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A Five-Band Recording Spectroradiometer

C. S. McCamy

In a project! undertaken to determine the properties of flames that might be utilized in
the detection of accidental fires in aircraft engine compartments, an instrument was con-
structed to measure and record the radiant energy emitted by flames in five separate wave-

length regions from 0.23 to 2.5 microns.

The radiant intensity of several types of hydro-
carbon flames was determined in each spectral region.

The frequency distribution of the

fluctuations in the radiant intensity (flicker) was also determined.

1. Introduction

An accidental fire in an aircraft engine compart-
ment can be dealt with successfully only if the fire
is detected within a few seconds after it starts.
Many methods of detecting such fires have been
devised but most of them have been unsatisfactory,
primarily because of inadequate coverage and false
alarms. Because it is so difficult to predict where
accidental flames will strike, devices that require
flame contact can be properly placed only after
actual fire test in a typical installation. Because
accidental fires may occur in many places, an exces-
sive number of such detectors is required for adequate
coverage.

Devices that respond to the radiant energy from
flames have received considerable attention because
a single unit can detect fires anywhere within a
large space. Such detectors must, of course, be
able to discriminate between the radiant energy
from flames and that from the sun or hot engine
parts. To accomplish this, the use of two charac-
teristics of flame radiation has been proposed: the
spectral distribution of the energy and the fluctua-
tions in the radiant intensity known as “flicker.”

Most accidental engine fires involve the burning
of hydrocarbons. Although most of the radiation
from the flames is in the near infrared, there is a
small amount in the visible spectrum and in the
ultraviolet. Because hot engine parts radiate prac-
tically no energy in the ultraviolet, and because the
ozone in the earth’s upper atmosphere filters out
solar radiation of wavelengths below 0.29 u, this
region 1s free of interference from these sources.
A detector employing a Geiger-Miiller-type photon
counter, which is sensitive in a part of this spectral
region only, has been patented [1].? However,
difficulties such as the ultraviolet absorptance of
the oil films inevitable in engine spaces have, so far,
prevented the use of this part of the spectrum.

The characteristic flicker of flames has been used
to distinguish them by another system that operates
in the near infrared [2]. Unfortunately, the effec-

1. This work was sponsored by the Wright Air Development Center, Air Re-
search and Development Command.
2 Figures in brackets indicate the literature references at the end of this paper.

tiveness of the lead-sulfide cell used to detect radia-
tion in this system is greatly diminished at the high
ambient temperatures encountered in engine spaces.

It appeared that other parts of the spectrum or
other flame characteristics might be found more
useful.  In order to explore some of the possibilities,
an instrument was built to record the radiant
intensity of flames in several broad regions of the
spectrum and to determine the frequency distribu-
tion of the flicker in each region. '

2. Design Considerations

Five regions of the spectrum were selected on the
basis of the following considerations: Because even
a thin layer of air absorbs practically all ultraviolet
radiation at wavelengths shorter than 0.18 g, this
region appeared to be of no significance in fire de-
tection. The region just below 0.29 u was of par-
ticular interest because, as noted earlier, it is prac-
tically free of solar and thermal-radiation inter-
ference. Hence, one of the regions chosen was that
between 0.23 and 0.29 u. Two regions were selected
in the visible spectrum, the blue region from 0.41
to 0.55 u and the yellow region from 0.55 to 0.70 .
These were selected so that the instrument might
differentiate between blue flames, which usually
occur when the fuel is premixed with air, and yellow
flames, which usually occur when the air is merely
allowed to diffuse into the flame. The infrared
region selected extended from the red end of the
visible spectrum, 0.70 u, to the long wavelength
limit of sensitivity of the sensing element, 2.5 pu.
The remaining ultraviolet region from 0.30 to 0.41 g
was used to complete the spectrum from 0.23 4 in
the ultraviolet to 2.5 x in the infrared. Because the
sensitivity of most of the available high-speed photo-
sensitive devices was limited to the five selected
regions, it was there that immediate practical ap-
plications seemed most likely, even though most of
the energy radiated by flames is in the infrared at
wavelengths beyond 2.5 ux [3]. Instruments were
set, up to record the five response signals simulta-
neously and to measure the frequency and amplitude
of the flicker.

The general functional design of the whole in-
strument is indicated in the block diagram, figure 1.

293

379949—56——4



| RESPONSE
{ METER
15 V| POWER - -
700 V DG EADIDMETER .| REGORDING
AC LINE | SUPPLY RECEIVER
L

OSCILLOGRAPH

i WAVE |

w o ANALYZER [

3 s S
<

I

sy 2 STRIP

5 5 @

== < CHART

e I S 8 u RECORDER

L z o x Z

Ficure 1. Block diagram of spectroradiometer.

3. Radiometric System

The receiver consisted of the radiation detectors,
resistors for the voltage supply, and optical filters
to isolate the wavelength regions, all in a compart-
mented enclosure. A rear view of the receiver with
the back cover removed is shown in figure 2. The
sensitive areas of the detectors were placed close
together so that a radiant source could be viewed
from nearly the same direction by all of them.

Four of the detectors were RCA type 1P28 photo-
multiplier tubes, the other, used for the infrared
region, was a Kodak Ektron, type I, lead sulfide
photoconductive cell with a 4- by 4-mm sensitive
area.

All of the filters were commercially available except
the one for the region from 0.23 to 0.29 u. This one
was made up of three liquid solutions in fused-quartz
cells and a glass filter, as follows: (1) 2 em of an
aqueous solution containing 30 g of nickel sulfate
per 100 ml, (2) 1 ¢cm of an aqueous solution of 5 X
10~? molar 4,4’-diaminobenzophenone, (3) 1 cm of an
aqueous solution containing 20 mg of 1,4-diazepine-
2 3-dihydro-5,7-dimethyl perchlorate in 100 ml of
solution, and (4) a Corning glass filter, number 7-54.

Kasha [4] used a compound similar to that in the
third cell described above to isolate this region but
found a small amount of transmission at 0.347 pu.
The second liquid cell mentioned above was used
here to eliminate a corresponding defect at 0.355 p.
There was no significant change in transmittance
of the filter during 1 year of use.

A Photovolt filter, No. 5264, was used for the
region 0.30 to 0.41 u; two Corning filters, Nos. 5-56
and 3-73, were used for the 0.41- to 0.55-u region;
a Corning 3-67 filter covered the 0.55- to 0.70-u
region; and a Photovolt filter, No. 5263, was used
for the region from 0.70 to 2.5 w.

These filters with the corresponding detectors
produced the relative spectral responses shown in
figure 3.

The field of view of each of the sections of the
instrument was measured. The field angle was
defined as the angle subtended at the receiver, in
a plane with the normal to the center of the filter,
between the opposite positions of a small source
angularly displaced to reduce the response to 90
percent of the maximum value. In some cases, the

Frcure 2.  Spectroradiometer receiver, rear view of interior.
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Frcure 3. Relative spectral response of the spectroradiometer.

field angle in some planes was greater than the mini-
mum values given below. The field angle for the
liquid filter system was about 13°, that for the photo-
multipliers with glass filters was about 22°, and that
for the infrared system was about 30°.

The circuit diagram of the receiver and power
supply is given in figure 4. The high-voltage (plate)
transformer was shielded from the other components
of the power supply and the connections to this
transformer and all output leads were shielded to
prevent induced interference. The power supply
provided a potential difference of 700 v, d-c¢, with
an alternating component of less than 0.001 percent.
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Ficure 4. Circuit diagram of power supply and receiver.
Ci=9uf. R;=10 megohms, Ri51=40,000 ohms, 1 percent, 1 w.
R3=0 to 10,000 ohms. Re1,62,63,64=510 ohms.
23=16 uf. Ri0,11.12,14,15,16.17,18= 20,000 ohms. Rg5=400,000 ohms, 14 percent, 1 w.
F 1—/-<m1p fuse. 20,21 20,000 ohms. lmt toggle switch.
amp fuse. ) ) Rao,a1 5=20,000 ohms. 5-v center tap filament transformer, 10 amp.
30 h, 35 ma dec, 2-kv insulation. Ryou1,42 16,47,48=20,000 ohms, e transformer 700-0-700 v, 180 ma.
M;=0 to 1,500-v d-c meter. Rio, 39,000 ohms. =1P28 photomultiplier tubes.
P1,2=3-w, 120-v panel lamps. Ri13,23,33,43=11,000 ohms. Vs odak Ektron PbS cell, 4X4 mm.
Ri=4.9 megohms. Riso= 64‘4 000 ohms. 5,7=866A rectifier tubes.
Auxiliary Equipment each of the response signals. The output of a fixed-

4.1. Measuring Equipment

The block diagram of the instrument shown in
figure 1 indicates several ways in which the radio-
metric response potentials were utilized.

The potentials could be read directly, one at a time,
on a suitable millivoltmeter. This method was
used during the preparations for experiments and
during the radiometric calibration procedure.

In order to obtain a permanent record of the in-
stantaneous values of all five response signals simul-
taneously, the signals were put into a recording
oscillograph [5]. This instrument was essentially
a row of 2-in. cathode-ray oscilloscopes facing a
camera in which 35-mm film was continually ex-
posed as it moved at a constant speed of about 2
. /sec. at right angles to the deflection of the spots on
the tubes. A continuous trace was produced for

frequency oscillator was connected with one cathode-
ray tube to provide a time scale. A sample of the
record film is shown in figure 5.  (On the film shown,
the radiant energy indicated on trace E was so
small that the instrument noise appeared quite large
when the signal was amplified in the recorder.)

In figure 5 it may be seen that the radiant energy
in the five wavelength regions fluctuated with prac-
tically the same fundamental frequency. For this
reason, the flicker frequency was analyzed in only
one region, the infrared region, where most of the
energy was found. The response potential was
applied to a General Radio type 762-B Vibration
Analyzer having a frequency range 2.5 to 750 cps.
To facilitate the determination of the average ampli-
tude for each frequency, the output of the wave
analyzer was continuously recorded. The effect of
flicker frequency on the response of the infrared
radiometric system was measured. The response
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Oscillograph record of variations in radiant intensity in five wavelength regions.

A, 0.70 t0 2.5 u; B, 0.5510 0.70 w; C, 0.41 t0 0.55 »; D, 0.30 t0 0.41 &; E, 0.23 to 0.29 u; F, 40-cps timing trace.

was found to be essentially constant from 1 to 50
cps, and to diminish smoothly to 85 percent at 133
cps and 30 percent at 1,700 cps.

4.2. Burners and Fuels

The burner used in most of the work was an open
stainless-steel cylinder 6 in. in diameter and 2 in.
deep, with a water-cooled brass bottom. Liquid fuel
was introduced through an inlet in the bottom and
the fuel level was maintained automatically. The
rapor on the free surface of the liquid fuel mixed
with the air by natural diffusion as it burned. The
fuels used in this burner were 80 octane gasoline,
100/130 aviation gasoline, Air Force Nos. 1010 and
1100 lubricating oils; and petroleum base hydraulic
fluid, Mil Spee 0-5606. A 30-in. fan was used to
produce wind speeds up to 20 mph at the burner.
The areas of these flames projected on a vertical
surface, as viewed by the receiver, were estimated
to range from 200 to 600 cm?.

Some flames were produced in a ram-jet-type
burner, which premixed the vaporized fuel and air
and preheated the mixture or injected liquid fuel
into preheated air. The fuels were 80 octane gasoline,
100/130 aviation gasoline, and JP—4 jet engine fuel.
It was estimated that the projected areas of the jet
burner flames, as viewed by the receiver, ranged
from 1,000 to 2,500 cm?.

5. Radiometric Calibration

The relative spectral response of each of the cells,
installed in the instrument without a filter, was
measured with a double-quartz-prism spectroradi-
ometer. The relative spectral response of the instru-
ment with a filter (fig. 3) was found by multiplying
the relative response of the cell by the transmittance
of the filter at each wavelength.

The variation of the response with the irradiance
at the receiver was measured. The average deviation
from proportionality over the range used was 1.5

to 3 percent of full scale for the four photomultiplier
tubes and 4 percent for the lead sulfide cell. To
reduce the effect of nonlinearity when the intensities
of sources were compared, the viewing distances
were chosen so the deflections were approximately
the same.

The quantitative significance of the oscillograph
deflections was determined by calibration with
respect to a standardized mercury-vapor lamp, a
General Electric type H 100-A4. The 0.365-u line,
used to calibrate the photomultiplier tubes, was
isolated with a Corning 5860 filter. The 0.578-u
line, used to calibrate the lead sulfide cell, was
isolated with a combination of Corning 4784 and
3480 filters.

The intensity of the flame was compared to that
of an incandescent lamp, and later the intensity of
the incandescent lamp was compared to that of the
standard lamp. This indirect procedure was adopted
because the standard lamp, which emitted energy of
one wavelength, would affect only one section of the
instrument unless the filters were removed, whereas
the incandescent lamp, with a continuous spectrum,
produced a response in all five sections with the
filters in place. With the incandescent lamp, cali-
bration traces could be obtained on the oscillograph
for all of the cells quickly and conveniently. The
filters were removed for the observations on the
standard lamp.

As is always the case in abridged spectroradi-
ometry, no single sensitivity could be assigned for the
whole interval covered by a cell without taking into
account the relative spectral radiance of the source
to be observed. Because the relative spectral
radiance of the flames was unknown, it was necessary,
for purposes of calibration, to assume some spectral
radiance curve. For simplicity of analysis, the
radiance was taken to be constant and equal to its
average value over the wavelength interval involved.
In such a case, the response, computed wavelength by
wavelength, is the same as that computed by using
the average sensitivity over the wavelength range.
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Therefore, the average sensitivity was used for
calibration purposes.

If the flame radiance were actually constant with
respect to wavelength, the method would be exact.
Moreover, it can be shown that if the spectral
response of the receiver is symmetrical (a condition
roughly approximated in this case in all but one
region), the flame radiance need not be constant but
merely linearly inecreasing or decreasing with wave-
length. Because diffusion flames, the type usually
mmvolved in accidental fires, emit essentially con-
tinuous spectra, this method gives results of sufficient
accuracy for fire-detector engineering. Measure-
ments on other types of spectra must be interpreted
on the basis of the spectral response curves (fig. 3).

6. Experimental Results

6.1. Measured Radiant Intensities

The measured radiant intensities of several flames,
in the five wavelength regions, are given in tables 1
and 2. The tables indicate that some intensities
were less than the minimum measurable values.
The minimum value depended upon the viewing
distance, which was adjusted to keep the largest
response within the range of proportionality.

6.2. Flicker Frequencies
The flicker amplitude of each flame was recorded

for about 20 sec at each of a number of frequencies
between 2.5 and 750 c¢ps. The average relative

Tasre 1. Radiant intensity of various premizved flames in the jet burner

amplitudes, observed at frequencies in the range
where there were appreciable amplitudes, are shown
for two flames in figures 6 and 7.

In many cases the flicker amplitude had a sharp
maximum at some frequency between 3 and 15 eps,
and in some cases the peak amplitude was 100 times
the average amplitude over the range from 2.5 to
750 eps. In the analysis of one flame that flickered
with great regularity, second and third harmoniecs

were observed (see fig. 6). None of the flames
observed had appreciable flicker amplitude at

frequencies above 150 cps, and the jet flames were
the only ones having any significant part of the
distribution above 25 cps. The distributions for
the diffusion flames had sharper peaks and higher
relative maxima than those for the premixed flames.
The most broadly and evenly distributed flicker
curves were those for the premixed jet flames, which
had maxima only 3 or 4 times the average over a
100-cps band. A wind over the burner increased
the amplitude and frequency of flicker of flames on
the surface of liquid fuels. The principal flicker
maxima were observed at frequencies between 3 and
10 cps for flames on liquids and between 5 and 25
cps for the jet flames.

The ratio of flicker amplitude to the average
radiant intensity was determined by measuring the
root-mean-square value of the alternating component
and the average direct component of the output of
the spectroradiometer and taking their ratio. For
burning liquids, this ratio ranged from 0.25 for a
gasoline fire in a closed room to 0.41 for a hydraulic-

fluid fire in 20-mph wind. The ratio ranged from

|

a Not measured. PAir temperature and velocity.

TABLE 2.

! l Radiant intensity (watts per steradian) {
Fuel-air 2T Yata S Flame |____ R L S LS ~
- Eio Fuel rate Fuel-air mixture couple ‘
| ’ 0.23 t0 0.29 g | 0.30 to 0.41 x| 0.41 to 0.55 p | 0.55 t0 0.70 u | 0.70 to 2.5 p ‘
[ — -l L e — S —— P SRS 1o S
Gasoline and air premixed and preheated
N I ] - e N
Ib/min °F | ft/sec PRI |
0. 0473 1.41 300 | 137 2, 520 0. 0026 0. 069 ‘ 0. 046 <0. 001 21
. 0479 4.53 300 | 397 | 2,29 . 0061 | .14 . 090 <. 001 14 ‘
L0702 6. 60 | 300 | 397 3, 390 028 10 .95 ‘ .50 (=)
L1062 3.21 | 300 144 2,810 .032 0.78 .98 .5l ‘ (®) \
. 0984 6. 60 ‘ 300 294 | 3,150 . 037 1.2 | 1.9 ‘ 1. 04 157 |
NELT 2 CONING SCWRCEY e TN NN 01 2 L ORI I V) S | S - e
Gasoline injected into preheated air
T T = i T
0. 0460 2.32 b113 b 171 2,150 0.18 0. 26 0.49 | 3.2 233
. 0471 3.14 115 221 2, 600 .20 .27 .52 | 2.3 175
. 0470 4.43 121 301 2, 850 .21 n61 .70 l i | 265 |

Radiant intensity of various diffusion flames in the sixz-inch cylindrical burner

]
| ‘ Radiant intensity (watts per steradian)
Fuel Fuel rate :?):"g:}
0.23 t0 0.29 1 | 0.30 to 0.41 p | 0.41 t0 0.55 p | 0.55 to 0.70 p ‘ 0.70 to 2.5 p
P SN S ot —— —— i’ | e m——— ————————
Ib/min mph
QGasoline.._ ... e D 0. 053 0 <1104 2.2X10-2 0.21 or 21
Datis s o2, L ia S e .16 20 <1X10—4 1.8X10~2 0 | 4.3 176
Hydraulic fluid. S - CEEE s e . 017 0 <1074 <1X10-3 0. 0032 0.71 237
2 B Rt B 2 SHRESE = e . 072 20 <1X10— 2.6XX10-2 . 095 5.2 303
1100 lube oil. - P A B R TN AP S . 025 0 <1X10~+ 6.7X10-5 . 0087 0.22 31
Do__. e . 030 10 <1X10—4 1.8X102 . 88 ‘ 5.0 135
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Ficure 6. Wave analysis of natural-gas diffusion flame.
Y J (

0.05 to 0.15 for premixed jet flames and from 0.1 to
0.3 for the flames resulting from liquid-fuel injection.

6.3. Rate of Increase of Radiant Intensity

The rate of increase in the infrared radiant inten-
sity, just after ignition, was measured, using diffusion
flames on gasoline and hydraulic fluid in the 6-in.
burner. Figure 8 shows a typical record of the
radiant intensity of a gasoline diffusion flame from
the instant of ignition, together with a 40-cps timing
trace. The first maximum occurred about 0.2 sec
after ignition of gasoline fires and about 0.3 sec after
ignition of hydraulic-fluid fires. In many cases the
successive maxima increased gradually for a few
seconds, presumably as a result of an increased rate
of evaporation of the liquid fuel upon heating.
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24

Ficure 7. Wave analysis of gasoline diffusion flame.

Generally, the first recorded maximum value was
about the same as the average steady-state value;
consequently, the approximate initial rate of increase
in the radiant intensity may be calculated by divid-
ing the values reported in table 2 by 0.2 in the case
of gasoline or 0.3 in the case of hydraulic fluid.

Using a radiation pyrometer [6] as a receiver, and
Pyrex, quartz, and fluorite lenses and filters, some
measurements were made in the spectral regions
extending to 2.5, 3.6, and 9.5 x. Only about 10
percent of the energy from premixed flames and 30
to 50 percent of the energy from diffusion flames was
found in the region covered by the spectroradiometer.
This must be kept in mind when considering the
data presented here.

The observation that the flicker occurs in the
various regions of the spectrum with practically the
same amplitude and frequency indicates that flicker
detectors need not necessarily operate in a restricted
wavelength interval. The ratio of the flicker ampli-
tude to the average radiant intensity should be of
value in the design of flicker discriminating cir-

TIME , SECONDS

Ficure 8. Oscillograph record of radiant intensity of a gasoline diffusion flame during several seconds after

timing trace.
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cuitry. Information concerning the amount of
energy in the various parts of the spectrum should
aid i designing for discrimination on the basis of
spectral distribution. The characteristic rate of in-
crease in radiant intensity upon ignition of the fires
studied appears to be a valuable discriminating
criterion heretofore overlooked.

Although the instrument described was designed,
built, and used to solve a particular problem, its
rapid response and the ease with which the wave-
length regions could be changed suggest the possi-
bility of 1ts application to other problems. By the
use of narrow-band filters, the instrument could
produce a continuous record of the intensity of se-
lected spectral lines or bands.  With suitable broad-
band filters for the visible region, the instrument
could be used to obtain data on rapidly changing
color phenomena. The ultraviolet sensitivity of the
instrument, suggests possible applications n fluo-
rescence measurements.

Among those who assisted with this work were
C. F. Mijal, who synthesized the perchlorate used in
the liquid filter, and W. F. Roeser, the leader of the
project of which this work was a part.
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