AiResearch
developed a 5-point simulation procedure to predict emissions from
steady-state combustor tests. For the vaporizer combustor compared
by both procedures with bypass operation, this procedure predicts NOX
emissions almost three times as high as the EPA 6-point procedure., It
is also higher than procedures suggested by other EPA sub-contractors.
Differences in simulation procedures used by AiResearch and others,
including EPA, typically predict orders-of-magnitude differences in
the individual species of pollutant. Therefore, comparisons of pre-
dicted FDC emissions should be made with the same procedure utilized
by all subcontractors. The need for additional study directed toward

improvement of the simulation procedure is apparent.

Out of the configurations tested, the vaporizer combustor resulted
in the most significant improvement by the use of bypass flow. For
combustors with a fixed bypass flow quantity, a bypass of 10 percent
appears to be the best selection. Further improvements can be attained
by using a combustor with a variable bypass flow. The best results

obtained for simulated FDC emissions in gm/mi are as follows:

(Procedure~») AiR 5 Pt AiR 5 Pt AiR 1 Pt EPA 6 Pt EPA 6 Pt

76 Std 0% BP 10% BP 10% BP 10% BP Variable BP
Ho_ 0.4 6.38 1.73 0.45 0.66 0.78
HC 0.41 0.012 0.005 0.70 0.12 0.09
(o6} 3.4 0.13 0,071 1.60 1.90 0.90

AT-6097-R12
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The results of the program have revealed that the optimum low
emissions engine would utilize an engine cycle and variable bypass flow
that have been matched to provide the best balance between fuel econ-

omy and related emissions.
Significant conclusions of the program include the following:

° Recuperator bypass, correctly applied, is an effective
NOX control technique

L] An 82 percent NOx reduction has been demonstrated with
a vaporizing combustor (SKP26489SD) over the AiResearch

5-point FDC simulation at constant 10 percent bypass.

® A 73 percent NOx reduction was demonstrated on the
AiResearch 5-point FDC simulation between the vaporizer
combustor with the lowest zero-bypass NOX emissions
(SKP26489 M2)
the highest zero=-bypass NOx emissions (SKP26489SD) when

and the vaporizer combustor with the
operated at a constant 10 percent bypass.

° Recuperator bypass as a NOX control technique is applicable

to a variety of combustor concepts including:

® Vaporizer
° Pneumatic impact
[ Atomizer (with air-assist atomization)
e Premix
° An engine cycle can be optimized to provide the best balance

of the emission constituents and fuel economy.

AT=-6097-R12
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Variable recuperator bypass is a simple and convenient
alternative to variable combustor geometry. The required

control system is simpler and has the potential of:

] Lower cost
° Higher reliability
° Better maintainability

Recuperator bypass does result in higher vehicle fuel con-
sumption. Based on limited testing of non-optimized com-
bustion and without the benefit of cycle optimization con-
siderations, the fuel consumption penalty was about 15 to
20 percent.

AT-6097-R12
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2. COMBUSTOR PRELIMINARY DESIGN

2.1 Design Criteria

The program was originally directed to two types or classes of

gas turbine engines that exhibit the following characteristics:

Class A Class B

Low pressure ratio High pressure ratio
Low turbine inlet temperature High turbine inlet temperature

Regenerated or recuperated No form of waste heat recovery

The combustor emission goals originally specified in the "Request
For Proposal" (established before the 1976 Federal Emissions Standards
were announced) are shown together with the preliminary design criteria

for Class A and Class B combustors in Table 2-1.

Conceptual design studies of combustion systems for both the
regenerated and nonregenerated applications were conducted on single-
can configurations. Conceptual designs proposed for this program were

evaluated based on the following criteria:

(a) Capable of operation at low primary zone equivalence ratio

to minimize flame temperature

(b) Amenable in itself or by the addition of mixing devices to
the establishment of a homogeneous primary zone devoid of

local areas of high equivalence ratio

(c) Minimum primary zone residence time

Based on the above criteria, three configurations were selected for

further study.

AT-6097-R12
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EMISSION

TABLE 2-1

LEVEL CRITERIA

Hydrocarbons*¥*
Carbon Monoxide
Oxides of Nitrogen***

Particulates

Vehicle Emission
Goals

grams/mile

0.14
6.16
0.40
0.03

Goals*

Combustion Emission

mg(g fuel

Combustor Emissions
Levels,

ppm

Class A*k*¥*

Class B¥****
————

0.48
21.3
1.38

0.10

0.5 to 2.4 1.0 to 4.8
66 to 325 132 to 650
2.6 to 13 5.2 to 26

***Oxides of nitrogen computed ag NO

2

**Potal hydrocarbons plus total aldehydes expressed as hexane (C6

****Parts per million by volume, wet basis

*For 10.0 miles/gal fuel economy and JP-4 fuel (specific gravity = 0.763)

DESIGN CRITERIA FOR GAS TURBINE COMBUSTORS

Hyg)

Cla

ss A

Class B

Design Point

Testing Range

Design Point

Testing Range

Heating Rate, Btu/hr
Inlet Air Temperature,
Inlet Air Pressure, atm
Overall Fuel-Air Ratio

Outlet Temperature, °F

°F

1.386 x 10°
1100
4.0
0.01

1700

2.10 x 10° min

200 to 1200
2,0 to 6.0
0.003 to 0.015

1000 to 2200

1.880 x 10°
760
12.0
0.020

1900

b.82 x 10° min
400 to 900
6.0 to 16.0

0.006 to 0.030

1200 to 2400

AT-6097-R12
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(a) External Prevaporizing Combustor (Pre-Mix) - The external

prevaporizing design (Figure 2-1) incorporates an external
chamber into which the fuel is sprayed, vaporized, and
mixed with air. The mixture is delivered to the combus-
tion section primary zone through a large number of small
connecting tubes. More air is introduced into the primary
zone around the tubes to further lean out the mixture prior
to combustion. Small recirculating combustion zones are
established at the exits of the fuel delivery tubes result-
ing in a homogenecus primary zone with a very compact
flame. Minimizing the combustion zone volume in this man-
ner reduces the length of time the post-flame gases are
exposed to high temperature conditions which encourage

nitric oxide formation.

(b) Airblast Pneumatic Impact Combustor - A configuration util-

izing an air blast injector (Figure 2-2) was designed for
the Class B application. By introducing most of the primary
air through the injector, maximum atomization and mixing

occurs prior to reaching the injector exit.

The airblast injector was sized with the aid of an analyti-
cal model developed at AiResearch for the USAAVLABS Advanced,
Small, High-Temperature-Rise Combustor Program. The model
calculates fuel velocities through the venturi, atomization
quality at the injector outlet, and droplet trajectories for
five classes of droplet size at the injector exit. At 4.5
percent pressure drop (isothermal conditions) with the Class
B fuel flow, an injector geometry consisting of a 3/16-in.
diameter fuel delivery tube discharging into the 0.38-in.
diameter throat of a 0.65-in. long venturi gave a Sauter
mean droplet diameter at the injector exit of 7.5 microns,
which is more than adequate atomization for successful com-

bustion operation.

AT-6097-R12
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FIGURE 2-1 EXTERNAL PREVAPORIZING COMBUSTOR
(PRE-MIX)

FIGURE 2-2 AIRBLAST PREMIXING COMBUSTOR
(PNEUMATIC IMPACT)

FIGURE 2-3 FILM VAPORIZING COMBUSTOR
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{c) Film-Vaporizer Combustor - One film-vaporizing type

combustor {(Figure 2-3) was designed for each combustor class.
Liner open area was sized for a pressure loss of 4.5 percent

of inlet total pressure {(isothermal) in both cases.

Features of the design incorporated specifically for
emission control include a lean primary zone (equivalence
ratio = 0.6) to minimize nitric oxide formation rates by
reducing flame temperature. Aerodynamic mixing devices

are included within the fuel delivery primary pipe to
ensure uniform fuel distribution at the pipe exit. Uniform
fuel distribution is required to avoid local areas of high
equivalence ratio in the primary zone which contribute to
high nitric oxide formation rates. In addition, a solid
boundary has been introduced between the primary pipe exit
and the combustor dome to allow vaporization to begin at an
earlier time. The effect is to reduce primary zone resi-
dence time by minimizing the effective primary zone length
and to allow earlier dilution air introduction to gquench
emission formation reactions. Figure 2-4 illustrates these

effects,

AT-6097-R12
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FUEL DELIVERY TUBE
PRIMARY

/’ PIPE

) 4 ' "\

DILUTION
VAPORIZATION _
INITIATED HERE - - c
\4* PRIMARY —Ft VAPORIZATION
ZONE COMPLETED HERE

LENGTH
a. CONVENTIONAL FILM-VAPORIZER

FUEL DELIVERY TUBE
PRIMARY

/F] PIPE

R

DILUTION
MIXING
DEVICE
l VAPORIZATION
\ — INITIATED HERE
EFFECTIVE
PRIMARY _ VAPORIZATION
ZONE COMPLETED HERE
LENGTH b. LOW NO_ FILM-VAPORIZER

COMPARISON OF CONVENTIONAL AND LOW NOy
FIIM~-VAPORIZING COMBUSTOR DESIGN FEATURES

FIGURE 2-4
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2.2 Engine Design/Off-Design Cycle Analysis

Cycle studies, including design and off-design performance, were

conducted to integrate the Class A and Class B combustor preliminary

design criteria into representative automotive gas turbine engine

applications. The data derived from the cycle analysis were used to

establish combustor operating conditions for use in the test program.

(a)

Design-Point Cycle Analysis - A compressor-turbine flow

match was generated for the Class A and Class B preliminary
design criteria utilizing a variable-geometry free-power-
turbine engine cycle. The matching studies resulted in a
corrected power output for the Class A regenerated engine of
182.5 shp and 124.2 shp for the nonregenerated Class B
engine at the design conditions specified. In addition to
the design-point calculations, off-design steady-state and
transient performance data were also generated for both
engine classes.

Because of the wide variation in power output between the two
combustor classes, it was recommended and approved that the
design criteria be modified to bring the power output of both
engines to 150 shp. Consequently, the heat release rate of
the Class A combustor was reduced from 1.5 x 106 Btu/hr to
1.396 x lO6 Btu/hr, and the Class B heat release was

increased from 1.5 x 106 Btu/hr to 1.880 x 106 Btu/hr.

The new design criteria for Class A and Class B are shown in
Tables 2~2 and 2-3, respectively.

AT-6097-R12
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(b)

Off-Design Cycle Analysis - The following discussion briefly

describes the development of combustor test conditions as
they evolved during this study program. Also, the method
for obtaining mass emissions in grams per mile from combus-

tor rig test data is discussed.

Within the constraints of Table 2-1, an engine cycle design
point (Tables 2-2 and 2-3) was generated for each class
engine, These data Qere used to calculate preliminary com-
bustor size., Simultaneous to the preliminary sizing of the
two éombustor types and the effort to acquire off-design
engine performance, an effort was made to adequately repre-
sent and simulate the Federal Driving Cycle (FDC) for auto-

mobiles.

A mission analysis computer program, formulated during a
previous company-sponsored effort, was modified for the
automobile gas turbine optimization study (Contract 68-04-
0012). The program matched the engine characteristics to
the route profile, with due consideration for engine oper-
ating speed range, varying transmission efficiency, and
vehicle tire adhesion limits. Two versions of the program,
one for a single-~shaft engine and the other for a free-
turbine type, were created to facilitate mathematical model-
ing of engine dynamic characteristics. The program versions
were sufficiently flexible to subject each candidate engine
to the various performance tests and driving cycles speci-
fied for this study.

A block diagram of the mission analysis program logic appli-
cable to both types of engines is depicted in Figure 2-5,
Route profile data was introduced by means of cards desig-
nating length, grade, and speed limit for individual route

segments. In this manner, it was possible to simulate an

AT-6097-R12
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ENGINE DATA
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SET SPEED EQUAL
TO SPEED LIMIT
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SELECT GEAR RATIO

|
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|
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1
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1
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|
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t
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FIGURE 2-5
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actual trip with a high degree of accuracy, provided that
a sufficient number of route subdivisions were used. The
required computation time was a function of both the number

of segments and the number of accelerations.

Engine map data consisted of net engine horsepower, fuel
flow, gas generator and power turbine speed (where appli-
cable), turbine inlet temperature, and emission indices
(gm/kg fuel), all as a function of output speed and throttle
setting. Net engine horsepower was defined as gross power
output minus the load imposed by engine accessories and the
engine-mounted speed reduction gearbox. A separate set of
engine map cards was required for each ambient temperature
of interest. Fuel consumption for all gas turbine engines
in this study was based on a specific gravity of 0.748 (6.25
1b/gal) and a lower heating value of 18,500 Btu/lb. Other
input data included; engine-to-transmission speed reduction,
maximum vehicle speed at maximum engine speed, engine design
speed, gas generator and power turbine inertia, and vehicle
total weight.

A 2-dimensional interpolation subroutine determined any
desired engine parameter as a function of two other vari-
ables. Consequently, the engine was not restricted to a
single speed/horsepower operating line, b.t was free to seek
the best match point for a given load condition in accord-
ance with gear-shift logic built into the program.

The initial calculation for a given route segment involved
identification of transmission gear ratios that would permit
the speed limit to be achieved on a steady-state basis. If
the engine power was insufficient to reach the speed limit,
a lower match-point vehicle speed was determined by itera-
tion. If it was not possible to attain the speed limit in
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any gear ratio, the gear yielding the highest car speed was

selected,

Conversely, when the speed limit was attainable in

more than one gear ratio, the latter was optimized with respect

to fuel consumption.

Infinitely variable speed mechanical

transmissions were simulated by means of a large number of

discrete gear splits.

Engine and vehicle inertia were ignored when a computer run was

designated as steady-state on the appropriate control card.

such was the case, the calculation proceeded from segment to

segment, as described above, until the route was completed.

Individual segment printout information included:

Length
Grade
Speed Limit

Required Engine
Horsepower

Actual Vehicle
Speed

Gear

Turbine Inlet
Temperature

The hydrocarbon and NOX constituents were expressed as equiv-

alent CH

l.

Power Turbine
Speed

Gas Generator
Speed

Torgue Converter
Efficiency

Drive Line
Efficiency

Segment Time
SFC

85 and N02,-respectively.

Fuel Economy

Cumulative Distance
and Time

Weight of Fuel
Consumed

Grams of Individual
Pollutants Emitted

BTU/Mile

Segment printouts were optional and could be restricted to a

few segments or eliminated altogether.

An accumulated data

printout containing the following information was displayed

after completion of a run:

Total number of segments

Total distance, miles

Elapsed time, min

If

Average fuel consumption, mpg

Total fuel consumed, 1lb

AT-6097-R12
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° Average speed, mph

° Number of gear changes

° Average fuel heat release, Btu/mile
o HC emission, gm/mile

e CO emission, gm/mile

°® NOx emission, gm/mile

In September 1971, the Office of Air and Water Programs suggested
the following six point test approach to FDC simulation by the mission
analysis program:

(<]
W, 1lb/hr P, psig Tin. F Wa lb/sec Time-Seconds
6 18 1380 0.59 41
8 13 980 0.44 466
10 13 1000 0.44 302
11 13 1000 0.44 302
12 18 1380 0.59 247
20 13 1000 0.44 14

The emissions were to be computed by averaging weighting time

with grams/mile to be based on: a total distance of 7.5 miles, a

0.763 fuel

specific gravity, and 10.0 miles per gallon fuel economy.

However, note that the corresponding output power levels were unknown

Subsequently, through engine part-load analysis and combustor test

experience AiResearch evolved the following three sets of test condi-

tions/procedures to simulate the FDC:

AiResearch Multiple Extrapolation (ME) 4-Point - December 71

(Based on Free-Turbine Cycle)

(a)

Test at 2.18 lb/sec
4 atmospheres pressure
Highest available inlet Eemperature
0.0096 f/a

AT-6097-R12
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In one group of tests, vary f/a
In second group of tests, vary Tinlet
In third group of tests, vary AP/P

Use data and graphical extrapolation of three variables to
obtain emission index at 5.5, 9.5, 18 and 27 hp. Compute

grams/mile from grams/mile = E:Em X K
HP 5.5 9.5 18 27
K 0.03606 0.07094 0.04503 0.3031

AiResearch Temperature Extrapolation 4-Point - January 72 -
(Based on Free-Turbine Cycle)

(b) Test at reduced hp conditions over a range of inlet temper-
atures as follows:

HP Wa, 1b/sec P,,ATMS T+ °R We 1p/hr
5.5 0.47 1.25 1900 4.4
9.5 0.50 1.32 1897 7.6
18 0.635 1.50 1860 12.2
27 0.763 3 1809 16.2

These horsepowers were obtained from a time weighted Federal
Driving Cycle simulation analysis.

The grams/mile were obtained from

Grams/mile = E:EI X K
Using the K values listed for (a), and obtaining the emis-
sion index (EI) from extrapolation of EI vs T:nlet to the

correct inlet temperature. This method involves only one
extrapolation on temperature for each test point.
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The following final modification to the test procedure was
made to conform to the latest optimized engine cycle.* The
recommended cycle was a recuperated single-~shaft engine with
variable inlet guide vanes (labeled NII2V).

AiResearch Temperature Extrapolation (TE) 5-Point - April 72

(c) The gas turbine optimization study (Contract No. 68-04-0012)
recommended an engine designated, NII2v, and having charac-
teristics shown on Table 2-4 for a sea level, standard day.

The Federal Driving Cycle (FDC) was simulated by a mission anal-
ysis computer program®*, as previously described, with each route seg-
ment represented by a speed change phase followed by a sustained speed
phase to achieve the correct segment average speed and end speed of
the automobile. Then the complete mission (FDC) was surveyed to ob-
tain the total time spent within each horsepower range. All horse-
power levels were covered, using l-hp intervals to 31 hp, and 3-hp
intervals from 30 hp to 91 hp. For the Federal Driving Cycle, the
NII2V Engine does not operate at more than 91 hp at any time on a
sea level, 85°F day. Under these conditions this gas turbine engine
meets the performance requirements specified by the Environmental
Protection Agency document "Prototype Vehicle Performance Specifica-
tion" 3 January 1972.

From the mission analysis program output, a set of test condi-
tions can be chosen that satisfactorily represents the ranges in fuel
flow, pressure, and temperature over which the engine combustion
system must operate. Table 2-5 presents each of five test conditions
selected to represent a range of operating variables over the range

*Refer to "Automobile Gas Turbine Optimization Study," Final Report
(AT-6106-R7), Contract 68-04-0012.
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TABLE 2-5

TABLE OF 5-POINT TEST EVALUATION

5%, | e |Mprion | Temperagure,) presmure, | rusd Flow, gy s
Min 1.3 0.331 1960 20.5 3.64 0.00305

1 Av 1.3 0.331 1960 20.5 3.64 0.00305
__MaxfMin| 6.5 0.392 1935 21.9 5.30 0.00373
2 Av 8.5 0.412 1915 22.5 5.85 0.00394
__-Max[Min| 18.5| 0.506 1850 25.8 9.30 0.00500
3 Aav 29.5| 0.615 1780 29.3 13.40 0.00605
Max|Min| 38.5| 0.705 1722 32.8 17.00 0.00705

4 Av 53.5| 0.850 1660 38.2 23.50 0.00768
__Max[Min| 62.5| 0.935 1632 42.0 27.00 0.00835
5 Av 80.5| 1.080 1580 49.4 35.00 0.00900
Max 121.0| 1.380 1485 65.0 54.00 0.01050
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of engine operation during the Federal Driving Cycle simulation
analysis. Likewise, one or more of these conditions were applied to
the combustor development tests during this program. Note that the
test points selected minimize the cycle parameter variation between
the output power extremes, thus ensuring maximum accuracy in the
conversion from measured emmission index to grams of pollutant per

mile. Table 2-6 summarizes these data.

The use of the 5-point evaluation accounts for all steady-state
conditions, including a detailed integration of horsepower versus time
during engine accelerations and decelerations. It does not account
for the exhaust emissions that would be generated during the one cold
and one hot engine start in the 1975 Federal Driving Cycle nor the
variation in emissions associated with any other engine transient

operation,

The effect of the new driving cycle simulation is to increase the
predicted emission levels in grams-per-mile, This is illustrated by
values calculated according to the OAP-suggested procedure compared
with values from the two AiResearch procedures (original 4-point
simulation versus revised 5-point simulation)., Calculations for the
vaporizer combustor (SKP26489—M2) yield the following values:

NoX (as NOZ)

FDC Simulation gm/mi Percent
AiR 5-pt 6.38 137
AiR 4-pt 5.46 117
OAP 4,67 100
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2.3 Preliminary Sizing

Based on the combustor operating data derived from the engine
cycle analysis, preliminary designs of each of the candidate combus-
tion systems were accomplished using existing design technigques. Com-
bustor preliminary sizing was accomplished by conventional methods for
both combustors in the following manner:

(a) A combustor jet velocity was calculated assuming one velocity
head loss across the combustor at a pressure drop of 3 per-
cent of inlet total pressure.

(b) An outside annulus area was computed assuming a maximum
annulus velocity head equal to one-half of the jet velocity
head from (a). The minimum outside annulus area can then be

calculated from the volume flow rate and the maximum velocity.

(c) Combustor volume was calculated based on an assumed heat
release rate limit of 5 x 106 Btu/hr—ft3—atm. The combustor
cross-sectional area was then determined using assumed values
of length-to~diameter ratio for each case and setting a prac-
tical limit of 250 fps for the combustor discharge velocity.

(d) Minimum combustor reference area is then the sum of the

annulus area from (b) and the combustor area from (c).

The above computational method is applicable to turbine engines
operating at essentially constant speed and constant combustor through-
flow. When engine performance for the variable-geometry free-turbine
cycle was calculated over the Federal Driving Cycle, however, it was
determined that most engine operating time was spent at part-power con-
ditions less than 40 shp with correspondingly reduced throughflow,
pressure ratio, and engine speed. At these conditions combustor load-
ing, Q, is increased and, therefore, a correction to increase combustor
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volume was made to reduce Q to ensure that a reasonable combustion
efficiency could be attained at these more severe operating conditions,
Therefore, the volume was based on idle output power condition which
corresponds to a combustor loading, Q, range of values between 0 and
0.1, Figure 2-5 was the design basis used for combustor sizing. The
resultant vaporizer combustor geometry for Class A and Class B com-
bustors are shown in Figures 2-6 and 2-7. Table 2-7 presents a sum-

mary of preliminary vaporizer combustor design parameters.

During the test program, it was determined that the measured com-
bustion efficiencies were higher at a given aerodynamic loading param-
eter Q than.shown on the design curve. The measured efficiencies indi-
cated that a design line passing through a combustion efficiency of
92.5 percent at Q = 0.8 could have been conservatively used. This
compares to the design line predicting 80 percent combustion effi-
ciency at Q = 0.8, This indicated that a Class A combustor volume of
100 in.3 would have been adequate rather than the 247 in.3 used. If
the combustor were reduced in size, lower NOX emissions (and higher CO
and HC emissions) than those reported in the following test results

should be achieved.
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TABLE 2-7

SUMMARY OF PRELIMINARY VAPORIZER COMBUSTOR DESIGN PARAMETERS

Class A Class B
Heat rate, Btu/hr 1.396 x 10° 1.88 x 10°
Inlet air temperature, °F 1100 760
Inlet air pressure, atm 4.0 12.0
Fuel air ratio 0.0096 0.0185
Outlet temperature, °F 1700 1900
Fuel flow rate, lb/hr ') 75.5 101.6
Airflow rate, lb/sec 2,178 1.525
Volume flow rate, cu ft/sec 21.4 3.86
Reference diameter, in. 6.1 3.7
Liner diameter, in. 4.8 3.25
Liner length, in. 13.7 10.0
Length/diameter ratio 1.5 2.0
Reference velocity, fps 106 52.3
Liner discharge velocity, fps 250 138
Characteristic residenct time, ms(z) 2.40 3.92
Combustor volume, cu ft 0.143 0.481
Heat intensity, Btu/hr/ft3/atm 4.6 x lO6 5.0 x 106
NOTES:

(l)Fuel lower heating value = 18,500 Btu/lb
(2)

Characteristic residence time - liner length/liner discharge
velocity
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FUEL INJECTION TUBE
COOLING AIR COMBUSTION CHAMBER LINER
OUTER CASING
//-DILUTION JETS
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PRIMARY PIPE
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PRELIMINARY VAPORIZER COMBUSTOR DESIGN - CLASS A
(NO SCALE)

FIGURE 2-6
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PRELIMINARY VAPORIZER COMBUSTOR DESIGN - CLASS B
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FIGURE 2-7
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2.4 Analytical Design Techniques

Internal flow fields of the preliminary combustor designs were
predicted with the use of an existing two-dimensional finite-element
gas flow computation program from Gosman(l). Figure 2-8 presents the
basis used for flow-field calculations. The results of this analysis
provided velocities, temperatures, and mixture concentrations over the

range of combustor operating conditions defined in the cycle analysis.

An existing Gosman computer program provides time, temperature,
and mixture maps and equations for nitric oxide kinetics which were
incorporated into the Gosman computer program. Results from this
program were compared on a limited basis with results from an exist-

ing one-dimensional method of analysis.

The combustion of fuel and the formation of carbon monoxide were
computed from overall rates based on stirred reactor experimental data.

2.4.1 Flow Pattern Numerical Analysis

Flow pattern analysis was conducted on the preliminary combustor
designs. The analysis initially concentrated on the primary zone
region where nitric oxide formation predominates. Grid node patterns
and boundary conditions were established. Computations were conducted
for both cold flow (no combustion) and hot flow conditions for compari-
son with the flow visualization experimental analysis. Hot flow con-
ditions can be computed assuming local chemical equilibrium for which
combustion rates are limited only by mixing processes or by a two-step
global kinetic process utilizing stirred reactor combustor rates. The

<l)Gosman, A. D., W. M. Pun, A. K. Runchal, D. B. Spalding, and

M. Wolfshtein, Heat and Mass Transfer in Recirculating Flows,
Academic Press, 1969,
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latter process allows an assessment of the relative effects of mixing
and kinetics and was selected for use in this program. The global rate
source terms were incorporated into the finite difference computer pro-
gram to calculate rates of fuel conversion to carbon monoxide and sub-
sequent conversion to carbon dioxide. Resulting combustion efficiency
calculations for a simplified configuration compared favorably with
both stirred reactor and practical combustor data.

Primary zone isothermal flow patterns were computed for the film
vaporizing combustor for the Class B engine. Figure 2-9 shows the
flow streamlines and velocity profiles. Air and fuel from the primary
pipe form a radial wall jet which is entrained into the cooling air
wall jet. The ejecting action of the primary pipe air results in for-
mation of a recirculation zone. High velocities are maintained along
the combustor walls by judicious introduction of high energy air to
delay combustion until mixing to a lean fuel-air ratio is complete,
thereby averting combustion at high eguivalence ratios which results
in high nitric oxide formation rates. Once a flame is stabilized in
the recirculation zone, propagation to the higher equivalence ratio
regions near the walls is prevented by the high velocity gradients
shown in Figure 2-9.

The computed flow pattern was utilized to calculate primary zone
fuel mixing rates and hot flow patterns. These data were then coupled
with the KVB analytical model that computes nitrogen compound concen-
trations and are discussed in the following paragraphs.

2.4.2 Chemical Kinetic Analysis

The chemical kinetic analysis of nitric oxide and nitrogen
dioxide formation was conducted by KVB engineering under subcontract
to AiResearch. The kinetic formation equations were expressed in a
form suitable for inclusion in a two-dimensional recirculating flow
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analysis of a gas turbine combustion chamber primary zone with
nonuniform fuel-air ratio distribution. Chemical equilibrium may or

may not be attained at various locations in the flow field. The kinetic
analysis includes the following six reactions leading to nitric oxide
formation and two reactions for the oxidation of nitric oxide to nitro-

gen dioxide:

N, + 0 > NO + N (1)
N + o0, > NO + O (2)
N + OH > NO + H (3)
N, + OH > N,O + H (4)
N, + O, e N,0 + O (5)
O + N, 0 2 2NO (6)
NO + 0O + M pe NO, + M (7)
NO + O, > NO, + O (8)

For preliminary assessment of the initial combustor designs, a
simplified time step integration of the pertinent nitric oxide forma-
tion equations was performed by AiResearch. Nitric oxide formation
rates were computed at the design conditions of the Class A and Class
B combustors for a range of primary zone equivalence ratios assuming
mixture conditions constant at the adiabatic flame temperatures, At
0.6 equivalence ratio the formation rates were 14 ppm per millisecond
and 3.1 ppm per millisecond for the Class A and Class B combustors,
respectively. Characteristic primary zone residence times were com-

puted by dividing primary zone volume by the burned gas volumetric
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flow rate. These times were 3.0 and 3.6 milliseconds for the Class A
and Class B combustors, respectively. For the assumed conditions for-
mation rates are constant up to 10 milliseconds. Multiplying the for-
mation rates by the characteristic residence times results in primary
zone exit concentrations of 42 and 11 ppm for the two combustors.
These amounts reduce to 10 ppm and 5 ppm when adjusted by the dilution
zone mixing process. Conversion of the 0.4 gm/mile requirement for
oxides of nitrogen to a ppm basis for the two designs gives 8.2 ppm
and 15.8 ppm, respectively. The estimated formation rates are within
reasonable agreement with these requirements. This analysis is of
course highly simplified primarily in terms of neglecting mixture non-
uniformity. Analysis of data on existing combustors by this procedure
is planned to evaluate the merits of such a comparison.

Programming of the nitrogen oxide reaction mechanism was com-
pleted by KVB Engineering. A final report describing this effect is
included as Appendix IT for your reference. This computation was
intended to be attached to the flow analysis program which solves the
flow pattern and hydrocarbon chemistry equations simultaneously.

After convergence, the nitrogen compound reaction equations were to be
solved. Introduction of the nitrogen oxide kinetic analysis after con-
vergence of the Gosman recirculating flow analysis was to provide
independent development of these two analytical models; therefore,
reduce computation time. For reference, the complete chemical mech-

ansim is shown in Table 2-8.

As a means of providing initial insight into the ability to solve
for NO, a simplified model was programmed to solve the NO formation for
the two-reaction Zeldovich mechanism consisting of the first two nitro-
gen chemistry reactions listed in Table 2-8. The combustor was con-
figured with a central methane fuel jet surrounded by a concentric air
annulus. Figure 2-10 shows the computed flow pattern and lines of
constant NO concentration. The peak level of 434 ppm is typical of
that expected at the primary zone exit prior to dilution air introduc-
tion.
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TABLE 2-8

FINITE DIFFERENCE FLOW PROGRAM
CHEMICAL KINETIC MECHANISM

Hydrocarbon Chemistry

1 X X
CHx + (5 + E) 02 >  CO + 3 H20

1
co + 3 O2 > CO2

Atomic Species

CO + OH Co, + H

2

4¥8

448
O
+
o

O + OH

OH + OH > HO+ O

Nitrogen Chemistry

¥

N + NO <« N + O

¥

N + O2 < NO + O

N + OH < NO + H

¥

+
H + N,0 N, OH
0+NO < N, +0,
0 + N,0 2 NO + NO
NO + O + M b NO, + M
->
NO, + O < NO + 0,

AT-6097-R12
Page 2-33




0T-7 TaNOT4

1H9IIM A9 Wdd NOILIVYHd SSYWN ON NY3LiVd MOT4
23S/14 0§

. 4o 001
il E INVHLIW

e

\,\. 03S/14 001
) _?o LEL WV

" ol |

JANLXIW U_w_._.m<<O_IU_O._.w|\ INOZ ZO.._.<.5U~:Um~_\

) 2, (20}l [*N) ov d -3vy NOILDVIY
g d° Y .
1/9
10" =0 O + ON O+ N
2L =N ‘N + ON O +IN

1300W M0T4 Q31AITAWIS

AT-6097-R12
Page 2-34



2.4.3 Flow Pattern and Chemical Kinetic Analysis

The following is a discussion of the integration of the oxides of
nitrogen computation procedure provided by KVB Engineering with the
AiResearch flow computation program. Several test cases were run to
check out the program on simple geometric configurations. The oxides
of nitrogen computations were found to converge at a rate comparable
to the fluid flow and mass fraction computations. The program was then
applied to the primary zone geometry for the Class B combustor for
which flow patterns without combustion had previously been computed.

A coarse 21-by-10 grid pattern was used for more economical computa-
tation during program checkout. This grid and the portion of the com-
bustor which it covers are shown in Figure 2-11. The computations are
performed in cylindrical coordinates with the axis of symmetry at the
axis of the cylindrical can combustor. Air enters through two inlets.
One, on the axis, represents the air-blast fuel insertion device
through which the fuel-air mixture enters the primary zone; the second
inlet, at the outer radius, represents the first cooling band.

The equations that are to be solved include vorticity (conservation
of total momentum), stream function (conservation of total mass), fuel
conservation parameter (conservation of all species and enthalpy), mass
fraction of unburned fuel, mass fraction of carbon dioxide, and mass
fractions of NO and N02. Solution of these equations is dependent on
proper specification of boundary conditions, turbulent mixing rela-

tions, and reaction rates for interconversion of the various species.

The boundary conditions are specified for four types of bound-
aries: inlets, exits, solid walls, and the axis of symmetry. At the
inlets the vorticity is determined from the specified inlet velocity
profile. The stream function is determined by integrating the mass
flow rate across each inlet. If premixed qonditions are being consid-

ered, the fuel conservation parameter and fuel mass fraction are set
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equal to the mass fraction of fuel wvapor in air at the inlet. Carbon
dioxide and nitrogen oxides are set to zero. It is assumed that the
inlet air is dry. Humid air can be considered in the program, but will
be neglected for initial predictions.

Boundry conditions at the exit are specified such that the stream
lines are parallel to the axis and mass fraction gradients are zero in
the axial direction. Vorticity is determined from the radial exit

velocity profile.

On solid walls the vorticity is computed by an implicit technique
from Reference (l), assuming a linear vorticity wvariation between the
wall and the first interior grid node. Stream function is constant
along a wall since the flow is parallel to it. Mass fraction gradi-
ents normal to the wall are zero for impermeable walls. Computation
assumes adiabatic conditions so that enthalpy is directly related to
fuel-air ratio. An alternate procedure is to specify the boundary
temperature and solve a conservation equation for enthalpy. The agis
of symmetry is a streamline and because of symmetry there are no mass
fraction gradients, so boundary conditions are identical to solid walls

except that the vorticity is zero.

Rates of turbulent mixing are specified in terms of an effective
turbulent eddy viscosity. For turbulent flow the rates of mixing for
all the conserved properties (mass, momentum, mass fractions, and
enthalpy) are of the order of unity. Accordingly, all the turbulent
Prandtl and Schmidt numbers are set to 1.0. The turbulent eddy vis-
cosity is computed from the Prandtl-Komologrov hypothesis relating
eddy viscosity to turbulent kinetic energy and length scale of turbu-
lence. The turbulent kinetic energy is assumed proportional to the
square of the inlet velocities, and length scale is assumed propor-
tional to the size of the inlets. Details of this computation are

given by Wolfshtein (Reference 2) and Gosman, et al (Reference 1).
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The hydrocarbon-air kinetic interconversion of species is handled
by the following assumed two-step reaction mechanism:
X

1, X, .

CO + 5 0, —— CO

Reaction rates are taken from Williams (Reference 3). Since there are
two reaction rates, the conservation equations for the mass fraction

of two species must be solved. The species CHx and CO, are used in

2
the present program. The mass fractions of the remaining species plus
inert nitrogen are then directly related through stoiciiometry to these

two mass fractions.

Provision has been made in the procedure for fuel addition by
film vaporization from the wall. The formation of the fuel film is
computed by the method detailed in NACA Report 1087 (Reference 4).
Rates of vaporization are computed by the method of NASA Report
TR-~R-67 (Reference 5). Velocities and temperatures in the primary
zone are required inputs to the film formation and vaporization com-
putations. The computation is then iterated until temperatures are
compatible with the rates of vaporization,

Initial computations for program checkout with the coarse grid
have been restricted to premixed fuel vapor and air entering the two
inlets. Computations with internal vaporization should be performed
after checkout of the integrated program is complete. However, this
phase was never completed, These two procedures for fuel introduction
provide a comparison of premixing and internal vaporization in terms

of the resultant emissions formation.

The computed flow pattern for conditions of the Class B combus-
tor full power design point is shown in Figure 2-12., The curves
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represent lines of constant stream function so that a fixed amount of
mass flow exists between two lines. The hot flow pattern is quite
similar to the cold flow pattern presented in Figure 2-9, and is qual-
itatively consistent with patterﬂs observed in the plexiglass model
flame visualization test and water model tests of the Shelldyne film-

vaporizing combustor.

The computation was performed with premixed mass fractions of
0.06 (0.95 equivalence ratio) at the L-pipe inlet and 0.04 (0.63
equivalence ratio) at the second inlet. Figure 2-13 shows the dis-
tribution of the fuel conservation parameter that expresses the rate
of mixing between the two inlet flows and the circulation zone. The
fuel coﬂservation parameter is essentially an indication of the local
fuel~air ratio. It is the determination of the local fuel conserva-
tion parameter that is the key to balancing mixing and fuel introduc-
tion so that lean combustion is maintained for low NO emission. If
both inlets were set to the same value of initial premixed fuel mass
fraction, the fuel conservation parameter would be constant throughout
the field. With different values at the two inlets, local grid wvalues
are intermediate between the inlet values. When internal vaporization
is introduced, local vaporization rates may be sufficiently high to
produce rich regions. It is the express purpose of this analytical
procedure to determine the combustor geometric changes necessary to

eliminate rich and near stoichiometric regions.

Figure 2-14 shows the mass fraction of unburned hydrocarbons.
For the premixed condition, hydrocarbon is converted to CO within a
very short distance from the inlets. Hydrocarbon emission at the pri-
mary zone exit is less than 0.1 ppm. Conversion of CO to CO2 also
occurs rapidly with less than 1 ppm CO emission. Resultant combustion

efficiency is over 99.6 percent.
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The original Gosman-Spalding program assumed constant specific
heats of the gaseous species. Since temperature has a significant
effect on the reaction rates for both the hydrocarbon and nitrogen
reactions, the temperature calculation was improved by incorporating
variable specified heats through the use of sixth order equations
obtained from NASA SP-3001 (Reference 6). Figure 2-15 shows the
computed temperature distribution. For the calculation presented,
temperatures in the recirculation zone are of the order of 3500°F.
Peak temperatures occur at the exit of the air blast injection pipe

where the fuel-air ratio os near stoichoimetric.

After solutions are obtained for the flow pattern, species mass
fractions, and temperature, the conservation equations for formation
of NO and NO2 are solved. The procedure for solution is discussed in
the KVB Engineering Final Report (included as Appendix II of this
report). Figure 2-16 shows the distribution of lines of constant NO
mass fraction. Peak levels occur in the highest temperature region
near the air-blast injector inlet. Summation of the concentrations at
the exit weighted by the mass flow at each radius give a primary zone
exit NO level of 3 ppm by weight. This is well below the levels
required to meet the program goals. However, the calculation pre-
sented was performed for program checkout only when further work was
halted. Further computations should be conducted with refined finite
difference grid patterns, internal fuel vaporization, and at other
engine operating conditions for both the Class A and Class B combustors.
Approximately 8 engineering hours and 6 computer hours would be

required to complete the analysis.

In addition to the foregoing analysis, a simplified procedure fr~
extrapolation of emissions from empirical data has been developed.
This procedure is being evaluated as a means of reducing the number of
test points required to assess the emission characteristics of a given
test combustor modification. This procedure has been integrated with
engine cycle mission analysis programs to allow rapid assessment of

emissions over the Federal Driving Cycle.
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2.5 Experimental Flow Visualization Model

A plexiglass model of a preliminary film vaporizing combustor
design was employed in flow visualization tests to verify internal flow
pattern computations by the Gosman method. The model was installed in
a three-dimensional water rig and the flow patterns were analyzed with
tracer particles. Figures 2-17 and 2-18 are photographs of the test
rig, Assembly No. SKP26283, as installed in the test facility.

In addition, high-speed motion pictures were taken of the flame
development during operation of the model in an ambient pressure air-
flow rig. The plexiglass model of a film-vaporizing combustor was
installed in the ambient airflow test rig, and air was drawn through
the model with a vacuum header. Motion pictures of the flame-
stabilization process within the combustor were taken at 4000 and 8000
frames per second during two-second operation tests. The motion pic-
ture of the film-vaporizing combustor flame stabilization process was
presented at the EPA in Ann Arbor, Michigan on August 24, 1971.
Minimal-volume intense recirculation and absence of combustion in the
high velocity fuel film along the combustor wall are illustrated in
the £ilm.

The primary zone flow pattern observed during operation of the
model correlated very closely with the calculated streamlines from
the flow pattern analysis, thereby providing reasonable confirmation
of the analysis by the Gosman method. Further testing was conducted
on the three-dimensional water analog model to establish primary zone
flow patterns for comparison with the analytical model. Figures 2-19
and 2-20 are photographs of the trajectories of tracer particles used
to define the flow path inside the combustor. An overlay for Figure
2-19 has been made to indicate the direction of motion. Note the sim-
ilarity between the flow pattern of Figure 2-19 and the analytical
results shown in Figure 2-21.
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FIGURE 2-19
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FLOW PATTERN RECORD COMBUSTOR: OVERALL VIEW 3~-D WATER ANALOG
LOW EMISSION COMBUSTOR STUDY
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The test was conducted at a Reynolds number of 1.42 x 105 based

on the combustor mean diameter. For Reynolds similarity with the
Class B combustor design condition, a Reynolds number of 4.02 x lO5
would have been required. Once the Reynolds number is sufficiently
high to ensure turbulence, however, the flow pattern becomes indepen-
dent of Reynolds number, so the test condition was set up only to

establish turbulent flow (Red > 105).

The photographs were obtained by introducing small polystyrene
spheres with a density approximately equal to that of water into the
rig inlet and allowing them to circulate continuously. The tracers
were illuminated as they passed through the combustor by projecting a
two-dimensional beam of light from a 1000-watt quartz lamp through the
combustor along the centerline of one set of orifices. Then with an
apprdpriate adjustment to the camera shutter speed a tracer direction
of travel was established by noting that the brightest illumination of
the particle occurs just as the shutter opens and then trails off in
the direction of motion of the tracer as the shutter closes.

Because of the two-dimensionality of the light beam and the
photograph, it is impossible to determine whether the tracers are mov-
ing into, out of, or completely within the flow pattern plane being
photographed. It is, therefore, impossible to record the effect of
swirl other than by actual visual observation of the model. 1In this
case, difficulty with plugging of the cooling air swirl passages with

tracer particles was encountered.
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3. COMBUSTOR TEST RIG AND INSTRUMENTATION

A full-scale test fixture with a removable test section, capable
of operating over the combustor operating range as determined from the
cycle analysis, was designed for use in the test program. A senarate
component test section to simulate critical flow paths around the con-
bustion chamber was designed for both combustors. Each test section
was designed into a section of standard-diameter pipe flanged at both

ends to allow common inlet and exhaust plumbing.

A clean air supply that is capable of achieving combustor inlet
temperatures typical of recuperated engine cycle operation was pro-

vided for this program in three steps.

(a) From the start of the program to November 17, 1971, the
existing laboratory facility heater (a gas-fired heat

exchanger) was used to obtain a maximum temperature of 740°F,

{b) Added capability was achieved (up to 1000°F) by using the

discharge air from a cross-flow exhaust recuperator.

(c¢) Finally, by early November 1972, a new preheater (Model 1030)
was installed at the test facility. A combustor inlet tem-
perature of 1200°F was thought achievable, but, subsequent
test experience demonstrated only a 1030°F maximum temperature

was achievable at the test airflow rates.

3.1 Rig Design and Fabrication

It was decided to test the combustors in an 8-inch diameter pipe
to eliminate any effects due to non-uniform external flow conditions
and to ensure that combustor performance measured will be affected by

combustor design features only.
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Figures 3-1 and 3~2 show a section layout and a photograph of the
combustion high-pressure test rig respectively. Common inlet and
exhaust plumbing are used for both classes of combustors with a sepa-
rate test section for each. A pressure drop is taken across a screen
installed ahead of the test section to ensure uniform distribution of
the incoming airflow. The two test sections are fabricated from short
sections of standard diameter pipe flanged at both ends to facilitate
installation into the test cell. The combustor is mounted on four
half-inc.. Lnreaded rods located at the inlet end of the test section
and slips into an exhaust collector at the discharge end. The mounting
rods can be positioned to accommodate various length combustors.
fill the gap between combustor delivery and high-pressure combustion
rig hardware delivery a simple low-pressure rig was designed and fabri-

cated in-house.

The low-pressure rig was assembled and installed in the test
facility as shown in Figure 3-3. A single-point probe capable of
traversing across the combustor exit in a single plane was used to
measure exhaust gas temperature and to pick up an emissions sample
simutaneously.

3.2 Instrumentation

The combustor riqg test sections were instrumented to measure total
and static pressure and temperature at combustor inlet and discharge.
All temperatures were measured by ungrounded-junction, shielded, high-
recovery factor,'thermocoupleé; combustor discharge-temperature-measuring
thermocouples were aspirated. Combustion chamber liner temperatures
were measured with temperature-indicating paint. A weight-flow rate
system was used for fuel flow measurements, and standard orifice mea-

suring sections was used for airflow measurement,
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LOW=-PRESSURE (ATMOSPHERIC) TEST RIG

FIGURE 3-3
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3.2.1 Combustor Performance

Performance data were measured by the instrumentation described

below and recorded on data sheets shown in Appendix IIT.

(a)

(b)

Pressure Measurements - Static pressure measurements were

taken with wall static taps, four each equally spaced at both
combustor inlet and discharge, Total pressures were mea-
sured with Kiel-type total pressure probes, one each cor-
responding to each static tap. The pressure readouts were
either vertical water or mercury manometers graduated in

0.1 in., increments or Wallace and Tiernan Bourdon-type gauges
graduated in 0.5-in. increments to 300 in. Hg. Advertised
accuracy of the gauge readouts is #0,1 percent of full scale.

Temperature Measurements - Inlet temperatures were measured

with shielded high-recovery factor iron-constantan thermo-
couples to 800°F and with similar chromel-alumel thermo-
couples to 1200°F. One thermocouple corresponding to each
total pressure pickup was installed. Discharge gas tempera-
tures up to 2000°F were measured with a separated chromel-
alumel thermocouples and with platinum/platinum-10 percent
rhodium thermocouples above 2000°F/ Eight equally spaced
two-point probes located at the area centers of equal areas
were used to determine the temperature distribution factor.
The temperatures were read out on Brown recorders: 0-1000°F
with +2 deg accuracy for the I-C, 0-2400°F with %5 deg
accuracy for the C-A, and 0-3000°F with +2 deg accuracy for
the Pt/Pt-10 Rh., Capability to record temperature data
automatically with a digital acquisition system was also

provided.
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(c)

(a)

(e)

Air and Fuel Flow Rates - Airflows were determined by

standard, regularly-calibrated orifice measuring sections
with flange taps. Two sections, an 8.0-in. and a 3.0-in,
are available as an integral part of the test facility
depending upon the required airflow and were used for test
conditions not requiring a heat exchanger. For inlet tem-
peratures exceeding 700°F, a heat exchanger was plumbed into
the system with a 6.0-in. measuring section between it and
the section,

Fuel flow was measured by a Cox Flowmeter. This instrument
determined fuel weight flow rate directly by measuring the
amount of time required to pass a specified weight of fuel.
The fuel weight was automatically measured on a balance
scale, with the known weight input by the operator.

Metal Temperature Measurements - Combustor metal tempera-

tures were measured with the aid of temperature-indicating
paint.

Emissions Sampling Probe - The gas sampling probe consisted

of three individual probes on a common support capable of
being traversed circumferentially and positioned axially up
to the combustor primary zone exit. The pickup points were
located at the area centers of equal areas such that a sep-
arate probe was required for each combustor class, The probhe
was actuated by a rotary gear drive (Figure 3-4) supported

on the rig discharge elbow, and the positions were controlled
microswitches on the actuator mechanism. The probe position-
ing shaft was sealed with "O"-rings encased in a cooling

water manifold.
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The probe body construction consisted of three 'separate
1/16-in. diam probes individually valved with remotely con-
trolled solenoids. The probes terminated in a common support
as shown in Figure 3-5. Cooling air was delivered to the
probe plenum through the outside passage formed by two con-
centric tubes which made up the rotating shaft and discharged
back through the center passage. The probe heads incorpo-
rated a convergent-divergent nozzle at the inlet to assist the
coolant flow in reducing the exhaust sample temperature by
increasing the sample velocity, thereby quenching any reac-
tions continuing at the combustor exit. Reaction quenching
assured that the composition of the sample did not change
significantly between the probe inlet and the analyzing equip-
ment, Use of air as the coolant ensured that the probe tem-
perature did not drop below the 300°F required to avoid con-
densation of the heavy hydrocarbons on the probe walls.

Later, to expedite testing, the emissions samples were taken
from the thermocouple aspirated flow (eight two-point probes)

as shown in Figure 3-6.

3.2.2 Emissions Analyzing Equipment

Continuous monitoring of pollutant levels was performed during

the test phase with the equipment described in this section. Manu-

facturer's data, including principles of operation and model specifi-

cations, are presented in Appendix II. The emissions-analyzing equip-

ment was installed in a truck (Figure 3-7) equipped with an environ-

mental control system. Figure 3-8 shows the instrumentation installed

in the truck. The following paragraphs briefly describes this equip-

ment,

(a)

Carbon Dioxide and Carbon Monoxide Analysis - Carbon dioxide

and carbon monoxide concentrations were measured by the non-

dispersive infrared method. Concentrations were measured on
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(b)

(c)

a dry exhaust products basis since dessicants are used to
remove excess water vapor from the sample to minimize inter-
ference. Beckman Model 315A Nondispersive Infrared Analyzers

with the following specified ranges and accuracies were used:

Range: Carbon monoxide; 0-100 ppm, 0-500 ppm, and 0-2500
Carbon dioxide; 0-2 percent, 0-5 percent,
0-15 percent

Accuracy: 2 percent full scale for 100 ppm CO range
1l percent full sca;e for 500 and 2500 ppm CO range
1 percent full scale for 2 percent and 5 percent
CO2 range

Oxides of Nitrogen Analysis - Nitrogen oxide concentration

were measured by the homogeneous chemiluminescent method.
Water vapor was removed from the sample prior to entering

the analyzer so results were measured on the basis of dry
exhaust concentrations. A Thermo Electron Model 10A was
equipped with a thermal converter to break down NO2 to NO and
02, thereby making it possible to monitor total oxides of
nitrogen, (NO2 + NO = NOX) instead of nitric oxide only.

The instrument has the following advertised range and accur-

acy:

Range: 3-10,000 ppm
Accuracy: 1 percent full scale (1 ppm)

Unburned Hydrocarbon Analysis - Unburned hydrocarbon concen-

trations were measured on a wet basis with a heated flame
ionization detector to minimize response errors due to
absorption-desorption of the heavy hydrocarbon molecules
between the probe and the analyzer. A Beckman Model 402

High-Temperature Total Hydrocarbon Analyzer was used., This
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instrument came equipped with an integral heated 10-ft long
sample line, thermostatically controlled at approximately

200°C. Advertised range and accuracy are:

Range: 0-5 ppm to 0-5000 ppm (as methane)

Accuracy: 1 percent full scale
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4. DATA REDUCTION METHODS AND PRESENTATION

The following analytical procedures were used to reduce the data

obtained during combustor performance testing. Data reduction was com-
puterized where practical.

4.1 Combustor Performance Data Redu.%io:

Conventional combustor performance parameters including press' re
loss, temperature distribution, lean stability, efficiency, and me'al
temperature levels were measured at selected test conditions. Data
were reduced according to the following procedures.

(a) Pressure Loss

Combustor pressure drop was calculated as

(P - P ) /P
Tin Tout Tin

where PT and PT represent total pressures at the combustor inlet

in out
and outlet, respectively. The pressure used in the denominator was a

circumferentially averaged value from the individual probes while the
numerator value was obtained from a pressure gauge. The measured val-
ues of inlet total pressure were checked against values calculated

from a measured static pressure, airflow rate, and inlet temperature
with the aid of Mach tables.

(b) Temperature Distribution

Discharge gas temperature distribution was calculated as a Tempera-
ture Spread Factor (TSF) defined as

Tmax - Tmean
TSF =

mean ~ Tinlet
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where Tmax and Tmean are the maximum measured and average measured
total temperatures at the combustor discharge, respectively, and T,

inlet
is the combustor inlet total temperature, all in degrees F,.
(c) Ignition and Lean Stability

Ignition limits were determined as minimum fuel-air ratio required
to light as a function of combustor airflow. Combustor lean stability
was caiculated as fuel-air ratio at lean blowout at the specified test
condition. The values of airflow and fuel flow were measured. Both
ignition and lean blowout were determined by monitoring combustor tem-
perature rise,

(d) Combustion Effficiency

Combustion efficiency was calculated as

(£/a)

- ideal
N = TE7a)

actual

where (f/a) is the ideal fuel-air ratio required to obtain the

ideal
measured combustor temperature rise. This value is obtained from con-
stant pressure combus*ion charts. (f/a)actual is the actual fuel-air

ratio from measured air and fuel flow rates at the test condition.

The efficiency calculated from the above expression was checked
against an efficiency computed using the measured levels of carbon
monoxide and unburned hydrocarbons, assuming these constituents are

the only products of incomplete combustion.
(e) Combustor Metal Temperature

Metal temperatures were determined directly as isotherms on a
thermindex-painted combustor.
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BAR ] AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
A DIVIBION OF THE GARRETT CORPORATION

A computer program available at AiResearch for engine emission
data reduction was modified to allow computerized data reduction of
compustion rig data. Both emission index and pollutant generation
rate in lb/hr are calculated. The emissions concentrations are cor-
rected to concentrations in wet exhaust from a combustion process with
dry air. In addition, combustion efficiency is calculated from the
measured carbon monoxide and unburned hydrocarbon concentrations. A

typical computer printout is shown in Figure 4-1.

It should be noted that unburned hydrocarbon weights are calcu-
lated as methane, CHy. If it is necessary to convert the emission
indices to equivalent CHy g5 or CgHyg, the printed weight values should
be multiplied by 0.865 or 0.895, respectively.

In the reduction of the exhaust emission data, carbon monoxide,
carbon dioxide, and oxides of nitrogen volume concentrations will be
considered dry analysis data because of the use of a dessicant or con-
denser in the sampling train. Total hydrocarbons concentrations,
however, will include the water vapor initially in the air plus the
water vapor formed by the combustion process. For the purpose of
reducing the data on a volumetric basis, the concentration levels will
be corrected to percent (or parts-per-million) by volume of wet exhaust
gas from a combustion process with dry air. Accordingly, the wet
analysis data will be initially corrected to dry conditions as follows:

_ S"
St =1V =% (1)
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where:

S' - volumetric concentration of pollutant species in dry exhaust
gas
S" - volumetric concentration of pollutant species in wet

exhaust gas containing water vapor in rig inlet air plus

water vapor formed by combustion process

v = mole fraction of water vapor in exhaust from initial
conditions of inlet air = h (Me/Mm)

w = mole fraction of water vapor formed from combustion
process = R/2 (a' + b' + 4') = 24"
h = lb water vapor/lb dry air at rig inlet determined from

relative humidity of inlet air

M_ - molecular weight of exhaust products = 29,0 lb/lb-mole

M -~ molecular weight of water vapor = 18,02 1lb/lb-mole

a' - mole fraction of carbon dioxide in dry exhaust
b' - mole fraction of carbon monoxide in dry exhaust
d' - mole fraction of total hydrocarbons including total

aldehydes (expressed as CH4) in dry exhaust. Use 4" in
Equation (1)

R - hydrogen/carbon ratio of atoms in fuel

AT-6097~R12
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The volume concentrations so determined and the dry analysis
carbon dioxide, carbon monoxide, and nitrogen oxide data will then be
corrected to fraction by volume of wet exhaust gas from combustion with

dry air by the following procedure:

§=28"'" (1 - w) (2)

where

S - volumetric concentration of pollutant species in wet exhaust
gas containing only the water vapor formed by the combustion
process

An emission index expressed as pounds of pollutant per thousand
pounds of fuel consumed (equivalent to an index expressed as mg/gm fuel

consumed) will then be calculated according to the following equation:

(1+f)SMS

= N
S = M x 10
e

EI

where terms not previously defined are:

N = 3 if 8 is fractional
N = -3 if 8 is in parts/millions
EIS - emission index, 1lb pollutant species S per 1000 1b of fuel
consumed
f - fuel-air weight ratio determined from measured fuel and air-

flow rates at the specified test condition, 1lb fuel/lb dry

air
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M. - molecular weight of pollutant species S, lb/lb-mole

= 86.17 for C6Hl4
= 44,01 for CO2

= 28,01 for CO
= 16,04 for CH
= 30,01 for NO
= 46,01 for NO

4

2

Total oxides of nitrogen on an emission index basis will be computed

as NO2 to comply with the 1976 Federal Standards.

The expression for the fuel-air ratio, as shown below, will be
used to creoss-check the measured values:
C

M

et Ry a' +b' +4

My 1+28+2 o1 +va -2 (4)

where terms not previously defined are:

M, - molecular weight of air 28.9 lb/lb-mole

A

M, - atomic weight of carbon 12,01 1b/lb-atom

(¢

M, - atomic weight of hydrogen = 1,008 lb/lb-atom

Pollutant emission rates were also calculated to allow computeri-
zed integration over specific driving cycles to obtain an emissions
index in terms of pollutant weight per vehicle mile. The emission

rates were calculated by the following expression:

F.=EI_ x W (5)
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where

FS - emission rate of pollutant species S, lb/hr

Wf - measured test condition fuel flow rate, 1lb/hr

The vehicle mass emission rate as a function of the driving cycle
was then computed from:

P, = 2,205 x 10~

3 7s
S \Y

(6)

where

PS - vehicle mass emission rate, gm of pollutant species S per

vehicle mile
V - vehicle speed, mile/hr

4.3 Humidity Corrections to Emissions Results

It is knowrn that moisture in the air at combustion inlet can have
an significant effect on the emissions from a combustor. NOX emissions
are particularly affected. However, gquantitative corrections for these
effects have not been established. Therefore, other than the small
volumetric corrections-discussed in Section 4.2, Gaseous Emissions
Data Reduction, no attempt has been made to correct the emission test
results to any other combustor inlet condition than the dry air condi-
tion under which it was tested (0.0006 lb water vapor/lb dry air).
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5. COMBUSTOR DEVELOPMENT AND EVALUATION

The experiment program has been divided into four test periods for
purposes of discussion of the test results. This division combines
groups of tests generally having common available test facilities and

program direction.

The first two test periods, May 12, 1971 through December 10, 1971
and December 11, 1971 through January 31, 1972, cover the preliminary
testing conducted prior to the contract hold period. The third test
period, February 1, 1972 through August 10, 1972 covers work conducted
by AiResearch during the contract hold period and up until a heater
failure occurred. The fourth test period covers the final calibration

test series conducted after the heater facility repair.

5.1 Test Period (5-12-71 to 12-10-71)

Preliminary tests were conducted on an atmospheric test rig on
four combustor configurations to compare combustion efficiency at high
loading with predicted levels. Atmospheric air was drawn through the
rig by the application of a vacuum to the combustor discharge. The
first test was conducted on a modified film-vaporizing combustor that
was initially designed for a high~velocity, high-heating-value-per-
unit volume fuel (Shelldyne-H) under a contract with the Air Force
Systems Command. The combustor was modified by the addition of a con-
ical surface on the baseplate with the apex of the cone located at the
plane of discharge of the primary pipe. The second configuration was

a baseline, unmodified configuration.

The combustors were tested at the Class A design point corrected
flow conditions to ensure a reasonable pressure drop during operation.
The pressure drop would have been too low at the Class B flow condi-
tions since the effective open area of the test combustors were approx-

imately three times that of the Class B design and two-thirds that of
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the Class A. Purpose of the test was to compare lean stability and
combustion efficiency of the film-vaporizer combustor with and with-
out the cone. The test results showed that performance of the combus-
tor with the cone was superior in both respects and also had a shorter
ignition delay. Specifically, lean limit blowout fuel-air ratio
decreased from 0.0045 to 0.003 and combustion efficiency increased
from 74 to 82 percent at the Class A design-point corrected flow con-
ditions,.

Emissions data were taken solely for the purpose of calculating
combustion efficiency since the rig had insufficient instrumentation
for a thermodynamic efficiency determination based on the measured
temperature rig, The emission level was obtained by averaging the
value measured by a single-point probe as it traversed across the
combustor exit plane. The efficiency was then calculated from an

enthalpy balance using the actual measured combustion products.

The ideal enthalpy change per pound of fuel consumed is equal to
the heat of reaction or fuel lower heating value. The actual enthalpy
change is the lower heating value of the fuel minus the heating value

of each non-ideal combustion product formed. The efficiency is then:

(LHV)F - ZWP (HV)P

n = (LHV)F x 100

where:

combustion efficiency, percent

>
I

(LHV)F = fuel lower heat value, Btu/lb

=
]

weight concentration of non-ideal combustion product,
1b/1b fuel
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(HV)P heating value of non-ideal combustion product, Btu/lb
= 18,500 Btu/lb for Jpr-4
= 4345,2 Btu/lb for carbon monoxide

= 18,646 Btu/lb for CHl g5 Per Federal test requirements

The effect of oxides of nitrogen is negligible. Therefore:

i 18,500 - 4345.2 W, - 18,646 Wy, < 1oo
n 18,500
= 100 - 23.48 W,y - 100.8 W,

or on an emission index (EI) basis in terms of pounds pollutant per
thousand pounds of fuel burned,

n =100 - 0,02348 EI - 0.1008 EIH

Co C

The emission index was calculated from the measured data using

the method detailed in Section 4.2 of this report.

Figure 5-1 shows the efficiency levels of the two test combustors
as a function of aerodynamic loading parameter superimposed on the
published efficiency map that was generated during the development
program, An increase in efficiency at both of the test conditions
established was observed for the conical-domed configuration. In

addition, the efficiency values were consistent with the earlier data.

Both the cone-domed and flat-domed versions of the Class B combus-
tor (SKP26312) were also tested on the vacuym rig., Figure 5-2 shows
the efficiency of the combustors compared with both the predicted
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values and the curve from Figure 5-1. The data indicates that
development effort is required to improve the efficiency to the to the
desired level, but that the efficiency is not significantly worse than
the more highly developed Shelldyne configuration. The data did indi-
cate, however, that the flat-domed configuration was slightly more
efficient, but the low overall efficiency levels, in general, are
attributed to fuel maldistribution within the primary zone that was
observed during the testing.

Following the completion of this series of tests, the high-
pressure test rig was completed and installed at the combustion lab-
oratory. High-pressure combustion rig testing was therefore started
(November 17, 1971) on the Class B film vaporizing combustor, P/N
SKP26312. The test results are shown in Figure 5-3. Note in Figure
5-3 that the effect of pressure is the reverse of what would be
expected from simple kinetic theory. Figure 5-4 shows a typical chart
recording of emission readings.

These results are converted to grams/mile for the simulated
Federal Driving Cycle which reflects the variable geometry, free

power turbine engine performance as follows:

(a) Figure 5-5 gives data on the Class B engine assembled in
accordance with contract specified items and to provide
150 hp.

(b) Figure 5-6 summarizes data extracted from the optimization
study (68-04-0012) and provides the basis for selecting
5.5, 9.5, 18, and 27 hp conditions to represent the Class B

engine over the Federal Driving Cycle.

(c) Table 5-1 tabulates the Class B test points and gives the
constants used to convert the emission index (EI) from com-
bustor test results to grams/mile for the Federal Driving
Cycle.
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Note that the constants were derived as follows: At 5.5 hp, time
is 8.06 min out of a total of 22.709 min and 7.435 miles for the FDC.
With a flow of 9.0 pph, 1.209 1lb of fuel (JP~4) is burned. Then,

1.209 453.6

1000 X =435 = 0.0738 x EI

(1b/1000 1b) x

Els 5 5.5

is the grams/mile contribution of the emission for the 5.5 hp segment

of the Federal Driving Cycle.

This procedure, using trend data from the Class A combustor allows
2° The

CO and HC values were not converted because of the possible unreli-

the data of Figure 5-3 to be converted to 5.0 grams/mile of NO

ability of a value obtained from trend data of another combustor.
However, the values are believed to be below the 1976 Federal Standards

for carbon monoxide and hydrocarbons.

T, - T

T - T
Finally, the TSF, < max 2/), was not measured in these tests.
2 1

The collection of data for the Class B combustor was terminated
because of damage to the combustor. Figure 5-~7 shows a hole burned in
the downstream end of the combustor. In addition, a crack develonped

in the exit elbow of the rig.

After repairing the rig, testing was resumed using the Class A
combustor. Use of only the Class A combustor for further testing

was justified for the following reasons:

(a) The Class A engine is preferred as a result of the automobile

engine optimization study (EPA Contract No. 68-04-0012).

(b) It is generally more difficult to meet the 1976 Federal NO
Standard with the Class A combustor, because of the higher

X

combustor inlet temperature of a regenerated engine.

AT-6097-R12
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CLASS B COMBUSTION CHAMBER, P/N SKP26312 SHOWING
DISCHARGE LIP BURN-QUT

FIGURE 5-~7
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5.2 Test Period (12-11-71 to 1-31-72)

5.2.1 Emissions Performance

Thirteen Class A combustor tests were conducted during this test

period, including various modifications of the following basic combus-

tor configurations:

(a)

(b)

(c)

(d)

SKP26259 Vaporizer (7)

PAP218770 Premix (2)

SKP26489 Vaporizer (3)

SKP26489 Pneumatic Impact (1)

Test results are presented graphically and discussed in the

following paragraphs. Test data were converted to a grams per mile

basis using the AiResearch 4-point test procedure (January 1972)

defined in Section 2.2 of this report.

(a)

SKP26259 Vaporizer

Notable features of the baseline SKP26259 Mo {Cone Dome)
Test, Figure .5-8, were NO2 increasing at low fuel-air ratios,
and CO and C6Hl4 decreasing at high fuel-air ratios with
decreasing NOZ' A further observation was NO2 emission index
considerably below the emission index for the Class B com-
bustor. This was attributed to the dilution ports being
closer to the primary zone (on an L/D basis) in the Class A

burner,

AT-6097-R12
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The first modification (Ml)' Figure 5-9, was directed at
running a lean primary zone, high pressure drop and low pri-
mary zone residence time. The result was no change in NOx,

which was not the expected result.

The second modification (Mz), Figqure 5-10, removed the cone
and moved the primary pipe closer to the base plate. This

is a change in the direction of more conventional vaporizers.
The result was an improvement primarily due to reshaping the

NO2 versus fuel-air ratio curve.

The third modification (M3), Figure 5-11, moved the dilution
ports closer to the primary zone following a trend noticed

earlier, The result was a substantial improvement, and what
was not expected was an improvement in combustion efficiency

and temperature spread factor.

Modification 4, Figure 5-12, consisted of removing the pri-
mary pipe and injecting fuel and air into a plenum chamber
attached to the combustor baseplate. The mixture was
injected into the chamber through the radial air distributor
forming the vaporizer impact plate. The intent was to
improve the fuel-air mixing process to ensure a lean mixture
and to try to avoid bringing the fuel and air together from
opposite directions as in the L-pipe injection method, which
has a tendency to establish near-stoichiometric combustion
interfaces through diffusion. This modification exhibited
unsatisfactory lean stability, and a subsequent modification
intended to improve the stability did not result in suffi-

cient improvement to warrant further investigation.

AT-6097-R12
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(b)

(c)

PAP218770 Premix

This combustor (PAP218770) had originally been designed for
natural gas operation for an in-house research program on
combustion noise reduction. The first test, Figure 5-13,

was conducted on natural gas as a baseline evaluation since
prior testing on the vaporizer combustors had shown little
effect of fuel type on NOX emission and because the combustor
had previously exhibited stability problems during operation

on liguid fuel. The preliminary data was very encouraging.

A modification (intended to reduce the premix chamber fuel-
air ratio) was then made to the combustor. Concurrently the
combustor orifice pattern was modified to reduce the open
area to that required by the Class A combustor in order to
test at the correct flow conditions. Test results, Figure
5-14, showed changes in NO, and CO emission as a function of
fuel-air ratio that resulted in higher grams-per-mile values.
The change is attributed to the blockage of primary ports in
the combustor main chamber during the open area reduction
process. Apparently the ports had been effective in both
oxidizing primary-zone-generated CO and in partially freezing

the NO reactions.

SKP26489 Vaporizer

The SKP26489 combustor was a vaporizer design derived from a

combustor developed for burning viscous fuel (Shelldyne H).

The first test on the secondary-pipe dome configuration (Mo),
Figure 5-~15, resulted in a burned primary pipe and severe
distortion of the baseplate. Despite the failure, emissions
measurements indicated that HC and CO emissions were very

low (see Figure 5-15), corresponding to 92.5 percent

AT-6097-R12
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efficiency at a loading parameter of Q = W/Vol P2 Gl/2

= 0.80.
Eighty percent efficiency at Q = 0.80 had been used in sizing
the combustor. This indicated that a combustor of this type

with only 100 in.3 volume (40 percent of the existing 247 in.3

volume) would still meet the HC and CO standards.

The combustor was rebuilt to the M1l configuration by adding
primary pipe cooling and a strengthened baseplate. Somehow,
the improved cooling with perhaps reduced airflow to the

primary zone resulted in an increase in NOX as shown in Fig-

ure 7-16.

At this time, a new high temperature air preheater (heat
exchanger adapted for rig use) was installed in the lab which
provided up to 1000°F combustor inlet air temperature capa-
bility as compared to 740°F. As a result, two measures were

taken to take advantage of this capability.

(1) The FDC emissions simulation test procedure was
changed from a multiple extrapolation involving
temperature, pressure, and fuel-air ratio
(AiResearch 4-point test procedure ME, - December
71) to an extrapolation on temperature only
(AiResearch 4-point test procedure TE, - January
72) . As is described in Section 2.2, the later
test procedure involves setting the actual con-
ditions of airflow and inlet pressure and testing
at 500°F, 740°F, and 1000°F combustor inlet temper-
ature. Once the measured emissions data taken at
these points was reduced and plotted (EI versus
Tin.)’ the emission index, EI, at the correct com-
bustor inlet temperature corresponding to the test
points selected to represent the engine cycle, was

obtained by graphical extrapolation.
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(2)

For comparison, this same combustor (SKP26489-Ml)
was tested using both the 0ld and the new test
procedures. Figure 5-17 presents the new proce-
dure (TE) test results. The mass emissions levels
in grams per mile were determined for each and are

presented below:

GM/mi
SKP26489-M1 NOX (as NOZ) Cco CHX (as C6Hl4)
Test Method 1 (ME) 6.18 0.413 0.0004
[Test Method 2 (TE) 4,19 0,570 0.104

(d)

SKP26489 P

Note that the simpler and more reliable second
method yields lower NO_ mass emissions and far
greater unburned hydrocarbon levels. The slope
variations observed in the plots of unburned hydro-
carbons versus temperature illustrates that extra-
polation on temperature at constant fuel=-air ratio
and inlet pressure, as in Test Method 1, may lead
to inaccurate results. Therefore, it is imperative
that all testing be conducted at the correct com-
bustor inlet conditions, if possible. Test results
obtained using the first test method (AiResearch 4-
point, December 1972) should therefore be examined

carefully with regard to interpretation.

neumatic Impact

The test on this configuration was shortened because of fuel

dribbling

in-high ca
Emission i
shown in F

inlet temp

problems associated with the injector that resulted
rbon monoxide and unburned hydrocarbon emissions.
ndex data as a function of fuel=-air ratio are

igure 5-18; the data were taken at 500°F combustor
erature,
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The injector was modified (SKP26489PIMl) to eliminate the
fuel dribbling problem but was not retested until later in
the test program.,

5.2.2 Emission Pickup Probe Conversion

It was determined early in this test period that an unsatisfactory
correlation existed between emissions profiles measured with the rota-
ting emissions probe and temperatures measured during succeeding tests
with the same combustor and the rotating probe removed. This lack of
correlation was attributed to airflow distortion effects introduced by
blockage resulting from the probe presence at the downstream combustor
support discharge plane. For this reason a fixed probe, drawing its
sample from the discharge theirmocouple aspiration air, was fabricated.
An average sample obtained from 8 circumferential pickup points at each
of two radii resulted. The new setup allowed both conventional perform-
ance and emissions performance data to be acquired simultaneously dur-

ing each test.

The new probe was checked out on a previously tested combustor to
determine if the l6-point pickup represented a true average sample.
Data were compared against the average emissions measured at equiva-
lent conditions with the rotating probe. It was concluded that the
new probe was satisfactory because of the higher values obtained in

this manner, as evidenced by the data tabulated below:

COMPARISON OF EMISSION INDICES MEASURED
BY TRAVERSING AND FIXED PROBES

Emission Index, EI, 1b/1000 1lb
Condition NO Co HC (as C_H,,)
X 614
Rot Fixed Rot Fixed Rot Fixed
2.75 2.75 77.8 | 78.5 32,2 37.0
4,47 4.67 44.2 | 46.5 6.5 7.3

AT-6097-R12
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5.2.3 Conventional Performance (Non-Emissions)

After the conversion to the fixed emissions probe was made, con-
ventional combustor performance parameters were also ~—hecked where
convenient. Among these were pressure drop, tempera.ure spread, and
lean stability.

(a) Pressure Drop

The vaporizer combustors were initailly sized for 4-percent
loss of inlet total pressure at 150 hp (free-turbine engine
cycle) conditions. This value converts to 3.08 percent at
the reduced inlet temperature test ccndition. The following
pressure drops were measured as comr ared with the 3.08-

percent value:

Mzasured

Combustor Pressure Drop, percent
SKP26259 MO 3.02
M1 8.98

High AP/P mod

M2 3.30
M3 3.06
SKP26489 MO 3.60
M1l 3.37
PAP218770 M1 3.22

The effect of combustor pressure drop on NO,, emission index
is illustrated quantitatively in Figure 5-19 for 5 combus-
tors. In general the L-pipe vaporizers have the same slope.

-0.176
EI o (g-)

The slope of the line for the PAP218770 premix
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(b)

combustor is slightly steeper, and the exponent on percent
pressure drop is =0.327. No quantitative, theoretical, or
physical significance has been determined for these exponents,
although qualitatively the fact that NOx decreases with
increasing pressure drop can be attributed to the lower resi-
dence time that occurs due to the higher combustor velocities
associated with higher pressure drop. Probably more impor-
tant, the higher pressure drop also promotes improved mixing
and hence more uniform primary zone fuel-air ratio which may

also reduce NOx emission.

Discharge Gas Temperature Spread

The combustor discharge temperature spread was also measured
by 16 aspirated C-A thermocouples, 8 at each of two radii in
the discharge factor (TSF) defined by

T - T
max avg
Tavg - Tinlet

TSF =

where all temperatures are in °F. Typical results for the

various combustors tested are as follows:

Combustor TSF
SKP26259 MO 0.400
M2 0.317

M3 0.135

SKP26489 MO 0.078
M1 0.118

PAP218770 MO 0.230
M1 0.113

SKP26489 PI 0.345

AT-6097-R12
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(c)

Lean Stability

Because of the low fuel-air ratios associated with recuper-
ated engine cycles, lean blowout was checked on several of
the combustors to determine whether they were suitable for
the particular application. Idle fuel-air ratio for the
AiResearch engine was to be 0.0025, so 0.002 was arbitrarily
set as an acceptable lower limit., Measured results for the
combustors tested are tabulated below.

‘ Test Conditions | Fuel-Air Ratio
Combustor Tin' °F Pin’ psia Wa’ lb/sec | At Lean Blowout
SKP26259 MO 750 58.8 2.18 0.0032

M1 Same as MO 0.0027

M2 Same as MO 0.0015

M3 Same as MO 0.0016

M4 500 22,0 0.64 0.0058

M5 500 22,0 0.64 0.0045
SKP26489 MO 750 58.8 2,18 0.0019

M1 990 18.4 0.47 0.0019
SKP26489 PI 500 24.7 0.76 0.0019

No lean blowout tests were conducted on the PAP218770 premix
combustor because it was felt that the combustor would not
yield representative results on natural gas fuel. Also note
that the tests of the M4 and M5 modifications to the
SKP26259 vaporizer were terminated prematurely according to

the unsatisfactory lean blowout criterion.

On February 3, the program was placed on hold, and further
contract work suspended pending discussions and negotiations
with OAP/EPA.
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5.3 Test Period (February 1, 1972 to August 10, 1972)

5.3.1 Test and Analysis Activity

The test pericd covers a contract hold period (February 1, 1972
to May 15, 1972) in which experimental combustor evaluation sponsored
by AiResearch continued during the official contract suspension period.
The testing was conducted using the EPA-contract combustion rig per
agreement with the EPA and is reported in the sections that follow.

Contract activity was then reinitiated in May 1972,

During the period of AiResearch-sponsored testing, a series of
emissions tests were conducted on a baseline pressure-atomizing com-
bustor typical of the AiResearch Model GTCP85 Engine combustors. Sev-
eral other tests including vaporizing and premix combustion systems

were also conducted.

Subsequent to the reinitiation of the contract effort in accord-
ance with Amendment No. 3, four tests on the SKP26489 vaporizer con-
figuration, including one that simulated recuperator bypass air injec-
tion into the burner for a given engine configuration, and one test on
the pneumatic impact combustor, were conducted. These tests were per-
formed under off-design operating conditions as defined by the "Auto-
mobile Gas Turbine Optimization Study" under EPA/OAP Contract 68-04-
0012,

A new Federal Driving Cycle simulation technique was incorporated
in an existing mission analysis coumputer program which should closely
approximate the engine transient performance required for the vehicle
accelerations and decelerations of the FDC. On the basis of this sim-
ulation technique and with an assumed part-load operating schedule for
an engine, vehicle mass emissions (grams/mile) were predicted from the

combustor emission indexes.
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Table 2-6 showed the new test conditions as determined from the
selected engine cycle performance that resulted from the simulated
Federal Driving Cycle portion of this study. Additional details on

this AiResearch 5-point simulation procedure are presented in Section 2.

5.3.2 Test Results

Emissions test results are presented graphically on an emission
index (EI) basis defined as pound of pollutant per 1000 1lb of fuel
burned. For comparison purposes, the average EI corresponding to the

FDC standards were determined by the following relationship:

0.454 Df (EI)

gm _
mi (MPG)
where
Df = fuel density, lb/gal
(MPG) = vehicle fuel economy, mi/gal
(EI) = emission index, 1b/1000 1lb fuel or gm/kg fuel

The average allowable EI values, based on 14 miles/gal and a fuel

density of 6.25, are as follows:

1976 Federal Emission Standards

Emission Specie gm/mi EI, 1b/1000 1b fuel
NOx (as NOz) 0.40 1,98
CcO 3.40 16.80
. 2,03
HC (as CH1.85) 0.41
HC (as CH4) 0.474 2.34

The allowable EI values were superimposed on the test results which

follow.
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(a)

Baseline Atomizer Tests (P/N 899930)

Baseline atomizer test results are presented in Figure 5-20.
When compared to vaporizer data at similar test conditions,
Figure 5-21, the atomizer exhibits slightly higher NOx emis-
sion with a greater fuel=-air ratio dependence at the higher
inlet temperatures and substantially increased CO and
unburned hydrocarbon (CHX) emissions. These results are
attributed to the fact that the test conditions were not
typical of those for which the combustion system was initi=-
ally designed, and consequently, the primary side of the
dual-orifice atomizer being used was oversized for the appli-
cation involved. Corresponding grams-per-mile levels calcu-
lated by the procedure defined in AT-6097-R9 (Page 6) for
both the atomizer and vaporizer combustors are tabulated

below:

Combustor

P/N 899930 (Atomizer) 4,18 5.65 1.31
SKP26489 (Vaporizer) 3.36 1.98 0.04

1976 Federal Standards 0.40 3.4 0.475

(0.41 as CH )

1.85

(b)

Premix Combustor Tests (PAP 218770)

A modification to the PAP218770 premix combustor tested
earlier in the program was made to improve its performance

on liquid fuel. A successful liquid fuel test was then con-
ducted on JP-4 injected into the combustor prechamber through
a pressure atomizer. Poor efficiency attributed to unsatis-
factory atomization of the fuel in the prechamber resulted

in excessively high CO and unburned hydrocarbon emission.
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(c)

NOx emission was correspondingly very low-estimated at 0.84
gm/mi over the Federal Driving Cycle. NOx emission index as
a function of combustion efficiency based on the test data

is shown in Figure 5-22. The allowable Federal Standards
reguire a combustor efficiency of 99.4%. Increasing NOX with
increasing combustion efficiency is attributed to the higher

flame temperature associated with increased heat release.

Vaporizer Testing

A series of tests were conducted on a recuperated AiResearch
Engine Model GTPR36-61 to determine the effect of recuperator
bypass air (expressed as percent of total engine flow) on

NOX emission levels. The major tests associated with this
program consisted of the following:

(1) An atomizer combustor baseline
(2) A vaporizer combustor baseline (PAP226608)

(3) 1l.5-percent bypass air to the vaporizer combustor
primary pipe or L~pipe (PAP226608)

(4) 3.0-percent bypass air, half to L-pipe and half to
baseplate (PAP226608)

(5) 3.0-percent bypass air plus early quench (PAP226608)

Test results are shown in Figure 5-23. With respect to the
atomizer baseline, the vaporizer showed a 28-percent increase
in NOX at 900°F. With respect to the vaporizer baseline, the
bypass air and early quench modifications resulted in the NOX
reductions shown in Table 5-2. It should be noted here that
pressure losses in the test setup limited the maximum bypass
flow available to 3 percent of the total engine flow. The
engine performance was unaffected by the recuperator bypass

setup, however,
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TABLE 5-2

PERCENT NOX REDUCTION OBTAINED ON GTPR36-61
ENGINE TESTS WITH BYPASS AIR AND EARLY QUENCH

PAP226608 Combustor Percent NOx Reduction at
Configuration Tin = 900°F 1000°F
1.5% bypass '—’710.5 4
3.0% bypass 26 22
30 % bypass + early quench 51 51

(d)

L-Pipe Patternation Tests

Patternation tests were conducted on a vaporizer primary pipe

to determine what modifications would improve the fuel dis-

tribution from the primary or L-pipe.

The configuration which gave the most uniform distribution

of fuel is detailed in Figure 5-24.

The test setup and a comparison of test results from eight
circumferential positions for two L-pipes and the improved
L-pipe are presented in Figure 5-25 and 5-26, respectively.
Table 5-3 presents a quantitative comparison of the resultant

fuel rates per unit time at the eight positions.

TABLE 5-3

Configuration

L-Pipe No. 1

L-Pipe No.

2

Modified L-Pipe

Max-Min

Z'Readigg—Avg'

1.579

0.484

1.819

0.484

0.64

0.170
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(e} BSKP26489 Vaporizer Tests

Four tests were conducted on the SKP26489 vaporizer combustor.
The first test consisted of a baseline run of the original
configuration with an additional radial cooling skirt on the
combustion baseplate. The test was conducted per the con-
ditions shown on Table 5-1. Figure 5-27 shows the basic
dimensions to the SKP26489-M2 configuration tested, and Fig-
ure 5-28 shows the test results. Representative shaft horse-
power (shp) loads shown on this and the following curves are
based on N112V engine cycle performance demonstrated over the
simulated Federal Driving Cycle (shown in Table 5-1) as
determined from the "Automobile Gas Turbine Optimization
Study" (EPA/OAP Contract 68-04-0012). N112V denotes a 1975
technology single~shaft engine cycle with recuperation and
variable inlet guide wvanes. the resultant emissions reflect
an increase in NOX, gm/mi, which is attributed to the test

and calculation procedure change discussed in Section 5.3.3(a).

As a result of thermal distress noted on the combustor base-
plate, particularly on the ends of the secondary pipes, a
baseplate redesign, without the secondary pipes, was con-
structed for subsequent test. Figure 5-29 is a detail sketch
of the redesign and Figure 5-30 shows a photograph of the new
design. Test results for this configuration, Figure 5-31,
showed a slight increase in carbon monoxide and unburned
hydrocarbons attributed to a slight drop in combustion effi-

ciency and essentially no change in NOx emission.
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(£)

The combustor was then fitted with a new primary pipe
equipped with an internal weir to improve fuel distribution.
Test results, Figure 5-32, were essentially unchanged from
the baseline test of the new baseplate design. An overtem-
peraturé failure of the primary pipe occurred during the
test, as shown in Figure 5-33, and since the test data indi-
cated that no benefit was obtained from the new L-pipe
design, the combustor was repaired with a conventional
L-pipe with no internal devices.

Recuperator Bypass Simulation

To more fully explore the GTPR36-61 Engine recuperator bypass
test results, a recuperator bypass test was simulated in the
combustion rig by delivering cooled air to the L-pipe. The
test condition was the 29.5 hp point from Table 2-6. The
effects of both bypass air (percent of total engine flow)

and bypass air temperature were determined.

Test results are presented in Figure 5-34. NOx emission was
reduced 93 percent with l0-percent bypass flow (300°F) and a
combustor inlet temperature of 1060°F (1520°R). A comparison
of emissions obtained at 1l0-percent bypass flow with
emissions that would be obtained with 300°F combustor inlet

temperature is presented below.
COMPARISON OF EMISSION INDEX VALUES

Nox CHx CcoO

(as NOZ) (as CH4)

Emissions at
l10-percent bypass; 2.02 3.02 7.01
1060°F combustor inlet

Emissions at
300°F combustor 4.0 6.0 60.0
inlet
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The introduction of 10% bypass air at 300°F into the primary
zone achieved lower NOx levels than were obtained with all

the combustor inlet air at 300°F. There are several reasons
that could account for the lower NOx levels of the bypass

test compared to Nox levels with all combustor inlet air at
the same temperature. The most important of these are primary

zone equivalence ratio and primary zone turbulence level.

The introduction of 10% bypass air into the L-pipe while the
combustor pressure drop is essentially constant adds 45% extra
air to the primary zone. This reduces the primary zone fuel-
air ratio from a calculated 0.042 to 0.029 (PZ equivalence
ratio from 0.62 to 0.43). With a combustor inlet temperature
of approximately 1000°F, this change in primary zone fuel-air
ratio would reduce the equilibrium combustion temperature

from 3350°R to 2750°R and the corresponding equilibrium con-
centration of NO by a factor of two(l). Therefore, the change
in primary zone equivalence ratio is sufficient to account for
most, if not all, of the measured 2/1 reduction in NOx from

an E; value of 4.0 to 2.0. The availability of increased
quantities of excess oxygen with the leaner primary zone

would also account for the lower measured quantity of CO

emission.

An increase in general turbulence level would be expected as
the result of the high airflow rate and high pressure drop in
the L-pipe at 10% bypass. This higher turbulence level could
improve the mixture homogenity and would improve primary
zone mixing and combustion temperature uniformity in cases
where substantial variations were present during no-bypass
operation. A subsequent test (reported in Figure 5-50) indi-
cated that the turbulence effect on NOx formation rate was a
relatively minor one in this case.

(1) "A Combustion system for a Vehicular Regenerative Gas Turbine

Featuring Low Air Pollutant Emissions", SAE Paper 670936, (1967)
by Cornelius, Stivender and Sullivan.
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Figure 5-35 shows the effect on NOX emission index of
varying the temperature of the bypass air at 5 percent by-
pass flow from its nominal value of 300°F. At 200°F, the
NOX reduction was 2.7 percent compared to 300°F bypass air
temperature. At 400°F, the NOX increased 5.5 percent.
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By comparison, the results shown above reflect a larger than
expected decrease in NOx emission index than for the same e¢onfigura-
tion under the same conditions without recuperator bypass flow [based
on data extrapolated to 300°F (760°R) combustor inlet temperature
(shown on Figure 5-31)]. Possible reasons include increased turbulence
and mixing because of high pressure drop, and higher primary zone
equivalence ratios.

The test results also verified that an engine performance penalty
must be paid in the form of increased fuel flow for control of NOx
emission by the recuperator bypass method. For example, an increase
in fuel-air ratio from 0.0063 to 0.0072 was required to maintain a
constant combustor discharge temperature of 1450°F at 10-percent by-
pass flow. The increased fuel=-air ratio did have the added benefit of
delaying the drop-off in combustion efficiency associated with cooling
and leaning the combustor primary zone as illustrated in Figure 5-36.
These results were further investigated in the cycle studies reported
in Section 5.3.3 (b).

In order to determine the optimum amount of bypass air, the EI
values with bypass from Figure 5-34 were converted to grams-per-mile and
plotted versus percent bypass, as shown in Figure 5-37. This conversion
takes into account the increased fuel flow required when using bypass,
and assumes that the 29.5 hp condition is representative of the emis-
sions over the complete range of operation. For the fixed bypass air
temperature case, the influence of nonbypassed air from the recupera-
tor into the burner was assumed to be negligible, although an air
temperature difference of 260°F was observed between the fixed bypass
air temperature test condition and the 29.5 hp shaft load operating
condition. It can be seen from the plot that the optimum bypass air
percentage is approximately 9 to 10 percent. This could be achieved
with a 3/44-in. primary pipe instead of 1/2 in. The final calibration
will be done at 10-percent bypass, based on the above, to verify the
results obtained and to determine if bypass is as effective at other

horsepower points.
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(g) Pneumatic Impact Testing

The fuel injector of the pneumatic impact combustor configuration
was modified by the addition of a flow diverting cone welded to the
impact plate to prevent coalescing of the fuel droplets in the center
of the plate as had been observed during earlier bench testing of the
atomizer. The fuel delivery pipe was then modified for radial fuel
injection to minimize eccentricity problems between the apex of the
flow-directing cone and the delivery tube centerline. Additionally a
shroud was added around the radial spray ports of the fuel tube to
keep the fuel from impinging on the atomizer venturi walls. These
modifications are illustrated in Figqure 5-38.

The modified injector was then bench tested at atomospheric condi-
tions, Test results indicated that the fuel dribbling noted on the

unmodified injector had been eliminated.

The new configuration was then tested in the rig. Test data,
Figure 5-39, showed that carbon monoxide and unburned hydrocarbon emis-
sions were substantially reduced, but the NOx level was high, esti-
mated at nearly 9 gm/mi. In addition stability problems were

encountered at the low power test conditions.

An examination of the data showed that the injector passed too
much air resulting in unacceptable fuel-air ratios near the idle con-
dition. However, the unburned hydrocarbons and CO emissions are suffi-
ciently low enough that the injector could be resized to give lower
NOx without exceeding the CHX and CO limits. This work, however, was

not done.
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5.3.3 Analytical Effort

(a) Federal Driving Cycle Simulation for Optimized Engine Cycle

The following modification to the test procedure was made to
incorporate new test conditions based on the optimized engine cycle.¥*
The recommended cycle was a recuperated single-shaft engine with vari-
able inlet guide vanes (labeled NII2V).

The Federal Driving Cycle (FDC) was simulated by a mission anal-
ysis computer program'with each route segment represented by a speed
change phase followed by a sustained speed phase to achieve the correct
segment average speed and end speed of the automobile. Then the com-
plete mission (FDC) was surveyed to obtain the total time spent within
each horsepower range. All horsepower levels were covered, using l-hp
intervals to 31 hp, and 3-hp intervals from 30 hp to 121 hp. For the
Federal Driving Cycle, the NII2V Engine does not operate at more than

91 hp at any time.

From the mission analysis program output, a set of test condi-
tions can be chosen that satisfactorily represents the ranges in fuel
flow, pressure, and temperature over which the engine combustion system
must operate. A 5-point representation was chosen as shown in Table 2-6
the end points of the horsepower ranges that are simulated by the 5
test points are shown in Table 5-4. It can be seen from the table that
the points were chosen so as to minimize the range of operating vari-
ables associated with each point in order to ensure maximum accuracy
in the conversion to grams-per-mile.

*Refer to "Automobile Gas Turbine Optimization Study," Final Report
(AT-6100~R7), Contract 68-04-0012,
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TABLE 5-4

TABLE OF 5-POINT TEST EVALUATION

5ot m Mpflow Temerasure, pressure, rusl Mlou, g,
Min 1.3 0,331 1960 20.5 3.64 0.00305
1 Av 1.3 0.331 1960 20.5 3.64 0.00305
__Max[Min 6.5 0,392 1935 21.9 5.30 0.00373
2 Av 8.5 0.412 1915 22.5 5.85 0.00394
__-Max[Min 18.5 0.506 1850 25.8 9.30 0.00500
3 Av 29.5 0,615 1780 29.3 13.40 0.00605
Max|Min 38.5 0.705 1722 32.8 17.00 0.00705
4 Av 53.5 0,850 1660 38.2 23.50 0.00768
Max[Min 62.5 0.935 1632 42.0 27.00 0.00835
5 Av 80.5 1.080 1580 49.4 35.00 0.00900
Max 121.0 1,380 1485 65.0 54.00 0.01050

The use of the 5-point evaluation above accounts for all steady-
state conditions, including a detailed integration of horsepower vs
time during engine accelerations and decelerations. It does not
account for exhaust emissions present during cold and hot engine starts

nor the variation in emissions associated with engine transient opera-
tion.

The effect of the new driving cycle simulation is to increase the
predicted emission levels in grams-per-mile. This is illustrated by
values calculated according to the OAP-suggested procedure compared
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with values from the two AiResearch procedures (original 4-point
simulation versus revised 5-point simulation). Calculations for the
SKP26489 vaporizer yield the following values:

NOx (as NOZ)

FDC Simulation Percent
gm/mi
AiR 5-pt 6.38 137
AiR 4-pt 5.46 117
OAP 4.67 100

(b) Engine Cycle-Recuperator Bypass Study

Off-design cycle studies were conducted on the NII2V Engine to
determine the effect of recuperator bypass on engine performance. Per-
formance data were generated for bypass percentages of 0, 5, and 10
percent of total engine flow at each of the 5-power points in the driv-
ing cycle simulation. The increase in recuperator effectiveness as a
result of decreased throughflow was included. Small secondary effects
resulting from pressure drop changes were assumed to be negligible.
Results of the cycle study are presented in Table5-5; thedata show that
the effect of recuperator bypass decreases as engine power increases
because of the increased combustor temperature rise at higher power
conditions.

The fuel flow rate (Wf) data shown in Table 5-5 has been plotted
against output power for 0-, 5-, and 1l0-percent recuperator bypass
flows (Figure 5-40). Fuel consumption penalties are small at the higher

power levels. The penalties can be significant at low power levels,
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TABLE 5-5

RECUPERATED SINGLE-SHAFT, VIGV AUTO ENGINE
SIMULATED OFF-DESIGN PERFORMANCE AT SEA LEVEL,

85° 1700°F T4 FOR RECUPERATOR
BYPASS FLOWS OF:

0%,

5%, 10%

Engine design point match at T4 = 1900°F
Sea level, standard day, AP/P)B = 4%
HP 1.3 8.5 29.5 53.5 80.5
AP/PBurner 0.0282 0.0333 0.0431 0.0433 0.0420
o
Tcomp disch 641.3 650.7 709.7 773.8 832.5
-]
Trec out R
0% 1968.8 1916.4 1783.4 1676.4 1591.2
5% 1997.6 1942.0 1807.0 1686.9 1609.5
10% 2012.9 1964.6 1829.1 1716.9 1627.7
b o
Tburn-in
0% 1968.8 1916.4 1783.4 1676.4 1591.2
5% 1934.6 1881.9 1756.7 1653.0 1572.2
10% 1885.0 1841.9 1723.0 1627.0 1551.3
€
regen
0% 0.9582 0.9508 0.9227 0.8996 0.8778
5% 0.9790 0.9700 0.9430 0.9200 0.8990
10% 0.9900 0.9870 0.9620 0.9400 0.9200
wf, 1b/hr
0% 3.4 5.8 14.0 23.4 34.5
5% 4.0 6.61 15.0 24.5 35.6
10% 4.9 7.56 16.2 25.7 36.8
f/a
0% 0.0031 0.0040 0.0061 0.0077 0.0091
5% 0.0037 0.0046 0.0065 0.0081 0.0094
10% 0.0044 0.0052 0.0070 0.0085 0.0097
*T . includes mixing of
burn-in

recuperator bypass flow.
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depending on the amount of bypass required to achieve the desired NOx
emission reduction at these lower power levels. This can be seen from
the plot of percent fuel consumption penalty vs output power in Figure
5-40. If a 9-percent bypass flow is needed at low power levels, the fuel
consumption penalty would range from about 6 percent at 80 hp to 39
percent at idle. While the results shown in Figure 5-31 would indicate
that bypass flows of 9 percent might be desirable, several factors
could make the optimum bypass flow lower than that value. The test
represented in Figure 5-40 was run at a fixed power condition and with
the bypass temperature fixed at 300°F., If the bypass air temperature
is assumed to be at compressor discharge temperature, the range of
bypass temperature expected is from 180°F to 370°F. Because of the

low temperature of the bypass air at low power conditions, the amount
of bypass flow may be reduced for a desired NOX reduction. Figure

5-41 shows a comparison between 5 percent bypass flow and 9 percent
bypass flow with respect to fuel consumption penalty.

(c) Data Reduction Program

During the contract hold period, a computer program available at
AiResearch for engine emission data reduction was modified to allow
computerized data reduction of rig data. Both emission index and
pollutant generation rate in lb/hr are calculated. The emissions con-
centrations are corrected to concentrations in wet exhaust from a com-
bustion process with dry air. In addition, combustion efficiency is
calculated from the measured carbon monoxide and unburned hydrocarbon
concentrations. A typical computer printout is shown in Figure 5-42.

It should be noted that unburned hydrocarbons are calculated as

methane, CH If it is necessary to convert the emission indices to

4'
equivalent CHl g5 ©F C6H14’ the printed values should be multiplied by

0.865 or 0.895, respectively.
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FUEL CONSUMPTION PENALTY, PERCENT
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5.4 Test Period (8-=10-72 to 11-15-72)

5.4.1 Test Results

Tests were conducted during the test period on several vaporizer

combustor configurations and on the pneumatic impact injector combus-

tor. The testing included operation with simulated recuperator bypass

operation as well as at the zero bypass flow condition. The combustion

rig mouilied for bypass simulation is shown in Figure 5-43.

(a)

Bypass Simulation Plus Transverse Primary Jets - Fuel build-

up on the outlet leqg of the primary pipe at low fuel flows
was observed during primary pipe fuel distribution tests.
The combustor that had undergone the recuperator bypass simu-
lation test was therefore modified (SKP26489M3 SD) by the
addition of three primary ports arranged as in Figure 5-44
to inject air at the primary pipe outlet leg to eliminate
fuel cohesion at the pipe outlet at low power conditions and
to reduce the local fuel-air ratio at the primary pipe dis-
charge plane. This test was suggested by trends noted dur-
ing testing on an earlier vaporizer configuration and sub-
stantiated by subsequent testing with recuperator bypass in
an AiResearch GTPR36-61 Engine.

The GTPR36-61 engine tests had indicated that NOX emission
reductions could be attained by increasing the amount of

alr being injected through the primary ports., This trend
held true up to the point where an additional 30 percent
primary air was being introduced; beyond that point the com-
bustor stability deteriorated. From these data it was
decided that transverse primary ports injecting an additional
25 percent primary air would be satisfactory for the combus-
tion rig recuperator bypass simulation test, and the combus-
tor was so modified. The dilution ports were blocked off an

equivalent amount to maintain the same overall pressure drop.
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COMBUSTION RIG MODIFIED FOR BYPASS SIMULATION

FIGURE 5-43
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(b)

The test was conducted at pressure and flow conditions cor-
responding to the 29.5 hp power condition in order to compar
results with the original bypass test without primary jets.
Test results are compared in Figures 5-45, 5-46, and 5-47.
The data showed similar NOx reduction potential to the
earlier test, but the drop-off in combustion efficiency asso-
ciated with bypass operation occurred at 10 percent rather
than 15 percent bypass flow. This is because the primary
jet configuration provides a leaner primary zone. Since the
primary zone with transverse jets is already more lean than
the nonjet combustor and the fact that bypass operation
reduces the primary zone equivalence ratio and average tem-
perature, less bypass flow may be added in a primary-port
combustor before the stability limit of the combustor is
reached.

Bypass to Primary Pipe and Dome - Since the bypass test with

primary jets verified that 10 percent bypass still gave the
maximum NOX reduction, it was concluded that without a change
in the engine cycle, it was impractical to attempt to take
advantage of the additional reduction potential demonstrated
at lower bypass percentages., Instead, a modification was
made to the combustor to attempt to introduce the bypass air
into the combustor at lower pressure drop. To this end an
additional bypass line was added to the system that delivered
bypass air to a plenum attached to the combustor baseplate.

A schematic of the dual-bypass combustor is shown in Figure
5-48 and a photograph of the dual-bypass combustion rig is
shown in Figure 5-49, The bypass flow split was controlled
by the area ratio between the L-pipe and the center base-
plate rosette discharge annulus. This flow split was approxi
mately 58 percent through the dome, and 42 percent through
the L-pipe.
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DUAL BYPASS COMBUSTION RIG

FIGURE 5-49



(c)

Test results for this configuration, again at the 29.5 hp
flow and pressure conditions and maximum facility inlet
temperature, are shown in Figure 5-50. The data essentially
repeated that obtained with the original configuration with
bypass through the primary pipe only, except that the deteri-
oration in combustion efficiency at 15 percent bypass was
more severe with the dual-bypass system (88.5 percent com-
pared with 93.0 percent).

L-Pipe Vaporizer With Staged Dome, SKP26489SD - Final
Calibration - Because the dual bypass test indicated that by

injecting all bypass air through the primary pipe at high
pressure drop was not causing artificially low NO_ readings
and because there appeared to be no advantage from an emis-
sions standpoint in retaining the dual bypass system, it was
decided to conduct the final test at 10 percent bypass
through the primary pipe only. The primary objective of the
test was to evaluate the effect of the recuperator bypass

NO control concept at test conditions other than the 29.5
hp condition and to generate sufficient emissions data to
predict a grams-per-mile value for the Federal Driving

Cycle (FDC).

The test procedure consisted of testing at the pressure
levels defined for the 5-point FDC simulation defined in
Section 2.2. The flows were corrected up by a constant fac-
tor to maintain 3 percent combustor pressure drop, and the
fuel flows were increased by a similar amount. Ten percent
bypass flow was delivered through the primary pipe at a tem-
perature corresponding to compressor discharge pressure at
each of the 5 test conditions. The fuel flow was again
increased to account for the performance penalty incurred as
a result of the recuperator bypass operation; resultant fuel
flow increase as a function of bypass percentage is shown in

Figure 5-51.
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(d)

It was intended that emissions data would be taken at
constant airflow, fuel flow, bypass flow, and combustor inlet
pressure at each of three inlet temperatures up to the
capability of the facility in order to establish a means by
which data could be extrapolated to the inlet temperatures
defined by the cycle. While at the maximum combustor inlet
temperature conditions, the facility preheater tube bundle
developed an internal leak that precipitated a failure in
the test rig combustor as a result of diverting air from
the rig. The loss of air to the rig at constant fuel flow
was accompanied by a step increase in the discharge tem-
perature at which time the facility was shut down, but by
that time the combustor was already destroyed.

Subsequent disassembly of the rig and visual inspection

of the combustor indicated that failures had occurred in
the baseplate and in the combustor liner at the first
cooling skirt. Photographs of these failures are shown in
Figures 5-52 and 5-53.

In order to complete the final test, both the preheater
and the combustor required repair. A period of two months
elapsed while repairs were being completed. The final test-

ing was subsequently reinitiated in October, 1972.

L-Pipe Vaporizer With Staged Dome, SKP26489SD - Final
Calibration - This configuration is shown in Figure 5-54.

Results of the continued final test are presented in
Figures 5-54, 5-55, 5-56, and 5-57. The zero bypass data
are shown in Figure 5-58 for reference. It can be seen
from the data that a substantial reduction in NO_ emission
is available with recuperator bypass with significant
changes to CO and unburned hydrocarbon emissions.
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SKP26489-SD COMBUSTOR BASEPLATE FAILURE

FIGURE 5«52
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(e) SKP26489SD Vaporizer - OAP 6-Point FDC Simulation - After
completion of the initial final calibration testing of the

L-pipe vaporizer combustor with staged dome, represented by
the initial data shown on Figure 5-57, a test was conducted
using the OAP 6-point simulation procedures. Some oper-
ating conditions of the AiResearch 5-point test and the OAP
6-point test were then repeated by additional runs to deter-
mine if the emissions performance had changed because of dis-
tortion of the dome by the combustion. The check run results
for the AiResearch 5-point testing are superimposed on Figure
5-57.. Significant emissions differences were measured during
these check runs, and it was decided to repeat the OAP test
with a newly fabricated dome of identical design.

The OAP test results and calculations are tabulated in

Figure 5-59 for the five test points at 10 percent bypass
with the distorted dome. The emission index values are given
for each test condition. Fuel flows and fuel-air ratios

were adjusted during the test to account for the estimated

fuel consumption penalty, as in all previous testing.

All emissions were above the 1976 standards. However, it can be
seen that 98 percent of Fhe HC and 94 percent of the CO comes from
points 2 and 3. It was thought that dome distortion in combination
with a high bypass ratio may have been excessively leaning qut the

primary .zone during these low heat-release points.

The dome was then replaced with a new one of identical design.
The test was repeated and extended to include variable bypass opera-
tion (6 percent, 8 percent, and 10 percent) at OAP test points 2 and
3. Figures 5-60 and 5-61 show the varihble bypass results for points
2 and 3, respectively. These figures, along with the El values from
the other test points, were then used to predict the emission at

several assumed variable-bypass schedules. The results were as follows:
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OAP 6~POINT SIMULATED FEDERAL DRIVING CYCLE MASS EMISSIONS
WITH 10-PERCENT RECUPERATOR BYPASS AIR
(DISTORTED DOME)

NO,
—X
POINT EI X KFc* = EIxKxFc EIxXKxFc/7.5
1 0.96 0.045 0.043 (0.0058)
2 0.394 0.580 0.228 (0.0305)
3 1.14 0.447 0.453 (0.0679)
4 1.84 0.478 0.880 (0.117)
68%
5 4,25 0.447 1.900 (0.253)
6 13.28 0.035 0.465 (0.061)
3.969 + 7.5 = 0.53 gm/mi

(At 0% bypass, the gm/mi was 4.67 or a 77% reduction from the original burner NOx emission)

co
POINT EI X KFc = EIxKxFc EIXKxFc/7.5
1 <1l.0 0.045 <0.045 (<0.006)
2 58.4 0.580 33.87 (4.514)
94 %
3 8.5 0.447 3.80 ( (0.507)
4 3.84 0.478 1.84 (0.245)
5 <0.1 0.447 0.045 (<0.006)
6 12.72 0.035 0.445 (0.059)
40.05 + 7.5 = 5.3 gm/mi
HC
POINT EI X KFc = EIxKXFc EIXKxFc/7.5
1 <0.1 0.045 <0.0045 (<0.0006)
2 7.1 0.580 4.118 (0.549)
98%
3 3.58 0.447 1.600 (0.213)
4 0.24 0.478 0.115 (0.015)
5 <0.01 0.447 <0.0045 (<0.0006)
6 0.29 0.035 0.010 (0.0013)
5.852 + 7.5 = 0.78 gm/mi

*Fc = Wg at 10% BP/Wg at 0% BP

FIGURE 5-59

AT-6097-R12
Page 5-95



EI CO LB/1000 LB

35

—

30 4

25

20

15

10

EI NO_ AND EI HC

B co
7 A
6 KEY :
ABO® [poME COMBUSTOR(DISTOLRTED)
AOO |DOME COMBUSTOR (NEW) /
5 ‘// /
4 / //
R ot
i /
/
9 N /I
» Vo
[ ] X /
' >A\
~—iEL-—~ﬁ&r——————” B
@
0+
6 7 8 9 10 11

PERCENT BYPASS

EFFECT OF RYPASS AT OAP CONDITION 2

FIGURE 5-60
AT-6097-R12
Page 5-96



ET HC LB/1000 LB

14

12

10

AND EI O
o

EI NO
x

N

—A
REY ¢
ABRO DOME COMBYSTOR (DISTORTED)
AOO DOME COMBYSTOR (NEW)
[ |
o

g

[

EFFECT OF BYPAS

7 8 9 10
PERCENT BYPASS

S AT OAP TEST CONDITION 3
FIGURE 5-61

AT-6097-R12

Page 5-97



TABLF. -6

EFFECT OF VARIABLE BYPASS

Assumed BY Variations Emissions, gm/mi
Schedule : . OAP Test Percent
"~ No. Configuration Foint Bypass | "Ox  HC  CO
1 Distorted All lo 0.53 0.78 5.3
dome
1 New dome all 10 0.66 0.12 1.90
2 New dome 1,3,4,5,6 10 0.66 0,09 1,82
2 9 1/2+
3 New dome 1,3,4,5,6 10 0.78 0.09 0.9C
2 1
4 New dome 1,4,5,6 10 0.80 0.06 1.19
2,3 8

5.4.2 Discussion of Test Results

The various tests conducted on Class A vaporizer combusters, in

conjunction with *he recuperator bypass concept, established several

trends that warrant further investigation. These findings are discus-

sed below in the order in which the tests were conducted.

(a)

Bypass Simulation Plus Transverse Primary Jets - IMigure 5-45

presents additional NOX reduction over and akove that avail-
able from bypass alone and appears to be attainable at low
bypass percentages, with primary air jets. Specifically, the
data show that the NOX emission reduction in percent, changes
from 46 to 66 at 3 percent bypass and from 68 o 76 at 5
percent bypass with the addition of primary jets at the 29.5
hp test condition flow and inlet pressure and maximum avail-
able test temperature. These data suggest that this com-
bined method of NOX control might be attractive in an auto-

motive application with a schedule of combustor inlet
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(b)

temperatures optimized with respect to the reduction of NOx
emissions over the range of engine operating conditions.

The bypass flow percentage required would then be optimized
to the lowest value to minimize the fuel consumption penalty
associated with bypass operation thereby improving overall
engine performance.

Note that the benefit derived from the primary jets decreases
with increasing bypass percentage. This is attributed to

the effects of the bypass operation and the primary jets
simultaneously acting to reduce primary zone equivalence
ratio (hence, combustion efficiency). At the lower bypass
percentages the primary pipe internal fuel-air ratio is above
the rich extinction level and the air injected through the
primary jets is required to complete combustion. At 10 per-
cent bypass, however, the internal fuel-air ratio is slightly
below stoichiometric such that combustion can be completed
prior to the point of influence of the primary jets. The
bypass ratio at which the primary pipe internal fuel-air
ratio decreases to stoichiometric is the apparent point at
which there is no further effect of transverse primary jets.
For example, the internal fuel-air ratios at 3, 5, and 10
percent bypass are approximately 0.21, 0.13, and 0.065 at the
29.5 hp test conditions.

Bypass to Primary Pipe and Combustor Dome - As was illus-

trated in Figure 5-46 the dual bypass arrangement appears to
have potential for additional NOX emission reduction at
bypass percentage in excess of 10 percent. This is in contra-
diction with the test results for the single bypass system in
which a NOx emission increase was noted in going from 10 to

15 percent bypass. Further testing is required to establish
the validity of these trends and to determine the ultimate

benefit available from recuperator bypass.
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(c)

In the event that such a program is undertaken, methods would
have to be explored to delay the drop-off in combustion effi-
ciency associated with high bypass percentages. In partic-
ular it can be seen from Figure 5-46 that carbon monoxide and
unburned hydrocarbon emissions at 15 percent bypass for the
dual delivery system are much greater than for the primary
pipe bypass only. If cycle studies demonstrate that bypass
percentages greater than 10 percent are feasible from an
engine performance standpoint, then a dual delivery system
with combustion efficiency control is an attractive candi-
date NOx control system. Efficiency drop-off point might be
predictable from primary zone aerodynamic loading consider-

ations.

L-Pipe Vaporizer With Staged Dome (SKP264895D) - Final
Calibration - The data from the final calibration test with

SKP26489SD were converted to grams-per-mile by the method
described in Section 2.2 and compared to the zero bypass
values of the best vaporizer, SKP26489M2,

This comparison is the most conservative comparison possible.
The emissions at 10 percent bypass for a vaporizer combustor
which had high zero-~bypass emissions (SKP26489 SD) are com-
pared with the zero-bypass emissions of the vaporizer com-
bustor that had the lowest zero-bypass emissions. The

values are tabulated in Tables 5-7 and 5-8 below.

AT-6097-R12
Page 5-100



TABLE 5-7

I1ASS EMISSIONS PREDICTION OVER THE SIMULATED FEDERAL DRIVING CYCLE

(for a vaporizer combustor with and without recuperator bvpass)

GRAMS/IILE
mussion | JE0 simss 1o pmromn mvnss | gy | RepvomIoN
CO 0.13 0.071 3.4 45
HC (as CH4) 0.012 0.005 0.47 58
NOX (as N02) 6.38 1.73 0.4 73

The emission index to grams~per-mile conversion constants at
each power level as tabulated in Section 2.2 were multiplied
by the fuel consumption penalty factors resulting from bypass
operation as determined from engine cycle calculations. The
penalty factor is the ratio of the fuel flow required at the
specified power output with 10 percent bypass to the fuel
flow required with no bypass. The fuel flow increase for
bypass operation 1s plotted versus bypass percentage in
Figure 5-47 for lines of constant engine power. Tabulated
below is a comparison of the zero bypass conversion constants

with those corrected for 10 percent bypass operation.

TABLE 5-8

EFFECT OF 10 PERCENT RECUPERATOR BYPASS ON EI CONVERSION

CONSTANTS AND REQUIRED FUEL FLOW

POWER CONSTANT, Ko FUEL FLOW CONSTANT, Ky
SHP (NO BYPASS) PENALTY FACTOR, Fc (10 PERCENT BYPASS)
1.3 0.0103 1.441 0.0148
8.5 0.0881 1.303 0.1144

29.5 0.0565 1.158 0.0650

53.5 0.0246 1.099 0.270

80.5 0.0038 1.067 0.0041
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Bypass operation at the low power conditions results in a
larger fuel flow penalty because the combustor inlet temper-
ature is effectively reduced and is reflected as a greater
percentage of the combustor overall temperature rise at the
lower fuel-air ratios. The fuel flow increase, is, there-
fore, a greater percentage of the zero bypass fuel flow in
order to bring the combustor discharge temperature back up
to its initial value.

While the absolute value of the NOx emission in grams-per-
mile is still in excess of the 1976 standard, the magnitude
of the reduction achieved with the recuperator bypass con-
cept is highly significant. A 73 percent reduction in NOx
emission was realized with 10 percent bypass over the best
configuration of the SKP26489 vaporizer combustor without
bypass, namely the M2 configuration with secondary pipes.

The magnitude of the reduction is greater than 75 percent
compared with the zero bypass value of the staged-dome con-
figuration currently in use. Furthermore, realize that the
SKP26489 vaporizer combustor with no bypass generated the
greatest amount of NOx of all the baseline combustors tested.
The potential to meet the 1976 standards still exists with
other combustor configurations, particularly if the variable
engine geometry of the automotive engine cycle is exercised
to optimize the combustor inlet temperature from an emissions

standpoint.

Figure 5-62 shows the NOX emission index plots for the best
SKP26489 zero bypass configuration (M2) and the 10 percent
bypass staged-dome configuration (SD) superimposed. Note
that the reduction available with bypass decreases with
increasing power level. The significance to this is that
the engine/vehicle spends greater than 50 percent of its
operating time at power levels below 10 HP over the Federal

Driving Cycle (FDC). A comparison between the emission
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indices extrapolated to the combustor inlet temperatures
specified by off-design engine performance analysis and the
percent reductions achieved with l0-percent bypass are shown

in Table 5-9 as follows:

TABLE 5-9
NOX REDUCTION ACCOMPLISHED WITH 10 PERCENT RECUPERATOR BYPASS
EMISSION INDEX EMISSION INDEX

POWER, ZERO BYPASS 10 PERCENT BYPASS PERCENT
SHP (SKP26489 M2) (SKP26489 SD) REDUCTION
1.3 41.6 7.0 83,2
8.5 38.0 9.4 75.2
29,5 31.3 7.0 77.6
53.5 29.4 9.4 68,0
80.5 31.0 16.2 47.7

A significant reduction potential exists at the low power
levels typical of vehicle operation over the Federal Driving
Cycle. The data suggests that a variable bypass arrangement
might be effective in maximizing the NOx reduction as a func-
tion of part load power level. This possibility could be
explored by conducting a bypass evaluation test at each of
the five conditions chosen to simulate the FDC to determine
whether the optimum bypass percentage varies as a function

of power output.

The reduction in bypass effectivity with increasing power
level is believed to be related to the primary zone equiva-
lence ratio. Since the bypass air is delivered with the
fuel through the primary pipe, the system tends to function
similar to a premix combustor in that the primary zone
equivalence ratio is strongly influenced by the equivalence
ratio in the primary pipe (fuel plus bypass air).
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At low power levels, l0-percent bypass air is sufficient to
reduce the primary pipe fuel=-air ratio well below stoichio-
metric with a corresponding decrease in primary zone tempera-
ture. For instance, at the 1.3 and 8.5 hp test points, the
equivalence ratio in the primary pipe is 0.45 and 0.58,
respectively. Corresponding equilibrium flame temperatures
would be below 2700°F resulting in low NOX formation rates
even if no further dilution of the primary pipe mixture is
assumed to occur prior to combustion. Dilution would fur-

ther reduce this temperature.

At high power levels (above 40 hp), the primary pipe fuel-
air ratio with 1l0-percent bypass is slightly greater than
stoichiometric yielding higher primary zone temperatures and
corresponding higher NOx emissions, At the 53.5 and 80.5 hp
test points the equivalence ratio in the primary pipe is
1.13 and 1.32 respectively. Corresponding equilibrium flame
temperatures would be in the range of 3700°F to 3800°F pro-
vided the amount of additional primary air, over that sup-
plied in the primary pipe, is not greater than about 20 per-
cent for the 53.5 hp test point and not greater than about
50 percent for the 80.5 hp test point. These high primary
zone temperatures yield high NOX formation rates,.

A variable bypass system would offer the potential of main-
taining the beneficial effect of a lean primary premix
system throughout the load range. Previous attempts to con-
trol primary zone equivalence ratio without premixing or
burner variable geometry have been unsuccessful, except for
bypass operation. Such results are typical of combustors

that operate with diffusion flames.
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(d)

A further indication that variable bypass or premix with
bypass might be effective as a NOx control technique is
illustrated by a comparison of the effect of overall fuel-
air ratio on NO, emission for the zero bypass configuration
as shown on Figure 5-63 for the maximum inlet temperature test
conditions. The data show that at the higher fuel-air ratios
there is a strong dependence of NOX emission on fuel-air
ratio., The smaller difference in NOx emission index between
»~re and ten percent bypass at the high fuel-air ratios
impiies that the bypass percentage could be optimized at the
higher power levels to obtain additional reduction.

L-Pipe Vaporizer - OAP 6-Point FDC Simulation - A conclusion

of the test was that the distorted dome had caused excessively
lean operation of the primary zone with resultant high values
of HC and CO.

The results further illustrate that variable bypass can be
used to achieve desireable compromizes in total Federal
Driving Cycle emissions. NOx and CO emissions would be
further reduced by operation of several of the points at
bypass ratios greater than ten percent. This is illustrated
by Figure 5-61.

The desirable CO and NOX combination from assumed Schedule 3
from Table 5-6 (7 percent bypass at point 2, 10 percent bypass
at all other points) should be noted. It should be possible
to achieve the 76 FDC emissions standards by; 1.) reducing

the combustor volume to increase the loading, thus achieving
lower NOx and higher CO and HC, 2.) additional optimization
on the combustor fuel delivery systems and 3,) combined
optimization of the engine cycle and the combustor character-

istics.
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5.5 Effect of Inlet Temperature on NOx Over FDC

The computer simulation of an automobile performing over the
Federal Driving Cycle (FDC) involves a number of assumptions which
affect the predicted emissions. Obviously, the type, size, and con-~
figuration of the vehicle's engine have important influences; The type
of transmission selected has a strong influence. Another of the most
important influences is the part-load operational schedule that is
selected for the engine, Once the transmission is defined in a fixed-
geometry gas turbine engine, the part-load operational schedule is
fixed. However, in variable-geometry turbine engines, the designer has
the freedom to select, within limits, the part-load operational sched-~
ule which optimizes the engine in a desired manner. This optimiza-
tion could be for best fuel economy, lowest NO,, emissions or various
tradeoffs of these or other desirable performance qualities.

The part-load operational schedule used in the AiResearch mission
simulation program was optimized for good part-load fuel economy as
determined for the NII2V engine studied in the Automobile Gas Turbine
Optimization Study.* Good part-load fuel economy was achieved by main-
taining high combustor discharge temperatures at reduced power levels
by the use of variable inlet guide vanes. This selected schedule has
high combustor inlet temperatures at reduced power levels as shown

in Schedule A on Figure 5-64.

NO formation is exponentially dependent on local combustion tem~
perature. The fuel-air ratio, heat loss rate to the combustor walls,
combustor inlet air temperature, bypass rate and bypass air temperature
all have an important influence on the NOX formation and emission

rates.

*Automobile Gas Turbine Study, EPA Contract 68-04-0012, Final Report
(AT-6100~R7), July 14, 1972,
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The emissions shown in Figures 5-55, 5-56, and 5-57 may be used
to illustrate the effect of selected combustu. inlet temperature on
the simulated FDC emissions at constant bypas: zate (10 perceng) and
bypass air temperature {300°F},

Figure 5-64 presents, for example, two comnustor inlet temperature
(CIT) schedules, A and D as a function of ouipu* power.

® Schedule A reflects the AiRessarch 5-point FDC simulation
procedure selected for best fuel economy. (Defined in

Section 2.2}

® Schedule D corresponds to arbitrarily defined schedule at

lower combustor inlet tamperatures.

Table 5-10 presents the computation of simulated NOX, CO, and HC

emissions over the Federal Driving Cycle for the two CIT schedules.

The predicted NOX emissions for these schedules are 1.73 and 0.85
grams/mile for Schedules A and D, respectively. Thus, a NOX reduction
of 50 percent is predicted for changing the CIT schedule from the
schedule used in the AiResearch 5-point simulation procedure to
Schedule D. Concurrently, the CO increases from 0.044 to 0.65 grams/
mile and the HC increases from 0.004 to 0.25 grams/mile. Even at the
increased values of the lower CIT schedule D, the CO is only 19 percent
of the 1976 Federal Standard and the HC is only 6 percent of the 1976

standard. These margins would permit further reduction in NOX while

continuing to meet the emission standards £o- 7 2nd HC. The fuel
economy reduction was estimated at v _er.».. . .. - FLC and has been
accounted for in the results. This o1 . fo et vnla pre-

dicted advantage. However, thig +iivearrarse rmna nnkanriat oy

significant FDC NOx reduactions 5 zhe I.titnra s% L Lacted
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combustor inlet temperature schedule in combinacion with bypass ratic.
Since reduced CITs and the use of racuperator bypass, both have detri-
mental effects on fuel ecoromy, a complete part~lcad analysis witl var-~
ious combinaticns of bypass ratio and CIT is necessary to arrive at tha
optimum trade off between minimum NOX emissions and reduced fuel

economy .
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5.6 Development Test Summary

Table 5-11 presents a Summary of Test Results for the combustor

development program.

During development testing, an examination was made of various
methods of measured NOx emissions data presentation. Preliminary
indications suggest a suitable Nox correlating parameter in the form

of an aerodynamic loading parameter

W

Q:
Pn Vol. eT/540

where W = combustor inlet airflow, lb/sec
P = combustor inlet pressure, atmosphere
T = combustor inlet temperature, °R
Vol, = combustor volume, ft3

n = exponent

The following Figure 5-65 is an example of a machine plot of
NOX emission index as a function of the combustor loading parameter
based on data obtained from the vaporizing combustor, SKP26489. It
is significant to note that as combustor aerodynamic loading is
increased, by a corresponding decrease in combustor volume, lower NOX
emissions should result for this combustor configuration. However,
additional study should be conducted on this and other Nox correlating
parameters for a number of combustor configurations prior to making

any generalizations about combustor emissions performance.
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&, CONCLUSICNS AND RECOMMENDATIONS

b.1 vonclusicns

An arnalvtical mcdel was formulated and programmed for a digital
The mcdel predicts the formation of the trace species
anrd nitrogen dioxide (N02) for a specified two-

compnreaer

a8 ke o s - - 'Y
DLEL O Th s NGO

divessionsl “iow fi=21ld in o gas turbine combnustor,

Cemeariszen of the nitrecgen oxide cnncentrations with one test case

incorporouing more rigorous ~alculations using a cne-dimensional flow
ardel sbowed good agreement (see Appendix T, Pages 33 through 35).

I: vhe erperimental program, a variety of combustor configura-
rig testad, inclading vapcrizers, atomizers, radiant, pneu-

maric impact and premix combustors, Both an atomizer combustor and a

cempbusteor with varicus recuperator bypass ratios were tested
icant test cenclusions have been identified and

3 Cempustor Development and Evaluaticn.

sl an encine,  Signif
getaien 3

Ccnclusions reacnad regarding the relative merits of each system

tes .ed ane presented below

T2 conventional gas hurbine pressure-atomizing comhustor

woeuld regquire snme modificatien to be applicable to a low

emissicn automotive engine. This is because of the problem

cff-design combustion efficiency as well as relatively
Such medification would preokably include

gt NO_ emissinus.

¢ome typs of ailr assisted atemization.

2 fiim-vaporizing combustion system, by itself, offers sig-
improvemant cver a pressure atomizing system with

i

nivicant
restact to ccmbustion efficiency, and its fuel delivery sys-
ten ig more adapteble to NOX emission reduction by inlet

Fomperature and fuel--air ratio cnntrel.
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® The premix combustion system shows potential for reduced
NOx emission. This is due to control over the primaryszone
fuel-air ratio inherent with this design, as opposed to
pure diffusion flame combustors of the atomizing or vapor-
izing types. Flashback is a potential hazard with this
system, however, particularly at the high inlet temperature
characteristic of recuperated engine cycles,

° Insufficient data were generated for the pneumatic impact
fuel injection system from which to draw legitimate conclu-~-
sions. The baseline NOx emission level for this configura-
tion was generally higher than the other systems. By virtue
of its design, however, the pneumatic impact atomizer is an
attractive system on which to apply the recuperator bypass
technique because by injecting all primary air and all
bvpass air through the injector venturi the designer can at
once control both primary zone inlet temperature and fuel-

air ratio,

The experimental program was able to achieve high combustion effi-
ciencies, significant reductions in Nox emissions while maintaining
acceptable low HC and CO emissions, and low temperature spread factors

in practical combustor designs.

The concept of recuperator bypass to the combustor was evaluated
both in an engine and on the combustion test rig. NOx reductions of
up to a 97-percent reduction were measured at individual test condi=-
tions. The predicted NOx reductions over simulated Federal Driving
Cycles were from 72 to 77 percent depending on the simulation method

used.

When a high (10 percent) and fixed bypass ratio was used in a
vaporizer combustor at all operating points selected to simulate the

Federal Driving Cycle, the low power conditions with low combustor

AT-6097-R12
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inlet temperatures yield excessive HC and CO emissions. This is
believed to be caused by excessive lean fuel-air ratio and by excessive
cooling or quenching in the primary combustion zone. Two methods of

allevizting this condition could be used.

(a) Using a lower, but fixed, bypass ratio for all operating

conditions

(b) Using a bypass ratio which is varied as a function of engine
load (that is, reduced bypass-ratio at the low power condi-

tions)

Based on the test data taken during the program, it is reasonable
to postulate that at any operating condition, a bypass ratio exists
where major NOx reductions are possible and where CO and HC emission

increases are acceptable.

The predicted values of emissions from a gas turbine powered
automobile when driven over the Federal Driving Cycle were found to be
as much as an order-of-magnitude difference (for HC and CO) depending
on whether a particular pollutant was predicted using the EPA/OAP
simulation method or the AiResearch-developed 5-point simulation
method. (NOX predictions were different by a factor of 3 to 1, with
the AiResearch 5-point method predicting the higher values.)

The predicted values for the Federal Driving Cycle emissions are
also very sensitive to the assumed part-load operating schedule for
the hypothetical gas turbine engine assumed. A part-load operating
schedule which is optimized on minimum fuel consumption, as was done
in the cycle analysis performed for this study, will generally result
in low values of HC and CO emissions. Because of the strong dependence
of NOx formation on burner inlet temperature, this optimization on
fuel consumption will generally result in adverse rates of NOX forma-

tion. The variable geometry gas turbine, such as provided by VIGVs,

AT-6097-R12
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provides the ability to select the burner outlet temperature {(thus,
also burner inlet temperature) at part load so as to optimize on the
desired low NO emissions.

There is considerable potential for optimizing the bypass tech-
nique in combination with other NOx reduction techniques and for simv.-
taneously optimizing the schedule of burner inlet temperature as =z
function of load at low power levels so as to minimize the formation
and emission of NOX. The potential exists for meeting the required
total emission goals over the FDC with less fuel consumption than the
1976 spark ignition engine and with a fixed burner geometry 1n a gas

turbine engine.

Summary of Conclusions

{(a) Recuperator bypass, correctly applied, is an effective NOx
control technique

(1) An 82 percent reduction in NOx using 10 percent bypass
was demonstrated on a vaporizer combustor (SKP26489 3D)
during AiResearch 5-point FDC simulation. The calcu-
lated fuel consumption penalty for 10 percent bypass

compared to zero-bypass over the FDC was 18 percent,

(2) A 73-percent reduction using l0-percent bypass was demon-
strated during AiResearch 5-point FDC simulation. This
result was determined from two vaporizer combustor con-
figurations; a vaporizer that exhibited the best zero-
bypass emissions compared to a vaporizer that exhibited

the highest zero-bypass emissions.
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(b) Recuperator bypass as a NO,_ control technique is applicable
to a variety of combustor concepts including the following:

(1) Premix (2) Air-Blast Atomizer

{3) Vaporizer (4) Pneumatic Impact

(¢) An engine cycle can be optimized toc provide the best balance
of the emission constituents and fuel economy

(d) Variable recuperator bypass is a simple and convenient
alternative to variable combustor geometry, with the
required control system being simpler and with the
potential of having:

(1) Lower cost
(2) Higher reliability
(3) Better maintainability

(4) Higher fuel consumption

6.2 Recommendations

On the basis of the potential demonstrated by the test results
obtained, it is recommended that additional development activity be
conducted in the following areas.

{(a) Combustor Optimization:
(1) Exploratory testing on the combustor to develop the

optimum baseline configuration varying the following

parameters:

AT-6097-R12
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(2)

o Volume

° Primary Zone F/A (Lean)
e Fuel delivery
® Mixing

Baseline configuration optimization for each of the

£5% owing combustor types:

e Vaporizer e Pneumatic Impact
e Premix e Air-Blast Atomizer

The relative potential of candidate combustor types for
achieving low NOx emissions is relative to achieving a
highly homogeneous mixture in the combustion zone that
can be controlled at an optimum lean egquivalence ratio,

This objective can be realized by striving to achieve

the following combustion system characteristics:

® Premix the fuel and air before entry into the com-

busticn 2zons

e Encare » Lomogeneous fuel-air mixture by providing a
suitable fuel presentation system (vaporizer or

atomizer)

® Provide a high degree of air turbulence throughout
the mixture to ensure a uniform fuel dispersal

through the mixture

AT~-6097-R12
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(b)

(3)

(4)

The following preferred list of candidate combustor
types are listed relative to their predicted NOx reduc-
tion potential based on their ability to match these
design considerations:

® Premix, preferably prevaporized as well
® Vaporizer
® Air blast atomizer

® Pneumatic impact

Optimize the bypass air delivery system on the most
promising baseline combustor type varying the quantity
and distribution of bypass flow.

Develop complete emissions performance maps of

selected combustor type.

Match selected combustor design with Optimized Engine Cycle

to arrive at optimized emissions at minimum fuel consumption

penalty for FDC operating condition. The following order of

analysis is recommended:

(1)

(2)

A3)

(4)

Optimize bypass percentage at all load conditions

for fixed bypass

Optimize bypass percentage at all load conditions

for variable bypass

Optimize combustor inlet temperature schedule at
part load with VIGV for minimum NOx emission

Combine 1 and 3 or 2 and 3.
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6.2.1 Recommendations for Future Programs Include the Following:

All experimental data should be obtained at the correct
combustor inlet conditions to avoid uncertainties associ-
ated with extrapolated results. AiResearch has recently
ordered an indirect-fired heater capable of simulating
recuperated engine operation with nonvitiated air up to
1700°F at the heater discharge flange. Projected avail-
ability of this heater is May 1, 1973.

Additional effort should be expended to improve the
simulation procedure for the Federal Driving Cycle.
Specifically, a more adequate representation of the power
levels associated with acceleration transients and of
ignition emissions is required.

A special study on emissions correlation should also be
conducted to determine a suitable NOx correlating parameter,
Preliminary indications at AiResearch suggest that the aero-
dynamic loading parameter used for combustion efficiency

correlations may be suitable with additional development.
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TWO-DIFENSIONAL MATHEMATICAL MCDEL OF
NITRIC OXIDE AND NITROGEN DIOXIDE FORMATION

The work described in this report was completed
in support of the low non~emission combustor study for
automobile engines being carried out by the AiResearch
Manufacturing Company of Arizona for the Environmental
‘Protecticn Agency.

The task was to provide a mathematical model to

predict the formation rates of oxides of nitrogen, given
AiRecearchi's two-dimensional analysis of the combustor Ilow
field including local heat release raies. The nitrogen oxices
model was to be vtased on chemical kinetics, and was reguired
to be valid under any or all of the following conditic=zs:

a. Both nitric oxide (NO) and nitrogen dioxide (NOZ)
being formed.

b. Bither fuel-rich or fuel-lean cocxbustion.

¢. Local zones in which the nisrogen oxide reacvicus
pay be either near to or far from equilibzium.

d. Local cones in which the major heat-releasing
reactions rmay be either near to or far from
equilidbrium.

e. Significant azounts of the nitrogen oxides being
formed in regicns of recirculating flows, whers
the average streanlirnes fora closed loops.

f. Large spatial variations irn temperature and con-
centrations s8¢ that different chemical reacsions
pay predomirate at variocus locations or uander
certain operating conditicns.

4]

The nmodel which was chozen to meet these requirement
B
o

e
38 described in Secticn 1 of this repori. Section 2 descritas

ng of thaz wedel for digital computer wes

m

{5

how the prograzz

AT--€097-p12
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accomplished. In Section 3, some suggestions for further
refinements to the model, in possible future efforts, are
outlined. Finally, results of test cases run using the

present version of the program are given in the Appendix.

In its present form the model, when coupled with the
AiResearch flow-field analysis, appears to be the most
advanced method available for analytical study of pollutant
formation in combustion systems.

AT-6097-R12
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1. NITRIC OXIDE AND NITROGEN DIOXIDE FORMATION RATES

Expressions describing the formations of nitric oxide,
NO, and nitrogen dioxide,‘NOZ, in combustion products of hydro-
carbon-air mixtures are given below. These expressions can be
used as source terms in the NO and NO2 two-dimensional mass
conservation equations. The mass conservation equations,
which contain the convection and diffusion terms in addition
to the source term, can tnen be integrated simultaneously to
obtain the NO and NO2 concentrations in a given flow field by
using the same computer program (Ref. 1) which has been modi-
fied by AiResearch to do the combustor flow field analysis.

The reactions of importance for NO and NO2 formation
are considered to be:

N + NO = N, +0 (1)
N+ 0, === NO+ O (2)
N + 04 === NO+F (3)
H+N,0 == N,+OH (4)
0+N,0 === N,+0, (5)
0+ N,0 === NO+ NO (6)
NO+0+M === NO, + M . (7)
NO, + O NO + 0, (8)

Reactions (1) to (6) account for NO production, while (7) and
(8) account for NO, production. Among reactions (1) to (6),
which have been considered in Reference 2, (1) and (2) are the
dominant ones when NO is far below equilibrium and are usually
referred to as the Zeldovich mechanism. Under fuel-rich con-
ditions, (3) may be significant. For lean mixtures under
relatively low temperatures (4) to (6) may dominate over (1)
to (3); although NO is nearly frozen at low temperatures.
Since production of N02 is' significant only under fuel-lean
conditions, it is believed that (7) and (8) are the major

reactions for NOZ‘

AT-6097-R12
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The rate equations for NO, N, N20, and NO2 can be
written as

(NO) = Iy (N,)(0) + kpp(N)(0,) + gy (N)(OH)

+ 2k (0V(N,0) + oy (NO,) (M) + ke (NO,)(0)
- klf(N)(NO) - kZb(NO)(O) - k3b(NO)(H)
- 2kgy, (NO)(NO) = ko (0) (0) (M) - kg (NO)(0,)  (9)

(F) = Ik (§,)(0) + kpy, (NO)(0) + kpy (WO) (H)

(N;O) =k, (N,) (0H) + kg (N,)(0,) + kgy (WO) (NO)
- k4£(H)(N30) - ksf(O)(Nzo) ~ kg0 (0)(N,0) (11)
(RD,) = k. ,(NO)(0)(M) + kg (¥O)(O,)

ko, (NO,) (M) - kg (NO,)(0) (12)

where (X) indicates concentration of X in moles per unit voclume;
the dot denotes creation rate per unit time; and kif and kib
(which are functions of temperature) are the forward and backward
reaction rate constants, respectively, of reaction i. Any mole-
cule in the system can act as the third body, M, so that the cca-
centration (M) = /M _, where £ is the density and M_ is the mole-
_ 4 g
cular weight of the gas.

It is assumed that (N) and (NZO) are at steady state;
i.e., the net (N) produced in reactions (1), (2), and (3) and
the ngt (N,0) produced in reactions (4), (5), and (6) are zero.
With (N) = O and (N;O) = 0, Equations (10) and (11) yield

Iy (8,)(0) + ki (WO)(0) + kegy (O) (E)

(N) = =15 (13)
kifThO) + k2f102) + k3fIOH)
AT-6097-R12
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(0,) (08 + key (0))(0) + ke (HOYwWO)
k4f(H) + ksgfﬁ) + kg o(0)

k
(N,0)= ~4b

In addition to the rate constants k¢ and kib where
i =1 to 8, one needs (Nz), (02), (0), (oH), and (H) to solve
for (NO) and (NOZ)‘ For hydrocarbon-air combustion, it is
assumed that (Nz),(oz), (HZO)’ (co), and (002) are nown. The
following reactions are assumed to be infinitely fast in adjusting
the concentretions (0), (OH); and (H):

CO + OH =—= CO0, + H (125)
0 + OH ] 02 + H (16)
OH + O =—/—=== H20 + 0 (17)

Note that this is not the same as assuming equilibrium values
for all the species involved in these reactions. The non-equili-
brium values for (HZO)’ (co), and (002), computed in the combus-
tion aralysis, are used to get the concentrations of the much
more reactive species O, OH, and H by assuming that a quasi-
equilibrium is established for —eactions (15) through (17).
Thus, for example, although (OH) may be present in such a small’
concentration that a large percentage change of (CO) takes a
comparatively long time, H and OH are highly reactive and the
ratio of their concentrations is assumed to be rapidly adjusted
according to the ratio of 002 to CO so that the relationship

(co,) (H)

1C0)(0a) = %eq
is satisfied. The equilibrium constant Ke is a function of
temperature only. Reactions (15), (16), and (17) yield

K, (c0)(0,)
0) = . (18)
@ =g oy

AT-6097-R12
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(om) = [y, 72(m,00(0) ] # ~ (19)

CO)(OH
® = K, L0 - (20)

where Ki are the equilibrium ' constants for reaction i.

Equations (13), (14), (18), (19), and (20) allow one
to evaluate the source terms for (NO) and (NOZ) which are
given by equations (9) and (12), respectively. To convert
moles per unit volume to mass fraction for species X, one
merely multiplies (X) by the molecular weight of species X
and divides by the local fluid density. The terms (NO) and
(ﬁbz), multiplied by the molecular weights of NO and N02,
respectively, constitute the source terms in units of mass of NO
and N02 per unit volume per unit time to be used in the dif-
ferential equations describing conservations of mass of NO and

NOZ' respectively.

AT-6097-R12
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2. MODIFICATIONS MADE TO THE GOSMAN-SPALDING PROGRAM

A. General Technigue

Nitric oxide (NO) and nitrogen dioxide (NOZ) are
treated as trace species being formed kinetically in a
flowfield in which temperature, density, and the concentra-
tions of N2’ 02, H20, CO, and 002 are specified. These
concentrations need not be equilibrium values, but it is
assumed that the formation of NO and NO, does not signifi-
cantly affect the conccecntrutions of the other species. The
iterative solution for the trace species concentrations is
performed separately from that for the fluid mechanics and

hydrocarbon kinetiecs.

The NO-NO2 source terms as used in the program are
derived using the following definitions:

Gl = kib(NZ)(o)
6y = Ky (0) + kg ()

G3 = ky,(0,) + k. (OH)

G, = k4b(N2)(OH) + ka(Nz)(Oz)

G5 = k,o(H) + kg,(0) (21)
Gg = kg (0)

G, = ko (M) + kg (0)

Gg = koo (0)(M) + k8b(02)
In terms of the G's, equations (9) and (12) become
(N§O) = 6, + G3(N) + 2G6(N20) + G7(N02)

1
2
- klf(N)(NO) - GZ(NO) -2 ksb(NO) -GB(NO) (22)
(NO,) = Gg(NO) - G7(y02) (23)
AT-6097-R12
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Equations (13) and (14) become

G, + G,(NO)
() = T, E (T0) (24)
G, + kg, (¥0)2
(N,0) = —455 +6gg (25)

Substitution of equations (24) and (25) into (22) yields

' . 2 2
oy o 2 | G188 F1eG U0 6,0k 05000) J
"bB + kleNO) G5 + G6
- 6,(N0) + 6, (NO,) (26)
Unnecessary repeated evaluation of terms in equation

(26) can be avoided by defining

2) = k¢
Z2 = 2G1G2
23 = G3
24 = 2klfG2
2k .G
6b
25 = (g 4c2) (21)
2G,G
- 6
z6 = lG5+G6)
Z7 = G.7
Za = GB
Equations (26) and (23) can now be written as
y 22'24(1\‘0)2 2 .
(X0) = W + ZG-ZS(NO) -Za(l\O)+Z7(N02) (28)
AT-6097-R12
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(ﬁbz) = Zg(NO) - 2,(NO,) (29)

B. Subroutine NOXCON
The subroutine NOXCON contains all reaction rate data
and performs the function of evaluating the 2Z's of equations (27).

Data for the reactions directly involved in the produc-
tion of NO and NO, include: (1) logarithms of eleven equili-
brium constants as functions of temperature and (2) lists of
activation enesgies}g y frequency factors A,, and temperature
exponents N, for caleulation of eight reaction rates according
to the equation

key = &y T3 exp (- B,/RD) (30)
These data are given in~Table 1. The eight kinetic reactions

are equations (1) through (8) and the required equilibrium
constants are for these plus equations (15) through (17).

The logarithms (base 10) of the equilibrium constants

are stored for several values of temperature (°R). Except for

o the equilibrium constants are dimensionless; K7 has units
of (moles per unit volume). A list of values of K.% was taken
in units of cm /g-mole and the logarithms of these values
are stored in the data statement. Before these values can be
used, they must dbe converted to values of logarithms of K7°
which has units of £t /lb-mole used in the program., The
relationship is

* cm 1000_g-mole It 3
K76 = K78 g-mole 2.20462 Tb-mole (1 pez.54) Som’
= ,0160185 K7g (31)
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Subroutine NOXCON adds log, .0160185 to the tabulated values
of loglo K7; and overstores the new values.

The‘[% of equation (30) are stored in the DATA State-
ments in kcal/g-mole, and they are used in conjunction with the
universal gas constant R. NOXCON continues data conditioning
by overstoring and redefining /85 as

,G' - /§:L. (32)

J R
where R is giwen by
- kcal °K
kecal

[% then has units of °R.

The units of the Aj(with the exception of A, ) as stored
in the DATA statements are cm’ °K j/(g-mole sec). For consis~
tency of units, we convert.these to f;B °R J/(lb -mole sec),
overstoring the original values according to

A = g CDO°KYD . 47 . _1000_g-mole
J=7j g-mnie sec 2.20462 lb-mole

(12°2.54)7cn’
. 9 RS
- Is °x

N
x 0.0160185 x (2) 4 (34)

or

L}
4 = 4
Again, equation (7) is the exception to the rule. The
stored units of 4, are (cm:/g-mole)z, so. the conversion factor
.0160185 is applied twice.

= A
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Reaction 7 requires (M), the molecular concentration
of the gas as a whole. This quantity is given by

M) = E& (35)
and numerically becomes
0 = o =5 BERR gy (36

The forward reaction rate constants are next evaluated
according to

where it will be remembered ‘t:ha.'t:,B‘_j contains the factor 1/R.

Backward rates-are required for reactions 1 through 8,
and these are calculated according to
k
4
= 8
kg, f}: (38)
Subroutine NOXCON next converts the species hmass

fractions (produced by the main iteration of the Garrett-

modified Gosman-Spalding program) into melar concentrations
in lb-mole/ft3 (sed in the NO-NO2 source terms). Then the

functions ¢ (Eyuation (21)) and 2 (Equation (27)) are evaluated.
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C. Subroutine SORCCK

The source term subroutine SORCCl was modified to
include the terms for NO and N02, which are assumed to be
called "Mass Fraction 5" and "Mass Fraction 6" within the
structure of Garrett's program.

The Gosman, et al text (Ref. 1) describes a technique
in using source terms which serves to avoid divergence or to
improve convergence in many cases. The source term, d¢ ,
which appears in the algebraic statement of the equation is
represented within the program as (in cylindrical coordinates)

dg = -rRyg = -SOURCE + 2Q * ¢ (39)
where

r is the local radius;

Rg 1s the rate of production of @#, in this case NO or NO,,
lbm/(ft3sec);

¢ is the mass fracticn of NO or NOZ;

SOURCE and ZQ * @ are an artificial separation of terms
such that SOURCE is not a function of 4.

In the case of NO2 the basic concept in the separation
of dg into the two terms, -SOURCE + 2Q *@ , is well illustrated:

¢ SOURCE = rMN02 Z8(NO) (40)
§O, : 2 (o)

H b o

: MN02 7\

P 2Q = = =P Zq (41)

* £6

where MNO is the molecular weight of NOZ’ Deg is the mass
2
fraction of NO,,and @ is the local density.

In the case of NO the task is not quite so simple
since the NO rate function is nonlinear in (NO). After

AT-6097-R12
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discarding one attempt which sometimes exhibited instability,
the following definitions were found to be satisfactory:

z
SOURCE = xMy, {Zs + 2,(N0,) + 7 >} (42)

NO

ZQ =

™Myo z 2
2+ (NO)4+2Z, (NO)
T [ 5% Z5¥2, (N0 )] 8

z .
= ﬁ/o{[ +Z NO)] (NO) + ZB (43)

where Mﬁo is the molecular weight of NO and mfslis the mass
fraction of NO.

D. Subroutine SOL¥CK

The subroutine SOLVCl1l was modified to avoid certain
unnecessary functions during the NO-—NO2 iterations. Furtherncre
SOLVCK rearranges and restores the selution matrix "A" and
a number of other lists to facilitate the trace species iteration
using the same program log’c as the main iteration.

E. Subroutine BLOCKX

The input subroutine BLOCK1l was modified to read a
new card_which controls the behavior of the program with the
three variables IOLD, INEW, INOX according to the following
schedule:

I0ID Absolute value of IOLD is the logical unit
number of a magnetic tape (or other peripheral
device) which contains the solution to a pre-
viously worked problem.

IOID = O implies "no such tape exists"
IOLD<0 implies "read in the tape, but do not
iterate - just generate plots”.

AT-6097-R12
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INEW Logical unit of tape on which solution is
to be saved.
INEW = O implies "do not save solution."

INOX Absolute value of INOX is the number of trace
species equations to be solved: 1 -—> NO only
22— NO & NO
O —> neither
INOX< O implies "do not do the main Gosman
iteration...the solution has been
recovered from tape."

2

F. Subroutines BOUNC1l and FDEQCl

These routines were modified to avoid the generation of
negative mass fractions which seriously affect the ability of
the NO-NO2 system to converge.

G. Main Prcgram GOSNOX

The main program GOSAR]1 was modified to control the
solution according to the user's requests with IOILD,INEW,
INOX card (see Section E).

H. Subroutine LININT

This is a linear interpolation subroutine. An entry
point, MOREYS allows for multiple dependent variables to be
a function of a single independent variable. The rocutine
extrapolates off the low-subscript end of the independent
variable list and uses the high-end value if the independent
variable is off the list at the opposite end. The independent
variable list must be monotonic, but may be either increasing
or decreasing.
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3. SUGGESTIONS FOR FUTURE IMPROVEMENTS

Two improvements to the Gosman computer program are
suggested for future efforts. One is the computation of
the effective chemical species production terms. Since the
formation rate of nitric oxide is an exponential function
of temperature, the rate computed using the average temperature
in an element of volume as currently done is always lower
than the effective rate for which the temperature variation
in the element of volume is taken into account. The error
can be substantial, since the temperature variation within
the element is often of the order of hundreds of degrees.
A method of calculating the effective rate has already been
developed by KVB Engineering. The method consists of inte-
grating analytically the chemical species source terms over
the element of volume eonsidering the variation of temperature
in both of the cocordinate directions. It is recommended
that this method be implemented in the computer program in
a form suitable for gas turbine analvses. The effective
rate computation is not only useful for nitric oxide evaluation,
but it can be applied to more accurate computation of fuel-
oxidizer combustion as well.

Another recommended modification to the current com~
puter program is the inclusion of heat transfer. Although
gas turbine walls are nearly adiabatic, there is great spatial
variation of temperature in the fluid. Radiation can reduce
the peak temperature to the extent that nitric oxide produc-
tion is substantially reduced. Therefore, heat transfer by
radiation and convection should be incorporated into the
computer program.

If calculations made with the present version of the
program indicate that reactions 3 through 8 and the backward
directions of reactions 1 and 2 are of little importance, a
simpler algebraic expression for the nitric oxide source term
can be utilized and the nitrogen dioxide solution can be omitted.
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The calculation of the improved effective source term mentioned
above is also considerably simplified. These changes are quite
easily made and could be added as an option in the present pro-

gram.

It is recommended that this possibility be investigated

because a substantial saving in computer time, as well as im-
proved accuracy in the source term, may be possible.

1.

2.

4.
5.

8.
9.
10.
1l.
12.

13,
14.

15.
16.
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APPENDIX A

TEST CASES
1. SMAC.1

Garrett supplied KVB with a sample test case for the
program. A small premixed methane-air burner was modeled
under the name "SMAC .,1". The program input for this case
is given in Table 2 and the results of the basic Gosman
selution are shown graphically in Figures 1 through 5.

Solutions for NO and N02 mass fractions are shown
in Figures 6 and 7.

The NO—NO2 iteration system was also tested on several
simple modifications of the basic problem results. Figures 8
and 9 give NO and NO2 mass fractions for the basic case with
500°R added to the temperature field. Figures 10 and 11l give
similar results for the basic case with all densities multiplied
by 10. Finally, Figures 12 and 13 present NO and N02 sclu-
tions for the combination of the 500°R temperature increase
and the 10-fold density increase.

The NO-NO, iteration scheme converged to 1% relative
residual in 59 or fewer iterations for all four test cases.
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TABLE 2
INPUT FOR SMAC .1 TEST CASE

‘i: SN:\C.l
= CARTESIAN
TURBULENT
NON-UNIFORM DENSITY : ;
TTCONSTANT PRESSURE R A N A A

UVEP VARIADLES ARE: - —_— b SRR L )
VORTICITY = A(IeJrNW)

" STREAM FUNCTION = A{TIvJrNF)
MASS FRACTION NO 1
MASS FRACTION NO_2

-zG OMETRY: =

"7 8 RoWS 8 COTUMNS
for IMIN IMAX 54 37

.3;:_;3

N EGND - C

HI‘-‘HPPPHH

oo
OCO®EmEPOM®

JArJAL, UBs JCrIABr IC .
3T Y 3T 8. L8 i L Y
RADA» . RADAL, 770 RADB» < .- - RADCv?? CRADN T

. 1.000 "~ -1,000 . 71.000  =¥71,000 - -.1.000
DAY 777 DAY, T DB , DCNy» DN
«0000 «0000 «0000 «9845=01 «9845-01

e KeAXIS . X1CONV™ X2CONV =
1.000 .2813 01142 ~ R
X1(I) X2(J) . < PO R T
«T406-01 4167=02
© 0 2813=-01 .8336-02
T E Qb219=01 - n.e1459=01"%
«5626-01 g; .2284-01 - 17 -
+7032-01 - -~ .2855-01% 7" -
«8439-01  .3426~01
: «9845-01 «3997=01
PHYSICAL DATA: N 4 :
T VPRITTTT 1233,7 =V SECT T L0000 o
! ROREF .7500=01. P REF 2116, e
i~ . ZMUREF __ .2000=04 T REF__  3000.
CCP REF™ T L2400 T 7T
6C %220 2J¢ 778.0

ENOCNFUNKC .
1"

- ——

FTTTUSTC T 17,16 TTTTTHE T TN, T T T T
1 HP(FU) _ 17856.  ° HS(OX) 441,00 .~ '
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2. ONE-DIMENSIONAL KINETICS COMPARISON

The one-dimensional chemical kinetics program (ODX)
of Reference 16 was run for 26 reactions involving 13
species as given in Table 3. The pressure was constant
at 10 atmospheres and the initial temperature was 4300°R.

Temperatures, densities, and mass fractions of CO,
002,H20,02, and N2 from the kinetics run were preloaded into
a slightly modified version of the Gosman program in which
one-dimensional flow was simulated. Since ODK assumes
inviscid flow with no diffusion or heat transfer, similar
assumptions were introduced into the Gosman compariscn case
by setting the viscosity to an extremely small value and
the Prandtl and Schmidt numbers to unity.

The results shawn in Table 4 and Figure 14
show very good agreement between ODK and the Gosman
program. The guasi-equilibrium and steady state assumptions
concerning the species 0, OH, H, N, and N20 are not exactl
valid. The worst casz is that of N20,which does not really
react fast enough to be in steady state on the time scale
of this example. Still, the assumptions seem to be adequate

for the calculation of NO and NOZ'
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TABLE 3
REACTIONS AND INITIAL COMPOSITION FOR ODX-GOSMAN COMPARISON

- ewm cmen on c— -

Mass Fractions

-SPECIES TABLE- INPUT-ODK START CONDITIONS.

- i Ne , 7501
2 02 .2259
3 N .2441-7
- i e e e —— e — 4 cei :NO - 26003
: i’ 5 0 .1590-2
, it 6. H .2863-5
. - a Ty QPR 1 - .1566-2
8 NO2 .1171-5
s Ta2 % 3 T I a—— YT - ‘_‘P"—'.F'!!F".mm-- 10 - —— ,’lzo —q—q—_——'5380—2- —r—— ———
Ny S ST * 11 CO '.‘.. 03062—3 :
12 coz2 . . .1483-1 -
- weeo 13 H2 - «3442-5
: REACTION CARDS ’ : Wl )
. NO + QO = nNo2v A=1605E15v N=0.r ==1.870 RX T7+LEEDS 4.1
w-" 02 =0+ 0 ¢ AS2.85E19¢ T100¢ B=118e7¢ RX 21rJOHNSTON(1958) - -
N = i + No A=3.70221¢ -‘-60r 82225.0¢ RX 22+APPEZLTON(1G6E! '
e = hh T He A=T7.00C12r N==.50¢r BT92.60¢r RX 23r3ROXAYW (1070) -
F,=_.H + OH S.HEOr- AS3.00C1Y97-—NS1e00r.——B20.08+ RX 25¢PREHN (1067)-——ur—
- N+ 0= Ny A=1.0GE20¢r N=1.50¢r 8=0.00r RX 26°*¥RAY (1963) :
= 0 4 N2 = N20r AS1.0CGEl1&6» N=1.00¢ B=0.00¢ RX 28+B0RTMER(1967)
L Co + p = C02r A=H.30E15r N=0.00r B=2.50r RX29» BAULCH(1968) -
Erd TBR REAKL — :
st NO = N2 + O A=3.10£13 NZ0er B=0.334 RX 1/LEEDS 4.11
- N * C2 = NO + O -- AZHU3EGY - N=E=1ler B=6.250" RX 2» ROBERTS --
L- N * OH = NO + M AS4.22E13 ii=0e? B=0.0¢ RX 3»ROBERTS
~ H o+ 120 SN2 +ONe A=2.95C13r  N=0er BT10.77¢ RX 4rRO3ERTS
- 0+ N2O = N2 t+ 02 A=3.82c13 N=Ue.r DB=24.1, - RX 5 ROBERTS
G + NEO = NO + [O» AZLS8E13 N=0er B=24.1¢ RX 6 ROBRERTS
w02 + 0 = nu + Q2 AS1.0E13r N=0e? B=0.600° RX 8 LFEEDS 5.1
— CO + JH = C02 + Hr ~— AS5.6Ellr — NZ0ert. BZTle080r— RX 9 L1.1 QR
U+t 0= 02 t+ ASL.3E13 N=Uer B=0er RX 10 L3.14: °
OH + OH = rH20 + U 25,7512 N=0er B=e780¢ RX 11 L2.20:
VO 4+ Ch = L2 + He AS5.60E11r NZ0.00r B=1.08r RX3LBAULCH{(S)
H + 02 = OH + Q¢ A=S1e44E1r  N=0.00r B=16.00¢ RX38»BELLES(70)
O + 12 = H + QO ¢ AZZ96EE13r  N=U.00r B=9.80r RX3Q BRABBS 70
Ui * e = it hizue A=2.19£13r  NZU00f BZHa1be RXB0BAULCH (0 8)
Ot + Uil = 0 + 10y ASLe75H8E12r  NZ0e00r RSQe780 RX41 s BAULCH (0b)
MOZ2 * H = G *+ OHe AST20E14e N=0.00r H=1.93 X483 SCHOFELD(6T)
N + CC2 = KO + COr A=1.93E11¢ NzZ0.00¢r B=3.40r RX S50rAVRAMENK(65)
€02 + 0 = Cg *+ vgr AS1.80E13r N=0.00r B=54.15r RX51¢BAULCH(68)
LaST REAK '
-~ ThiIik UOLY REAX RATZ RATIOS - -
ALL ECuAL 1.0
LAST CAKD
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Mass fractions

Time(miiliseconds)
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NO
NO
0
OH
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N20

2

Pigure 14. Comparison of One-Dimensional Kinetics
' and Gosman NOx Calculations.
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APPENDIX II

EMISSIONS ANALYZERS
PRINCIPLES OF OPERATION

A, ANALYZER INSTRUMENTATION
This section reviews the gas analyzers and their principles of
operation as used to conduct emissions measurements at AiResearch

facilities.

A.l1 Heated Hydrocarbon Analyzer (Beckman Model 402)

The hydrocarbon analyzer, Figure A-~1l, is designed to measure the
total hydrocarbon contents of exhaust emissions from gasoline, diesel,
gas turbine, and jet engines. The analysis is based on flame ioniza-
tion, a highly sensitive detection method.

The instrument consists of:

(1) Heated, temperature-controlled sample line.

(2) Analyzer unit, incorporating a flame-ionization detector and
associated sample-handling system, with critical sample-
handling components contained within a temperature-
controlled oven.

(3) Electronics unit, containing an electrometer amplifier and
associated circuitry, readout meter, and recorder output
provisions. The electronics unit is attached directly to
the analyzer unit as shown in Figure A-1.

Sample from the source is drawn into the analyzer through the
sample line. To prevent the loss of higher-molecular-weight hydro-
carbons, the sample is maintained at an elevated temperature during
its passage through the sample line and the interior of the analyzer.

Temperature setpoint for the sample line and the analyzer oven will be
approximately 350°F for the tests carried out according to the plan.
AT-6097-R12
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The hydrocarbon sensor is in a burner where a regulated flow of
sample gas passes through a flame sustained by regulated flows of a
fuel gas and air. The flame formed when fuel gas (hydrogen diluted
with an inert gas) burns in air contains an almost negligible number
of ions. Introduction of traces of hydrocarbons into such a flame,
however, produces a large amount of ionization. Within the flame,
the hydrocarbon components of the sample stream undergo ionization,
producing electrons and positive ions. Polarized electrodes collect
these ions, causing current to flow through measuring circuitry
located in the electronics uni:. The ionization current is propor-
tional to the rate at which carbon atoms enter the burner and is
therefore a measure of the concentration of hydrocarbons in the

original gas sample.

The flow diagrams for the analyzer and burner are shown in
Figure A-2 A stainless-steel bellows-type positive displacement pump
of four cu ft/min capacity draws the sample into the analyzer and
through a glass fiber filter that removes particulate matter. The
sample is then supplied to the burner under positive pressure. An
internal sample-bypass arrangement provides high-velocity sample flow
through the analyzer, thus minimizing system response time. A front-
panel flowmeter indicates bypass flow. Since the ionization level is
related to the flow rate of sample through the flame, the flowmeter
must be set to read a sample flow identical to the calibration gas
flow. The analyzer has rear-panel inlet ports for connection of
suitably pressurized zero and span standard gases. Flow of each
‘standard gas is controlled by a corresponding front-panel needle
valve. A front-panel three-way valve permits selection of either the
actual sample or the desired standard gas (i.e., "zero gas" or "span
gas" referenced in Figure A-2) used in calibrating the instrument.

The oven, which uses air-bath heating, is maintained at the
selected temperature by a solid-state temperature controller utiliz-
ing a thermistor sensor. A vertical partition divides the oven into
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two compartments with separate doors. The left-hand compartment con-
tains the burner, the sample pump, and the three-way gas-selector
valve. The right-hand compartment contains only the sample filter and
permits access to the filter without disturbing temperature equilib-
rium of the other elements.

Within the analyzer, the fuel gas is routed to the burner through
a solenoid valve controlled by the burner-flameout/fuel-shutoff cir-
cuitry. A thermistor sensor continuously monitors the status of the
burner flame. 1In event of flameout, the valve closes to stop the flow
of fuel gas; simultaneously, a front-panel indicator illuminates to

alert the operator.

The electronics unit has front-panel controls for range selec-
tion and adjustment of zero and span. Readout is on a front-panel
meter calibrated linearly from 0 to 100. In addition, a selectable
output of 10 mv, 100 mv, or 1 volt is available to drive a voltage-

type recorder.

A.2 Chemiluminescent/NO =~ Nox Analyzer

The chemiluminescent analyzer is packaged as four separate units:
(1) control unit, (2) an analyzer unit, (3) a reaction chamber mechan-
ical vacuum pump, and (4) a converter for the thermal conversion of
NO2 to NO. For these tests, a Thermo Electron Corporation analyzer

model 10A was used, which was operated in the NOx and NO modes.

A typical arrangement of the Model 10A chemiluminescent analyzer
is shown in Figure A-3. Other equipment needed for use with the ana-
lyzer are the NO and NO2 standard gases, an oxygen source for the
ozone generator, and an accumulator and suitable sample bypass pump to

provide two to two and one-~half cu ft/hr sample flow.

The control unit contains the switch for selection of sensitivity
from seven available full-scale ranges (10, 25, 100, 250, 1000, 2500,
and 10,000 ppm) and potentiometers which provide for instrument
calibration.
AT-6097-R12

Appendix II
Page 5



Range Sensor Switch

PPM meter

Calibrate (Gain)
A djustment

Photomultiplier
Dark Current
(Background)
Suppression .
NOZ-to- NO

onverter Power

Main AC Power
ANALYZER UNIT CONTROL UNIT

MODEL 10 CHEMILUMINESCENT ANALYZER
(CONTROL AND ANALYZER UNITS)

FIGURE A-3

MP-30252 AT-6097-R12
Appendix II
Page 6



The analyzer unit contains the reaction chamber, the photo-~
multiplier tube, the ozonator, the ozonator power supply, the oxygen
and gas sample lines, capillaries, and pressure regulators.

Figure A~4 presents a schematic drawing of the entire chemilumi-
nescent instrument with the portion inside the dashed rectangle repre-
senting the analyzer unit. The heart of the analyzer is the cylin-
drical reaction chamber where sample gas containing NO molecules mixes
with 03 molecules from the ozonatoxr. Electronically excited NO2 mole-
cules are created that emit light (chemiliminescence) as the orbital

electrons decay to their ground states.

The chemiluminescence is monitored through an optional filter by
a high sensitivity photomiltiplier positioned at one end of the
reactor. The filter-photomultiplier combination responds to light in
a narrow wavelength band unique to the desired electron decay. Sample
flow is controlled so that the output from the photomultiplier is

linearly proportional to the NO concentration,

Ooxygen, 0,4 enters the analyzer unit, passing through a pressure
regulator that is used to regulate the flow rate, and enters the
ozonator. A fraction of the 0, is converted to O,, and the mixture

passes through an orificing glass capillary to the reaction chamber.

Sample gas enters the instrument, passing through another glass
capillary, and is bled off to the reaction chamber. That portion of
the entering sample not diverted to the reaction chamber passes
through a front panel flowmeter adjusted to two standard cubic feet
per hour and a regqgulator to the instrument exhaust system. A bypass
pump is used to pull the sample through the instrument. That portion
of the entering gas sample diverted toward the reaction chamber is
directed to the rear of the analyzer unit, where the sample gas will
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enter the converter if the instrument is operating in the NOx mode
(i.e., NO - NO2 mixture mode). As explained below, use of the con-

verter is unnecessary if the instrument is operating in the NO mode.

The basic chemiluminescent analyzer is only sensitive to NO mole-

cules, as opposed to NO., molecules, since O3 does not react with NO2

to create chemiluminechnce. Therefore, to measure NOx (NO2 + NO),
the NO2 must first be converted to NO. The conversion is accomplished
by passing the sample gas through the converter, a thermally-insulated
resistance-heated stainless steel coil at 1292°F, With the applica-
tion of heat, NO2 molecules in the sample gas are reduced to NO mole-
cules. Two three-way valves located on the front of the converter
direct the sample gas either through the converter to measure NOx or

past the converter to measure NO.

A mechanical vacuum pump is supplied to evacuate the analyzer
reaction chamber to pressures in the 12 torr range. A metal bellows
hose connects to a molecular sieve installed above the mechanical
pump. The purpose of this sieve is to absorb O3 in order to prevent

breakdown of the pump oil.

The gas sample is pulled through the instrument by a small dyna-
pump, after which it is exhausted to ambient. This pump improves the
overall system response by moving the flow in the main sample line by
about 20 liters per minute, while each instrument in the analyzer
group removes flow from the main sample line at a much lower rate.

AT-6097-R12
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A.4 Non-Dispersive Infrared (NDIR) Analyzers for CO - CO2

To measure the differential absorption of infrared energy, this
instrument employs a double-beam optical system contained in the
analyzer section. A simplified functional diagram and instrument
specifications are shown in Figure A-5

‘Two infrared sources are used, one for the sample energy-beam,
the other for reference energy-beam. The beams are blocked simul-
taneously ten times per second by the chopper, a two-sigmented blade
rotating at five revolutions per second. In the unblocked condition,
A of Figure A-5 each beam passes through the associated cell and into
the detector.

The sample cell is a flow-through tube that receives a continuous
stream of sample. The reference cell is a sealed tube filled with a
reference gas. This gas is selected for negligible absorption of
infrared energy of those wavelengths absorbed by the sample component

of interest.

The detector consists of two sealed compartments separatied by a
flexible metal diaphragm. Each compartment has an infrared-
transmitting window, to permit entry of the corresponding energy-beam.
Both chambers are filled, to the same sub-atmospheric pressure, with
the vapor of the component of interest. Therefore, each chamber will

absorb infrared energy from its source and will respond.

The response of the two detector chambers differs, since in
operation the presence of the infrared-absorbing component of interest
in the sample streams leaves less energy available for the correspond-
ing detector chamber. There is, thus, a difference in energy levels
between the sample (containing the component of interest) and the
reference (non-absorbing) sides of the system. This energy difference
results in the following sequence of events.
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(1)

(2)

(3)

(4)

(5)

When

Radiant energy absorption: 1In the sample cell through which
the infrared radiation passes on the way to the sample
chamber of the detector, part of the original energy of the
sample infrared beam is absorbed by the component of intexr-
est present in the sample. In the reference cell, however,
absorption of infrared energy from the reference beam ie

negligible, and the energy of this reference beam is higher.

Temperature effect: Inside the detector, each beam heats
the gas in the corresponding chamber, because of absorption
of infrared energy by the component of interest. The gas in
the reference chamber is heated to a higher temperature,
however, since the energy available from the reference beam
is higher.

Pressure effect: The higher gas temperature in the refer-
ence chamber raises the pressure of this compartment above
that of the sample chamber.

Mechanical energy effect: The higher gas pressure in the
reference chamber distends the diaphragm toward the sample
chamber. The energy difference between the two chambers in
thus expended in flexing the diaphragm.

Capacitance effect: The diaphragm and an adjacent station-
ary metal button (see Figure A-5) constitute a two-plate
variable capacitor. Distention of the diaphragm away from

the button decreases the capacitance.

the chopper blocks the beams, as in B of Figure A-5, pres-

sures in the two chambers equalize, and the diaphragm returns to the

undistended condition. As the chopper alternately blocks and unblocks

the beans,

therefore, the diaphragm pulses, thus changing detector
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capacitance cyclically. The detector signal is passed through the
electronic circuitry, where it is treated and sent to a meter and

recorger.

The meter reading is a function of the concentration of the
component of interest in the sample stream. When the instrument is
put into operation, it is adjusted so that a reading of zero or any
desired arbitrary reading corresponds to a concentration of zero per-
cent of the component of interest, while a fullscale reading corre-
sponds to the highest concentration in the operating range covered.
Each instrument is provided with a calibration curve for converting

meter readings to concentrations.
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APPENDIX VI

COMBUSTOR PHOTOS

PHOTOGRAPHS

PNEUMATIC IMPACT INJECTOR

SKP26259M, VAPORIZER COMBUSTOR-
(CONE DOME, BLOCKED PORTS)

FLAME TUBE, SKP26489, VAPORIZER
COMBUSTOR

DOME, SECONDARY PIPES (SKP26489M1)
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