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SUMMARY

The object of this program was to determine t.e radiant energy
emitted by small fires of the type that might occur in an aircraft
engine nacelle., Spectral radiant intensity data were recorded on
diffusion flames of JP-4, JP-5, JP-8, Aviation Gasoline, and MIL-H-
56068 and MLO-68-5 hydraulic fluids. These fluids were burned in &
high altitude combustion chamber at pressures corresponding to alti-
tudes from sea level to 35,000 ft. The wavelength range of the
intensity measurements was from the middle ultraviolet (200 .im) to
the far infrared (15 um). The results indicate that the bulk of the
emitted radiation was in the visible and near infrared regions and
originated at hot carbon particles in the diffusion flames. This
total energy was found to decrease significantly at high altitudes.
In addition, strong emissions bands were detected in the middle ultra-
violet corresponding to electronic transitions of excited radicals in
the flame. The most intense feature in each spectra recorded was the
dominant 4.4 ym emission band corresponding to excited carbon dioxide

molecules.
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PREFACE
This repoart describes the results of Contract F33615-72-C-1857

conducted by McDonnell Douglas Corp., St. Louis, Mo. The work was
conducted under Project 3048, "Fuels, Lubrication and Fire Protection”,
Task 304807, "Aerospace Vehicle Five Protection" and was administered
by the Fire Protection Branch, Air Force Aero Propulsion Laboratory,
Wright-Patterson AFB, Ohio, with Mr. Terry M. Trumble as Project

Engineer.

The principal investigator on this program was Dr. R. M. F. Linford.

The following personnel contributed to the program: C. F. DiTlow.

The report covers work accomplished by McDonnell Douglas from

May 1972 to August 1973.

This technical report has been reviewed and is approved.

;gfii: oy “{gsz;EZZj::\
BENITO P. BO1TERI

Chief, Fire Protection Branch
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SECTION I
INTRODUCTION

Optical sensing systems are used for fire detection in a wide va-
riety of industrial and military applications. The wavelengths of
operation of the sensors range from the middle ultraviolet to the far
infrared and a particuiar detection system may utilize two or more

sensors which are sensitive to different wavelengths.

In an aircraft engine nacelle the majority of the potentially com-
bustible materials are hydrocarbon fluids. Fuels, hydraulic fluids and
lubricants are all highly flammable and are present in copious quanti-
ties near aircraft engines. In the event of a fire these fluids burn
with a bright open flame and thus optical sensors are strong candicuates
for engine nacelle fire detection systems. The object of this program

was to determine the radiant intensit. #mittrd by fires of this type.

A1l optical fire detectors - =+ nciple of responding
to the optical radiation emittes - « .. .otoorals while discrimi-
nating against background radiation. < - v, background may

include solar radiation, artificial lighting, gunfire, sparks, or an,
hot body in the field of view of the detector. The device must also
withstand the physical stresses imposed by vibr-*‘non, shock and the

high temperatures,
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To evaluate the performance of an optical sensor as - fire detec-
tor in this type of application certain analyses are necessary. Data
required for such analyses include the spectral calibration of the
sensor, the spectral radiant intensity of the fire and information on
the sources of tickground radiation. The program described in this
report was desi jned to provide information on the second of these

parameters: the radiation emitted by aircraft 2ngine fires.

Flame spectroscopy had its origin in the work of men like Newton,
Bunsen, Kirchoff and Herschel, and in the last 40 years the literature
has been filleu with publications on the optical emissions from flames.
In particular, recent issues of the Combustion Institutc's biennial
publication (1) have included ma.y articles on the spectroscopy of
hydrocarhon flames. However, the emphasis of most of this work has
been on analyses of combustion phenomena by identification of chemical
species in the flame, with an occasional measurement of the relative
intensities ¢f prominent spectral peaks. The designer of a fire
detection system should not be concerned with the reaction chemistry
of the ilame, but he has a requirement for calibrated spectral radiant
intensity data for potential fires, Despite the long history of work
in this area. as cited above, such data have never been determined fo»

burning aircraft fluids.

The program described in this report was designed to produce

calibrated spectral emission data which are truly represcntative of
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actual fires in an aircraft engine nacelle. The experiments involved
spectru,copy, at wavelengths between 200 nm and 15 um, on hydrocarbon
flames burning in air at altitudes between sea-level and 35,000 feet.
Six commonly used aircraft combustible fluids were burned as diffusion
flames and were studied in ten consecutive spectral ranges spanning

the middle ultraviolet to the far infrared. More than two hundred spec-
tral scans were recorded during the program and the data was normalized
with respect to NBS-traceable radiart intensity standards. Computer-
ized data reduction techniques were used to compile the large volume

of spectral radiant intensity information and present it in a frm
adaptable to the needs of the designers of advanced optical fire detec-

tion systems.

Full details of the experiments are described in this report, the

data arc presented, and their significance is discussed.
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SECTION II
EXPERIMENTAL DETAILS

Combustible fluids were selected from those which are in common
us. in modern aircraft, or are under consideration for future use. A
burning system was devised to produce reproducible flames in atmospheres
ranging from sea-level to 35,000 feet. Three different optical systems
were assembled to record the spectral emissions over the wavelength
range from 200 nm to 15 um, and standard sources were calitrated to
provide reference to the National Bureau of Standards. In the para-

graphs that follow each facet of the experiment is described in detail.

1. SELECTION OF FLUIDS

The working fluids in an aircraft engine nacelle include fuels,
hydraulic fluids and lubricants. These organic liquids represent the
greatest fire huzard in the vehicle since most of these fluids are
extrenely flammable and several of the fuels have very low flash points.
In selecting the materials for the program, fluids were inciuded which
are either in common use or have potential application in the forsee-

able future. The original selection is summarized in Table 1.

Each of the first six fluids was extensively studied throughout the
various phases of the program; but, despite several attempts, it proved

impossible to burn MIL-i-7808 lubricant in a controlled or repeatable

o
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TABLE 1 COMBUSTIBLE FLUIDS SELECTED FOR THE BURNING EXPERIMENTS

Id?nat’i(:ir;?tion Usage Description Flash Paint | Reference
JPa Fuel Wide Cut, Gasoline Type —20 2
JPS Fuel High Fiash Point, Kerosenie Type 140
JP8 Fuel - 110
Aviation Gasoline Fuel - -40 2
M!L-H-5606B Hydraulic Minerat Oil 209 5
Fluid

MLO-68-5 Hydraulic Hydrocarbon with Fluoride Additives 410 5
Fluid

Oronite M2 Hydraulic - 430 6
Fluid

MiL-L-7808 Lubricant Synthetic Diester 437 4

5
- - ~ RN S ol il
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flame. Oronite M2 hydraulic fluid was eliminated from the program when
it was removed from the list of potential new hydraulic fluids for

military or civilian applications.

2. COMBUSTION AND FUEL HANDLING SYSTEM

a. Burner Development

The design of the combustion system was crucial to the whole
program as the resultant flame had to be "truly representative of actual
fires." The most likely cause of small fires in an engine nacelle is
the ignition of a fine jet of flammable liquid leaking through a small
hole in a pipe or fitting. Large leaks of fluids into the nacelle and
the subsequent fire would be impossible to simulate in a controlled
manner, and such fires would probably be readily detected. Flames
burning at a fine leak would present the most severe problem to a
detection system. Sucnh flames were therefore selected as the basis of

the simulation of an engine nacelle fire.

Fuel/air mixtures burning at a leak in a pressurized line pro-
duce diffusion flames, as all mixing occurs downstream from the "nozzle".
Therefore, standard burners with premixing could not be used to simu-
late such flames and a special combustion system had to be developed

to produce diffusion viames for the spectroscopic measurements.

A further constraint on the burner design was the need to

restrict the size of the flame to the field of view of the optical
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systems used. Fire detectors respond to radiation emitted by all parts
of the flame and spectroscopy on a selected portion of the flame would

be unrepresentative. As described in a later section, the optical sys-
tem was designed to collect radiatiorn from a flame approximateiy 175 mm

tall,

Lastly, the burner system had to generate stable diffusion
flames for a variety of combustible 1iquids at several altitudes. The
flames had also to be reproducible over a period of weeks and the

nozzle had to be demountable for cleaning.

A burner nozzle meeting all the above requirements was developed
through a series of preliminary experiments in an explosion-proof cell.
Several nozzle assemblies were tried without success before stable
flames were achieved with a domestic oil-burner nozzle. The smallest
commercially available nozzle was 0.2 mm diameter, and, with as little

3

as 6.9 x 10 Nm"2 (1.0 psi) hydraulic pressure, flames several meters

high were generated. Special inserts with 0.075 mm apertures were then
machined to fit stande:d Delavan* nozzles. A nichrome wire heater was
wound on the base of the nozzle assembly and was potted in ceramic
paste. With the fine insert, the preheater and a pressure differ-

4 Nm2 (1.5 psi), stable, repeatable flames

3 min'].

ential of approximately 10

were achieved with a flow rate of approximately 0.2 cm

*Delavan Manufacturing Company, Des Moines, lowa

T TTTTYwE.
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Remote ignition of the flame was provided by two wire electrodes
set approximately 20 mm apart and 30 nm above the nozzle and connected
to a 15 kV neon-sign transformer. The final version of the burner is

il1lustrated in Figure 1.

During the carly experiments a thermocouple was attached to the
nozzle, and it was determined that the optlioum nozzle temperature for
burning JP-4 and the other fuels with a stable flame was approxi-
mately 95°C (200°F). The thermocouple attachment would not withstand
the repeated handling of the nozzle required for cleaning; therefore,
temperature measurements were abandoned at an early stage. However,
the same heater control settings were used for each burning experi-
ment, and it is estimated that the nozzle temperature was 100°C +15°C

throughout the program.

b. Combustion Atmosphere

The requirements of the program dictated that the various
fluids should be burned in environments simulating the atmospheres
from sea level tu high altitudes. While maintaining the appropriate
air pressure it was alzo important to ensure that an adequate supply
of fresh oxygen was available to maintain the flame, as would be the
case in an aircraft-engine fire. This air flow had also to be pro-
vided without perturbing the flame as flame flicker would have

introduced severe noise into the electro-optical measurements.
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FIGURE 1 THE COMBUSTION NOZZLE ASSEMBLY
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(1) Sea Lovel
Initial sea level experiments were run with the burner
installed in a laboratory fume hood. (The cxhaust fan was turned off
during optical measurements to reduce drafts,) Later experiments
were performed in the high altitude combustion chamber with the

vacuum flanges removed.

(2) High Altitudes

A1l the optical emission measurements on fluids burning
in high-altitude atmospheres were performed in the ~ombustion chamber
illustrated in Figurc 2. The main chamber was a converted vacuum
chamber with a 380 mm (15 inch) internal diameter, and a 685 mm (27
inch) height; the extension snout was added to accommodate the field
of view of the optical system without installing a large dianeter
optical window. Air was supplied to the flame through an automotive
air filter mounted on the base plate of the chamber. This filter
ensured that air was introduced into the combustion chamber without

excessive turbulence to disturb the flame.

' (50 cfm)

The chamber was evacuated with a 24 1 s~
mechanical pump through a port in the .op plate. A second air filter
was installed in the puriping line to prevent dense black smoke from
entering the pump. The chamber pressure was adjusted by throttling
the air-inlet valve to balance the evacuation rate of the mechanical

pumping system. A dial gauge was used to monitor the pressure in the

10
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chamber, and the corresponding altitude was determined from the curve

in Figure 3.

A calculation of the effective speed of the pumping sys-

1

tem indicated that approximately 10 1 min™' of air was drawn through

the chamber. Using a simplified molecular structure for JP-4, C8H18’

it was calculated that 0.2 cm> min'l

1

of the fuel would require approxi-
mately 2.5 1 min~' of fresh air for complete combustion. To confirm
that adequate air was drawn through the chamber the optical cutput
from a JP-4 flame burning at 35,000 feet (190 torr) was monitored for
a period of time following ignition. No systematic variations in the
level of optical energy emitted by the flame were detected for a
period of more than an hour, indicating that the flame was not starved

of oxygen. This test also confirmed that negligible contamination of

the optical window occurred.

To prevent the reflection of radiation from the chamber
walls into the optical system a black honeycomb absorber was installed

behind the flame.

c. Fuel System
The fuel flowrate through a nozzle is a function of the
pressure drop across the nozzie; therefore, during the high altitude
experiments, the pressure in the fuel system had to be adjusted to

maintain a constant pressure differential. This was achieved with the

12
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fuel system illustrated in Figure 4.

Pressure in the 7.5-1iter fuel reservoir was adjusted by evacu-
ating it to the same pressure as the combustion chamber and then
repressurizing the reservoir slightly with dry nitrogen. The fuel
flowrate to the burner nozzle was then controlled by adjusting the
pressure, and was measured on the calibrated flow meter. This meter
was of the rotometer type and had to be calibrated for each fluid used

in the system (see Appendix A).

Despite this careful calibration, errors were introduced into
the flowrate measurement by pockets of air in the fuel lines. Each
time the fuel system was opened to change fluids, air was introduced
which would collect in pockets when the system was re-evacuated.
Before attempting to take optical data following a fluid change, a
flame was burned for several hours in an attempt to eliminate all the
air bubbles from the fuel lines. This approach was never entirely
successful, and, although steady repeatable flames were achieved, good
flowrate measdrements could not be gquaranteed. Therefore, it was
elected to adjust the height of the flame to a constant level, rather
than maintain a constant fiow rate. The flowrates required for a 175 mm

3 1 3 1

flame varied between 0.2 cm” min~ ' and 0.3 cm” min ' for the different

fuels at the various altitudes.

14
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3. ELECTRO-OPTICAL SYSTEMS

As discussed in paragraph 2 it was important that the optical
measurements should be made on the entire flame rather than on portions
of the flame front selected by focussing collection optics. This con-
straint, and the need to determine absolute radiant intensity values
by frequent calibrations with a standard source, influenced the design

of the optical systems.

To cover the entire spectral range from 200 nm to 15 um the optical

measurements were performed in three series:

e 200 nm to 320 nm - the ultraviolet series

e 300 nm to 2.65 um - the visible/near infrared series

e 2.0 um to 15.0 um - the far infrared series
Each of these seiies was conducted as a separate experiment with each
fluid/altitude combination being studied before continuing to the
next series. This division of the program arose out of the equipment
requirements for each spectral range and the order of magnitude varia-
tions in the intensity of the radiation emitted by the flames at
different wavelengths. For similar reasons each of the first two
series was further subdivided inio short spe-tral ranges. Each range
in a series was studied one after another with only a short break to
change filters, diffraction gratings or detectors. The breakdown of
the ten different spe:tral ranges and the optical equipment changes

1s summarized in Table 2.
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TABLE 2 SUMMARY OF THE OPTICAL COMPONENTS USED IN THE

SPECTRAL RADIANT INTENSITY MEASUREMENTS

Order Grating b
Spectral Range| Spectrometer ; etector
P gel ope Fiters* | Ruling | Blaze |o2novidth
200-243 nm | Jarrell Ash None 300 nm
240-283 nm | 1:2 m Grating None 1180 ¢/mm | 300 nm 1.6nm  |Photomuttiplier = Vaa» G 26H215
280-323 nm | Spectrometer None 300 nm
300-471 nm | Jarrell Ash Soda Glass 300 nm
470-641 nm | 1/2 m Grating § 440 nm{1) [1180 ¢/mm | 750 nm 1.6nm Phoiomultiplicr = EMI 9558 QC
640-811 nm | Spectrometer | 440 nmf1) 750 nm
0.80-1.49 um | Jarrelt Ash 0.76 um{2) 1.5 um
1.482.16 um | 1/2 m Grating | 1.00 um(3)| 295 ¢/mm | 154m | 19 20m é;‘-’,“" sulphide = Kodak
200-2.65 um | Spectromet | 1.80 um(‘” 1.5 um il
20150 un | Block Engineering Interterometric Spectrometer 40cm ! [ hetoyiston

TWavotergths isted are cut On values of long wavelength pass (L W '} filters

V1 Caraing Glass €5 3 72
2 OCL L WP Intecfygrenc e Faltar
- Corming Glass €5 4 21
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The equipment requivred for each of the experimental series is

described in the following sections.

a. Equipment for the Ultraviolet Series

The optical system illustrated in Figure 5 was used both for
the ultraviolet series and, in modified form, for the visible/near
infrared experiments. A Jarrell-Ash half meter grating spectrometer,
equipped with a 1180 lines/mm diffraction grating and a Varian G-26H215
photomultiplier detector, was used for spectral measurements in the
200 - 320 nm region. With the entrance slit width set at 1 mm the band-
width was 1.6 nm. The photomultiplier was selected for its high sensi-
tivity in the middle ultraviolet and its "blindness" to wavelengths
Tonger than 350 nm. (Figure 6 illustrates the spectral response of the
cesium telluride photocafhode/magnesium fluoride window combinatiorn.)
This spectral response resulted in good rejection of background 1light
in the spectrometer and resultant high sensitivity to the weak ultra-

violet emicsions from flames.

A photograph of the optical transfer system is included as
Figure 7. Radiation from flares within the field of view of the sys-
tem, as defined by the acceptance angle of the f/8.6 spectrometer
optics, was incident on the entrance slit of the spectrometer through
the window in the combustion chamber. This window was a 75 m

diameter, 6 mm thick synthetic fused silica disc (Suprasil 2, supplied

18
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FIGURE 8 SPECTRAL RESPONSE OF CESIUM TELLURIDE PHOTOCATHODE
BEHIND MAGNESIUM FLUORIDE WINDOW
(VARIAN/EMI DATA FOR THEIR MODEL #G-26H215 PHOTOMULTIPLIER)
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by Amarstl lIne., Now Jersey). The radiation from the flame was
veflocted onto the spectrometer s1it by a rotatable "flip" mivror

through a 060 Hz rotating-blade choppor and an absorbing ovder *ilter,

A sacondary spactral radiant intensity standard was provided
by the optical system shown in the upper right hand corner of Figuve
b, A full-size tmage of the tungsten strip filament of a G.L. 3J0A/T24
lamp was formed by the f/10 optical systam in the plane of the exit
aperture, As described in paragraph 5 the radiance of this image was
calibratad against a spectral radiance standard certified by the
National Bureau of Standards. When a portion of this image was
selected by a precision aperture a secondary radiant intensity standard
was created. A fused-silica disc, identical to the combustion chamber
window, was included in the radiance standard to compensate for absorp-

tion of optical radiation by that window.

The procedure adopted for the ultraviolet emission measurenknts
was to scan the radiant intensity standard in all three spectral ranges
at the beginning of each experimental day. For each range the aperture
of the standard was changed to ensure that the standard spectra and
the emission spectra from the flame being studied could both be recorded
without adjustment of the gain settings of the amplifiers in the data
acquisition system. The signal levels were determined in the course of

preliminary experiments to establish the operational parameters.

22
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The signal from tha photomultiplier detector was a €60 Hz
volteye proportional to the intensity of the radiation incident on the
spectrometer. This voltage was demodulated with a Princaton Applied
Research HR«8 Lock~In Amplifier which was referenced to a 660 Hz
voltage from the chopper. A 0-10 V D.C., voltage from the amplifier
provided the input to the data recuording system., For the ultraviolet
spactra the grating spectrometer was scanned at 12.5 nm min'\ with the
spactrometer s1it width set at 1 mm (1.6 nm bandwidth) and with the

circuit time constant at 1 s,
An overall view of the equipment is shown in Figure 8,

b. Visible and Near Infrared Equipment

The equipment used to measure the visible and near-infrared
emission spectra was almost identical to the ultraviolet equipment
illustrated in Figure 5. Several components were changed: a new
lamp was installed in the radiant intensity standard because the
original lamp showed signs of aging; different diffraction gratings
and order filters were used, as summarized in Table 2; and the detec-
torr was changed. For the wavelength range between 300 and 811 nm an
EMI 9558QC photomultiplier with an S-20 photocathode was used, and
this was replaced by a Kodak 20 mm x 4 mm lead sulphide ceil, for
the 800 nm (0.8 um) to 2.65 um range. The spectral responses of

these detectors are shown in Figures 9 and 10. Between 300 and 811 nm

23
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FIGURE8 OVERALL VIEW OF THE OPTICAL EMISSIONS EQUIPMENT
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FIGURE 9 SPECTRAL RESPONSE OF THE EMI 9558QC PHOTOMULTIPLIER
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FIGURE 10 TYPICAL SPECTRAL RESPONSE OF A LEAD SULPHIDE DETECTOR
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the spectrometer was scanned at 25 nm min'], the slits were set at 1 mm

and the time constant was 1 s. From 0.? um to 2.65 um the corresponding

i

parameters were 100 nm min~ '; 3 mm; and 1 s.

c. Far-Infrared Equipment

Entirely different equipment was utilized for spectral emissior
measurements at wavelengths in the 2 ym to 15 um range (Figure 11).
The grating spectrometer was replaced by a Block Engineering Model 1757
Infrared Emission Spectrometer. This instrument is basically an %scil-
lating interferometer cube with a built-in thermistor detector. The
output of the detector is in the form of a complex interferogram and
must be analyzed by a fast Fourier transform computer program. As
described in Scction 4, data was recorded on magnetic tape for subse-
quent compute. reduction. The spectral response of the interferometer

is shown in Figure 12.

The field of view of the interferometric spectrometer was such
that the extension snout was not required on the combustion chamber.
A 75 mm diameter, 6 mm thick potassium bromide window was mounted in
the wall of the main chamber. For spectral calibration of the spec-
trometer an Electro Optical Industries 1000°C blackbody was installed
in one arm of the optical system and a 10 mm, water-cooled aperture

served as the radiant intensity standard.
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FIGURE 11 OPTICAL SYSTEM FOR SPECTRAL RADIANT
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4. DATA ACQUISITION AND REDUCTION
The components of the data acquisition svstem are identified in

the diagram in Figure 13.

The experimental data was recorded in the memory of a Fabritek*
Model 1072 Instrument Computer. This instrument was used to convert
the time variant analog data into 1024 12-bit digital words so that
computer techniques could be utilized to reduce the data to calibrated

spectra.

During experiments with the slow-scanning grating spectrometer the
instrument computer address scan was synchronized with the wavelength
scan of the spectrometer, and only a single scan was recorded. For
the far infrared measurements with the interferometric spectrometer,
up to 256 one-second scans were signal-averaged in the computer memory
to establish good signal-to-noise ratios. After each run the contents

of the memory were dumped onto digital magnetic tape.

Each set of data from a burning flame was recorded on a magnetic
tape on which calibration data for the appropriate wavelength range had

been previously recorded. At the end of each day the tape was hand-

*Now Nicolet Inc.
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FIGURE 13 DATA ACQUISITION AND REDUCTION SYSTEM
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carried to a large computer facility to be reduced. After inspection
of the computer printouts the decision was made to prepare Ca]comp(TM)

graphical plots of the calibrated spectra.

The data reduction wrought by the computer programs was simple in
concept, but it was extremely powerful in that a multiplicity of
nomalized data was generated with a minimum of manual effort. Each

of the progran listings is included as Appendix B to this report.

The spectral radiant intensity of the flame JF(A) was computed

from the expression:

: Ve) o dp 1A
uF()\) = JS(X) Vs-(—ﬂ— . ('a;) (Wnm " sr ') (2-1)
vihere:
JS(A) is the spectral radiant intensity of the calibration

1 sr—]),

source (W nm~
VF(A),VS(A) are the voltagus generated in the computer memory by
the flame and the calibration source respectively (V),
dF(A),dS(A) are the separations between the entrance aperture of
the spectrometer and the flame or calibration source
(m).
At each wavelength the value of JS(A) was computed from Planck's

expression for the radiance of a blackbody, Ns(x):

A€ c, !
3400 = A N0 = 2 e (o) -1 | (2-2)
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where:

AS is the area of the exit aperture on the calibration source
(n?),

T(x) is the equivalent blackbody temperature of the calibration

source at wavelength A (°K),
C],C2 are constants.
The values of T(A) were determined from the calibration experiments,

as described in paragraph 5.

The conputer program illustrated in Appendix B reduced the data
using Equations 2-1 and 2-2 and provided graphical plots of the
values of VF(A), VS(A) and the calibrated value of JF(A). Printouts
of these quantities were also produced, together with values of

NS(A) for comparison with the calibration of the source.

Reproductions of the raw computer plots are included in Figures
14 through 16. These data were taken during an experiment with
JP-4 burning in a sea level atmosphere. Figure 14 illustrates the
calibration run and is a plot of VS(A) vs r; Figure 15 is a plot of
VF(A) vs A, and Figure 16 is the end product of the data reduction; a

plot of the spectral radiant intensity, JF(A), against the wavelength,

A,

To cover ine wavelength range 0.2 um to 15 um a total of ten

scans were taker ond the data was plotted on tun different computer
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plots.  For preasentation {n thiv report conposite wurves ware propared
on & Hewlatt-Packard 9010A Programmable Calculator equipped with digi-

tizer and plotter accetsories,

§, CALIBRATION OF THE OPTICAL SYSTEM

To datermina the absolute spactral radiant intensity of the burn-
ing atrcraft fluids the optica) system was calibratad against NQS-
traceable standards, in the 200 nm to 2.65 ywn range and against a
blackbody souvrce in the 2.0 ym to 15 um range (Figures 5 and 11).
Datly calibration runs were made over the appropriate spectral range
before each experimantal series, and tha data was stored on the mag-

netic tape.

a. Calibration Standards (200 nm - 2.65 .m)

The spectral emission data in the 200 nm to 2,65 um range was
calibrated using the radiant intensity standard optical system illus-
trated in Figure 5. This secondary standard was calibrated by the
McDonne 1l Bureau of Standards (MBS) against their NBS-calibrated
standerds. Vo cover the complete range over which the secondary
standard was calibrated (225 nn to 2.5 um) three separate experiments
were necessary (see Table 3). This fragmentation of the range was
caused by the limited calibration of the available primary standards,
and also by the replacement of the original aged 6V lamp in the second-
ary standard by a new 3.5V lamp after the ultraviolet series of

measurements. For the first two ranges, covering the 225 nm to 800 nm
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band, an NBS-calibrated tungsten strip radiance standard was used in
conjunction with an Applied Physics Corporation Model 14 Monochromator
equipped with an EMI 9558QC photomultiplier. Focussing optics were
used to transfer images, first of the radiant intensity standard and

then of the standard lamp, onto the entrance slit of the monochromator.

The calibration curve for the original or First Radiant
Intensity Standard, resulting from such a comparison, is shown in
Figure 17; the calibration certificate is included in Appendix A. The
curve in Figure 17 is plotted in terms of the equivalent blackbody
temperature for the secondary siandard at each wavelength. This
parameter was used as it varied by only a few percent over the wave-
length range calibrated, while the intensity of the emitted radiation
varied by several orders of magnitude. As the calibration curve had
to be extrapolated to cover wavelengths below 225 nm, and interpolated
between the calibraticn points, it was important that a realistic
curve fit be made to the calibration data. The least-squares third
order polynomial fitted to the data in Figure 17 was used in the data

reduction computer programs.

For wavelengths in the 0.8 um to 2.65 um range ihe Second
Radiant Intensity Standard was calibrated against a blackbody, the
temperature of which was established with an NBS-calibrated pyrometer
strip lamp. Despite the change in primary standards and the change of

detector from a photomultiplier tube to a lead sulphide cell, excellent
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FIGURE 17 CALIBRATION CURVE FOR THE FIRST RADIANT INTENSITY STANDARD
(200-320nm)
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continuity was observed in the calibration at 0.8 um of the second
radiant intensity standard. This continuity is evident in the data
plotted in Figure 18.

b. Calibration Standard (2.0 um to 15.0 um)

No NBS-traceable standards for far infrared wavelengths were
available and so the interferometric spectrometer was calibrated
with a 1000°C blackbody. It was established that the temperature of
this source was stable within +1°C and the manufacturer certified
that the emissivity of the cavity was 0.99 +#0.01. A water-cooled
aperture 10 mm in diameter was used to define the radiant intensity

of this standard.
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SECTION III
EXPERIMENTAL RESULTS

Spectral emission data was accumulated over ten spectral ranges
on six fuels, burning at a minimum of four altitudes; over 250 radiant
intensity curves were generated. In order to present and discuss this
plethora of information without generating a volume of biblical ;ro-
portions a good deal of summarization was necessary. Computer-
generated spectral radiant intensity curves were reduced to composite
curves using a Hewlett-Packard 9810A Programmable Computer equipped
with digitizing and plotting accessories. To further ease the probliem
of data presentation the experimental results are discussed in three
sections corresponding to the ultraviolet, the visible and near infra-

red, and the far infrared experimental series.

1. ULTRAVIOLET EMISSION SPECTRA (200 nm - 320 nm)

This region is of considerable interest to designers, manufacturers
and users of aircraft fire detectors because of the increasing use of
solar-blind, ultraviolet sensors as the basic element in detection sys-
tems. The wavelengths of particular interest 1ie between a lower limit
of approximately 200 nm, set by the absorption edge of many detector
window materials and the absorption by atmospheric oxygen and an
upper 1imit of 280 nm, above which solar radiation penetrates the

ozone »elts around the earth. In this study the ultraviolet measure-
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ments were extended out to 320 nm to include the strong emission

bands characteristic of the OH radical at 310 nm.

a. Sea Level Measurements

Each of the six fuels was burned in the laboratory atmosphere
under the fume hood, as desciibed in paragraph 1. Spectral radiant

intensity data for JP-4 is shown in Figure 1 (a) through (c).

These curves were drawn from computer-generated curves of the
type reproduced in Figure 16 (Figure 19 (a) is a replica of Figure
16), and they illustrate the strong band structure of the spectral
emissions. Identification of the bands will be discussed in Section
IV. Across the 200-320 nm range the spectral radiant intensity of the
flame varied two orders of magnitude and tne composite plot in Figure
20 emphasizes this distribution. To provide the reader with data in
a more useable form the three ranges have been condensed onto one
curve of the type shown in Figure 21. This format with split vertical

scales results in easier comparisons of data.

Data recorded on JP-5 burning at sea level (Figure 22) is
almost identical to that for JP-4. The spectral bands are common to
both fuels, and the intensities of the peaks are very similar except
at 310 nm. Similar results were obtained for JP-8 (Figure 23). The

1imited variance in the data for three dissimilar hydrocarbon fuels
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made 1t unnacessary to consider batech vartations or subtle changes in

Such paramaters as the arvomatic content or distillation point,

spactral curves for Aviation Gasoling, MIL-H-Ho06l, and MLO«
64-5, are drawn tn Jigures 24, 26 and 26, respectivaly. The principal
feature of these curves, comparoed to the JP-series Jata, 1s the
appearance of different emission bands. Therw was 1ittle overall
change in the total onergy emitted by the six flames as demonstrated

in a later section of this report,

b. High Altitude Experiments

The atrcraft fuels burned veadily at high altitudes in the
combustion chamber illustrated in Figure 2. Lach of the JP-series
fuels burned with a steady flame, once the convection in the chamber
was controlled by installation of the automotive air filter. Aviation
gasoline flames were more difficult to control and tended to be unre-
peatable; but, with persistence, spectral data were recorded. Both
the hydraulic fluids defied all attempts to generate stable flames on
the reduced pressure environment. An apparent cause of the praoblem was
fractional distillation of the lighter fractions in the fluid leaving

a viscous residue which obstructed the nozxzle.

In preliminary combustion measureaments it was established that
stable flames could be maintained up to altitudes of 35,000 feat (190
torr). At higher altitudes (lower pressures) the flame would self

extinguish.
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Spactral emission data were recorded at 18,000 feet (380 torr),
24,000 feet (305 torr), and 35,000 feet (190 torr). Results of a
series of experiments on JP-4 are shown in Figure 27; only three alti-
tudes, including sea level, are represented for the sake of clarity.

Similar results were obtained for the other fuels.

It 1s apparent that the radiation emitted in the ultraviclet
region by JP-4 flames increases with increasing altitude. This
increase is particularly marked at the peaks in the spectra; the peak
at 215 nm is more than ten times stronger at 35,000 feet than at sea

level.

c. Integral Radiant Intensity

Spectral radiant intensity curves such as those illustrated
in Figure 19 through 27 provide important information on the dis-
tribution of the emitted radiation. However, the designer of a fire
detection system must be concerned with the total energy emitted by
the fire in the spectral range of the sensor. This range is established
by the 200 nm lower limit of the transparency of the window materials
and the atmosphere, and the upper wavelength 1imit of the sensor
sensitivity; this latter parameter can be controlled by the selection

and preparation of the photosensitive surfaces.
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To assist the designer the spectral data was converted to
values Tor the integral radiant intensity, PF(A). This parameter is

defined by the expression:

A
PF(A) = S JF(A)dA Wsr™]

200

where JF(A)(wnm']sr']) is the spectral radiant intensity of the flame.
The value of PF(A) represents the total energy emitted by the flame

in the wavelength range between 200 nm and A, and, therefore, the
energy available for detection by a sensor which has a long wavelength
cutoff of A. Values of PF(A) for JP-4 burning at various altitudes
are illustrated in Figure 28. The lower, sea level curve was obtained
by a series of integrations of the area under the sea level curves in
Figure 19, using the Hewlett-Packard 9810A Programmable Calculator.
Each of the high altitude curves in Figure 28 was derived from appro-
priate radiant intensity plots similar to those illustrated in Figure
19. The curves in Figure 28 emphasize the increase in the ultraviolet
emissions from JP-4 flames at high altitudes; there is an order of
magnitude difference between the energy emitted at 35,000 feet and at
sea level. The energy available for detection is also a critical
function of the upper wavelength limit of the sensor used; for example,
a detector responding to wavelengths up to 280 nm will receive twice
the detectable radiation to which a 260 nm-limited detector would

respond.
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Similar curves of P-(1) vs A for the JP-8 and Aviation Gasoline
are shown in Figures 29 and 30, respectively; while they are not
duplicates of the JP-4 data, the results for these two fluids show

strong similarities.

2. VISIBLE AND NEAR-INFRAREC EMISSION SPECTRA (300 nm - 2.6 um)
Despite the high background radiation in this wavelength range in
many applications, several fire detection systems utilize devices

sensitive to visible and near-infrared radiation.

Spectral radiant intensity measurements were made in the 300 nm
to 2.6 um range on each of the four fuels, at several altitudes
including sea level. The combustion chamber illustrated in Figure 2
was used throughout all the burning experiments; for the sea level
measurements the extension snout and the top and bottom flanges were
removed, and the shell of the chamber was used only as a screen
against drafts. A1l details of the optical system were the same as
those for the ultraviolet measurements except for the grating,
filter, and detector changes identified in Table 2. The Second
Radiant Intensity Standard was used to calibrate the optical system

throughout this phase of the measurements.

The spectral data were recorded in six separate but consecutive

scans and examples of the results are shown in Figures 31 (a) through

b5
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(1. Pive of the wix ~cans show a featureless continuum with a hroad
maximum ot approximately Vo4 gm, but some steacture s evident at the
luw wavelength snd of the spectral range, Figure 0 (a).  This spectral
structure was most pronounced for the high altitude burns such as the
000 't exporiment roprosented fn Figure 31, Tdentifiable peaks
tnclude the 3o - 09 nm bands of the OH radical, the 390 and 430 nm
CH band sysitem and the firet of the Swan Bands associated with the ¢,

radical, in the Ado - 474 an range,

As betore, the radiant intensity curves werve summarized using the
H-1 9810A and the resulting composite curve for JP-4 is shown in
Figure 32, The Jower curve in this figure was traced from the six
curves in Figure 31 and the continuity botween the six scans, taken

several hours apart, Is excellent,

The conposite curves in Figure 32 emphasize the featureless
nature of the spectra, apart from a suggestion of an emission band
near 2.7 um. It s apparent that the radiation emitted by the flames
at these wavelengths originated from hot particles of unburnt carbon
in the diffusion flame. This {s the source of the familiar yellow
color of a candle flame and other diffusion flames, although these
measurements indicate that the bulk of the radiation is emitted in
the near infrared, rather than at visible wavelengths. As the maxima

in the emission curves occurred between 1.5 um and 2.0 um, the
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vharavteritstic temperature of the carbon particles was 0 the 1hoo N -«

2000 K range,

Similar conclusions can be drawn from the results of JP-h (Figure
AP0 igure JA) and Aviatton Gaseline (Hloure 44)0  The Jh,000
ft data for JP-4 and JP-8 exhibit weak emisston bands avound 1.5 um,
1od o and 2,7 um which are assocliatud with the “?0 motevule, otherwiwe
the vesults ave similar to those for Ji-4.  Aviation Gasoline was
difficult to burn at high altitudes and thus the data at 35%,000 feet

was orratic (Jower curve tn Higure 3h),

Une feature conmon to all the visible and near-infrared spectra
recorded was that the intensity of the emitted rvadiation decreased

with tncreasing altitude. This point s discussed in Section IV,

3. FAR CINFRARLD EMISSTON SPECTRA (2.5 pm - th )

Fire detectors sensitive to wavelengths longer than ) ym are not
yet 1o common use in aircraft but the lack of significant solar radia-
tion in this range makes such devices potentially useful. Hot sur-
taces 1n an atrcraft engine nacelle will emit strongly at these wave-

lengths but such noise might be discriminated against.
Far infrared spectra were recorded on the burning fluids using the

intertferometric spectrometer and optical system described in paragraph

11 3 ¢, page 27 . The interferometric spectrometer is a fast-scan
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instrument which completes a single scan in approximately one second;
therefore, only short combustion times were necessary to obtain good
data. The repetitive voltage output from the detector was signal-
averaged on the instrument computer and as few as 64 scans, requiring
as little as one minute of combustion, were necessary to establish an
adequate signal-to-noise ratio. As a result all the fuels were burned
at five selected altitudes; however, both MIL-5606B and MLO-68-5
hydraulic fluids still resisted attempts to maintain stable flames for

more than a few seconds.

The data accumulated from a total of twenty different combustion
experiments was remarkable for its lack of variation. Regardless of
the fuel or the combustion atmosphere pressure, the spectra resembled
that illustrated in Figure 36. The dominant feature of this curve is
the strong emission band centered at 4.4 um, which is characteristic
of an excitation state of the 002 motecule. A lesser peak at

2.7 um can be attributed to a combination of CO2 and HZO emissions.

The continuum between 2.5 um and 4.0 um is the long wavelength end
of the blackbody type spectrum observed in the earlier experiments
below 2.6 um. The data represented in Figure 36 was taken for the
same fuel and burning conditions that were used to produce the upper

curve in Figure 32. There is good agreement between the two sets of
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results in the region of overlap at 2.6 um, despite the fact that
entirely different optical systems were used to record the data, and

the two se’s of data were taken several weeks apart.

The Tack of variation in the spectra of the different fuels burnt
av the various altitudes made it superfluous to present more than one
curve in this report; instead, the single amplitude of the single
dominant peak at 4.4 um has been summarized in Table 4. This tabula-
tion of the peak radiant intensity at 4.4 um further emphasizes the
small changes observed between fueis and altitudes. In this form the
intensity appears to have been at its maximum value at 18,000 feet
but, as discussed in Section IV, this is attributed to variations in
the absorption of the radiation by the atmosphere in the combustion

chamber as the pressure was varied.
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TABLE 4 SPECTRAL RADIANT INTENSITY OF THE 4.4 um CO, EMISSION BAND

MEASURED AT SEVERAL ALTITUDES

Fuel Sea Level 18,000 Ft (380 torr) | 25,000 Ft (300 torr)| 28,000 Ft (250 torr) |35,000 Ft (190 torr)
Jp-a 210 Wum™ V=Y | 2.60 (Wum™Tsr7 )| 250 (Wum™V s 1) | 2.40 (Wum™1 1) | 2.25 (Wum™ T 57y
PS5 1.66 2.13 213 2.00 1.94
P8 147 2.28 2.22 2.13 1.85
Aviation Gas | 1.65 2.31 2.14 2.14 1.96

69




T T e ST T T .

AFAPL-TR-73-83

SECTION IV
DISCUSSION

Optical emissions from burning aircraft fluids were successfully
measured over a wide range of both wavelength and intensity. These
experiments required the use of several different optical systems,
detectors and calibration sources; and the data were recorded in ten
different spectral ranges over a period of several months. Despite
the fragmentation of the experiment, excellent continuity and repeat-

ability were obtained for all the data.

To demonstrate the scope and quality of the experiments, Figure 37
was prepared. This is a con_ “site curve of the data for JP 1 burning
at 35,000 feet; this set of data was selected because of the relatively
strong spectral features. Each of the spectral ranges defined in
Table 2 is identified on the upper edge of Figure 37; the far infrared
range 10 was curtailed at 5.0 um for ease of presentation. The curve
in the figure was prepared on the Hewlett-Packard 9810A Calculator
using ten computer-generated radiant intensity curves of the type
illustrated in Figure 16. Excellent matching was achieved, although
the scale of the final figure is too small to demonstrate the fact

that better than five percent agreement was obtained between ranges.

The bulk of the energy emitted by the diffusion flames studied in

this program was at visible and infrared wavelengths; peak intensities
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L were recorded at 4.4 um. A detector with

in excess of 1 W cm 'sr”
an area of 1 cmz, and a bandwidth of 0.5 um centered at 4.4 um, would
receive approximately 3 uW at a distance of 3m. In applications

where the background radiation incident on the detector is substantially
less than 1 uW in this waveband, a pyroelectric detector or similar

sensor could be incorporated into a sensitive fire detection system.

1. ALTITUDE EFFECTS
In Figure 28 the ultraviolet emissions from JP-4 flames are shown
to have increased with increasing altitude and this trend is emphasized
by the data illustrated in Figure 38. The ultraviolet power emitted
by the burning fuels was determined by integrating the total area
under curves, such as those drawn in Figure 31. In mathematical terms
the emitted power PF in the 200 to 320 nm waveband is given by:
320
Pr = j gy (W s (4-1)
200
For all three fuels for which data is included in Figure 38 the
ultraviolet power emitted at 35,000 feet is nearly double that

emitted at sea level by the same size of flame.

In contrast, the power emitted at visible and near infrared wave-
lengths decreased at higher altitudes, as illustrated in Figure 39.
One possible explanation of these differing mechanisms for the two

spectral regions is that the visible/near-infrared emission spectra
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are natnly attributable to the hot carbon particles in the Jdiffusion
flame, while the enerqy emitted at ultraviolet wavelengths is assocta-
ted with the elactvonic transttions of free radicals in the flame,
These radicals are generated at intermediate staps in the combustion
process, the principal end products of which are carbon, carbon
monoxide, carbon dioxide and water vapor. As the altitude was increased,
T.e., the pressure in the combustion chanber was decreased, the reduc-
tion in the available oxygen to complete the combustion process may
have resulted in an increase in the density of these radicals, and the
subsequent stronger emissions of the ultraviolet radiation. In con-
trast the reduction in oxygen pressure may have reduced the flame tem-
perature and thus the intensity of the visible/near infrarcd radiation

emitted by the carbon particles.

The 4.4 um emission band dominated the far infrared spectra of all
the burning fuels; therefore, the peak radiant intensity of this band
was summarized, rather than the total power emitted across the com-
plete 2 to 15 um range. Data for all the fuels is listed in Table 4
and the JP-4 data s plotted in Figure 40. The upper, broken curve
was drawn through the uncorrected data points calculated by the com-

puter data-reduction programs.
Correction of the data was necessary due to the presence of

atmospheric carbon dioxide in both arms of the optical system, resulting

in significant absorption of the emitted radiation in a band centered
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at b (Noto that the peaky of the absorption and emission bands
are venterod at wave lenythy approximately 0.1 yn apart.) During the
destgn af the optteal system condidarable care was taken to ensure that
the path longth from the spactrometar to the flame was equal to the
separation between the spectromator and the calibration standarvd,
tnder ideal conditions the absorption in the two paths would be the
same and the calculated value of the intensity at 4.4 um would be
correct,  Such conditions were achieved during the sea level experi-
ments, but, a5 the combustion chamber pressure was reduced, the
absorption of the radiation emitted from the flame decreased relative
to the absorption during the calibration experiments, resulting in
artificially high values ¢f the computed intensity. Thus the uncor-
rected intensity data plotted in Figure 40 exhibits a broad maximum at
about 16,000 feet. To correct for the unbalance in the two arms of
the optical system the absorption at 4.4 um was calculated from the
raw data recorded during calibration runs. Assuming an exponential
absorption law, an allowance was made for the effective path length
inside the combustion chamber at reduced pressure, and the intensity
data was corrected accordingly. The results of this adjustment are

plotted as a solid curve in Figure 40,
The intensity of the 4.4 ym emissions is shown to decrease with

increasing altitude; the variation is similar to that observed in the

visible/near-infrared data. Like the radiation emitted from the hot
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carbon particles the radtation generated by the €O, molecule 18 pro-
povttonal to the completonsas of conbustion and the temperature of the

flame,

S ENMITTING SPECTES
At ultraviolet wavelengths al) the emission spectra exhibited pro-
nounced band structure characteristic of the electronic structure of
various chemical species generated during the combustion process. To
assist in the identifi.ation of the emitting species two additional
spectral scans were made of JP-4 flames. For these scans the bandwidth
of the spectrometer was decreased to 0.64 nm (from 1.6 nm), the scan-
ning speed was :lowed to 5 nm/min (from 12.5 nm/min) and electrical
time constants of up to 3 seconds were used (cf 300 ms). Reproduc-
tions of the raw data curves in Figures 41 and 42 have been marked with
the characteristic wavelengths of several spectral systems. It is
apparent that the strong bands emitted in the 200 - 280 nm region are
1

due to a combination of the Cameron Bands of the CO radical (a3n - X'e)

| the (Az}:+ - in) system of the OH radical. Below 200 nm (Figure
42) the finely divided structure is attributed to the 4th positive sys-

tem of CO (A]n - X]E).

The other spectral features that can be discerned in Figure 37 are
discussed elsewhere in the text of the report; to summarize these,

strong emission band systems were observed and identified at 310 nm
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(OH), 390 nm (CH), 430 rm (CH) and 436 - 474 nm (Cz).

3. SIGNIFICANCE OF RESULTS
Apart from generating a wealth of data that should be valuable to
designers of fire detection systems the results of the progr-m are

significant in other areas.

Diffusion flames were studied as the most realistic simulation of
an aircraft fire and the measured spectra were fcund to be a combina-
tion of emission bands superimposed en a blackbody type continuum.
Such a spectral distribution differs significantly from the spectra of
pre-mixed JP-4/air and hydrogen/air flames that are frequently used
as "standard flames" to characterize the sensitivity of a fire detec-
tor. Use of such standard flames will result in quite erroneous con-
clusions as to the potential ability of a sensor to detect fuel fires
in an aircraft engine nacelle; or, indeed, in any aerospace system.
Consideration should be given to the development of a new standard

based on a diffusion flame.

The dominance of the CO2 emission band at 4.4 um over all other
features of the emission spectra for the combustible fluids recommends
this spectral region for fire detection. It is an awkward spectral
region for photoconductive detectors operating at room temperature
(lead selenide is still responsive at these wavelengths, but its

sensitivity is creatly enhanced if cryogenically cooled), however,
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thermal detectors, such as sensitive thermopiles, pyroelectric
detectors, and thermistors, could be used with appropriate filter-
ing. The brob]em of high background radiation could be readily
solved by the use of a two color system operating, for instance,

at 4.4 um and 5.5 um.
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SECTION V
CONCLUSIONS

The following conclusions can be drawn from the results of the
program:

Optical emission data, from the middle ultraviolet to the far
infrared, were successfully recorded on a variety of aircraft com-
bustible fluids as a function of altitude.

Data recorded in ten separate spectral ranges exhibited good con-
tinuity at each overlap point, indicating the excellence of the experi-
mental technique.

Emissions from each of the six fluids studied differed oniy in
minor detail; the total power emitted by each of the flames varied by
less than 20% between fluids, for similar combustion conditions.

The total energy emitted by the flames decreased at high altitudes,
although the intensity of the ultraviolet emissions increased.

At visible and near infrared wavelengths the bulk of the radiation
was emitted by hot carbon particles in the diffusion flames.

Several species emitted radiation at ultraviolet wavelengths,
including CO, OH, CH and Cz; and at infrared wavelengths, including
HZO and COZ’
Several areas of future activity are recommended:

New standard flames should be developed for the evaluation of

fire-detection systems.
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Consideration should be given to the development of fire-detection
systems sensitive to 4.4 um radiation.

Experimental and analytical studies should be directed toward
determining the spectral distyibution of the background radiation

encountered by fire sensors in aerospace applications.
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LIST OF EQUIPMENT AND INSTRUMENTS
MDC CONTROL
ITEM MODEL NUMBER NUMBER

COMBUSTION SYSTEM
Wattace and Tiernan Absolute

Pressure Gage FA 129 A056092
Wallace and Tiernan Differential

Pressure Gage FA 145 B143691
Fisher and Porter Rotameter FP-1/16-10-G-5/81 B141780
Fisher and Porter Rotameter FP-1/16-10-G-5/81 B141692
Welch Scientific Vacuum Pump 8730-97 A46485
Powerstat Variable Transformer 3PF 136 B167036
G.E. 15 kV Transformer aT61Y21 -

ELECTRO OPTICAL SYSTEM
Jarrell Ash 1/2m Scanning Spectro-

meter 82000 A54458
Varian Photomultiplier Tube G-26H215 -
EMI Photomultiplier Tube 9558QC -
Fluke High Voitage Power Supply 4088 A56026
Princeton Applied Research:

Lock-In Amplifier HR-8 A60152

Research Modulator 125 A59883-3

Plug-In Amplifier Type A A60152-1
Radiant Intensity Standard - -
NJE Power Supply CR-36-50 A45721
bevice Technology Digital Panel

Meter DT 540 -
Leeds and Northrup Standard

Resistor 4361 -
Electro Optical Industries Radiant

Intensity Source 143 -
Electro Optical Industries Tempera-

ture Controller 2158 -
Barnes Engineering Infrared

Emizsion Spectrometer 1957 -

DATA ACQUISITION SYSTEM

Fabritek:

Instrument Computer 1072 A61283

A-D Converter SD-74A -

Sweep Controller SW~71 A61285

Header Record 282 A61286
Tektronix Oscilloccope RM 504 A61283-1
Peripheral Equipment Corporation

Tape Deck 2207-7 A61287
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APPENDIX A

CALIBRATION CERTIFICATES FCR EQUIPMENT

USED IN THE EXPERIMENTS
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MCAIR
BUREAU OF STANDARDS DEPT. 25TK  EXT. 25004
DATE ___ 16 June 72
TEST REPORT
INSTRRENT MAME __ Spectral Radiance Source MFR. G.E
WCDEL 30A/T24 /3 SERIAL NO. 7423-18 PROPERTY NO.  None
REQUESTED BY R. M. Linford DEPT. NO. 256
CALIDRATION INSTRUMENTATION _GE 304/T24/3 QLS Scectral Radience Standard lemp; 1GS b
1505 Spectroradiometer
DATA:
Wavelength Spectra_% Radiagce Blackbody Temperature
{Angst roms) {(W=-CM-° -~ SR™7) Kelvins (IPTS-68)
2250 6.801 x 107! 2418.6
2300 1.298 ' 2h35.7
.- 2400 k.120 -2465.5
2500 1.113 x 10t 2489.6
2600 2.537 X 10* 250L.3
2700 5.199 X 10% 2514.7
2800 9.728 X 10° 2521.0
3900 2.948 X 10° 2533.7
3250 8.754 X 10° 2538.4

The estimated maximum uncertainty in the above tabular values oi spectral
radiance varies from 8% at 2250A to 5% at 3250A. The maximum uncertainty of
the blackbody temperatures is about 3 Kelwvins.

1000
ACCURACY OF TNCTRUMENT Can ghaye )
CALIBFATION EXPIRFES /A CALIBRATED BY [ ~hodien/C. "illew

Ammeumgzzzﬂggéz.ézuzéi;

FIGURE 1A - CALIBRATION CERTIFICATE FOR THE
FIRST RADIANCE STANDARD
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Mealrn
WUREAL OF BTANDANDS DERP,__ISTN gy, 2W00k

DATR 1% Teb, 197}

TRT RrOm

INTRUNSIT W _Jreshinl fadionge Lanp & Lnaging Syeen WM. OB

mQURNTED 3 ROMLE. Linferd oarr. Mo, 296

CALTAMTION INFIRUMGITATION _O8 JOA/T2h/Y Q1Y Upectral Madiwnas Siandard Lanp: 134 1A
1509 Upuwetrovadiometer) QF JOA/TRU/Y 1900T6A Pyrvensver Strip Lamp) Eleetre Optieal 1ké
107 Rediation Sourew,

DATAY
Wavelwagth Spactiral Madianee Bardithody Tenperature
4290 » LY

0,300 )
0,309 3,613 x 10* e
0.3¢0 18 10! oy
0,400 3082 x 103 288
2,480 b x 20} 2336
2.300 1.6 x 3¢ e
0,350 2.6 » 10" 1296
0.600 3.853 x 20 o)
0.630 3,096 x 2¢" 3
0,700 6230 x 10" mno
0.730 6,968 2 10" 0n6o
0.800 7,608 x 20" ne
1,00 1.039 x 10° 2008
1.20 1,036 x 10° 1984
1.0 1.690 x 10" 1008
1.7 $.67 x 20" 2687
2.00 3.9 x 20" 178
03 2,401 x 20 W81
050 2,080 x 10% wo)

The estirated auximul uncersainty Lo the above tabular valusa of spectral
radiance variew from 6% at .30 miorons to LY ay 2.8 nierons,

e o At At b bt St P

ACCUMCY OF INSTRUNENT ___ Ses gbove
CALIBRATION EXPIRES N/A CALIMMATED My L. Thodden/C. Eillov

AR I/ |

FIGURE 2A - CALIBRATION CERTIEICATE FOR THE
SECORD_RAD}
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APPENDIX B

DATA REDUCTION COMPUTER PROGRAMS
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EOCGOAN (JurIPE (THEUT,CUTPUT, TARCE=TNPUT,TAFCE20UTPLT, TAR, TAPES)
eecec2 COMMTM /20T 2B €300)
gcoce? CTEENTTON RLOIC20, 1) VSTOUIC0,6),VF(1C20,1) ,RACST(1030,1),
1P 7FL103C,1) , " CTF(S) ,8RRAY (10}, T¢1030),S0GC10LC),CSTOCE)
2,8UX(1C30)
CNFTLE=NC, CF FTLFS CN INFUT Ya&Pe

ccco? OCAP(E ,TINFILE
ceeeyy 1IFILT=
rreee2 PP ICAL(E L AINCOOR KTYPELNFTS, CAIN,CASE M
0ce02;z NERC(S,I34) (FORRY(TY,Txg,8y
ceecus EOIMT 3L, (BFRDY(I) ,1=1,8) ' )
D0CY%E IF(NTYFF) 100,100,200
Ccooro 100 AFLANCZCATN
orecee FALL FFEANZLSNGY
cecce? rroTD K=1,1023
teoces L. LExaes S R
CCOLET IF(VEIXK),L 1,3, UF(X)=2,
cceora 70 VF(¥)=SCGIL)
recaco i Tr 450
£0C100 200 ASTIL(MYI=EATIN
cresce CALL FFaNZ(SNE)
ceotcy nn 7y K=1,3022 N i o -
tec10e LL=K4+5
grryse T3 OVSTr(K,M)=SCHILL)
reg11e reTo K=1,1023
teeys” TEOVTTO IR, MY LT, S IVSTO (K, ¥) =5,
tassz? 2 CONTINLE
cecedt 150 TF(AGCCMIFL0,€00,300 L . _
€00523 300 PTAC(Z,10INEOCF WL (1), NL(1023)
teo1us 70 310 x=1,1023 _
pCe1y” EM=zK=1
063151 10 WLIKY= (WL €192 =wL (4)) P (PN/1022,) sWL (1)
tocyee TFUPTYFIYR(03,500,L00
tcogez 400 TF(NPEEF)F 0,600,610 o
GECI1EL 410 COLCIK=1,RFTC
gclice UL AUYLKYSNETO (K, V)
tCt17n FALL CRALTNCMT (L BUX,9,CESS )1, NFTS, 8FSTCLAMP,1HT,
18CRAY, TUHRBAYELEMGTH(NK) ,SHVCLTS,0,1,1,1,1,0.)
tecese oorT £23¢C
teoz2y rooTr e0¢ ) e i
gro2ez EQQ NNLCQ¥=1,AFTS
[cozzt 400 AUX(K)=zVF(K)
Cc0z30 FALL CALNTCYEIWL JAUX, 99,0855 y1 4y NFTS,SHFLAMF J1H3,ARRAY,
T1LPMEVELENGTHINY) ySHYCLTS,0,1,1,151,0.)
Co0ecy rAE K=1,1022
creess T )= 1,27F3 ) e
ticzes ADC={1,LIPE7) /(ML (K)PT(N))
feceee QAPST(k)=((1,17RE20)/7(RL(KI®*S)) % (1,/(EXP (ACG)=1,))
gree7¢ B=1,%¢E=5
cecz?? TFIVSTCIK,))R(Y,505,5(0¢
Geeers Q8 PRINT 720F,K
gco3oz N T EqQ o S
teeace S0C RAPFL(M)=PY (GELAMEZGSTCIM)Y® (VFIK) /VSICIK,M))
1YRACST(K)
(ce317 €10 CANTINUS
cenazs PRYNT Z22C
agodze ERIMT 2225, (WL(I),RANFL(T),T=1,1023)

FIGURE 1B - DATA REDUCTION COMPUTER PROGRAM FOR
GRATING SPECTROMETER MEASUREMENTS
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FIGURE 1B (cont'd)

TR VTR R AT TR R e S A TR

LAMF INFUT CATA OATAINECY

$C03ut PALL CALPCNEINRL,PADFL 9,008, JyNPTS,SFFLAMF,1K3,ARRMY,
zszHAVEthGTH(hP)’i!HIBYFNSITV(HISR).B.lplvipioﬂoi

tcoe2 PRINT 22040 . T _

(gcace €00 IFILE=TFTLE+L
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6gg3rz & FNRMBY(3IE,F10,2,R20,1%)
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tecire 220% FOPMATIINC,20F2ER0 VALLE FCR VETN(,1I5,1K)) '
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PPACDANM ANALY LTAFUT,CUTFYT, TABER: INEUT, TAFFA2CUTRUT, TAR,TAREO)
g0gonty COMMCN/<ANMZAL300)
LTTTLE NYMENSTON TRT(LAIC) TITCLA34) ,FRCLEIN) 4PY (13350 ,AUX(19318),
L ARPAY (1)) 2 XY (8L0) (QX(8)51),8Y(750,1),
" OANSY(L020),RANFL (1030),ARG(10Y0)

douer? INTERSR rpeP
000072 KLCFe"
¢ NFTLEaND., NPF FYLFS CN INPHY TAFT

€ JrUAFzIT TNFLTES 4=uC MICOCN T«ryaE
€ JrUBT=41 TMPLICS 2,8=1% MICEON Y-fyef

[ I TLED REAN(E ,PINFILE, JOURT
0000w NA €aa TOUNzZd NFTLP
r NGCONz® TMPLICS ©KIP THE FILE
¢ =g IMFLT®C ST THE FIL”
00001¢€ REBP LT, ?YMACON
goo02? REAY (E, 123 (AORAY(I),T=2],0)
0000128 GOINT 334, (APEAY(T) , Tad,8Y T T e e
000047 B AALL REAP2(TRY)
r NMIRELCrATYCN OF FIS5T USARLFE FAINT
¢ NC™Mz{ CrATYION AF TANPLY WITM LARGEST MAGNITUDE
¢ NAMYz{ CCATION ¢OF LAST UYSAOLE PATNT
¢ NET=NLWArR OF SAMPL TS .
. NAP=( TMDLTES APONT2ATICN
¢ =4 MC AEFLDTZAYTINN
r JTR2 = 4 SRYT AMFLITLRT SPCfTOUM
r =1 [C ¥CY cAyr
t JPET =y COMELTE REFLFCTANCE SRF;TO(M
e iy NC BATTIN (OHRUT™N
c JANE zh BLATY aeE| TTURE SPFOTOUM
r =1 NC NOY FLPT
t JNE=n FAMEUTE DO/RTY
r JNFzy 7 REY FOMEpT?
C KNEs(Q STNRE TNYAL OFFLECTANCE
r ¥NF=z1 €f RCY gYren
0000°F1 TFIVACrNYcoc,adn, (7
093052 LT REAF(E YR NTNGRPENTY JNMAY NPT NEF ST R, JPAT, JAME, JCF, XOE
Dv012? FOTEY A NMINGRETRT, RMBX  NOY NAF, JSTOR, JPAT, JANF, JOP NP
001122 T FOOMATLIRL,MALG)
00n43? NMTHz T,
00042 MMTH=MMTHeE
00013 nrge T=q ANt
00213 10 TRTT=, .,
000442 K1
po01uY NM12 64,1029
po0sucE TOI(RY=TT ()
045150 12 kskeg
000152 EFEANER S FIN ¥, k40 o oo
0001Fa 13 *olyy=7,. "
"~ REMOYE N oLEyEL
0004°-" Sym=z=",n
gguien 1M 1% T=1,1724
Q00181 1% SUFRSTLMITET(TY
000168 AYE=TLF/ 6,
000167 ERTRT L L, AVF
000174 MMTEs AWK
00017+ "0OEN TrAMIN, PRI
00014177 20 TOI(IV=TOT(I)elyF

FIGURE 2B - DATA REDUCTION COMPUTER PROGRAM FOR
TNTERFEROMETRIC SPECTROME URE
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FIGURE 2B (cont'd)

gocac .

V0420~
90029%
gao02i9

-g0J21¢ - -

00021,
Jeoar?
woc2g
Jcca22

000320

000232
003233
n6823,

-009235-

000247
wouz. t
0002.,3
0¢d2.7
00d92 0
Leo2el
Uﬂ]e“rw
GQJ2.7
ugu2’a
q00272
00027«
G032,/
ud12371
602332
00233«
w0osi7
gvuszt1e
0CGuUste
uluiin
V0332
003323
003325

009426

064330
quc$33
96333«
utolyy
0CC 3=2

20032~

JColue
"J053.0
o33 >
003377
00J)+21
" 0C0J«3Y
00047

80«20
00C~30

D‘?’o

30

0
wi

Lol

721

722

723

72+

793
73z
127

72>

72>

2%
b

TI(1024)30.0

APODI2E

IF(NAY) 30,304,135

00 3% lJs=1,211

A3el) .
CRe().0-(a8/5L2,0)082)802. . ... [
Ilzu42¢1)

)2 12-1

TRICIII®TRICIL)*CR
TRICJI» =11 JI)*CR

CUNTINUF

- COAPUIE FOURLER TRANSFORM e e

CALL FOURL(TRI,TII,NMAX)

TUMPUTE AMPLITUNE SPECTRUM

J0 Y0 J2t,102«

TeMPARTKI(S)

TEMPI:TIT LY

dl () anA<T(TEMPASA24+TEMPRASD) — e s -
PYiNTFR, LALCIMP PLOTS OF AMPLITUUE SPECTQUH
IFCIAMPY v Jguly5e

20 &1 Jsi,y1024

PY{ =T}

LTursdd,

IF{JCUSE «20.,0)LTYOPEY?S Corrmrmm s e e

JO 21 K=LT0P, 4030 .

PY(K)39.0

LiH=?.3

IF(JWU3E.el s 0)LINM2T 30

D0 Te2K=1,LIM

pv(():o.o . it e e s e AER . L b e b At e mds e e e mee e m e e ie s st mmmar s e o
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NPTS2 L TORP=LIN

00 /723 L=z1,NPIS

PY(L)=PY ()

TENITS |

NTLIMe) - e e e — e e
Hu=LTOP=1

00 /24 K=ti, 4N

PY(XK): ™. D

DO 73, L, RETY
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IRl Y i ges Yol B - - mmm e o e e e e
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CASES[KUN ottt TS S s e tmemsemmmie s -
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1143, ARKAY J1YNWAVELENGTH (MICRON)  1AHREFLECTANCE 091 y8,1, 1)
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FIGURE 2B (cont'd)
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