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ABSTRACT

An initial experimental investigation was conducted to
examine the feasibility of NO, emission control using
catalytic reduction techniques in the jet engine test cell
environment. A modified T-63 gas turbine combustor and an
augmentor tube, 21 feet in length and containing a perlite
catalyst, were used as a gas generator and catalytic reduction
system. Four data runs were made. Three runs were completed
without the catalyst installed. Temperature and velocity
profile measurements were obtained in order to calculate
augmentation ratios for different engine fuel to air ratios.
Nox, CO, and unburned hydrocarbon concentrations in the
exhaust were measured to provide a baseline for further tests.
A fourth data run was made with the perlite catalyst installed
in the augmentor tube. A 64 percent NO,, reduction was
observed, however, the 1large pressure drop across the
catalytic bed deemed the current configuration impractical.
Recommendations for alternative configurations are presented.
The results of the investigation have proven that further

study is warranted.

iv




I.

IT.

IIT.

DQ

TABLE OF CONTENTS

INTRODUCTION . . ¢ ¢ ¢ & o o o o o &

EXPERIMENTAL APPARATUS . . . . .« .« &

COMBUSTOR . L) L L) L] . L L] L] L . L] .

AIR SUPPLY e v e e e e e e e e e .
VITIATED AIR HEATER . . . . « . « &
FUEL SUPPLY . ¢ & ¢ & o o o o o o

THERMOCOUPLES AND PRESSURE

INSTRUMENTATION . .« . ¢ ¢ o« o o & &

AUGMENTOR TUBE AND INSTRUMENTATION

CATALYTIC BED ¢ ¢ « &« ¢ o o & &

GAS SAMPLING AND ANALYSIS EQUIPMENT

l. Model 900 Heated Sample Gas
Conditioning Unit . . . . . . .

2. Model 1l0AR NO/NO, Analyzer . . .

TRANSDUCER

Dilution and

3. Model 810 Total Hydrocarbon Analyzer . . . .

4. Model 48 GFC Ambient CO Analyzer . . .

CONTROL ROOM o e e s e e e e e e

DATA ACQUISITION AND REDUCTION SYSTEM . . . . .

EXPERIMENTAL PROCEDURE . . . . . .

10

12

13

13

14

19

24

26

26

29

33

38

38

42




Iv. RESULTS AND DISCUSSION . ¢« ¢ « ¢ « « & &

V. CONCLUSIONS AND RECOMMENDATIONS . . . . .

APPENDIX A - HP BASIC "T63NOX" COMPUTER PROGRA!

APPENDIX B = RUN CHECKLIST . ¢« « ¢ o« o ¢ o o

APPENDIX C = HOT RUN DATA . . ¢ « « ¢ s s o « o

LIST OF REFERENCES .+ & « & ¢ ¢ ¢ o o o o o o

INITIAL DISTRIBUTION LIST . ¢ ¢ ¢ o o o o« o o &

vi




LIST OF TABLES

1. T-63 PERFORMANCE RATINGS .¢c¢cceesnoccccrsenceccaaasss 10

2. SUMARY OFRESULTS ® 8 & 5 8 8 5 0 0 0P B B O 2 0P T O G N s e e s 46

vii




10.

11.

12'

13.

14.

15.

le6.

17.

18.

19.

LIST OF FIGURES

Schematic of T-63 Combustor Components ..........

Photographs of T-63 Gas Turbine Combustor ..

Schematic of Air and Fuel Supply Systems

(Adapted from [Ref. 11]) cceeeevccnscssscnnss

o e s 0 8 e

Photographs of Augmentor Tube on Stand .............

Photograph of Variable Diameter Blocking Plate

Installed on Front of Augmentor Tube .......
Augmentor Tube Flow [Ref., 12] ....cceen
Photograph of Kiel Stagnation Pressure Probe

Photographs of Kiel Probe on Traversing Stan

Schematic of Augmentor Tube and Instrumentation

d

Photograph of Catalyst Enclosure ........ceeees.

Schematic of Sample Gas Flow Path .........

Photograph of Model 900 Heated Sample Gas

Dilution and Conditioning Unit ..............

LRI I

Photograph of Model 10AR NO--NOx Gas Analyzer ...

Conceptual Schematic of Model 10AR

NO-NO, Gas Analyzer [Ref. 14] ¢ciieeeeronnsen

Photograph of Model 810 Total Hydrocarbon Analyzer

Photograph of Model 48 GFC CO Analyzer ........

Flow Schematic of Model 48 CO Analyer [Ref.

16]

Diagram of Model 48 GFC Spectrometer [Ref. 16)

Photograph of T-63 Control Panels ...........

viii

..

8

9

11

15

17

18

20

21

22

23

25

27

28

30

31

34

35

37

39




20. Photograph of HP Data Acquisition and Control System 41

ix




NOMENKCLATURE

AR Augnmentation ratio

cm Centimeters

co Carbon monoxide

co, Carbon dioxide

CH4 Methane

D Diameter

DACU Data acquisition and co’ trol unit
EPA Environmental Protection Agency

f Fuel to air ratio

F Fahrenheit

Fezo3 Iron oxide

GFC Gas filter correlation
ePM Gallons per minute

HP Hewlett-Packard

m Mass flow rate

nv Millivolts

NO Nitric oxide

NO,, Nitrogen oxides

NoO, Nitrous oxide

NPS Naval Postgraduate School
N, Nitrogen

0,4 Ozone




-

P Pressure

ppm Parts per million

psi Pounds per square inch
R Rankine

SCFH Standard cubic foot per hour

SFRJ solid fuel ramjet

T Temperature
UHC Unburned hydrocarbon
v Velocityv
Subscripts
a Air

augup Upstream of catalyst position in augmentor %-ube

avg Average value across augmentor tube
bp Bypass

c Cor ustor

exl Upstream of quench air in comkustor
t. Stagnation/total
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I. INTRODUCTION

With continually increasing worldwide industrialization
and the resulting further destruction of natural cleansing
agents, environmental concerns and pollution control are
currently of paramount importance and they will continue to
be so into the future. A major portion of the total sources
of pollutants are the particulate and gaseous products of
combustion. There are four principle chemical classes of

these pollutant species which have the largest impact:

1. Nitrogen oxides (NO,,)
2. Carbon monoxide (CO)

3. Organic compounds (unburned or partially burned
hydrocarbons (HC) or soot)

4. Sulfur oxides (Sox)' [Ref. 1]

These combustion species can also be described as either
primary pollutants, which are emitted directly to the
atmosphere (soot or nitric oxide, NO) or secondary pollutants
which are formed by chemical/photochemical reaction of primary
pollutants after being emitted into the atmosphere and exposed
to sunlight (i.e., ozone, 0,) [Ref. 2]. Some pollutants fall
into both categories such as nitrous oxide (NO,) which is
emitted directly from combustion exhausts but is also formed

in the atmosphere photochemically from nitric oxide (NO).




Of the total nitrogen oxides (Nox) emitted from engine
exhaust, about 90% is NO which oxidizes to NO, in the
atmosphere. In the presence of sunlight, No2 decomposes
photochemically to give atomic oxygen (0) which combines with
molecular oxygen (02) to give ozone (03). The reaction of
ozone with other hydrocarbons in the atmosphere forms carbon
dioxide (CO,) and other secondary products which result in
photochemical smog or a brownish discoloration of the
atmosphere. [Ref. 3]

The U.S. Navy and U.S. Air Force have been very interested
in studies looking for economical alternatives in controlling
pollution emissions, specifically soot and NO, emissions from
their gas turbine engine test cells (which are used in
research and engine performance recertification after a
rework or overhaul). As new generation engines exhibiting
somewhat high:r exhaust temperatures and pressure ratios are
introduced, it can be expected that they will produce more NO,,
emissions than current engines. For civilian aviation, such
emission standards are set by the Environmental Protection
Agency (EPA) and will most likely become more stringent in the
future. The overall objectives of these efforts are to reduce
the emission of NO, and other pollutants, minimize the damage
to the atmosphere and satisfy current state and EPA

regulations.




Commonly, gas turbine engine test cells are comprised of
an instrumented static test stand, an augmentor tube, and a
vertical exhaust stack. The augmentor tube provides an
enclosure to reduce the velocity and temperature of the
exhaust, enable potential engine noise suppression, and
provides a capability to physically "treat" the exhaust gases,
while the exhaust stack vents the gases into the atmosphere.

Currently, NO, emission control is envisioned to use some
type of catalytic reduction process within the augmentor tube.
This could involve a technique combining the injection of some
substance (i.e., ammonia or isocyanic acid [Ref. 4,5,6]) into
the exhaust flow inside the augmentor tube and a catalytic
surface (i.e., iron oxide, perlite, or vermiculite [Ref. 7])
installed inside the tube further downstream. This technique
of NO, control centers around the chemical treatment of the
combustion products or exhaust of the engine. The
introduction of fuel additives in the engine (thereby changing
the combustion species in the exhaust) and the use of staged
combustion have also been studied, but will not be addressed
here.

Previous research at the Naval Postgraduate School since
1982 has primarily focused on the effects of fuel composition
and additives on engine exhaust particulate emissions or solid
soot concentrations (as last reported in 1988 by Lindsay [Ref.

8]). Lindsay's research utilized an actual Allison T-63-A-5A




engine combustor section modified to allow the use of
nonintrusive, optical techniques (three wavelength
transmittance/forward laser light scattering measurements) to
measure the actual size and concentration of solid exhaust
particles (soot) across the combustor and augmentor tube.

Conversely, a primary goal of this research was to
investigate an effective NO, control process, entailing a
combination of exhaust treatment techniques, to accommodate
the operational ranges and variables experienced in the gas
turbine engine test cell environment. The challenge exists
in determining an overall NO, control strategy since catalytic
reduction has been found to be very temperature dependent.
In addition, the technique must be applied without severely
compromising the proper functioning of the test cell (pressure
drop, augmentation ratio, etc.). This makes it particularly
difficult to apply to different engines, engine power
settings, and corresponding augmentation ratios in the gas
turbine engine test cell environment. Previous research at
the Naval Postgraduate School has not touched upon this
concept before, but it has been under study by the U.S. Air
Force, at the Naval Air Propulsion Center, and at other
government laboratories and agencies.

Recent studies have observed greater amounts of CO (700
ppm at idle to 45 ppm at 75% power) and unburned hydrocarbons

(950 ppm at idle to 3 ppm at 75% power) at low gas turbine




power settings. At high power settings, larger amounts of NO,,
(10 to 60 ppm) and smoke have been observed. The general
trend reflects that high concentrations of NO, are not
normally present together with high 1levels of CO. In
afterburner, gas turbine engines may emit much higher
concentrations of both CO (900 ppm) and NOx (80 to 100 ppm)
[Ref. 7].

The variation of concentrations with power settings and
other variables in the test cell environment confirms the
difficulty which exists in providing an efficient NO, control
process over all operating conditions. To date, studies
indicate that NO,, 1eductions of up to 90-100% are possible
depending on catalytic bed temperatures, catalyst volume and
composition, and engine power setting [Ref. 7].

At the outset, the scope and following objectives were set
for this investigation utilizing the Allison T-63 combustor
as a gas generator.

1. Re-plumb all fuel and air lines and re-instrument the T-
63 engine and ensure the engine, associated hardware and
software operate satisfactorily.

2. Design and build a test stand for the 21 foot augmentor
tube.

3. Install and calibrate a new gas sample dilution and
conditioning wunit, NO analyzer, carbon monoxide
analyzer, and unburned hydrocarbon (UHC) analyzer.

4. Determine the average velocity, temperature, and mass
flow rate of the gas exhaust at the end of the augmentor
tube prior to the installation of the catalytic bed.




5.

Install an iron oxide (Fe 03) catalytic bed (available
from the Von Didier-Werke Corp., West Germany) at the aft
end of the augmentor tube and determine the effect of the
catalytic bed on NO,, €O, and UHC concentrations,
augmentation ratio, and pressure drop as the combustor
exhaust passes through the bed.

Measure the concentrations of NO_, CO, and UHC before and
after the catalyst while varying the augmentation ratio,
engine exhaust temperature, and engine fuel to air ratio
to determine the practicality of using such a technique
in the gas turbine test cell environment.




II. EXPERIMENTAL APPARATUS

A. COMBUSTOR

A full scale Allison T-63-A-5A Gas Turbine combustor
(Figures 1 and 2), as modified by Grafton [Ref. 9] was used
to generate jet exhaust gases. Grafton [Ref. 9] installed a
quench manifold forward of the exhaust nozzle and just aft of
the turbine nozzle block to simulate the temperature drop of
the combustor exhaust gases which would normally take place
upon turbine work extraction. In this investigation, the
quench air to the manifold was supplied at approximately 20
deg. F (480 deg. R) and at a flow rate of between 0.5 and 0.6
lbm/sec. The required quench air was supplied from a single
air line branching off from the main air line thrcugh a sonic
choke (Dbp = 0.237 in.) sized to provide a 0.5 lbm/sec flow
rate assuming a minimum of 475 psi air pressure was provided
upstream of the choke. The quench air line branch was located
prior to the main air sonic choke and vitiated air heater.
New combustor ignitor and air heater torch transformers were
also obtained and installed prior to the experiments.

The combustor apparatus used in this experiment was moved
from the test cell utilized by the Lindsay experiment [Ref.
8], necessitating installation of all new fuel and air lines

as well as re-~instrumentation of the combustor. Prior to




Figure 1. S8chematic of T-63 Combustor Components




Figure 2. Photographs of T-63 Gas Turbine Combustor




initial engine test and data runs, all fuel and air lines were
leak tested under high pressure.

Pertinent T-63 engine data is provided below in Table I
at standard sea level static conditions.

Table I. T-63 PERFORMANCE RATINGS [Ref. 10]

Rating £ (255 (tust, (d§§ F)
Takeoff 0.019 3.17 0.061 1380
Military 0.019 3.17 0.061 1380
Normal 0.017 3.04 0.053 1280
90% Normal 0.017 2.95 0.049 1226
75% Normal 0.015 2.82 0.043 1148
Note: compressor ratio = 6.25, P, = 92 psia

engine length = 40.4 in, hgight = 22.5 in,
width = 19.0 in, dry weight = 138.7 1b.

B. AIR SUPPLY

Compressed air for the combustor and quench manifold was
provided from a 3000 psi tank storage system (Figure 3).
Compressed air was supplied to the tank system using two
compressors with an in-line air drier system to remove
moisture. Air flowed from the tanks, through several valves,
to a dome loaded pressure regulator operated from the system
control panel inside the control room. The dome 1loaded
pressure regulator provided a stable pressure to the main air

sonic choke (Da = 0.42 in.), which when instrumented with a

10




H3ILIAWMO4
3NIgyNL

431714

YAV

[

YOL1lVIION!

Jvliong

NOILVINO 3 Y
34NSS3Yd

H31V3H NIV
Q3 1VILIA
IMOHD Qw
JINQS
0isnquo )
vt Il ==

H3LINO!

®

43114

|

3ATVA

TOHINOD MO

¥0SS3YdIWO0D

1
T:

0O
5
Y3174 Mi
Jhn

ANVL
13nd
34NSS3IHd

H3A40

Hiv

SN

Schematic of Air and Fuel Supply 8ystems (Adapted
11]).

Figure 3.
from [Ref.

11




thermocouple and pressure transducer was used by the computer
to determine the air mass flow rate to the combustor. The
sonic chokes were sized to obtain an approximate 1.7 - 1.9
lbm/sec mass flow rate of primary air, 0.5 lbm/sec of quench
air, and a 90-100 psi combustor chamber pressure. The quench
air branch was located after the dome 1loaded pressure

regulator and prior to the main air sonic choke.

C. VITIATED AIR HEATER

A vitiated air heater was installed between the main inlet
air sonic choke and the inlet of the combustor, providing a
means to vary the combustor inlet temperature. An ethylene
charged ignitor torch was used to start the hydrogen fueled
air heater. Make-up oxygen was added downstream of the air
heater prior to entering the combustor inlet. This oxygen
was added to replace the oxygen burned in the air by the
vitiated air heater, ensuring thatc the correct molar/mass
composition of 1inlet oxygen and nitrogen entered the
combustor. The torch and heater gas introduction into the
main air and vitiated air heater was controlled via solenoid
valves remotely activated from the control room.

Sonic chokes were placed in the lines between the heater
fuel and make-up oxygen gas bottles and the point of injection
into the vitiated air heater. The chokes were sized assum’ng

an air heater pressure of 250 psi and hydrogen fuel to air

12




of 0.0015, yielding an air heater temperature of 860 deg.
Rankine. Using the one dimensional, isentropic flow
expressions with fixed properties, the heater fuel and make-
up oxygen sonic choke diameters were determined to be 0.035

and 0.070 inches respectively.

D. FUEL SUPPLY

A remotely controlled, pressurized 20 gallon tank provided
fuel to the combustor. Nitrogen was used to pressurize the
tank using a remotely controlled dome loaded pressure
regulator. From the tank, NAPC #4 (Suntech 4) fuel was
supplied through a series of filters, through a throttle valve
in the control room, into a turbine flowmeter, to an electric
solenoid shutoff valve and into the combustor (Figure 3).
Fuel flow rate, in gallons per minute, was available from a
digital display in the control room and was provided to the
HP data acquisition system via the HP 3497 DACU scanner
channel 25. The displayed flow rate was the result of the

output of the turbine flowmeter.

E. THERMOCOUPLES AND PRESSURE TRANSDUCER INSTRUMENTATION
Chromel-Alumel (Type K) thermocouples were used to measure
the various temperatures in the high pressure ai:r lines and
combustor as well as inside the augmentor tube. The
thermocouple and pressure transducer outputs were provided to

the Hewlett-Packard (HP) 3497 Data Acquisition/Control Unit

13




(DACU) of the HP-3054A data acquisition system for recording
and flow rate calculations. The following provides a summary
of thermocouple and transducer locations and their associated
data acquisition scanner channel number used to input the

measurements into the microcomputer:

VARIABLE HP-3497 DACU CH NUMBER
P, (main air pressure) 24
Pc (combustor chamber pressure) 23
th (heater fuel, HZ pressure) 22
Pho (heater make-up oxygen pressure) 21
T, (main air temp) 60
Toyp (combustor inlet air temp) 61
Texl (combustor exhaust upstream of quench) 62
Tex2 (combustor exhaust downstream quench) 63
Tho (heater make-up oxygen temp) 64
Thf (heater fuel temp) 65
Taugup (augmentor tube, upstream of catalyst) 66
’I'augdl (augmentor tube, downstream catalyst) 67
Taugdz (augmentor tube, downstream catalyst) 68

F. AUGMENTOR TUBE AND INSTRUMENTATION

An augmentor tube, 21 feet long and two feet in diameter,
(Figure 4) was used during the experiment. The tube was
suspended on a rigid castor system mounted on a heavy stand

constructed of four-inch angle iron. The castor system

14




Figure 4. Photographs of Augmentor Tube on Stand
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enabled the augmentor tube to be slid into the proper position
for each data run from its storage position. The purpose of
the tube was to capture the primary jet exhaust of the T-63
combustor, mix the exhaust with inducted ambient air, and
enarle the air mixture to be treated by the catalyst located
insidie the augmentor tube, 4.5 feet from the exit. Gas
samples —'re taken prior to and after the catalytic bed to
determine the effectiveness of the catalyst in scrubbing the
exhaust of NO,, .

A variable diameter blocking plate was attached at the
forward end of the augmentor tube at the T-63 exhaust (Figure
5). Varying the opening diameter of the tube enabled a
variable augmentation ratio, i.e., the ratio of the induced
ambient air (air drawn into the tube by the jet exhausting
into the tube) flow rate to the T-63 exhaust flow rate (Figure
6). This in turn created variable amounts of colder ambient
air induction into the tube to viscously mix with the T-63
exhaust gases, and also provided the required cocler catalyst
inlet and augmentor exhaust temperatures. For this
experiment, a five inch diameter orifice plate was attached
to the blocking plate.

In order to determine the total mass flow through the
augmentor tube, an average velocity and temperature near the
exit of the tube had to be measured. To find the velocity,

static and stagnation pressures were obtained 30 inches from

16




Figure 5. Photograph of Variable Diameter Blocking Plate
Installed on Front of Augmentor Tube
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Figure 6. Augmentor Tube Flow




the exit plane of the augmentor tube. Static pressure was
measured with an eighth-inch static port installed flush with
the inside of the tube. The stagnation pressure across the
tube radius was obtained with a modified United Sensor KT-18-
C/A-12~-C Kiel probe (Figure 7) enclosed within a 0.375 inch
stainless steel tube. The Kiel probe was mounted on an
electric motor-driven traversing platform (Figure 8) mounted
on an adjustable stand. The Kiel probe was introduced into
the flow through an orifice in the wall of the augmentor tube.
The probe could extend from 2.5 inches from the wall to the
tube centerline at 11.75 inches. The traversing Kiel probe
was controlled by a DC motor speed control box in the control
room. Low pressure transducers on the adjustable stand were
connected through Pacific amplifiers into an Omega strip chart
recorder for recording static and total pressure as well as
probe position in the augmentor tube.

Figure 9 provides a schematic of the augmentor tube and
associated instrumentation including thermocouple, catalyst

basket, and sample gas probe locations.

G. CATALYTIC BED

A stainless steel, circular basket was manufactured to
enable different varieties of catalyst species to be inserted
into the augmentor tube. The enclosure (Figure 10) was 23.25

inches in diameter and five inches wide, producing a maximum

19




Figure 7. Photograph of Kiel Stagnation Pressure Probe
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Figure 8. Photographs of Kiel Probe on Traversing Stand
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Figure 10. Photograph of Catalyst Enclosure
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of 1.2 cubic feet of catalyst bed volume. The stainless steel
screen mesh containing the catalytic material was made of
0.063 inch wire with a 0.187 inch mesh spacing. A removable
door along the width of the basket provided for removal or
replacement of catalytic material. The basket was machined
so that it could be slid into the augmentor tube and secured
4.5 feet from the tube exit plane. Assuming a flow velocity
of 40 feet/sec, minimum residence time through the enclosure

was 0.01 seconds.

H. GAS SAMPLING AND ANALYSIS EQUIPMENT

Figure 11 shows a schematic of the sample gas flow path
to thevanalyzers after being collected by two stainless, 1/4
inch sample probes in the augmentor tube. One sample probe
was positioned upstream and one downstream of the catalyst
enclosure. A three-way solenoid valve connected the heated
sample line from the downstream sample probe in the augmentor
tube, the upstream sample probe, and the heated sample line
to the gas analyzers. The electric solenoid valve was
operated from the control room via a toggle switch on the T-
63 control panel. The sample lines were set to heat the
sample to a temperature of 275 deg. F to prevent water

condensation.
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Figure 11. Schematic of Sample Gas Flow Path




1. Model 900 Heated Sample Gas Dilution and Conditioning

Unit

Sample .gas was drawn at about 1.3 SCFH from the

stainless sample probes in the augmentor tube through a heated

sample line and introduced into a Thermal Electron Model 900
Heated Sample Gas Dilution and Conditioning Unit (Figure 12).
The Model 900 blended dry dilution air at a 20:1 dilution
ratio with the gas sample to reduce its dewpoint, preventing
the formation of condensate at room temperature [Ref. 13].
The conditioned sample (output of the Model 900) was then
delivered to the following instruments at geven SCFH and ten
psig for further analysis:

1. Thermo Electron Model 10AR Chemiluminescent NO/NoO,,
Analyzer

2. Thermo Electron Model 48 Gas Filter Correlation (GFC)
Ambient CO Analyzer.

2. Model 10AR NO/NOx Analyzer

From the Model 900 Sample Conditioning Unit, a portion
of the sample gas was provided via teflon tubing into the
Thermo Electron Model 10A Rack-Mounted Chemiluminescent NO-
NOx Gas Analyzer (Figure 13) for continuous measurement of
nitric oxide (NO) and ritrous oxides (NO+NO, or NO,). The
Model 10AR was*capableﬂbf measurement ranges from 2.5 to
10,000 parts per million (ppm) and had a sensitivity of 0.1

ppm.
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Figure 12. Photograph of Model 900 Heated
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The basis of the instrument is the chemiluminescent
reaction of NO and ozone (03) or NO+0; =+ NO,+0, . Light
emission results when excited NO, molecules revert to their
ground state.

To measure NO, the gas sample was blended with ozone
produced by an internal ozonator in a reaction chamber within
the Model 10AR (Figure 14). The resulting chemiluminescence
was measured through an optical filter by a sensitive
photomultiplier (PM). The filter and PM responded to light
in a narrow wavelength band unique to the chemiluminescent
reaction. The output of the PM was linearly proportional to
the NO concentration. [Ref. 14)

To measure NO the sample gas was diverted through an

%!
NO,-to-NO converter in which the nitrogen dioxide (NO,) was
thermally converted to nitric oxide (NO) for subsequent
measurement via the chemiluminescent process. The
chemiluminescent response in the reaction chamber to the
converter output mixture was linearly proportional to the NOx
concentration entering the converter. [Ref. 14]
3. Model 810 Total Hydrocarbon Analyzer

A raw portion of the exhaust gas from the heated
sample line was provided to the Thermo Environmental
Instruments Model 810 Total Hydrocarbon Analyzer (Figure 15)

at atmospheric pressure at a sampling flow rate of 2500 ml/min

(5.3 SCFH). The sample gas for the Model 810 bypassed the
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Mocdcl 900 due to the high dilution ratio of the Model 900 and
the 1low concentrations of hydrocarbons expected in the
exhaust. The Model 810 measured hydrocarbon concentration
ranges of 0.1 to 10,000 ppm with an accuracy of 0.1 ppm
utilizing an internal hydrogen flame ionization detector. The
detector operated by ionizing volatile organic compounds using
a hydrogen flame. The gas sample was mixed with hydrogen
prior to the flame. External combustion air was provided for
combustion of the sample in the flame. Normally, sample flow
and hydrogen flow were equal and combustion air was five to
ten times greater. Upon combustion, the hydrogen flame burned
the organic compounds in the sample to generate carbon dioxide
and water. Carbon ions were also formed in the process. This
process occurred in an electrical field between two
electrodes, one near the hydrogen flame and one around the
flame or a cecllector electrode. The potential difference
between the two electrodes caused movement of ions to one or
the other electrode. A small ion current flowed, was
amplified, and provided to the microprocessor system of the
Model 810. [Ref. 15)

The Model 810 required calibration with a known span
gas (known concentration of hydrocarbons), zero air (less than
0.1 ppm concentration of hydrocarbons), combustion air or

oxygen, and hydrogen.
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4. Model 48 GFC Ambient CO Analyzer

Another small portion of the conditioned sample gas
from the Model 900 Conditioning Unit was drawn off and
introduced into the Thermo Electron Model 48 Gas Filter
Correlation (GFC) Carbon Monoxide (CO) Ambient Analyzer
(Figures 16 and 17) at a flow rate of about one liter per
minute at atmospheric pressure. The Model 48 was capable of
measuring CO concentrations from 0.1 to 1000 ppm with an
accuracy of 0.1 ppm utilizing non-dispersive infrared
absorption techniques. Since infrared absorption is a non-
linear measurement technique, the Model 48 transformed the
basic analyzer signal into a linear output. This was done
internally by the Model 48 by storing the calibration curves
in computer memory and subsequently using the curves to
accurately 1linearize the instrument output over a desired
range. An internal temperature and pressure transducer
provided outputs into a microcomputer to make corrections to
instrument output, resulting in CO concentration measurements
which were unaffected by changes in sample gas pressure and
temperature.

The sample gas CO concentration in the Model 48 was
determined wusing an internal Gas Filter Correlation
Spectrometer. GFC spectrometry is based upon the comparison
of the detailed structure of the infrared absorption spectrum

of the measured gas to that of other gases also present in the
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sample. The technique is implemented by using an input of a
high concentration of CO (known span gas) as a filter for the
infrared radiation transmitted through the analyzer (GFC).
The basic components of the GFC CO spectrometer are shown in
Figure 18. Radiation from an IR source is chopped and then
passed through a gas filter alternating between CO and
nitrogen due to rotation of the filter wheel. The radiation
then passes through a narrow bandpass interference filter and
enters a multiple optical pass cell where absorption by the
sample gas occurs. The IR radiation then exits the sample
cell and falls on the IR detector. [Ref. 16]

" The CO gas filter acts to produce a reference beam
which cannot be further attenuated by CO in the sample cell.
The nitrogen side of the filter wheel is transparent to the
IR radiation and produces a measure beam which is absorbed by
CO in the cell. The chopped detector signal is modulated by
the alternation between the two gas filters with an amplitude
related to the concentration of CO in the sample cell. Other
gases do not cause modulation of the detector signal since
they absorb the reference and measure beams equally. This
means that the GFC system responds specifically to carbon
monoxide. The sensitivity of the Model 48 is increased to 0.1
ppm with a lower detectable 1limit of 0.02 ppm by using
multiple pass optics in the sample cell leading to a large

path length or improved sensitivity. [Ref. 16]
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I. CONTROL ROOM

A main control room and associated control panels were
located adjacent to the test cell in the NPS Combustion Lab,
Building 217, NPS Annex. The control room provided a secure
and quiet space to control and visually observe the experiment
as well as house the sample gas conditioning unit, gas
analyzers, and data acquisition system. Figure 19 provides
a photograph of the layout of the control panel including

controls for:

1. main air (red guarded)

2. T-63 air heater torch and gases (red guarded)
3. T-63 combustor ignitor

4. T-63 combustor fuel system and tank vent

5. fuel tank pressure and hand loader.

Adjacent to the panel was a digital readout of the JP fuel
flowrate in gallons per minute (GPM) as well as a jet exhaust
temperature readout for safety backup. The main air pressure
gauge and hand loader were located on the solid fuel ramjet
(SFRJ) air heater console near the T-63 combustor control

panel.

J. DATA ACQUISITION AND REDUCTION SYSTEM
A Hewlett-Packard HP-3054A automatic data

acquisition/control system located in the control room
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Figure 19. Photograph of T-63 Control Panels
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provided test data acquisition, reduction. and system control
fcr the experiment. The system included a HP-3497A data
acquisition and control unit (DACU), a HP 3456A digital
voltmeter, and a HP-9836S microcomputer with a HP-9153C hard
disk drive (Figure 20). The test controlling software progrém
(Appendix A) was writter in HP Basic 5.1 and loaded from the
HP-9153C hard disk for each test run. The software was
programed for transducer caiibration, setup of gaseous flows,

data acquisition and reduction for each hot data run.
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Figure 20. Photograph of H~P Data Acquisition and Control
Systen
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IIY. EXPERIMENTAL PROCEDURE

Prior to any data runs, the T-63 combustor, augmentor
tube, traversing probe system, gas analyzers, and associated
software were checked and tested to ensure the equipment
operated satisfactorily after installation.

The sample gas analyzers were calibrated with their
respective zero and span gases. In accordance with Reference
14, the Model 10AR Nox analyzer was calibrated with a zerc gas
of less than 0.1 ppm NO and a span gas containing 220 ppm of
NO in nitrogen. The Model 48 CO analyzer was calibrated with
a zero gas of less than 0.1 ppm CO and a 104 ppm CO span gas.
The NO_, and CO analyzer calibration gases were routed through
the Model 900 Dilution and Conditioning unit prior to entering
their respective analyzer for calibration, since the actual
sample gas would also be conditioned through the Model 900.
Since the Model 900 diluted any sample input at a 20:1 ratio,
all sample gas readings from the Model 48 and Model 10AR
during a data run were multiplied by 20 to obtain the actual
specie concentration in ppm.

The Model 810 Total Hydrocarbon analyzer was calibrated
with a zero gas of less than 0.1 ppm of methane (CH,) in air
and a span gas of 50 ppm methane in air in accordance with
Reference 15. Since the Model 810 automatically initiated a

calibration sequence upon start and at prescribed intervals,




the zero and span gases were permanently plumbed to the unit.
Before connecting them to the Model 810, the zero and span
gas flow rates were set externally (to 0.53 SCFH) using two
flow meters and needle valves. Due to the calibration
requirements, the T-63 exhaust sample gas was introduced
directly into the Model 810, bypassing the Model 900. All
analyzers and the Model 900 were energized one hour prior to
a het data run to ensure proper warmup and operation. This
normally allowed enough time for the Model 900 chamber
temperature to reach 180 degrees F as required.

All pressure transducers required calibration prior to
data collection. The computer program "T63NOX" (Appendix A)
was used to complete the calibration. New calibration
constants and zero values were obtained and entered into the
program for data reduction.

The Kiel total pressure probe and static pressure port
transducers were calibrated with a manometer and strip chart
recorder in the control room. The calibration resulted in a
constant of 10 mV per 0.58 cm of water for the static port and
10 mV per 0.53 cm of water for the Kiel total pressure probe.

With the probes, transducers, and analyzers set, the Run
Checklist (Appendix B) was completed and the various flow
rates (main air, air heater fuel, heater oxygen) were set in
accordance with the "T63NOX" computer program on the H-P

microcomputer. On cue from the computer, the air heater and
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combustor were ignited from the control panel in the control
room. The combustor was operated at normal engine operating
fuel to air ratios (f = 0.017-0.019). The Kiel probe
traversed across the augmentor tube exit plane and gas
samples were taken from both collection probes in the
augmentor tube and processed by the gas analyzers.
Originally, four hot data runs were to be completed. Two
runs each were to be made both with and without a catalytic
bed inserted in the augmentor tube; one of these runs without
the vitiated air heater activated. The runs without the
catalyst were made to establish the base concentration of NO,,
Co, and UHC and to determine the augmentation ratios from the
average temperatures and velocities across the tube exit
plane. CO and UHC levels were measured since it had been
shown (Ref. 4) that their presence can significantly change
the effectiveness of a catalyst for NOx reduction. For
example, NO can be reduced by CO using a rhodium catalyst to
produce Co, and N2. The other two data runs were to be made
with an iron oxide catalyst inserted in the augmentor tube
following the work of Reference 6. When the iron oxide
catalyst became unavailable (due to the supplier deciding that
it would not work adequately in the augmentor tube
environment), a vermiculite catalyst (an aluminum-iron-
magnesium silicate) was ordered to evaluate the recent results

of Reference 7 within the augmentor tube environment. This
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material was not delivered in time for evaluation. Course
perlite (an inexpensive, amorphous, sodium-potassium-aluminum
silicate) was then obtained for testing (also based on the
recent results of Reference 7), but the grain size proved to
be too small for the catalytic bed screen mesh. A finer mesh
screen was therefore attached to both sides of the coarse wire
basket. A fourth data run was then completed with the
catalyst, but without activating the vitiated air heater. The
run was made to evaluate the effectiveness of the perlite
catalyst for NoO,, reduction and to determine the effect of the

catalytic bed on the augmentation ratio.
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IV. RESULTS AND DISCUSSION
A summary of the results of the four data runs is
presented below in Table II. A more comprehensive data output
for each run appears in Appendix C.

Table II. SUMMARY OF RESULTS

MEASUREMENT RUN NUMBER

1l 2 3 4
air heater used no yes no no
catalyst installed no no no yes
lha_(lbm/sec) 1.92 1.95 1.83 1.91
£ 0.017 0.009 0.019 0.018
Vavg (ft/sec) 41.5 33.0 36.2 *
AR 1.17 0.69 0.78 negl.
Taugup (deg. R) 903 899 997 989+
Texl (deg. R) 1550 1374 1693 1555+
NO, (ppm) 26 14 30 50/18
CO (ppm) 360 82 220 520/220
UHC (ppm) 135 250 58 38/18

Notes: For Run #4:
* unable to calculate
+ data taken early in test
gas concentrations :
upstream/downstream of catalytic bed
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It is evident from the data of runs 1, 2, and 3 that as
the combustor temperature increased, exhaust NO, levels also
increased and UHC concentrations decreased as expected for gas
turbine combustors and confirming the trend found in Reference
7. CO levels were quite high for the first three runs except
for run #2, which is suspect. As the combustion temperature
and augmentation ratio decreased, CO 1levels should have
increased. This behavior was not observed and could have been
the result of either the low combustor flow rate or improper
functioning of the CO analyzer. Overall CO and UHC levels
were somewhat higher than reported in Reference 7.
Differences could have been attributed to defined power
settings and combustion temperatures in the engine data of
Reference 7. Additionally, the Model 810 UHC analyzer used
in the tests had experienced calibration problems during the
experiments.

The average velocities near the augmentor tube exit (18.5
feet downstream of combustor exhaust) for the first three runs
were fairly close in value. The velocity and temperature
profiles were fairly uniform with a relatively constant
velocity (constant stagnation pressure) in the center of the
flow as expected. The flow did exhibit slightly greater
velocities near the wall of the tube, possibly the result of
the mixing process between the engine exhaust and augmentor

air in the large diameter augmentor tube. The lower velocity
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and augmentation ratio during run #2 (vitiated air heater
activated) was a result of an initial combustor
overtemperature condition at the normal operating fuel to air
ratio upon ignition. This required a reduced fuel-to-air
ratio to be used. The resulting correction was too severe and
produced a much lower combustor exhaust temperature.

Run #4 was accomplished with a perlite catalytic bed
inserted 4.5 feet from the tube exit. Temperatures entering
the bed were initially 989 deg. R (529 deg. F). Due to the
large pressure drop caused by the catalytic bed obstructing
the flow through the tube, the augmentation ratio was greatly
reduced, resulting in the tube temperature being increased
substantially as the run progressed. The velocity profile
downstream of the catalyst exhibited areas of flow reversal
and substantially higher velocities near the wall due to an
inexact seal between the wall and catalyst enclosure.
Additionally, fine particles of perlite were inducted into the
Kiel probe head, hampering efforts to obtain a reliable
average exit velocity. Based upon the measured data and the
observed very high augmentor tube wall temperature, the
augmentation ratio was known to be very small.

The perlite catalytic bed did provide for a 64% reduction
in NO, which was on the order found in Reference 7 (for a
subscale test) for a perlite + MgSO4 bed at 860 deg. R. The

long residence times (probably on the order of 0.01-0.03
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seconds), large exposed surface area of the catalyst
particles, and higher bed temperatures probably contributed
to the apparent success of the perlite catalyst. The catalyst
also appeared to cause a decrease in CO and UHC. This may be
the result of the oxidation of CO over the catalyst.

It was apparent from these initial tests that the
catalytic reduction of NO in test augmentor tubes is
practical. However, to not adversely affect the augmentor
flow rate, the catalysts will have to be distributed in such
a manner to reduce flow rate resistance. Two such methods
are; (1) placing the catalyst material in tubular structures
(honeycombs) and, (2) treating only the central region of the
flow where the NO, levels are at their highest values.

In this initial investigation, the augmentor tube diameter
was made large and the augmentor inlet orifice small in order
to provide low velocities (30-40 ft/sec) through the catalytic
bed. This was done to determine the effectiveness of the
catalyst under the most ideal conditions and with a minimum
of catalytic material. Augmentation ratios as high as five
and velocities as high as 1000 ft/sec are not uncommon in
full-scale test cells. Once the most effective catalyst is
found, it must be evaluated over the full range of velocities
and temperatures encountered in the test cell environment.

Another issue which must be addressed is the impact of

soot (which can accumulate with run time) on the effectiveness
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of the catalyst.
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V. CONCLUSIONS AND RECOMMENDATIONS

Most of the initial objectives for this investigation were

met. The T-63 combustor, associated instrumentation, and
software operated satisfactorily. A test stand for the
augmentor tube was designed and built. The sample gas

analyzers were set up and calibrated and a sample flow system
was constructed for transporting the exhaust sample from the
probes in the augmentor tube to the analyzers. A long
response time was noticed during the tests due to the long
sample hose lengths required to transport the sample to the
analyzers and small orifice size in the three-way solenoid
valve at the augmentor tube stand. Movement of the analyzers
to the test cell, increasing the orifice of the solenoid
valve, and increasing the sample probe size to 3/8 inch
stainless steel could minimize sample travel time and distance
to the analyzers and suction resistance in the tubing.

The general velocity and temperature profiles across the
augmentor tube were determined to be relatively constant and
used to obtain augmentation ratios when practical. The
perlite catalytic bed resulted in a 64% NO, removal. This
supports a conclusion that perlite is a viable, inexpensive
catalyst material which could be used in the test cell

environment. The large pressure drop observed across the

51




catalytic bed, however, makes the current configuration
impractical. Alternative configurations might include:

1. For total exhaust flow treatment, a honeycombed catalyst
enclosure could be manufactured which would allow a
larger flow velocity through the bed and lower pressure
drop. Systems of this type are discussed in Reference
6.

2. Construction of an extractive system involving placement
of a smaller, coarse catalytic bed centered along the
augmentor tube center axis where the greater
concentration of NO_, might be expected. To construct
this configuration, velocity, temperature, and NO,
concentration profiles would have to be found along the
augmentor tube to optimize exact catalytic bed placement
and NOx removal.

Since time constraints precluded a more in-depth
investigation, future efforts, utilizing the current apparatus
and various species of catalytic material (Fe,05 and
vermiculite when available), should concentrate on varying the
augmentation ratio and fuel to air ratio and measuring NO,
CO, and UHC levels across the catalyst. The effects of these
variables in consonance with ammonia or cyanuric acid addition
techniques (as discussed in References 4, 5, and 6) on the
effectiveness of the catalytic process should be investigated.

In addition, the effects of sooting and much higher

augmentor tube velocities and augmentation ratios must be

evaluated before a practical solution can be attained.
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APPENDIX A

HP BASIC "T63NOX" COMPUTER PROGRAM

ba1GBCHERSIQN 9, JAN 1990

T S i A g
! (1) UA&IhéLE DEFINIT{ONS AND NBHENCLATURE

(5) gRANSDUCER CALIBRATIONS

(3) FLOW CHECKS AND NOZZLE CALCULATIONS

(4) THE TEST SEQUENCE AND DATA COLLECTION

{S) POST-RUN OPERATIONS, DATA REDUCTION AND SHUTDORM
!**xl&ll;l;i*i!;*i*!!!!au&&;&illl**&*l*l!*l!ii*iuixl*}*l!*l*ii&l*!i!l*l***

i(1) VARIABLE DEFINITIONS AND NOMENCLATURE
P e T LT Lo L L D TR L LA bbbl

{
|
i
!
!

i GYKBOL DEF INITION

1A ANALDG CHANNEL NUMBEK

| A3ir THROAT AREA,AIR FLOW SONIC CHOKE, SQ. IN,

I Ahf THROAT AREAHEATER FUEL SONIC CHOKE, SG.IN.
i Aho THROAT AREA HEATER OXYGEN SONIC CHONE, SQ.IN.
| PRair BYPASS AIR FLOWRATE

i Cdair DISCHARGE COEFFICIENT, AIR SONIC CHOKE

1 Cdhf DISCHARGE COEFFICIENT, HEATER FUEL SONIC CHOKE
i Cdho DISCHARGE COEFFICIENT, HEATER D2 GONIC CHOKE
I Dairchoke AIR SONIC CHOKE DIAMETER

i Dbpchoke BYPASS AIR SONIC CHOKE DIAMETER

I Date$ Test Date Ho-Dag-Yr

i Dhfchoke mnmmmaummwswmm

! Dhochoke AIR HEATER DXYGEN SONIC CHOKE DIAMETER

i Fyelids FUEL IDENTIFICATION

G 32.174

Ge=32.174

! Heaterfuel HEATER FUEL IDENTIFICATION

I Knair AIR SONIC CHOKE FLOM RATE CONSTANT

I Kmfvel FUEL FLOW METER RATE CONSTANT (GPM/VOLT

i Kmhd HEATER FUEL SONIC CHOKE FLOW RATE CONSTANT

i Keho HEATER 02 SONIC CHOKE FLOW RATE CONCTANT

I Kp__ PRESSURE TRANSDUCERS CONSTANT (PSI/VOLT)

1 Mair AIR FLOW RATE, LEM/SEC

| Maird DESIRED AIR FLOW RATE, LBM/SEC

i Mfuel FUEL FLOW RATE, GPK

i Mfyeld DESIRED FUEL FLOW RATE, GPM

| Mhf HEATER FUEL FLOW RATE, LEM/SEC

i Hhid DESIRED HEATER FUEL FLOW RATE LBM/SEC

Y HEATER OXYGEN FLOW RATE, LEM/SEC

i Hhod annm?noguzﬁwng%meﬂ

I pa I HOKE , P

lMa mwmﬂﬁﬁmﬂmmma

) Pbar DAROMETRIC PRESSURE, PSIA

i Pc PRESSURE, COMEUSTION CHAMBER, PSIA

I Phf PRESSURE, HEATER FUEL SONIC CHOXE, PSIA

i Pho PRESCURE! HEATER OXYGEN SONIC CHORE, PSIA

I Ta TENPERATURE, AIR SONIC CHOKE, R

i Thpa TEMPERATURE, BYPASS AIR SONIC CHOKE, R

I Tavaup TEMPERATURE AUGNENTOR TUKE UPSTREAM CATALYST, R
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Tavgd} — TEMPERATURE AUGMENTOR TUBE DOWNSTREAM CATALYST, R
Testno$ TEST 1.0 NO.
The TEHPERATURE HEATER FUEL SONIC CHOKE, R
Thoe IEHPERATURE HEATER 02 SONIC CHIXE, k
Tein 'EHPERATURE COMBUSTOR ATR INLET (HEATER OUTLEI)
Tcind E“°ERA7URE DESIRED COMBUSTOR AIR INLEY
Texl TEHPERATURE COMBUSTOR EXHAUST UPSTREAM 6F UENCH
TEnPERATURE COMBUSTOR EXHAUST DOWNSTREAM QUENtH R
BEEP 1000 1
PRINT USING "@*
PRINT USING "&/"
PRINT " T43 DATA ACQUISITION *
PRINT USING *5/°
PRINT *TURN THE PRINTER ON LINE®
%tE R 7%2
! THE RECORDED VARIABLES (VOLTAGES) AND LDCATIONS ARE:

’ (NOTE: THE MAXIMUM ALLOWABLE VOLTAGE INTO THE SYSTEM IS 1.2 VOLTS)

' VARIABLE 3497 DACU SCANNER NUMBER 0__

! fa— " YT -

! Pbpa 24

} Pc 23

I Mfvel 29

I Phe 22

) Pho 21

' Ta 50

I Tcin (inlet air) 61

i Texd {spstreanm of $ven:h) b2

! Tex2 (downstrean ot gqeench) 63

I The 64

i The ]

| Tauqun bb

! Taugd1 67

! Tavgd2 b8

VALL FLOW RATES ARE CALCULATED USING THE ONE-DImtrSIONAL, ISENTROPIC

iFLOW EXPRESSIONS WITH FLXED PROPEA(IES. SMALL SONIC NOZZLES HAVE

IMEASURED DISCHARGE COEFFICIENTS. THE AIR FLOW NDZZLE USES AN ASSIMED

}DISCHARGE COEFFICIENT (Cd) OF 0.97.

iH (LEM/SEC)=CaxPxAXKn/T*.5

%Kn IS THE GAS-DEPENDENT SONIC CHOKE FLOW RATE CONSTANMT

an=SQR((Banna*Gc/R)i(Z/(Gahna*l))‘((Ganna+l)/(canna-1)))

= APPROPRIATE CONSTANTS ARE:

' GAS MOLECULAR WT.  GAS CONST. cP GAHNA Kn

l AIR 28.97 93.3 248 1.40 9320
02 32.0 48,3 217 1.40 2989

' CHe 16,83 96.4 593 1.32 .3876

b N2 28.01 35.14 248 i.40 9229

% HZ 2.016 766.5 3.419 1.405 1405

Gammaair=1,40

Ganmaox=1,40

Gawmahf=], 405

Kmair=,5320

Kmho=, 5589
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Kmhf=, 1405
Rair=53.3

o 3o~

~0
DD D DRI DD O I DI DO O DO ' DO O OO IR OO O e O DD

Dairchoke=, 42
Dbpchoke=,239
Dhochoke=. 8700
Dhfcheke=, 040

—_——

Khod=.0228
PRINT USING *6/*
INPUT "Input the baremetric pressure in am of Hg" ,Pan
Pbar=Pan%, 019337
Cdair=.97
Cdhf=.97
Cdhe=.97
1ALL THERMOLOUPLES ARE CHROMEL vs. ALUMEL (TYPE K) WITH
VELECTRONIC ICE POINTS, TEMPERATURE READINGS (VOLTAGES) ARE _
ICONVERTED 10 DEGREES RANKINE (R) PER "INDUSTRIAL INSTRUMENTATION® RY
1D.P, ECKMAN (PAGE 369). THIS CALCULATION 1S PERFORMED IN SUEROUTINE
ITcalc. TEN VOLTAGE INTERVALS ARE USED BETWEEN 460 AND 2460 R.
PRINT USING "¢"
PRINT USING "6/"
INPUT "WILL THE AUGMENTOR TUBE BE USED? (Y/N)*,Aug$ 1D
IF Aug$="Y" THEN Aug=1 iD
IF Avg$="N" THEN Aug=0
PRINT USING "8"
PRINT USIANG "6/*
INPUT "WILL THE AIR HEATER BE USED? (Y/N)*,11%
IF Z1$="Y" THEN Ht=1,
IF Za$="N" THEN H1=D,
PRINT USING "€*
PRINT USING *6/°
(§§§9T ;U}LL YOU USE PRE-INITIALIZED VALUES OF CALIBRATION CONSTANTS AND ZE
~
IF 724="Y* THEN GOTO Initial
GDT0 Transcal
Tcalc: )
PERROHOHEHO O OO DRSO O R R RN
] »xYOLTAGE TO TEMPERATURE (RANKINE) CONVERSION SUBROUTINE ¥
353 HHEERHHNHONONENHOHEOUDEHOROUOE R HUHOHOHDO HOEROU RO
IF Volts(,00153 THEN T=((Volts+,00068)/.0000220)+460
IF Volts)=,00153 AND Volts(, 30382 THEN T={{Volts-,00153)/,000023

IO LN b (g FOeme &3 O 0O 1O~ L o &

LN 3 NI ™ S ~O0 00 10 do Pl 4 o ~Oco

o~r:3 ré.gu}g_l LN NN Lo o Do Do tn £ Do o o g GdOd Grdlad U Gl () TadGdtd P POTIRO AN FAFIFAR) == et =0 e
-~

. h iyt b S ot s LY e Pl s Ben p e s e s B G g P ks S s St P s P s S Gt g, P o S s P g S s B gy S pn

=)
=]

géii:: IF Volts)=.00362 AND Velts(.00609 THEN T=({Velts-,00382)/.000022
EJEgbO IF Volts)=,00609 AND Volts(,00831 THEN T=((Velts-.00609)/.000822
5)1%60 IF Volts)=,00831 AND Volts{.01056 THEN T=({Volts-.00831)/.000022
;?:gbﬂ IF Volts)=.01656 AND Volts{.01285 THEN T={(Vol1s-.01056)/.000022
1650 IF Vol1s)=,01285 AND Volts(,01518 THEN T=({Velts-.01283)/.080023
iééé::: IF Volts)=,01518 AND Velts(.01752 THEN T=((Velts-.01518)/.000023
nggzbn IF Volts)=,01752 AND Volts(,01988 THEN T=({Volts-.01518)/.000023

55




1680 IF Volts)=.01988 AND Volts(,
741360
1670 IF Volts)=,02225 AND Velts(,
8)+1440
1700 IF Volts)=,02463 AND Volts(,
9)+1560
1710 IF Volts)=.02698 AND Volts{
7) 41650

20 IF Volts)=,02932 AND Volts(
1) +1760

30 IF Uolts)=, 03165 AND Velts(
8)+1850
1740 IF Volts)=,03393 AND Velts(
6)+1960

50 IF Volts)=,03619 AND Volts(
4)+2060
1760 IF Volts)=,03843 AND Volts(
9)+2140

70 IF Volts)=,04062 AND Volts(,
6)42260
1780 IF Volts)=,04278 AND Volts(
6)+2360
1790
1800 RETURN
}810 Initial: !
1830 Testno$="BEHRENS"
1840 Date$="1-30-96°

1850 Fuelid¢="0087"

1860 Heaterfuel$="HYDROGEN"

1870 Vpal=,0017222

1880 Kpa= 33262.98

1858 Vpcl=-,176573

1900 KPc =844, 814

1910 Vpheli=, 03568569

1920 Kpho 6/1 “b1413

1920 Vphfl=-.116253

1940 Kphf 1356 9902
1950 Kmfuel=

1950 1ran:ca1

02225 THEN T=((Volts-.01988)/.000023
02463 THEN T=({Vel1s-,02225)/.000023
02698 THEN T=((Volts-.02453)/.000023

02932 THER T=((Volts-.02698)/.000023

03165 THEN T=((Volts-,02932)/.000023

03393 THEN T={(Volts-,03165)/.000022

03619 THEN T=((Volts-,03393)/.000022
03843 THEN T={(Volts-.03619)/.000022
04062 THEN T=({Volts-,03843)/.000021
04278 THEN T=((Volts-.04062)/.000021
04491 THEN T=((Volts-.04278)/.000021

IF Volts)=,04491 THEN T=((Volts-.04278)/.0000216)+2460

B20 ! Initialized valves of zeros and calibration constants for all transducers

!!l!**!!li*llllllll%llitllﬂ*!x*%*!*Xi*Illi%*ilill!*!ll!ll%llllllllll*ll*
1(2) TRANSDUCER CALIRRATIONS
PRRRE AR EAIO0H O OO OO OO U R R X
ITHERE ARE 4 PRESSURE TRANSDUCERS THAT MUST BE CALIERATED
ITRANSDUCER LINEARITY MUST BE VERIFIED BEFORE THIS
'CgtEBRQTIEN PgOCEDU?E gﬁ EMPLGYED. THE ORDER OF CALIERATION IS AS
3, Pc
|‘IHERF9%L0uING TWO LINES SET UP 722 AND 709 FOR DATA ACQUISITION®
SR 788
REMOTE 709
guTPYT 7224 'L!RIISYN2110°T1T4QXI'
INPUT *DO 90U WANT 1O CALIEFRATE TRANSDUCERS? (Y/N)" Yy$
IF Yy$="N*" THEN COTO Endcal
INPUT *D0 YOU WANT CONSECUTIVE ORDER OF CALIBRATIONZ(Y/M)",Yy$
IF Ygs—'Y' THEN GOTD Consec
INPUT *DO YOU WANT TO RECALIBRATE Pa? (Y/N)",Yy$
If Y*i'"Y' THEN GOTO Pacal
PRI? USING ‘@’
c: |

!

O en B P e 000 <1 0~
DO D DD DOD D
o
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2170 INPUT DG YOU WANT TO RECALIBRATE Pc? (Y/N)®,Yy$
2180 IF Yy$="Y" THEN GOT0 Pccal
2190 PRINT USING "B
2200 IF Ht=0 THEN G0TO Endcal
2210 Phf: !
Eggﬂ %PPUT *D0_YOU WANT 10 RECALIBRATE Phf? (Y/N)",Yy$
230 Y%$='Y' THEN GOTO Phfcal
2240 PRINT USING "@°*
2230 Pho: !
2260 INPUT "DO YOU W NT T0 RECALIBRATE Phe? (Y/N)",Yy$
2270 IF Yy$="Y* THEN GOTO Phocal
2280 GODYD Endcal
2290 Consec: !
2300 Cons=1
2319 Pacal: !
2300 I ERHEERRRRHOOUOONHEHEOBHEOHHEREOUHHHOOO OO R R RN
2330 PRINT USING *2/7
2340 PRINT "xx CALIBRATION OF Pa, THE AIR SONIC CHOKE PRESSURE TRANSDUCER%#*
2350 PRINT USING *2/"
2360 TERRNRERRBUMWIRRININRIN NN RN ETRRTRRR R NI RN R RN AR RN RER R RRAR
2370 Palcal: )
2380 PRINT ® ¥wxxx ZERD PRESGURE xanxs"
2350 PRINT "INSURE THAT NO PRESSURE IS APPLIED TO THE TRANSDUCER™
2400 DISP "HIT CONTINUE WHEN READY TO TAKE ZERO READING"
2410 PAUSE
2420 REMOTE 709
2430 QUTPUT 709;*AC24"
2A40 WAIT 2
2450 DUTPUY 722;°T3"
2460 ENTER 722;%pal
2470 PRINT "Ypal=";Vpal
2480 BEEP
2490 INPUT °"READING OK? {Y/N)",71%
2900 IF Z:$="N" THEN GOTO Palcal
2510 Panaxcal: !
232l PRINT USING r@”
2530 PRIMT * swexx CAL JRRAT I DN wxxxxx”
2940 PRINT "APPLY MAXIMUM PRESSURE USING THE DEAD-WEIGHT TESTER®
2550 INPUT "ENTER THE MAXIHUM PRESSURE IN psig",Pamax
2560 DISP "HIT CONTINUE WHEK READY®
2570 PAUSE
2380 REMOTE 709
2590 0UT§U£ 709;AC24"

WAl
210 OUTPUT 722}‘T3“
2620 ENTER 722;Ypamax
2630 PRINT "Vpamax=";Vpamax,"Pamax= ";Pamax
2640 K£a=(Panax)/(U amax-\pal)
2550 P I%T *Kpa= ";Kpa

FEE
2670 INPUT “READING O0K? (Y/N)",Z1%
2680 IF Zz$="N' THEN GOTO Pamaxcal
2690 IF Cons=1 THEN GDID Pccal
2700 Pccal: !
2710 DEOHOHDHEERER ORI HOHOHE U OO R RN R
2720 PRINT USING "8
2730 PRINT *sxCAUIBRATION OF Pc, THE T63 CHAMBER PRESSURE TRANSDUCER%" .
2740 DREERRREERRR RO R X ¥
2750 Pecbecal: ¢
2760 PRINT “snxx ZERD PRESSURE sxxx®
2770 PRINT *INSURE THAT NO PRESSURE 1S APPLIED TO THE TRANSDUCER®
2780 DISP "HIT CONTINUE WHEN READY®

"
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2890 P
290
2910
2920

2730
2740

PAUSE o
REMOTE 709

QUTPUT 709;"AC23"

WALT 2

QUTPUY 722.*13"

ENTER 722;Upc
PRINT "Vpc0=";Vpc D
BEEP

INPUT "READING OK? (Y/N)*,Z1$
IF 228="N* THEN GOTO Pchcal
tmaxcal: !

0 PRINT USING *@"

PRINT * saxx CALIERATION kwxa®

PRINT "APPLY THE MAXIMUM PRESSURE USIMG DEAD-WEIGHT TESTER*
INPUT “ENTER THE MAXTMUM PRESSURE IN psig®,Pcmax

DISP. *HIT CONTINUE WAEN READY'*

2950 PAUS

3100 P

3140
3150 P

80
J290 P
3360
3310
3320
3338
3340
3350
3360
3370
3380

REMDIE 709

OUTIPUT 709;"AC23"

WAIT 2

QUTPUT 722:°T3"

ENTER 722;Upcmax

PRINT 'Vpcnax=';VpcnaxS"Pcnax=';Pcnax

Kpc=Pcmax/{Vpcmax-Vpcl
PﬁINT "Kpe= P;Kpc P
BEEP

INPUT “READING OK? {Y/N)",71%

IF Z2$="N" THEN COTO Pcmaxcal

IF Ht=0, THEM GOTO Fincal

IF Cons=1 THEN GOTO Phfcal

%gTOlPﬁf
cal:!

D OO OO O R

PRINT USING "B"

PRINT "#xCALIBRATION OF Phf | THE T63 AIR HEATER FUEL TRANSDUCER x»°

g;;ll;l**r**lll*ll*ll!!l*!‘*‘l**!!**l!i*ii***l*****ll**i*l**ll*l****l*ll**
cal: !

PRINT "sx%x2ER0 PRESSUREx%xx"

PRINT “INSURE THAT NO PRESSURE IS APPLIED TO THE TRANSDUCER®

gg%gE‘HIT CONTINUE WHEN READY®

RENOTE 709
DUTPUT 709; "AC22"
WALT 2

QUTPUT 722, 13"
ENTER 722;Uphf 0
PRINT *Uphf0=";vphf0
BEEP

INPUT "READING OK? (Y/M)",I18

IF Zz28="N" THEN GOT0 Phflcal

hfmaxcal: !

PRINT USING *@"

PRINT "sxxxCALIBRATIONxxxx"

DISP "APPLY THE MAXIMUM PRESSURE USING DEAD-WEIGHT TESTER®
INPUT "ENTER THE MAXIMUM PRESSURE IN psig”,Phfmax
nggE'HII CONTINUE WHEN READY®

REMOTE 709

OuTPUT 709, "AC22"
WAIT 2
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3390 OUTPUT 722;°T3°

3400 ENTER 722;0phfnax

3419 PRINT *Uphfmax=";Vphfmax, "Phfmax=";Phfuax
3420 Kph#=Phiman/{(Vphtwax-Vpht0)

3 P %gt *Kphe=";Kphe

EE
3450 INPUT "READING 0K? (Y/N)*,7z%
3460 IF I%="N'_THEN GOTO Phfmaxcal
3478 IF Cons=! THEN GOTO Phocal
3480 GOTO Pho
3490 Phocal:s!
500 VEEREERERREEREERFEREREBEEIEEOHOEE RO R R RN R RN
3510 PRINT USING "e"
3520 PRINT *#xCALIBRATION OF Pho, THE AIR HEATER OXYGEN PRESSURE TRANSDUCER%»®
510 DRERREERERERRREEEHOHR R RO R XX
3340 Pholcal: !
3550 PRINT "wexxZERD CALIBRATIONw#xx"
3560 PRINT "INSURE THAT NO PRESSURE IS APPLIED TO THE TRANSDUCER®
3570 gkg%E“HIT CONTINUE WHEN READY®

3590 REMOTE 709

3600 QUIPUT 709;"AC21"
3618 OUTPUT 722;°T3°
320 ENTER 722;Upho0

= hel

}
3540 INPUT "READING DK? (Y/N)",Iz%
3650 IF Z2$="N* THEN GDTO Pholcal
Phomaxcal: ¢
3670 PRINT USING *@°
3680 PRINT “wxxxCALIBRATIONx®xx®
3670 PRINT "APPLY THE MAXIHUM PRESSURE USING DEAD-WEIGHT TESTER®

INPUT "ENTER THE MAXIMUM PRESSURE IN psig®,Phomax

3710 DISP °HIT CONTINUE WHEN READY®
3720 PAUSE
3730 REMDTE 709
3740 0LIFUT 709;°AC21"
3750 DUTPUT 722:"13°
3760 ENTER 722;Uphonax
3770 PRINT *VUphomax=";Uphanax,*Phomax=";Phomax

3788 KEho=Phonax/(U homax-Vpho!)
3790 PRINT *Kpho=";Kphao
3800 BEEP

3810 INPUT "READING OK? (Y/M)",11%

1820 IF Zz8="N" THER GOTO Phomaxcal

1830 IF Aug=! THEN GOTO Augcal

3840 Endcal: !

3850 Fincal: !

JEL0 PRINT USING "€"

3870 PRINT *THIS ENDS THE CALIERATIONS *

TR0 ENENEOHEE RO RO X R X R R R X ¥
3870 () PRE~RUN INPUTS, FLOW RATE CHECKS AND NOZZLE CALCULATIONS

3900 DAREHEREEREERRR R RN RO O RO RO SR
010 IEXREERMOUHOHEONHOHEHDHDUOHUUU O O OO RO O
3920 ) A, FLOW RATE SET-UPS AND CHECKS

930 IREEHOREEHEEHEOR OHOHHHOUHOHUHHEE DU RO R R R RN R
3940 PRINT USING "8"

3950 INPUT DO YDU WANT TD PRESET THE AIR FLOW RATENY/N)®, 118

3960 IF Zz8="N" THEN GOTO Paskng

3970 PRINT "SET THE DESIRED VALUE OF Palpsig) USING THE HAND LOADER /PRESSURE 6

3780 PRINT USING *3/°
3990 PRINT *THE HAND LOADER SHOULD BE 20 PSIG MORE THAN DESIRED PRESSURE®
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“TA00D Paset: )

4010 PRINT USING *3/°

4%%% P;%?TT‘H%NUELLE/INITIATE AIR FLOW BY TURNING ‘MAIN AIR’ DN CONTROL PANEL®
4040  DISP “HIT CONTINUE WHEN READY"
4050 PAUS

4060  WAIT 3

4070  QUTPUT 709;"AC24"

4080  OUTPUY 72’-'T3'

4090  ENJER 722: pa

4100 QUTPUT 70§ aCed"

4110 OUTPUY 7°°"TB"

4150 ENTER 722; 6:1
BEEP

4170 PRINT USING "R"

4180  PRINT "TURN OFF "MAIN AIR'"
4190  DISP “HIT CONTINUE TO FRUCEED"
4200  PAUSE

4210 Pa=(Vpa-VUpal)*Kpa+Pbar

4220 Volts=Vta

4230  GOSUB Tcalc

4240 Ta=T

4250 Volts=Vti

4260 GOSUR Tralc

270 Tcin=

4280  Mair=Kmair#Cdair#P3x,7854%(Dairchoke”d)/(Ta*.3)
4290  Bpair=Kmair¥CdairxPa*.7854%(Dbpchoke*2)/(T3*.0)
4300 gINT USING "8”

4310 PRINT USING "SA 2X,000.DDDD" ; "Mair=";:N
4320  PRINT USING *18A,DDD.DDD"; "Wair DESI&ED- Maird
4310  Ratio= Haxr/ﬂaxrd
4340T PR%NT USING *204,D.DDD,2X,3A,1X,0000.0, 14, 3K, 34" "Mair /DESIRED Mair=";Rat
10,"Ta="1Ta
4380 RNt usrnc “6#,2X,000,0000*; *BPair=";Bpair
4350 Pg=Fa-Pbar
4370 PRINT USING "44,0000.D, 6475 "Fa =*; Fq,“ Psig’
4380  PRINT USING “AA,DDDD.D3A":" R
4350 INPUT *1S AIR FUON RATE ACCURATE éuodcu7 (/N)® Xx$
4400  IF Xx$="Y" THEN GOTO Prerun
4410 Panew=(PaxMaird/Mair)-Pbar
4420  PRINT "RESET Pa 10":Panew:"Psig
4450 DISP "HIT CONTINUE AFTER HESET. or Pa”
4440  PAUSE
4450  GOTO Paset
4460 Prerun: !
4470 INPUT *DO YOU WANT PRINTOUT OF PRE-RUN DATA?(Y/N)*,Xx$
4480  IF Xx$="Y" THEN GOTO Preprint
4490  GOTO Skipprint
4500 Preprint; |
4 1 PRINTER 15 701
520 PRINT ° wxxx PRE-RUN DATA, USING AIR ONLY  waxxt
4530 PRINT **
4540  PRINT "DATE: ";Date$
4550  PRINT USING *34,DDDE.D,eA"; j7Pa="Pa, " Psia®
4500 (PRINT USING 34, 000,09, 34%: Tcin=4, Tein, " R
4570 PRINT USING "5A,D.DDDD, 114" "Kair=" iMalr,* (Lbw/sec)®
4580 PRINT USING "5A.D.DDDD.11A":"BPair=?;Bpair,® (lbw/sec)’
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4590 PRINTER IS |

45600 kxgg

4610 P 'HIT CONTINUE TO PROCEED TO NEXT FLOW RATE SET UP®
4620  PAUSE

]

IF Ht=0 THEN GOTO Phoskip

4650  PRINT USING "8"

A6b0  INPUT *DO YOU WANT TO PRESET THE HEATER FUEL FLOW RATE? (Y/N)®,11$

4670 IF 278="N" THEN GOTO Phfskip

4680 ' EFRERNEERERARATRRRRRRRNRNRURNIERR NN R AR BE R RN R RN UX RN RN
4690 FRINT "SET THE DESIRED VALUE OF Phf USING THE HAND LOADER/PRESSURE GAGE"
4700 VEEERRLRRARERRINARERERRRERRNNRRERIININIR MR RS RNI R RRERRRARR AR ERR NN
4710 DISP "HIT CONTINUE WHEN READY"

4720 PAUSE

4730 Phfset : !

4780  PRINT USING "8

4750  PRINT "MANUALLY TURN ON AIR 'HEATER FUEL’ SWITCH®

A760 DISP * MIT CONTINUE 10 PROCEED®

o770 PAUSE

4780 OUTPUT 709;"AC22"

4790  QUTPUT 722;°T3"

4800 EMH7P0hf

4310 QUTPUT 704 AC6S"

4820 QUIPUT 722%°T3"

4530 ENTER 723;Uthf

4840 ICLEAR 709 i

232% PRINT “MANUALLY TURN DFF AIR ‘HEATER FUEL' SWITCH"

BEE¥
4870  DISP "HIT CONTINUE TO PROCEED"
ABB)  PAUSE
4870 th'(V%hf Uphf0)¥Kphf+Pbar
4500 Volts=
4910  GOSUB Tealc
4920  TInf=1
4930 Hhi=Knhf*thf*th*.7854*(thchoke‘2)/(7hf‘.S)
4G40  PRINT USING “§
4750  PRINT USING '4A DD.DDDDD” "th" Mhe
4950  PRINT USING 'IBA DD.DDDDD"; “Mhf bestrep="; sMhfd
4770 Ratio=Hhf/Mhfd
4989 RPRINT USING "184A,D.DDD,2X,44,00DD.DD,1A%;"Khf/ Hhf DESIRED=*;Ratie,"Thf="

do9q’ Pa =Phf-Pba
PRINT U?ING "54,DDDD.DDD, 44, 3X, 46, 000D. DD, 14,44, DDDD. DD, 1A*; "Phf= *;Pq;"P

"Thi="
50? lNPUf 'I§ HEATER FUEL FLUH RATE ACCURATE ENDUGH? (Y/N)" Xx$
3020 IF Xx$="Y" THEN GOTO P
5010 Phfnew=(Phfxdhfd/Mhf)- Pb i
3040  PRINT USING "13A,DDDD.DD, 49" "RESET Phf T0";Phfnew;'Psig"
5050  DISP "HIT CONTINUE AFTER'RESET GF Phi*
5060  PAUSE
9070 GOTD Phfset

5080 Phffin:!

9090 DISP "HIT CONTINUE 7O PROCEED TO NEXT FLOW RATE SET UP*

5190 PAUSE

3110 Pheskip; !

9120 PRINT USING "@"

9130 INPUT "DD YOU WANT TO PRESET THE HEATER OXYGEM FLOW RATET(Y/N)",I1$
9140 IF 228="N" THEN GOTO Fhoskip

5190 PEEHUOHEES O DO OO OO OO R RO X

5168  PRINT *SET THE DESIRED VALUE OF Phe USING THE HAND LOADER/PRESSURE GAGE"

4170 DR EEHHEHUEEOOHHEOUOH O R RORE RO RO R R RN AR
o180 Phoset:!

jl?O PRINT *MANUALLY TURN DN AIR 'HEATER. OXYGEN’ SWITCH®

5200 DISP "HIT CONTINUE TQ PROCEED"

61




5210 PAUSE

5320 0UTPUT 709;°AC21°

§33) QuTPUT 722;°73°

€249 snmu72@0po

5250 OUTPUT 709; *ACK4*

5240 QUTPUT 722:*T3"

5270 ENTER 722;Utho '

ggg% %g%gr *HANUALLY TURN OFF AIR 'HEATER DXYGEN’ SWITCH®
o

5300 DISP *HIT CONTINUE TO PROCEED®

5310 PAUSE

5320 Pho=(Vpho-VphoO)2Kpho+Pbar

5330 Volts=Vthe

5340 GOSUE Tealc

5350 Tho=T

5360 ¥ho=KnhoxCdhoX*Phox,7854%(Dhochoke*2)/(The*.5)
5170 PRINT LSING "8"

5380 PRINT USING "4A DD, DDDDD" : *Mho=";ttho

3393 PRINT USING *18A,DD.DDDDD®;"Hho DESIRED=";Mhod

Ratio=Nho/Mhod
P3=Pho-Pbar A )
5420 I JPRINT USING "5A,DDDD.DD,1X,5A,5X,4A,00DD.DD,1X,2A"; "Phe="Pg; "Psig";
Tho:
5430 ' 'INPUT "IS THE HEATER OXYGEN FLOW RATE ENOUGHT (Y/N)7",Xx$

5440 IF Xx$="Y" THEN GDYO Phoskip

3450 Phonew=(PhoxHhod/Hho)-Pbar )
5440 PRINT USING 144 DDDD.DD,1X,4A"; "RESET Pho 10 ";Phonew;"Psig"
5470 DISP *HIT CONTINUE AFTER'RESET GF Pho®

£430 FAUSE

5490 GOTO Phoset

9900 Pheskip: !

5510 PRINT *THIS COMPLETES PRE-RUN SET-UP®

020 DMK EXEREERERRNRRAREREARRERRNI ORI REE RO RN X KRRRE K ARERRR XX
G930 1 (4) THIS PORTION QOF THE PROGRAM RUNS THE TEST AND COLLECTS THE DATA

SOA0 IRXEXLRERNERRIIOHEERHO0EE ORI HOHOUUEOEEIEO I R XXX
5950 | PRINT USING "@*

??g%{n DIEP “SET TIMEDATE BY PRESSING K19 AND UPLATE, THEN EXECUTE, THEN HIT CON

5570 BEEP

SSR)  PAUSE

5590 PRINT USING "@"

5600 Rpt: !

5610 PRINTER 1S |

620 ) THE FOLLOWING PROCRAMS THE 345 DUM

5630 ASSIGN @Scanner T0 707

5640 ASSIGH @Svm T0 702

5650  CLEAR @Sun

5660  DPTION BASE 1

5670 DIN Press(10,5)

5680 DIM Templ(10,0)

5690 DIN Augtenp(10,3)
CLEAR ®Sum

9710 OUTPUT @Swn; "L1Z1DOSOFIRICSTDISTNPOFLOISTISO1T401QX1"
3720 ggég "HIT CONTINUE FOR HOT RUN DATA"

5740 FAUSE

3790 DISP "*

760 GOSUE Press

0 GOSUE Tem

¢ IF Aug=1 THEN GOSUE Aug
0 GOTD Shutdown

Nen g
I~
OO0 =
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5%?% p !t#tttttttt!’t##t#tt#itttttititi!#tt#t##tti#lt#i###ttt#titttttt##t##tt###
9 ress: !

$820  PRINT USING "8"

o830 PRINT USING *10/°

el $§§§¥ :. wnnxxaxxxx  COLLECTING PRESSURE  smssaXxxxsaxs”

§8§0 PRINT ® seexmonnnxex COLLECTING PRESSURE  exssxmuxxuy”

5873 3§{¥UT°EScanner;'ACEIAFZIALESAEE“

589) UTPUT @5un; *505TNT 3"
5?0% ,ENIER #Svn USING "$,K"Press(x)

592 QUTPUT BSvm;"1STNT4®
5 RETURN

S0 I I I M
%950 Aug: ! TEMPERATURE COLLECTING ROUTINE FOR AUGMENTOR TUBE

5960  PRINT "xsx COLLECTING AUCMENTOR TEMPERATURES wuxs*

5990 OUTPUT BScanner ; "ACAAF 66AL6BAER"

5991 OUTPUT BSum; "30STNR2T3"

'996 WAIT .2

1 ENTER @5vm USING "#,K";Augtenp(¥)

6010 QUTPUT @Svm; "R31STNTA"

£020 RETURN

2%3% ; !!tttigtttittittt##tiS#t#t!##i#t###i##t##f#t##t###!!#####t#l###tt#t####
en: !

6030 PRINT * xx%#xCOLLECTING TEMPERATURES sxxsxx®

6060 QUTPUT #Sum; "b0STNR2"

6070 BUTFUT 8Scanner; *AC60AFH0ALASAER"

6080 WAIT .2

6070 QUTPUT @Svum;"605THR2TI"

£100 ENTER BSun OSING "4, K" ;Temp(%)

6110 QUTPUT BSym;"1STNR3TY

$120  RETURM

6130 MM U B R RS R R B L L 3 100 41 00418

4140 Shutdewn: !

6150 PRINT USING "@"

6160 PRINT " TEST COMPLETE: TURN DFF MAIM-AIR, HEATER CASES *

BITD HHEREERERRREEE RO RO OO R O R OO R XX R R X X

618G !» (5) POST-RUN OPERATION, DATA REDUCTION AND SHUTDOWN

H190 IO R R R I O R XN

200 DISP "RIT CONTINUE TG PROCEED TD DATA REDUCTION®

£210 BEEP

6224 PAUSE

6230 PRINTER IS 701

6240 PRINT USING °3/°

6250 PRINT © ®xxx PRE-RUN INPUT  mixe *

6260 PRINT UEING *2/° .

6270 PRINT USING "14A,7A,5X,14A,9A,5K,14A,9A"; "Testno=";Testno$,"Date=";Dates,"

Fuelid=":Fyelids

6280 PRINT USING "14A,94" "Heaterfyel="1Heaterfuel$

6590 ;g}Ng ESINS *14A,D0D .DDD,bX,lAA,DﬁDD.DDD';"Da1rchoke=“;Dairchoke,'bhtfuch

okex";Dhfchoke

5300 PRINT USING "14A,DDDD.DDDD"; "Dhtoxchoke=":Dhochoke . )

98&# ng#} Ugé:& '1éngDDD.DDD,bk,14A,DDDD.DDD,7X,14A,DDDD.DDD';'Cda1r=';Cda1r,

=*:Cdh{, "Cdho=";Cdho
6320 ﬁRINT USING 'f4A,DDDD.DDD,5X,14A,DDDD.DDD,SX,IAA,DDDD.DDD';“Gannahf=';Gann

ahf

6330 PRINT USING “14A,DDDD.DD SXE14A pDDd. DD, 3X 14A,DDDD.DD';'Rhf="&Rh¢

6340 PRINT USING '14A,DDDD.DrbD,uX,15A,DDDD.bDDb‘SX 144,000D,0DDD" ; "k mh¥=";Kmh§
6350 PRINT USING "14A,DDDD.DDDD,5X,14A.DDDD.DDDD :'inho=':Knho.'Knair=‘:Kna1r

SUBRDUTINE Press
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i T USING "14A,DDDD.DDD, 5%, 144, HDDD. D" "Maird=";Naird, "Ycind=";1c

DD Fnir ch . 4A:ooog ngodﬁ 58,14 dd‘ DDDD. ?dnn 5K, 144, 000D DDDD 4%, f4A noo» D
' 'thd—'-ﬂhf hod=";¥hod, " veld=

6380’ PRINT dsxuc -14A,nodnn 09005 1 4A;D 300, DDDD,5X, 14A,DDDDD,DDDD, 5X , 144, DDD

p.DDDD";: *Kpa=* Ea‘ an ="1Upal; k =*:Kpc; *Vpc b= Opcb

6390 PRIN ust 3/

£400 PRINT *

6410 PRINT USING *35X,28A";ssxs DATA EXTRACTED wewx'

420 PRINT *

6430 PRINT USING “120A";"FUEL FLOW RATE IN Gal/min, GAS FLOW RATES IN Lba/sec,
PRESSURE N Psxa, TEHPERATURES IN R®
6 RINT USING "5A 6X bA JX 6A‘7X‘6A 9X,6(74,5X)";"Count®, "Hair®, "Hbpair
nfnel' 'f' "Mhf* *Khe*,*Pht*, bPho*,

olst Fdr 321 70 {0
6460 Vpa=Pressi], 4)
6470 Pa= (Upa-Upaﬁ)!Kpa+Pbar
6480 Upc-Press(
6470 Pc=(Vpc- Upcﬁ)!Kpc*Pbar
6300 Vnfuel=Pressi],5)
65110 Kfyel=Unfueleknf el
6520 IF Ht=1 THEN
6530 Vphf=Press(],2)

b549 Phi=(Vpht- Ugﬁfﬂ)lkphf+Pbar
8550 Upho=Pressi],1)

6560 Pho (Vpho-UphaO)*kpno+Pbar
6570 END IF

6580 Volts=Temp(],1)
6590 GOSUB Tealc

Ta=T
6510 IF Ht=1 THEN
6620 VoltszTemp(J,5)
6530 GRSU% Tcalc

6650 Volts= Teng(] ,0)
bbb ggsu¥ Tca

6680 END 1F

65790 !

6700  Mair=Kmair#CdairxPa%.7834%(Dairchoke®2)/(1a*.3)
6710 Bpair=Emair*Cdair¥Pa%.7854%(Dbpchoke*2)/(Ta*.5)

672 F=,108%Kfvel /Mair

6730  IF Ht=8. THEN GDTD Jum
6740  IF Phf(=(Pcx2) THEN Hht=0.
6750  IF Fho(=(Pc¥2) THEN Mho=0,

6760 MhF=KnhixCdnfXPhi¥,7854% (Dhfchoke2)/(Thf*.5)
6770 Mho=Kmho#Cdho%Pho¥.7854% (Dhochoke*2)/ (The*.5)
6780 Jump; !

$790 IF H1=0, THEN

6800 Phi=0

¢810 Phe=0

5820 Khf=0

6820 Kho=0

6840 END IF

4850 ! THE VALUES BELDU ARE DEFAULT VALUES TD PREVENT PRINTER ERRORS
bBED  IF Mair{.0001 T Mair=, 0001

6876 IF Rpair{.0001 THEN Bpair=.0001
4800 IF Hfuel( 001 THEN Hfvel=,0001
6890 IF F(.0001 THEN F=,0001

THEN Pho=, 0001 |

6940 IF Pc(.0001 THEN Pc=.0001
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5950  IF Mair)2000, THEN Mair=2000,
b%60 IF Bgalr)Zono THEN B?axr =2000.
6970 1F Mfuel)2000. THEN Mfvel=2000.
6980  IF F)2000. THEW F=2000,
6790 IF HhF)2000. THEN Mhf=2000,
7000 IF Mho)2000. THEN Mhf=2000.
7010 IF Phf)2000. THEN Phf=2000,
7020  IF Pho)2000. THEN Pho=2000,
7030 IF Pc)20008, THEN Pc=2000,
7040 PRINT USING "DDD,3X HD,DDDE  3X.MD.DDDE ,3X,MD,DDDE ,3X,3(MD.DDDE ,3X
763(HDD .DDE ],BX) X ,J Malr Bpaxr Hfuei F,Mhf, Hho Phef ,Pha,Pc
J
7068 PRI 7"
7070 PRINT USING "SR, 5X,9(7A,7%)";"Count®,"Ta", "Tcin®, "Tex1", "Tex2", "Taugup

*Tavgdl", "Tavgd2"

7t ok 14156 10

7090 Volts=Temp(J,1)
7100 GOSUB Tralc

7110 Ta={
7120 Yolts=Temp(],2)
7130 GOSUR Tealc
7140 Tein=1

7150 Uolts Temp(J,3)
7160 GOSUB Tealc

7170 Tex1=T
7180 Uolts Tenp(J,4)
7150 CUSUB Teale
7200

7210 Uolts Au?tenp(l 1)
7220 calc

7230 Iau vp=T
7240 Volts= Au?tenp(l ,2)

250 GOQUB calc
7260 Taugdi=T
7278 Volt Au?tenp(l )3)
7280 calc

T 42=1
7309 IF Ta(?Oﬂ. THEM Ta=100.
7310 IF Tein(100, THEN Tcin=100.
732 If Texl(lﬂo THEN Tex1=100.
7330 IF Tex2(100, THEN Jex2=11C,
7340 IF Taugup{100, THEM Tavgup=100.
7350 IF Tavgd]{108. THEN Tau0d1=1l0.
7360 IF Taugd2{160, THEN Tau%dE=100
7370 IF Ta)4000, THEN Ta=400
7380 IF Tcin)4000, THEN Tcin=4000.
7378 16 Tex1)4000, THEN Tox|=4000.
7400 IF Tex2)4000, THEN Tex2=4000.
7410 IF Ta:un)4DUO THEN Taug ur =4000.
742 IF Taugd1)4000. THEN Tavgd1=4000.
7430 IF Taygd2)4008. THEN Taugd’ 4000.
7440 PRINT 'USING "DDD,3X,7(M0D.DDE,4X)*;J,Ta, Tcin,Tex1,Tex2, Tavqup, Tavgd!,T

2
7450 NEXT J
7460  COTO Finish
7470 Finish: ]
480  PRINTER IS 1

7470  PRINT USING '@’
7960  PRINT "DATA OUTPUT IS COMPLETE"
7918 DISP *SECURE TEST CELL !!t”

BEEP
7530 PAUSE
7540 END
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APPENDIX B
RUN CHECKLIST

TEST CELL #1

1. Ensure yellow and top blue air valves in the solid fuel
ramjet test cell are closed.

2. Open lower blue valve (opens air line to Test Cell #2 or
T-63).

** Note - At least one valve should be open at all times from

the main air line to ensure an air vent in case of an
accidental component failure.

NITROGEN BOTTLE ROOM

1. Fully open the control room nitrogen bottle. Ensure that
there is at least 1000 psi available.

2. Fully open actuator nitrogen bottle. Ensure that there
is at least 500 psi available.

CONTROL ROOM

1. Ensure AC master switch is on and the red covered main air
switch is closed on the solid fuel ramjet control panel.

2. Ensure there is no pressure set on the gauge on the Air
Heater console (the air flow set pressure).

3. Ensure that the T-63 combustion chamber safety
thermocouple is installed and operating.

4. Ensure that the fuel tank set pressure (gauge on panel)
is less than 500 psi.

FUEL STORAGE ROOM

1. Open nitrogen bottle valve (need at least 400 psi more
pressure available in the bottle than the desired fuel
line/tank pressure, or 900 psi minimum).
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2. Adjust hand loader to read 700 psi.

3. Slowly open the nitrogen gas supply valve located behind
the fuel tank near the wall.

4. Very slowly open the fuel line valve from near the bottom
of the tank to the T-63.

OUTSIDE/CONTROL ROOM

l. Open main air valve to full open (ensure that there is at
least 2500 psi available in outdoor air storage tanks for a
run.

2. Ensure all thermocouples are turned on (if required) and
pressure transducers and tubing are secure at the test stand.

3. The heated sample line temperature control box should be
set to 275 deg. F and the gas analyzers in the control room
should be up and operating. The three main switches for the
electronic equipment racks should be ON.

4. Load and run the "T63NOX" computer program on the HP
microcomputer. The pressure transducers should be calibrated
if not already done so, and zeros and constants entered.

5. Set the main air pressure to 600 psi using the hand
loader.

6. Set the fuel tank pressure to 500 psi using the hand
loader.

7. Go through the flow rate set procedures in accordance with
the computer program. This may require opening and resetting
the pressures for the air heater fuel and torch gases as well
as the heater oxygen tanks in the test cell.

8. Ensure printer is “on-line".

9. Check for personnel near the test cell and for golfers.
Activate exterior warning horn and check main air flow rate
as cued by the computer.

10. Turn on rocket motor siren.

11, Start strip chart recorder and mark =zero/ambient
conditions.

12. Activate main air ON.
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13. Turn on air heater fuel and heater torch (momentary) until
light-off, if required.

14. Ensure T-63 engine ignitor key is installed and in the ON
position.

15. Simultaneously, activate the toggled engine ignitor switch
and fuel switch. Check desired fuel flow rate (0.33 GPM).
Watch for wet or hot start by visually observing exhaust smoke
at rig and monitoring the digital combustion chamber safety
temperature readout (commence shutdown if temperature reaches
1380 deg. F)

16 When steady-state operation is reached, begin traversing
the Kiel probe in the augmentor tube and obtain analyzer
measurements.
17. After data gathered, switch fuel OFF and air heater OFF
(if applicable). Leave main air ON until engine and augmentor
tube are cool.

18. Turn main air OFF, record run time, and calculate fuel
used during run. Update fuel board in fuel storage room.

19. Isolate fuel tank with valves ar.d bleed excess fuel in
lines with fuel switch activation.

20. Secure all torch and air heater gas bottles in test cell.
21. Close main air valve outside.

22. Vent fuel tank from control panel if desired and close
fuel tank nitrogen bottle.

23. Bleed remaining air heater and torch gases from lines and
vent with remaining main air in lines. Back off pressure
loaders to zero in the control room.

24. Secure analyzers, complete shutdown, and reduce data.
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DATE: 3-p4-%0
Pa= 571.1 Psia

APPENDIX C

HOT RUN DA™A

Mair=1.9048 (Lbm/sec)

BPair .b168 {1bm/sec)

RUN #1 - No air heater

No catalyst uced

Exkx PRE-RUN INPUT  wxxx

20E+00

20400

SAE4D0

2bE+0D

A7E+00
E+00
HEDD

2E+00
99E+00
S6E+00

Testno= HEHRENS Date= 3149 Fuelid= 1007
Featerfuvel=  HYDROGEN
Dairchoke= 420 Dhtfuchoke= 040
Dhtoxchoke= L0700
Cdair= ,970 Cdh= 970 Cdho= 970
Gamnahf= 1.405
Rhf= 766.50 Pc
Yalf= 1405 92 .43E+00
Knno= 5589 Kmair= 3320 92.11E+00
Maird= 1.900 Teind= 0.7 92628400
Hhid= 0028 Mhods= 6228 Nfueld= 3300 92.28E+(0
Kpa= 33262.8800 Upau= 0017 Kpc= B44.814¢ 92.08E400
92 .3SE+0D
91,24E400
92.05E+400
91,62E400
b+
a6 DATA EXTRACTED  wwxx 1A
FUtL FLOW RATE IN Gal/min, GAS FLOW RATES IN Lba/sec, PRESSURE IN Psia, 1EMPERA7URE5 'N R
Count Matir Mbpair Hfve { Phe
) 1.922E400 6.224£-01 1. 0°6E 01 1.700E-07 1.501E -3 8, 351E ~-03 19 94E+01 9,
2 1.919E+80  § 218E-01 3.039€-01 1.7106-02  1.501F-03  B8.151E-03  19.95E+01 91
3 1.912E460  6.191E-01 J.043E-01 1.719E-02  1.504E-C3  8.38PE-03  19.98E+01 91,
4 19136400 6.193E-08 3.044E-01 1.719E-02  1.900E-03  B.356E-03 19.93E+Di N
5 1.923E+00  b,205E-0t 3. 045E-01 1.710E-02  1.49BE-03  8.379E-03  19.90E+0) 91,
6 1.918E+00  6.211E-01 3.043E-01 1.713E-02  1.501E-03  B8.355E-03  19.95E+01 1,25
7 1.920E400  5.216E-01 3. 043E-01 1.7026-02  1.495E-03  B.342E-03  19.BiE+0{ 9.
8 1.919E+00  &,214E-01 3.043¢E-01 1743802 1.496E-03  B.3B9E-03  19.B3E+() N.b
9 1.92DE+00  6.214E-01 3. 041E-01 1.711E-02  1.496E-03  8.331E-03  19.BRE+0] 5¢,
10 1.922E400  4,222E-01 3. 043E-01 1.710E-02 1.504E-03  B.3BAE-03  19.98E+01 91,
Count Ta Tein Tex1 Tex2 Taugvf Taugdl Tavgd?
| 45,82E+01 46 . 68E+01 13.50E402 14.02E+402 90,18E+0 88, 52E+M 88.90E+01
2 45.B83E+01 46, 69E+01 15.91E+02 14.03E402 90.23E+01 88.54E+01 B8.93E+0}
3 45,83E+01 46.69€+01 13.52E402 14.03E402 90, 25E401 88,57E+01 B8.95E+01
4 45.83E+0) 46.70E+01 19.52E402 14, 030402 99, 27E4+01 B8.S%E+N BB.YBE+(1
3 45.827+01 46,71E401 15.51€+02 14,02E402 90.29E401 B9,62E+01 89.01E401
6  45,B2E+D) 45, 70E401 19, 51E+02 14.02E402 90.32E+01 87.65E+01 B9.B4E+0
7 45.826+401 46.69E+0: 15,50E+02 14.02E402 90.34E+01 89.567E+01 89.07E+01
8 A5,92E+01 46,70 +01 1T SIE+D2 14.03E+02 90.37E40) 8B.70E+0) BY.BVE+0 ]
7 45.82E+01 46.70£401 13.50E+02 14.02€+02 90.39E+01 88.73E+01 89. 11E+01
10 45,82E+01 46,71E+01 15.50E+02 14.01E402 90.42E+01 88.76E+81 89.12E401
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%xkx PRE-RUN DATA, USING AIR ONLY  wxux
DATE:  3-18-90
Pa= 580.8 Psia
Hair=1.9013 (Lbw/sec)
BPair .6157 {lbm/sec) RUN #7 - Air heater used
No catalyst
Exex PRE-RUN INPUT  xwxx
Testno= BEHRENS Dates 3-§4-90 Fvelid= 1007
Heaterfuel=  HYDROGEM
Dairchoke= 420 Dhtfuchoke= 040
Dhiexcheke= 0700
Cdair= 970 Cdh= 70 Cdhe= 970
Gammahf= 1.405 Pc
Rhf= 766.50 90.11E+ 00
Kuhf = 405 9u,goE+gn
Knho= .5989 Kmair= 5320 90.28E+00
Maird= 1.560 Tcind= 0.0 90.23E+00
Mhfd= 0028 Khod= .0228 Hfveld= 3300 90.26E+0 0
Kpa= 33262.8800 Vpal= 4017 Kpe= 844,814 70, 39E+00
90.11E+0D
89.50E+00
90.19E400
90.27e+00
%% DATA EXTRACTED  wwxx
FUEL FLOW RATE IN Gal/min, GAS FLOW RATES IN Lba/sec, PRESSURE IN Psia, TEHPERATURES IN R
Count Mair pralr Mfuel f tht Phe Pho
1 1.959E+00 6, JA3E-01 1.650E-01 9.096E-03 8°1E 03 !, 941E 02 50,4464+ 01 21 0bE+D1
2 1.9350E+00 6. 314E-01 {.651E-11 9. 144E-03 1.823-03 1.940E—02 50.47E404 21.05E+01
1 1.953E+400 6.323e-01 1.650E-01 9.127E-03  3.823E-03 1.937E-02  50.47E+M 21, 026401
4 1.995E+00 6.331E-01 1,651E-01 9.118E-03 3.824E-03 1.936E-02  50.48E+01 21, 01E+01
9 1.951E+00 b.J16E-01 1.647E-01 9.133E-03  3.824E-03 1.9336-02 50 476+01 28, 98E+01
& 1.547E+400 6.310E-01 1.650E-01 9.144E-03  3.829E-03 1.928E-02  50,49E+01 20.71E+01
7 1.952E+00 6.319E-01 1.651E-01 9. 135E-03 3.820E-03 1,925 -02 wh, 426401 20, BRE+D ]
8 1.953E+00 6.,324E-01 1.649E-01 9.121E-03 3.826E-03 1.924E-02 50.50E+01 20.83E+01
9 1.95EE+400 6.341E-01 1.649E-01 9.092E-03 3.B26E-03 1.925E-02 S50.50E+01 20, 8BE+D
10 1.949E+00 6,313E-01 1.647E-01 9.1226-03 3.823E-03 1,925E-02 50.48E+01 20.89E+01
Count Ta Tein Terl Tex? Tauqu? Taugdl Tanqd?
1 46.56E+01 76.74E+01 13.75E402 12 44E402 B9.J4E+0 89.46E+(01 89, §5E+01
2 46, 578401 76.76E401 13.75E+02 12, 44F402 89.89E+01 88.49E+41 BB.76E40
3 4p.57E401 76.80E401 13.74E+02 12.456+02 89.87E+401 88.50E+01 88.77E+01
4 46.57E+01 76.B0E401 13, 74E+02 12, 43E402 89.91E+01 88.51E+401 88.78E+401
I 46.57E+{1 76. 81401 13.74€402 12,44E402 39.72E+401 88.22 4%1 g% 79E+8
b 46.57E+01 76.76E401 13.74E40? 12448402 89.93c+01 BB.53t+{] BOE+
7 46.57E+401 76.76E+01 13.72E+02 12.44E+02 87.93E+01 88.53E+0! B8.B1E+01
8 45,578 +01 76.77E401 13.72E+02 12 44E+402 89.93E401 88.55E+0) 88,8140
9 AL.57E401 76.77€401 13.71E402 12.44E+402 89.94E+01 88.56E¢01 88. 4E+85
10 46, 57E+01 76.80E401 13.71E+02 12, 44E402 89.94E+01 88.56E+01 8.8+
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xerk PRE-RUN DATA, USING AIR ONLY  #xxx
DATE: 3-16-90
977.2 Psia
Halr 1.8933 (Lbn/sec)
BPair 6131 (lbn/sec) RUN £3 - No ailr heater
Vo catalyst used
Beax PRE-RUN INPUT  maxx
Testno= BEHRENS Date= 3-16-90 Fvelid= 2007
Heaterfyel=  HYDROGEN
Dairchoke= 420 Dhtfuchoke= 040
Dhtoxchokes 0700
Cdair= .978 Cdh= .970 Cdho= 97
hfaents 7690 Pe
Knt= .
Kmhf= 1405 90 S3E400
Knho= .9389 Knair= .5320 625*00
Maird= 1.900 Teind= 0.0 E+00
Hhfd= 0028 Mhog= 0228 Mfyeld= 3300 90 +36E+00
Kpa= 33262.8800  Vpal= 00 Kpc= gas,B14p  B9.F2E+00
90.56E+00
90.77E+00
90, 49E+80
90.56E+00
90.47E+00
®exx DATA EXTRACTED  mwxx
FUEL FLOW RATE IN Gal/min, GAS FLOW RATES IN Lbm/sec, PRESSURE IN Puia, TEHFERATURES INR
Count Hair praxr Hfuvel f Hhe Phe Pho
1 1.82GE+00  §.911E-01  3.223E-01  1.907E-02 I.DDBE -4 I.DDUE -04 lU.DUE- 3 10.00E-D5
2 1.B26E+00  5.914E-01  3.242E-01  1.917E-02  {.000E-04  1.Q00E-04  10.00E-05  10.Q0E-
3 1.B2BE+00  5.919E-01  3.250E-01  1.920E-02  1.000E-04  1.000E-04  10.00E-05 19, 00F-
4 1.8236+00  5.90%-01  3.251E-01  1.924E-02  1.000E-04  1.00DE-04  10.00E-05  10.(Q0F-
5 1.827E+00  5.917e-00  3.251E-01  1.921E-02  1.000E-04  1.000E-04  10.00E-05  10,00f-
6 1.833E+00  5.9376-01  3.253E-01  1.916E-02  1.000E-04  1.000E-04  10.00E-05  10.Q0F
7 1.820E+00  5.908E-01  3.251E-01  1.924E-02  1.000E-04  1.000E-04  10.00E-05  10.00F
8 1.820E+00  5.909E-01  3.250E-01  {.924E-02  {.000E-04  {.0006-04  10.00E-05  10.00
9 1.BZiE+00  5.911E-01  3.250E-01  1.923E-02  1.000E-04  1.000E-04  10.00E-05  10.00
10 1.825E400  5.909€-01  3.250E-01  {.924E-02  1.000E-D4  1.000E-04  10.00E-05  10.00
Count Ta Tcin Texd Tex2 Taugur Tavgd! Tapod?
1 46.89E401 47 .83E+(01 16.794E402 15.33E402 99.58E+0 96,78E4+(01 98.25E+01
2 46.90E+01 47 .83E+01 16.94E4(02 15, 35E+402 99, 64E+01 96.21E+01 58.28E+01
3 46 90E+01 47.84E+01 16.93E+402 15,39E+02 99.68E401 95.73E+01 93, 31E+01
4 46.90£+01 47 .84E+0) 16.93£4(2 15, 348402 99.70E+401 96278411 §8.34E+01
5 46,90E401 47.85E+01 16.92E+402 15.35E+02 99 . 71E+01 96, 79E+01 98.35E+01
b 46 51E4D! 47 .B6E+01 16.92E+02 15, 35E402 99.72E+01 96.68E+0] 98.3RE4(0 1
7 46.928+8) 47.86E+01 16.92E402 13.35E402 99.73E+01 95.67€401 98, 38E+01
B 46.92E401 47 . B6E+H1 16.93E+402 15, 35E+402 99736401 79.78E+0] 98390401
9 45.92E401 47 866401 16.93E+402 15.35€402 99.73E+01 96.38E+01 98 . 39E+401
10 45.52E401 47.87e401 16.95E+02 15,36E402 99.73E+01 95.84E+01 98.40E+01
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’ xexx PRE-RUN DATA, USING AIR ONLY  sxxx
DATE 3-11-9
H = 571, 9_ Psi :
Bg:rlrl 2?/1% (ibt:\%;gc)) RUN #4 - No air heater used
Perlite catalyst installed
®ax%  PRE-RUN INPUT  xéxx
Testno= BEHRENS Date= 3-19-90 Fvelid= 9007
Heaterfuel=  HYDROGEN
Dairchoke= 420 Dhtfuchoke= Q040
Dhtcxchoke' 0700
Cdair= 970 Cdh= 970 Cdho= 970
Gammahf= 1.405
Rhi= 766.50
Kuhf= 1405 Pc
Krho= .9589 Kmair= 9320 94,216+ 00
Maird= 1.900 Tcind= A0 93, 74E+00
Hnfd= 0028 Hhod= 0228 Hfveld= 3300 QT 4SE+0 0
Kpa= 313262,8800 Vpal= 0017 Kpc= 844.8140 93 54E+0
92 BSE40C
93, 74E+00
94.18E400
o BEt
3% DATA EXTRACTED  #xsx 93 S0E+00
FUEL FLOW RATE IN Gal/min, GAS FLOW RATES IN Lbn/sec, PRESSURE IN Psia, 1EHPERATUREc INR
Count Hair praxr Hfuel thf Phe Pho
)| 1.912E400 6.191E-D) 3 178E-01 1.795 -02 I.DODE 04 1.000E-04 10.00E-05 10.00E-05
2 1.912E400  6.172E-01 3.196E-01 1,805E-02  1.000E-04 1.000E-04 10.00E-05 10.006-05
3 1.916E400 6,205E-01 3.201E-01 1.804E-02  1,000E-04 1.000E-04 10.00E-05 10, 00E-03
4 1.912E+00  5.192E-01 3.206E-01 1.811E-02 1.000E-04 1.000E-04 10.00E-05 10.00E-05
9 1.910E+4900  &.1B3E-01 3.209E-01 1,815E-02  1.000E-04 1.000E-04 10.00E-05  16.00E-05
6 1.912E400  6.190E-0i J.210E-01 1.814E-02 1.000E-04 1.000E-04  1{0.00€-05 10 00E-05
7 1.916E400  6.205E-01 3. 211E-D1 1.810E-02  1.000E-04 1.000E-04  30.00E-05 10, 0OE-0S
8 1.912E+00  5.195E-04 3. 210E-01 1.8126~02  1.000E-04 1.000E-04  10.00E-03 10.00E-05
9 1.913E400  6.195E-01 3.210E-01 1.8126-02  1.000E-04 1.800E-04 10.00E-05 16, 00E-05
10 1.918E400  &6.211E-D1 3.211E-0 1.80BE-82  1.000E-04 1.000E-04 10.00E-05  10.00E-0S
Count Ta Tcin Tex! Tex? Tauqug Tavgdt Targd2
1 46,37E+01 47.30E+01 13.53E402 14, 14E402 98, 13E40 72.85E+01 71,3864
2 456.38E+0! 47 308401 19,93E402 14, 14E402 98, 29E+0! 72.45E+01 71.39E401
3 A6, 37E401 47.30E+01 19.59E402 14,14E402 98, 37E+01 72.96E401 71.426401
4 44, 39E+01 47,29E401 19.95E+02 14148402 98.46E40) 72.77E4+04 71438401
S 46,3740 47,29€+01 15.53E+02 14136402 98.53€+01 72.85E+01 71. 436401
6 A4b,I9E+0) 47.29E+401 19. 546402 14, 14E402 98.99E +01 72,218+ 71436401
7 Ab,3IBE+DI 47,29E401 15.55E+02 14.15E402 98.67E+01 71.88E+01 71, 448401
8 4L 37E+01 47.29E+01 15.55E+02 14, 16E402 98, 76E +01 71.76E+81 71458401
9 46,37E401 47.29E+01 13, 55E*0° 14168402 98.85E+01 72.82e+01 71.49E+401
10 45,36E+01 47,28E+01 19.55E+02 14.17E402 98.93E+01 73.24E40) 71.50E+01
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