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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-

5606B and MLO-68-5 hydraulic fluids. These fluids were burned in a

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 iim) to

the far infrared (15 jim). 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 imtense feature in each spectra recorded was the

dominant 4.4 pm emission band corresponding to excited carbon dioxide

molecules.
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PREFACE

This report 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 Fire Protection" and was administered

by the Fire Protection Branch, Air Force Aero Propulsion Laboratory,

Wright-Patterson AFB, Ohio, with Mr. Terry M. Truimble as Project

Engineer.

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

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

The report covers work dccomplished by McDonnell Douglas from

May 1972 to August 1973.

This technical report has been reviewed and is approved.

BENITO P. BOITERI
Chief, Fire Protection Branch
Fuels and Lubrication Division
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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 candiuates

for engine nacelle fire detection systems. The object of this program

was to determine the radiant intensit,., .ittod by fires of this type.

All optical fire detectors .nciple of responding

to the optical radiation emitt(,k - . . ns while discrnii-

nating against background radiation. background may

include solar radiation, artificial lighting, gunfire, sparks, or any

hot body in the field of view of the detector. The device must also

withstand the physical stresses imposed by vibr-"on, 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 f4re and information on

the sources of hckground rAdiation. The program described in this

report was desi reed to provide information on the second of these

parametcrs: the radiation emitted by aircraft engine fires.

Flame sptctroscopy had its origin in the work of men like Newton,

Bunsen, Kirchoff and Herschel, and in the last 40 years the literature

has been fille6 with publications on the optical emissions from flames.

In particul ar, recent issues of the Combustion Institute's biennial

publication (1) have included matiy articles on the spectroscopy of

hydrocarbon flames. However, the emphasis of most of this work has

been on analyses of combustion phenomena by identification of chemical

species in the flame, witt, 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 f(,-

burning aircraft fluids.

The program described in this report was designed to produce

calibrated spectral emission data which are truly repre.cntdtive of
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actual fires in an aircraft engine nacelle. The experiments involved

spectrucopy, at wavelengths between 200 nm and 15 pjm, 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 f, "m

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 pm, and standard sources were calibrated 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 hazard in the vehicle since most of these fluids are

extremely flammable and sevLral 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-L-7808 lubricant in a controlled or repeatable

4
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TABLE 1 COMBUSTIBLE FLUIDS SELECTED FOR THE BURNING EXPERIMENTS

MaterialIdentification Usage Descriptioi Flash Point Refe•rence

JP4 Fuel Wide Cut, Gasoline Type -20 2

JP5 Fuel High Flash Point, Kerosene Type 140

JP8 Fuel 110 --

Aviation Gasoline Fuel -40 2

MIL.H-5606B Hydraulic Mineral Oil 209 5
Fluid

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

Oronite M2 Hydraulic 430 6
Fluid

MI L-L-7808 Lubricant Synthetic Diester 437 4

5
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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. Such 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 premixin5, could not be used to simu-

late such flames and a special combustion system had to be developed

to produce diffusion fliames for tie 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

6



AFAPL-TR-73-83

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 radiation from a flame approximately 175 an

tal1.

Lastly, the burner system had to generate stable diffusion

flames for a variety of combustible liquids 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

as 6.9 x 103 Nm"2 (1.0 psi) hydraulic pressure, flames several meters

high were generated. Special inserts with 0.075 nmm apertures were then

machined to fit standad 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-

ential of approximately 104 Nm"2 (1.5 psi), stable, repeatable flames

were achieved with a flow rate of approximately 0.2 cm3 mrin-l.

*Delavan Manufacturing Company, Des Moines, Iowa

7
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Remote ignition of the flame was provided by two wire electrodes

set approximately 20 mm apart and 30 rrm above the nozzle and connected

to a 15 kV neon-sign transformer. The final version of the burner is

illustrated in Figure 1.

During the early experiments a thermocouple was attached to the

nozzle, and it was determined that the optimum nozzle temperature for

burning JP-4 and the other fuels with a stable flame was approxi-

mately 950C (2000F). 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 ±15C

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 to high altitudes. While maintaining the appropriate

air pressure it '.,as aIl-o 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 perturb'ng the flame as flame flicker would have

introduced severe noise into the electro-optical measurements.

t 8
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FIGURE 1 THE COMBUSTION NOZZLE ASSEMBLY
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(I) Sea,, Ltvew1

Initial sea level experiments were run with the burner

instailed in a laboratory Nuow hood. (Tile exhaust fan was turned off

during opticdl measurements to reduce drafts,) Later experinments

were performed in the high altitude combustion chamber with tile

vacuum flanges removed.

(2) High Altitudes

All the optical emission measurements on fluids burning

in high-altitude atmospheres were performed in the combustion chamber

illustrated in Figure 2. The main chamber was a converted vacuum

chamber with a 380 nmm (15 inch) internal diameter, and a 685 nri (27

inch) height; the extension snout was added to accommodate the field

of view of the optical system withot installing a large diameter

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 chanter without

excessive turbulence to disturb the flame.

The chamber was evacuated with a 24 1 s" 1 (50 cfm)

mewchanical pump through a port in tIlh op plate. A second air filter

was installed in the put-ping 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

in0
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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-

tem indicated that approximately 10 1 min"- of air was drawn through

the chamber. Using a .Amplified molecular structure for JP-4, C8 H1 8 ,

it was calculated that 0.2 cm3 min 1 of the fuel would require approxi-

mately 2.5 1 min- 1 of fresh air for complete combustion. To confirm

that adequate air was drawn through the chamber the optical output

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 nozzle; 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-liter 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 measarements could not be guaranteed. 'Therefore, it was

elected to adjust the height of the flame to a constant level, rather

than maintain a constant flow rate. The flowrates required for a 175 mm

flame varied between 0.2 cm3 mrin'l and 0.3 cm3 mrin-l 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 pm the optical

measurements were performed in three series:

* 200 nm to 320 nm - the ultraviolet series

* 300 nm to 2.65 pm - the visible/near infrared series

* 2.0 ,m to 15.0 m - 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 Into 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

is summarized In Table 2.

16
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TABLE 2 SUMMARY OF THE OPTICAL COMPONENTS USED IN THE
SPECTRAL RADIANT INTENSITY MEPSUREMENTS

Spectral Range Spectrometer Order Grating Detector
Filters* Ruling Blaze Bandwidth

200-243 nm Jar rel! Ash None 300 nm
240-283 nm 1:2 m Grating None 1180 V/mm 300 nm 1.6nrn Photomultiphier - Viiiaa G 20H21 b
280-323 nm Spectrometer None 300 nm

300-471 om Jarrell Ash Soda Glass 300 nm
470-641 nm 1/2 m Grating 440 nm(1) 1180 U/mm 750 nm 1.6nm Phozomoltiplier - I MI 9558 0C
640-811 rim Spectrofneter 440 nrm(1) 750 nm

0-801.49 pm Jarrell Ash 0.76 pm( 2 ) 1.5 pm
1.48 2.16 prm 1/2 m Grating 1.0opro( 3 ) 295 k/nrm 1-5 pm 19 2rim Lead Sulphine - Kodak
2 00-2.65 pm' Spectromet, 1.80 pm( 4 ) 1.5 pmr CelI

20-15.0 p i Block Engineering Irnterferornetric Spectromerter 40cni 1 ih1r ir,,tif

* W"vl.t 4.g, l i n 1 i4•je% of long wavelength p i t W( V ' f i *ter%

co., nu (,.$.n C.; 3 7 2
r (-)(L I L V P Ir.,uffer r Fi1r.,

C. ,. CS 4 /
14, )('1 I • I' i t�, $nl fw e F iI,,,

17
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The equipment required 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 darrell-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

longer than 350 nm. (Figure 6 illustrates the spectral response of the

cesium telluride photocathode/magnesium fluoride window combination.)

This spectral response resulted in good rejection of background light

in the spectrometer and resultant high sensitivity to the weak ultra-

violet emissions from flames.

A photograph of the optical transfer system is included as

Figure 7. Radiation from flames 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 mm

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

18
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by Amer! 1ll I ., Now Jrsey). Tho radiat.ion from the flatmi was

ret locted onto the spoc.trotmt.er s lit by a roteatable "flip" mirror

through a 660 lix rotating-blade chopper and an absorbing order ilter,

A socondary spectral radiant intensity standard was provided

by th: optical system shown in the upper right hand corner of Figure

b. A full-size image of the tungsten strip filmnent, of a G.L. 30A/T24

lamp was fonimd by the f/lO optical system in the plane of the exit

aperture. As described in paragraph 5 the radiance of this image was

calibrated against a spectral radiance standard certified by the

National Bureau of Standards. When a portion of this iniag was

selected by a precision aperture a secondary radiant intensity standard

was created. A fused-silica disc, identical to the coiubustion chanter

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 ,neasurements

was to scan the radiant intensity standard in all three spectral ranges

at thr 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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1ho stig•,l from th• photomultipliar dutector was a 660 Hz

voltago proportional to the intensity of the radiation incident on the

%twmctront to This voltage was demodulated with a Princoton Applied

Research HR-8 Lock-In Amplifier which was roferenced to a 660 Hz

voltage from the chopper. A 0-10 V D.C, voltage •from the amplifier

provided the input to the data recording system, For thu ultraviolet

spectra the grating spectrometer was scanned at 12.5 nm min"I with the

spectrometer slit width set at I mm (1,6 nm bandwidth) and with the

circuit time constant at I s.

An overall view of the equipment is shown in Figure 8.

b. Visible and Near Infrared Equipnent

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-

tor 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 cell, for

the 800 nm (0.8 pm) to 2.65 pm range. The spectral responses of

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

23
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FIGURES8 OVERALL VIEW OF THE OPTICAL EMISSIONS EQUIPMENT
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FIGURE 9 SPECTRAL RESPONSE OF THE EMI 9558QCPHOTOMULTIPLIER
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the spectrometer was scanned at 25 nm minl, the slits were set at 1 mm

and the time constant was 1 s. From 0.8 pm to 2.65 pm the corresponding/
parameters were 100 nm min'I; 3 mm; and 1 s.

c. Far-Infrared Equipment

Entirely different equipment was utilized for spectral emissiur

measurements at wavelengths in the 2 pm to 15 im range (Figure 11).

The grating spectrometer was replaced by a Block Engineering Model l-5T

Infrared Emission Spectrometer. This instrument is basically an iscil-

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 Section 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 mou.nted 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 umn, water-cooled aperture

served as the radiant intensity standard.
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FIGURE 11 OPTICAL SYSTEM FOR SPECTRAL RADIANT

INTENSITY MEASUREMENTS (2.0 - 15.0MAm)

5 0

C 3 0
0 i6430< Blackbody

-• 7 1333K BIckbody

c

0
0 2 4 6 8 10 12 14 16

Wavelength (/Jm)

FIGURE 12 SPECTRAL RESPONSE OF THE BLOCK ENGINEERING

196T INTERFEROMETRIC SPECTROMETER
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4. DATA ACQUISITION AND REDUCTION

The components of the data acquisition system 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 Calcomp(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

normalized data was generated with a minimum of manual effort. Each

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

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

from the expression:
V F( d)JF(d) = Js(F) T_-F T) 2 (W nm-l sr-l) (2-1)

where:
Js(x) is the spectral radiant intensity of the calibration

source (W nm 1 sr-1),

VF(X),Vs(x) are the voltage; generated in the computer memory by

the flame and the calibration source respectively (V),

dF(X),ds(X) are the separations between the entrance aperture of

the spectrometer and the flame or calibration source

(in).

At each wavelength the value of Js(W) was computed from Planck's

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

A ) r- - 1 (2-2)
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where:

As is the area of the exit aperture on the calibration source

2(m2),

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

source at wavelength X (OK),

Cl,C 2 are constants.

The values of T(x) were determined from the calibration experiments,

as described in paragraph 5.

The computer 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(•) and the calibrated value of JF(X). Printouts

of theze quantities were also produced, together with values of

Ns(x) 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 () vs X; Figure 15 is a plot of

VF(X) vs X, and Figure 16 is the end product of the data reduction; a

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

To cover L*e wavelength range 0.2 pm to 15 pm a total of ten

scans were taker 3nd the data was plotted on t•ii different computer
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plot%. for prelilLatioll Iii thit report caiipokito cu've waro proparOd

on a Hewlett,.Packard 9010A Progranimmblo Calculator equipped with digi-

titer and plotter Accessories,

5, CAI.IBRATION OF THI OPTICAL SYSTEM

To determine the Absolute spectral radiant intensity of the burn-

ing aircraft fluids the optical system was calibrated against NO$-

traceable standards, in the 200 nm to 2.65 jmn range and against A

blackbody sovrce in the 2.0 wm to 15 vmt range (Figures 5 and 11).

Daily calibration runs were made over the appropriate spectral range

before each experimental series, and the data was stored on the mag-

netic tape.

a. Calibration Standards (200 nm - 2.65 wm)

The spectral emission data in the 200 nm to 2.65 vm range was

calibrated using the radiant intensity standard optical system illus-

trated in Figure 5. This secondary standard was calibrated by the

McDonnell Bureau of Standards (MBS) against their NBS-calibrated

standards, To cover the complete range over which the secondary

standard was calibrated (225 nm to 2.5 um) three separate experiments

were necessary (see Table 3). This fragnentation 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 standard 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 calibration 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 pm range vhe 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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continuity was observed in the calibration at 0.8 ijm of the second

radiant intensity standard. This continuity is evident in the data

plotted in Figure 18.

b. Calibration Standard (2.0 u to 15.0 um)

No NBS-traceable standards for far infrared wavelengths wcre

available and so the interferometric spectrometer was calibrated

with a 10000C blackbody. It was established that the temperature of

this source was stable within W1°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 pý-o-

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 problem

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 lie 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 limit 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 the 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

limited variance in the data for three dissimilar hydrocarbon fuels
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made it unresoary to coniltdor batch variations or sulitle changes in

such paramotors as the aromatic content or distillation point,

Spectral curves for Aviation Gasoline, MIL,,,I-606tt, and MLO,

6L0-S, aro drawn in fituros ý4, 65 and 96, respectively, The principal

feature of thes$ curves, compared to the JP-.ssries data, is the

appearance of different etission banids, There was little overall

changev in the total energy emitted by the six flames as domonstrated

in o later section of this report.

b. High Altitude Experiments

The aircraft fuels burned readily at high altitudes in the

combustion chamber illustrated in Figure 2, Each of the JP-series

fuels burned with a steady flame, once the convection in the chamber

WdS 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 environnient. An apparent cause of the problem was

fractional distillation of the lighter fractions in the fluid leaving

a viscous residue which obstructed the nozzle.

In preliminary combustion nmasurements it was established that

stable flames could be maintained up to altitudes of 35,000 feet (190

torr). At higher altitudes (lower pressures) the flame would self

extinguish,
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Spectral 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 Is apparent that the radiation emitted in the ultraviolet

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-

tributior, 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 limit 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 For the integral radiant intensity, PF(A). This parameter is

defined by the expression:

PF(A) = JF(A)dx

200

where JF(A)(Wnm- sr- ) is the spectral radiant intensity of the flame.

The value of PF(x) represents the total energy emitted by the flame

in the wavelength range between 200 nm and x, and, therefore, the

energy available for detection by a sensor which has a long wavelength

cutoff of A. Values of PF(x) 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-(x) vs x 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-INFRARED EMISSION SPECTRA (300 nm - 2.6 pm)

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 im 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. All 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
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As be foIre, the v rd i ant I, o n ens i ty c u rve s we rt % uniia IIi i ed u si lq( th1'

1-1P 98lOA md(l the reIlit1ilqJ composito CurVC for 11P-4 Is shown if)

Figure 32. The lower curvo in this figurt was tracedi fromi the six

curves ill IFigure 31 and t0e (o011tinulity botween the six sc• ns, taken

several hour's apart, is excellent.

'Thi.! composite curves in Filgure 32 emphasize the featureless

nature of the, spectra, apart froim a suggestion of an emission band

near 2.7 um. It is apparent that the radiation emitted by the flames

at these wavelengths originated from hot particles of unburnt carbon

in the diffusion flame. This is the source of the familiar yellow

color of a candle flamin and other diffusion flame::;, altthough these

imeasurenwmts indicate that the bulk of the radiation is emitted in

the near, infrared, rather then at visible wavelengths. As the maxima

in the emission curves occurred between 1.5 pnl and 2.0 pm, the

61



AIAII I II Ii lI

FWI~lAI-t 31 Vl8IHL L ANt) NLAII IN~liAHI 1) IWIMSSINS FiImJI' 4
I1LIHNINU AI VAHIMUS ALl IRIDitS

62~



AI gl A11--14 t 111

k. 114"141 a Irt t~ 10cnep0raturtio0 t~h0 ca,'tiol 11411 i 1 10%wn kqa !it 1110 l IW K

~OOK t'njio

imi I tar voic I u~i I till coil 110 drown fo ro"I Vthe rote t I (ho JP- hi ( 1: 1 quiro

,I A), JP-11 (I I ouro 14 ) mid Avi a ation tiatmi I Wo n 0 1 titie A!, ), I lit) .1,00()

(t aot4 a fr Jdl' tind 111-1 ex~hi4bit W041, *'et k Iim bunds a routid 1 'S pm,

I 1.11 o etAnd l I ,II wh I Ch div Alloc i otUt With th I IL, eteeule uhtA

the ros'ul ts tt ov Siitl 1r to thoso for 1114, Aviat ion taCo1isoece was

di fficul t to burn it hiqlh ol tituddi ond thus tho dlatl ait .6,000 feet

wIS orrat ic (1WV Cour uve ill Iigure 3b).

olle~ fccitturt' coititom to rill the vi sibl1e anld neadr-In tra e'et specttrii

recort'ed was that, the I ntens ity of the emlit.tod txtdl tat n decreaisod

with 111-roasing altitude. This point Is disc:ussed ill Section IV.

3. [AR INFRAlAt L MISSION SH.CTRA (2.1) etim -' 1! Sn)

Fire detec tor's St'ns i Ue to wave leng ths 1longer than ý'111 are' not

yet. ien coiluwan use lIn etrct'aft but the 1 ack of sicqni ti cant sol at vddlIa-

t ion 'it) this ranige mla'kes suIch d(?ViCeus potentiallly use full llut. SLur'

faces in anl ai rcraft engine nacelle wil1l cmilt Sttonl' 11y At theso Wave-

le~ngths but 'such noise might be discriminated against,

Far infrared spectra were recorded on the burning flids uIsing the

interfermietri c spectrouster and opti cal system described in paragraph

11 3 c, page 27 .The interferomtetric spectrometer is a fast-sCan

03A



Al AIII 114 11 11

I h ONI1 .0

0

0I A 0h h0 A .0

FIGURHE 33 VISIBLE. AND NEAR INFRARED) EMISSIONS FROM JP-f)
BURNING AT VARIOUS AL fITUDES

1 4

W 00)t

1 0

S083

I It I I I

0.,0

FIGURE 34 VISIBLE AND NEAR INFRARED EMISSIONS FROM JP-8
BURNING AT VARIOUS ALTITUDES

64



Al Ah!'ti- r-3-W+

14

/ Is,OOi ) fl (31)0 to1ld

1 0

"(ii I -- ,l

4,
I:

"<i II 6 -

1.0 1.5 2.0 2,5 3.0
Wavelength (hi)m

FIGURE 35 VISIBLE AND NEAR INFRARED EMISSIONS FROM AVIATION GAS
BURNING AT VARIOUS ALTITUDES

65



AFAPL-TR-73-83

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 pm, which is characteristic

of an excitation state of the CO2 molecule. A lesser peak at

2.7 pm can be attributed to a combination of CO2 and H2 0 emissions.

The continuum between 2.5 Pm and 4,0 pm is the long wavelength end

of the blackbody type spectrum observed in the earlier experiments

below 2.6 pm. 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 pm, 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 lack of variation in the spectra of the different fuels burnt

at 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 pm has been summarized in Table 4. This tabula-

tion of the peak radiant intensity at 4.4 pm further emphasizes the

small changes observed between fuels 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 pm CO 2 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-4 2.10 (Wmm- 1 sr- 1) 2.60 (Wpm-1 sr-1) 2.50 (W/m- sr-1) 2.40 (Wm-'1 sr- 1 ) 2.25 (Wijm- 1 sr- 1 )

JP5 1.56 2.13 2.13 2.00 1.94

JP-8 1.47 2.?8 2.22 2.13 1.85

Aviation Gas 1.65 2.31 2.14 2.14 1.96
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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 I burning

at 35,000 feet; this set of data was selected because of the relatively

strong spectral features. Each of the spectral ranges definea in

Table 2 is identified on the upper edge of Figure 37; the far infrared

range 10 was curtailed at 5.0 wm 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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in excess of I W cm Isr-I were recorded at 4.4 pm. A detector with

an area of 1 cm2 , and a bandwidth of 0.5 Pm centered at 4.4 pm, would

receive approximately 3 1W at a distance of 3m. In applications

where the background radiation incident on the detector is substantially

less than 1 PW 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
P F = F J (A)dx (W sr-I) (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 wavc-

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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These radicals are generated at. Inte•inediate stops In the comb~ustion

process, the principal end products of whIcl h , i carbon, carbon

monoxide, carbon dioxide and water vapor. As the altitude, was incroarn,,d,

i e., the pressure In the conIiustion chatiber was decre.ased, 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 infrared radiation

emitted by the carbon particles.

The 4.4 pmr emission band dominated the far infrared spectra of all

the burning fuels, therefore, the peak radiant intensity of this band

was surmmarized, rather than the total power emitted across the coin-

plete 2 to 15 jim 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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tUnder ideal conditions tile absorption in the two paths would be the

swii dnd tho calculated value of the intensity at 4.4 oim would be

correct.. Such conditions were achieved during the sea level experl-

iilnts, but, as the cumibustion chimuber pressure was reduced, the

absorption of tile radiation emitted from the flame decreased relative

to the absorption during the calibration experirments, resulting in

artificially high values of the cumputed 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 pm 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 pm 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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At ultrdviolet wavlengths all the emission spectra exhibited pro-

noiunced band structure characteristic of the olectronic 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 spe,ýtroneter was decreased to 0.64 nmn (from 1.6 rim), the scan-

ning speed WdS ,Llowed 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

due to a combination of the Cameron Bands of the CO radical (a 3T - X Il

I I the (A2 :+ - X2IT) system of the OH radical. Below 200 nrn (Figure

42) the finely divided structure is attributed to the 4th positive sys-

tem of CO (A1IIT- XIE).

The other spectral features that can be discerned in Figure 37 are

discussed elsewhere in the text of the report; to sunmnarize these,

strong emission band systems were observed and identified at 310 nm
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(OH), 390 nm (CH), 430 nm (CH) and 436 - 474 nm (C2 ).

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-.n 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 on 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 pm 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 responsi',e at these wavelengths, but its

sensitivity is greatly 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 problem of high background radiation could be readily

solved by the use of a two color system operating, for instance,

at 4.4 Pm and 5.5 Pm.

82



AFAPL-TR-73-83

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 only 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 C2 ; and at infrared wavelengths, including

H20 and CO2.

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 pm radiation.

Experimental and analytical studies should be directed toward

determining the spectral distwibution of the background radiation

encountered by fire sensors in aerospace applications.

84



AFAPL-TR-73-83

LIST OF EQUIPMENT AND INSTRUMENTS

MDC CONTROL
ITEM MODEL NUMBER NUMBER

COMBUSTION SYSTEM
Wallace and Tiernan Absolute

Pressure Gage FA 129 A056092
Wallace and Tiernan Differential

Pressure Gage FA 145 B143691
Fisher and Porter Rotameter FP-l/16-10-G-5/81 B141780
Fisher and Porter Rotameter FP-l/16-10-G-5/81 B141692
Welch Scientific Vacuum Pump 8730-97 A46485
Powerstat Variable Transformer 3PF 136 B167036
G.E. 15 kV Transformer 9T61Y21

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

meter 82000 A54458
Varian Photomultiplier Tube G-26H215
EMI Photomultiplier Tube 9558QC
Fluke High Voltage Power Supply 408B 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
rNJE Power Supply CR-36-50 A45721
Device 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

Emision Spectrometer 195T

DATA ACQUISITION SYSTEM
Fabri tek:

Instrument Computer 1072 A61283
A-D Converter SD-74A
Sweep Controller SW-7I A61285
Header Record 282 A61286

Tektronix Oscilloscope RM 504 A61283-1
Peripheral Equipment Corporation

Tape Deck 2207-7 A61287
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ZICRA I RF AAD DEPT. 257K EXT. 250014

MDE 16 June 72

TST REPORT

!IN TRUMT? RAM Spectral Radiance Source . R. r.•

H= .. 30A/T24/3 S.RIAL NO. 7142i-78 PROPERTY NO. None

UQUSM) BY R. M. Linford DEPT. NO.- 256

CALIMRATIO( INMW 'flTI0N GE 30A/T24/3 015 Spectral Radiance Standard Lamp*: JBS 14

1505 Spectroradiometer

DATA:

Wavelength Spectra; Radiaqce Blackbody Temperature
(Angastiv-oms) (W-C.-' - SR-) Kelvins (IPTS-68)-

2250 6.801 x i0-I 2418.6

2300 1.298 2435.7

-21400 14.120 2465,5

2500 1.113 X 101 2489.6

2600 2.537 X 101 2504.3

2700 5.199 X 101 2514.7

2800 9.728 X 101 2521.0

3000 2.948 X lo2 2533.7

3250 8.754 X io2 2538.4

The estimated maximum uncertainty in the above tabular values ol spectral

radiance varies from 8% at 2250A to 5% at 3250A. The maximum uncertainty of

the blackbody temperatures is about 3 Kelvins.

2cooo

ACCURACY OF 1,T14U•ZTW CO. abcv'r

CALUWIATION FXPIRF.S_________________ CALIBfATO BY r. T"1h,

APP3OVF1

FIGURE IA - CALIBRATION CERTIFICATE FOR THE_
FIRST RADIANCE STANDARD
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14@ A 1 Rt
rim~ LIP TAMAwD NW ~5In , M44~1

RN3WPNTlf MAN 1r..%nL Itoga*~v L~AMu t ZImsaIia $vter M, .3

ay_ Lim. _ETZ P-OR.. .inin....,n. NOt NO. SI$$

ftuammm~ IuIIWJm"IMmna 4cK )O0"'2Wh/ Us~ Opeo~ra Wtateq*1RU ltf rntpt M3~I
I50$ Upict aretoboia ter 3(M /?lh5 10164T" incu~r ftrip Lawpj 11netmi OptioasI 11.
toy, RadtMaton 86%kno,

QM1.313 10 31.36
0-31S 3.475 1 a OOis.~
O.3io 1,141 10 31.03
@,1.oo Mil3 103 1305
0.41.0 &.l&1a 143 13356
a.w0 1.631. IC11
01M5 1.671 R10" togs
0.Eoo 3,85 10 fish
0.610 5,09 a 10* 1131.
0,700 4.33h a 104 10

0.600 7.406 a )10' 4 133
I.00 1.059 A 0 oaks.
1.10 J.036 it 105 19151
1.50 7.40 101 1e0s
1.75 5.W1 101 IM8
3.00 3.91.1 a10 ~ 1576
1.35 11.061 a10' 101.5

Thin emtattm&W auetasm wunertainty to thle above tlsbualf y.)us of speetra1
raediana ~vartev fromn 6% tit ,3C' a1~rnna to 4f~ at 2-1q ntremrs.

OALZ3MTION VtPI~n- N/A CA&L3M~ III L. thten i'llow

FIGURE 2A - CALIBRATION CERTI FICATE FOR THE
SECOND RADIANCE 3TANDARD
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I I .. .. , ,

-.. 1 •, .. ..... .......... --- L]. .. •..............., .....,....... ,.... .. ;,. 4

S-'i T ,'-"•- ,.. I ..... ......-.- .. --.--- +-.... ' i

,. . . .. t• •• ' " -' i- -t... • !" ,- . .. " , .. . . ..t ..... ;. .

S.., • -:. . t .--- - --4 - - .- . -- - -,. . . . " . .

i;._ 1; l • .... L .. __.•i. \ T ---_-•
! "% • I b - • . . ., " ' . . , . . '

4,.• I• x , . ..', ,;.. ..•4 ..... t .. ...• ..! .. "

*• "I • i . - J . t - . ? . , *j* 1.-

•.. ,, • , • i. , . ... t _ • .. . .... j . .. - .... i...

• ,1 .F. I GURE. , "A -- RE A 'R T O CURVE FOR TH
-'•. .,, .-•FUEL -- -F-L.. ......E-t-E..

"':! 't - :"' -,;- - I-t• 'i-<- •-."' "' .i . .. i.....i9...
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... ............. .

9IN

.... . •...... - 14.

t+~ ~ ~ ~ ~ ~ ~ ~ ~ ~~...... .. ... ........ ... . ... .. ... .. ..

L •-• !..... -• ....•i•: " ., .. : ... . / \-- \ +, . i...... + :-.i....... . .. . . ... . . . .. . . .. ..... .... .. ... .. . .. ...... .

44. ..... . :

....... . .... .

~ii

. . . . . . . . . . . . ... . . . .•. T • • J , 'J. .• ', ,

FIGURE 5A - CALIBRATION CURVES FOR THE
HYDRAULIC FLUID FLOWMETER
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APPENDIX B

DATA REDUCTION COMPUTER PROGRAMS
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0 C 0CC 12'TPýP-PCT CN 1-t (1 (10, 11 'YTn lC.v'ý,),VF(ICIO ,1) ,Rocsy(103091),
1 C FL ( 103 C *I I,*CrF (5). 4 4 (I C) , T(103C) ,.SOG C . C.) CST[! (E)

CNFTLr=MC. CF FfLr'ý CtN INFUT 1A~c

0 00 IF A(''l -) t(, F TL 00

CECCII rIFLL l

C C C C .C )It' '0 3 K~, I 8Y

00021! rF(r' -)IC 15020
CC10O 2 00 rFL Awý=CTN
OCUCE2 raLL 9F~n~jrnG)

CICCf2rr 70 W=10~023

C ra 2ý 7 V t(v~?)=! CG(L L

II((I1to Ir(n Tr 15S0~(,W '

c00loo 200 rzflU,10OrA , L1,L(O3T-H__ - -

C C 01' C1f 31 k:1IrI1023

(Ca 27 ~ 2ro tT I 23Lc

r C0 0 C Ir0T L V) F 0 ,0 LII(,9,3%,N !,Nr0,H3A R
C10 300 D=i, S,1VCLIS ,0, 1 ,1,1,,10.)

0 ~' C 11 1.

C CI AL Ct rO (M't.fa)llxG9 Ct¶1 OS- ) 4 (VF(K)/V IC.LAM, Ili!

C~ ~ ~ CP(' a( Tna)

C0310~tt222 c o(~o= ,rTl

E~~FGR lB - DAT 8LLrA VfWLA REUCIO COMPU ,NrTE PRORA FO r-IH3 RAY
GRA ýcL7 ,TIN SPCROEE MEASUREMENTS 1 90 lp~ll,

C 0 2 FI r C -- , 1 24
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FIGURE 1B (cont'd)

aft3' 600 1F1LruIFTtT+1

01,037 1 ~TPV
CC3'o32 '1 CORN'*(!2

0003'2 6 FMNUfB¶E3!!,FI0o2,A2a,151,
fC0372 10 vo'9'a!(72qex,2P1O.3) ..-

Q0003`2 33 FOQW(4qi.15*71
o C C3'2ý.._1 333F PR 11 A 7 A 0) ___ _______

1003-2 33'. -FnOAflCiNki,5o Ale
CCOZ'2 2001 FORPAT(IH v1!;qF"G3v'(3Yf,!~,!S.31) 'T*AP
a0cCZ2 22CC CAPb ia30 *e~LSCIANCE OFSV
tCCC'12 220S VAP~14,2I~O~L10 VCR '"(,51)
CCCY?7 2220 PnPjATf1M1,35P!PVeTf;AI FACTONI TNT~PS1T'V OF FLAPF)
0C00.12 222S FrOPA7 (1'4 PA. 3,?Y,F It.* ,4 (FP, 3,2Y,V1'..5 _______
C CC. 72 223C FCAT 1141,37t-FLOT Cv SIC2. LA~P INPUT VATA 0qThTNFO)-
0003'? 22160 FOO~PS(1'41,460F~LOT CF FLAPS SPFCTRAL PACIANT !?hTENSITY CS1S!NED)

ICO172 att FLCT(A,0,9990)
EC007! STCP
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po~p~ ?A Lv frLITco PuTyYAP OR=NPUT ?APfwCUTPU?, TAP, TA COO)

I~ ~ ~ P MtPY1) T' ,Q(1030 ORG(Y1010) ±

(I NFTL~iINO. fmP FTFS~ CN TINPIJT TAvr
f. jrU'rO:,t loorLTOS 1.-kC M!CoCN T-rUaE
C jruP~j1j~.Jj T NTOOLIT-"

00000' rAn(e,,)NF~F,jrune

C NfGCrNr: TPPLTC'z tKIP THJF FTLr
r el Tt`LTIý 111R Tler FTL-

r Njm1jrt~rhyct. CF FI..Il USAPLP PnIN1T
r NC'ýlxcrAtyoN PF 7APLr WITH LSQGCSI MWcNTTUOF

ikJA*#YxLCr~¶!to CF LAST UcAQLr PlýTNT
N___ _ P. NT r KUý6.1.P ' .F. 5AM Pt
NA8Pv TM~llr'S 0120"T76ITrN

r JcTrCO tfv'r fiFLyvLrT TorrToUm
r 4 rc CT ?

r j 'a fCrmcLTF QFLFCT8KCr c~r,1'oljll
=I K-C vmT~r rr-PjT-f)

r jAwr z A O~m! "P~LTTUDS SprrCuUI

I. =1 nC NC' -L'rT
r jop*" Cre'4UTr rj,'/Q'

C KnlFz0 ýTnPt TP'At orFLrCTfiWCE
icngrlj Cr ýC ~o

cooi I ~ i NMIt MPWT 1

00011.2 T

444150 12 zi(*k4

I-C Pv rl~ LcVOL

000177 10 TOI(I)=rTT)p.AllF

FIGURE 2B - DATA REDUCTION COMPUTER PROGRAM FOR
INTERFERETRIC SPECTROMETER MEASUREMENTS
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FIGURE 2B (cont'd)

C APOOZZE
4 j2. IF (NtiA)30,3000b

0002J6 30 00 33 lixsltl
000210 Ad&IJ

_Q0 j2 I --- CAv (1 .0-4 660'i1.0~2-2 I

J0021 7 JJz- 12-1 .1

JCC222 33 Tt~lC JJ) a -d( JJ) 'CR
0 0 220 3 CUNT 11UF

- CO4'UiW E OURIER I RANS FORM----------------------
O~iO~2 ~ CALL FOU~t1(TkCIoTZINMAX)

C -UMOJTE A'4PLIrUtA SPECTRUM
DOOZ31 Su 0.. Jz.1032.

1) G ^ 2 J.)TtMPS- T II (JA

-00 0 1-1(J b -
C P;iýjtjr;ý, .ALCJMP P'LOTS OF A'IPLLTU~JE SPECTRUM

SUO$J2. 1 *0 DO 4t1 Jt1,1L2.+
0002i 3  -#I PVIJ):TttL(Jl

n00J2 0 - F(JCUg3L.tOo0)LT.OPw9?......... - ..

u ~ ~ ~ , C~ I,2a2A72 zLTDPI1030

u0UZ0 u21al(Jý.U3E.L.U.0)LIta?30

117 2 D U-?Z PY,O ......- --.. ~ L L I-- .

U,1331 NPTS'LTnP-LIM
OV02.O 00 123 LxlqNPTS
a0 -Z313.- PY(L)xPY(N)
Ij0 0 3j 723 Nj:?+1

UOU31 72, 00 1, KN.

U003323 12, PV0ý, t-~t

0003"$X-

00J.330 791 WAVK"L-?I7?o-(i3t~E-4)EXL
OUC 333 GU 10 7??
j C 3 3 3 74z WAVELmu.-. 3b(0..0Q2100*XL)

QCý3-Z 72,> Pj((L):.13 '+.D1.0?2PX(L3+'.0E-3*PX(L3*42
.3 lLF(KLOP)72tb,72t,83......--.. ..-- * .

0 0 0 , :) u'3 9 Ix1,NPT5
00ý3?7 xtlzx)
GO3QJ1 it )Y(Itt)SPY(I)

O1.b -- CASE21KUN-------------- .-----

ouo~j/ (CALL 6ALýýOMP(PEPY,9,CASE,1,NPTS,9NAMPLITU~t,
ltH3,Ao<Y,1'HWAVELL&.tGrH (MICRON), 11NRCFLEýTANLEo,1,1p,1,I

0042* I F(JSTOik).,5ju0v
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* . FIGURE 2B (cont'd)

000'.32AUXJK(IOrY(Ic)

0VC.~~ o IF J-ýT)f~ (P-'),AS() K 1N9T 1-

0 *J* 0)I 0 1 .iP ) S( io f 1

3 0 ýC 3 bY 7 J-Jv 'K0

003,It --- ?11 fi~JFL(K) " ýA )ýi (K)'PYtKj/A1JX(1Kr? ---.-
U03;024 63 KLO"-iJ

LJ~.C L.ALL ýA L'ý MP.(ý X RAOFL 99 P ASE titrdpt S *ttFLAfW* iH3,Ar(RAY,
1It -0WAVýLLJGTM( W14) v ,HlNTtN5ITY(W1ISR) Pool,1 , 2L' it0.

O~~t------- P~tIT ?240 . .. . . -

1 FC(AI ( 1 , 3(X, It)),.(lxtl2)1
U01.0/3 ? F O.-c9ArI(11.1sx.2)
300.),3 o FV'MA T ( It4 9 I.,,Si, 3(IX#12) p6 1IX,912)

OC'..# 3 L6 -j1 9 : i AT i j~ *~ JOi FM41NA TOR itUX L;, f~ F')* 12.
001ý. ~3 *-10-0 F Ij-<M'% (1 i -t 1JT'TR~rkUGRAM OC LEVFL.V~t.I?-

J0,1713 7013 IA1(,A I'VU Ji4TEP(FEKUGr(4M*)

ao0.ý13 21it) FGMA TC1'41v*4tI1TUJJ (INFRPfU.N) SPFCTRU46t
00O'.: 23i.1 FUe,4sATI11#..f A'1PLIrUUF SP.TkUm*)
10'J 0C1 , F i-, ~A I 2,U,9IPP.OrTr'u otLFLFCTANC[ SlIC1IU'I'
.1 7 ?% Fr'!1 (1t~s*'-.UTTL0 DIFF'USE/TuT#L KAlLO*)

DCJ*ft3 * 2?.' FuRMAT 1-4
0 0C', 3 ??"g0 FU&A I TE11..41LOT OF FLsd1L SPU;CT RAL .1AUI ANT 4NTF 4S1TY !"T AINEO)

oc>'-73 tUou 73 izI,1J30!

p yI II a0 . 0

000ý0ýC4LL PLOT(CO,0,'s91
0 0 j Q 1 ST oil

0 3JS12 £4


