Part ll. Temperature Measurement of Flames by
Means of the Line-Reversal Method

ABSTRACT

Using the theory developed in Part I, flame
temperatures for various fireworks compositions
have been measured by means of line-reversal
of the Na-D lines.

(1) For low flame temperature compositions:

Compositions that contain combustible or-
ganic materials (i.e., shellac, rosin, pine root
pitch, etc.) are commonly used in ordinary fire-
works.

The author prepared various combinations
of components to see the influence of oxidizers,
fuels, color agents, etc. Temperatures are meas-
ured by method 1 from Part I. The result shows
that the highest temperature appears at the base
of the flame. Generally potassium perchlorate
gives higher temperatures than ammonium per-
chlorate. Potassium nitrate always gives lower
temperatures than other oxidizers.

The highest temperature is obtained when the
ratio of fuel to oxidizer (potassium perchlorate,
ammonium perchlorate or potassium nitrate) is
about 1:5. For this ratio, the maximum tem-
peratures obtained are as follows:

Oxidizer Temperature (K)
Ammonium perchlorate 2,480
Potassium perchlorate 2,520
Potassium nitrate 2,000

(2) For high flame temperature compositions:

Compositions that contain magnesium pow-
der can create a very high flame temperature of
more than 2,900 K. Temperatures were meas-
ured by method 2 from Part 1. In this case the
photographic method was applied to measure
the intensity of spectral lines, and we obtained
temperatures of 2,700-3,000 K, but the accu-
racy of these data are not as good because of
the uncertainties of the photographic method
due to the instability of the flame.
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l. Introduction

In Part I the author tried to develop theoreti-
cally the line-reversal method in preparation for
the flame temperature measurement. Although
the ordinary, colored-fireworks flame contains
solid or liquid particles, it was shown that even in
such cases the line-reversal method is adaptable.

Moreover, a plan for the measurement of
flame temperatures that are higher than the stan-
dard light, using the line-reversal method with
Na-D lines was described.

In this paper the practical measurements con-
cerning both cases under the theoretical consid-
eration described in the Part I are reported.

ll. Selection of the Standard
Light and Its Calibration

For the standard light, which is used for
temperature measurement, it is desirable to use
a bulb that has a ribbon filament with a small
flat surface. However, such a bulb was not
available. Therefore, the author used a commer-
cially available ‘Spot Light’ based on the rec-
ommendation of Dr. Ishida.!” The bulb had a
power of 100 V, 300 W with a six-coiled fila-
ment as shown in Photo 1.

The brightness of the light was the highest at
the two center coils, and the lowest at the out-
side coils. When carefully observing one of the
coils, the brightness of the inside surface is
higher than that of the outside. Namely, the ra-
diated light beams repeatedly reflected each
other inside of the coil as if it were in a tube.
Therefore, this phenomenon resembles black
body radiation and shows that the bulb can
measure higher temperatures than the ordinary
flat filament generally used.
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Photo 1. The light from of the standard light.

2.1 The Radiation Pyrometer and Its
Calibration

The radiation pyrometer was homemade us-
ing an objective lens of 55 mm in diameter with
a 110 mm focal length, an ocular lens of 10 mm
in diameter with a focal length of 21 mm, and a
bulb of 3.5 V. As the filter, a red glass disc
wR2 for photographic use was placed in front
of the ocular lens assuming that the distance
from the object did not affect the data meas-
urements.! The permeability coefficients of the
glass disc from the manufacturer’s instructions
follows:
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The Permeability Coefficients p(A) of Red
Glass wR2.

rA) - p() A (A)
5,800 | 0.000 6,200
5,850 ; 0.015 6,250
5,900 : 0.050 6,300
5,950 ¢ 0.100 6,350
6,000 : 0.250 6,400
6,050 : 0.500 6,450
6,150 { 0.710 6,500
6,150 : 0.800 6,550
>6,600

In combination with these and the curve of the
international eye sensitivity of the brightness
accommodation® and following Wien’s equa-
tion:

E(AT)=cA7e (1)
¢, =11906 x 10 °erg-cm” -sec”
¢, = 14387 cm-deg

the effective wavelength A, for black body tem-
peratures T were calculated™ as follows:

t (K) he (A)
1,273 6,316
2,273 6,259
3,273 6,242
4,273 6,233

For the standard temperature calibration for
brightness accommodation, the author used a
porcelain electric furnace in place of the black
body furnace. The dimensions of the electric
furnace were as follows: the internal space was
75 mm in diameter by 115 mm deep (cylindrical
in shape); the thickness of the warm wall and
bottom was 85 mm. A thermocouple of plati-
num-rhodium was inserted into the internal
space such that it did not touch the inside of the
furnace. There was a porcelain lid, which had a
14 mm diameter hole, through which the radi-
ant rays could exit the furnace. While raising
the temperature of the furnace, the temperature
in the radiant space was not uniform because
the bare wire of the electric heater was heated
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higher than the wall. Therefore the author raised
the temperature to 1200 °C and then switched it
off. The calibration of the pyrometer was con-
ducted during the cooling time.

The calibration of the pyrometer was carried
out as follows: The small hole was observed
through the pyrometer. The brightness of its
filament was adjusted so that it coincided with
the brightness of the small hole. The electric
current of the pyrometer bulb, i mA, and the
temperature, denoted by the thermocouple, 7 °C,
was read. These data were recorded and plotted
on a graph to obtain an average curve. The
largest deviation from the average was 26 °C at
170 mA (Table 1).

2.2 Enlargement of the Scale of the
Pyrometer

The maximum temperature of the scale ob-
tained from the above calibration was 1,100 °C.
For the following use, it must be extended to
1,500 °C. As a base, the values of 170 mA and
995 °C (1,268 K) were used (see Table 1). This
is a point near the gold point (1,063 K) and may
have the most reliable accuracy for the thermo-
couple. Therefore, at this point the calibration
curve will have high accuracy. The extension
method was to use a fan-shaped rotating sector
with a direct current bulb and an alternating
current bulb.*! The results were as follows in
Table 2.

Table 1. Calibration Data for Pyrometer.

imA|160i162i164i166i168i170! 172
t°C |712i779:838:892:944:995: 1,043

There may be a definite error accompanied
with this calibration method. It is thought that
the difference between the calibration of this
electric furnace and that of the black body fur-
nace is as follows: the radiation loss from the
electric furnace is greater than that of black
body furnace. However, the thermocouple did
not contact the interior surface. If air convection
is ignored, the temperatures shown by the ther-
mocouple coincide with that of the tempera-
tures of the black body. To see if the radiation
equilibrium is good or not, it was decided to
place some small solid material in the electric
furnace. When one cannot distinguish this ma-
terial from the wall of the furnace through the
small hole, the radiation is in the black body
condition. When calibrating, the brightness of
the inner surface and the nichrome wire could
not be distinguished.
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Table 2. Extension of the Calibrated Scale.

i mA 170 180 190 200
t°C | 1,268 1,470 1,622; 1,776

The maximum deviation between the average
line and measurement point is 50 °C at 195 mA.
There was no difference between the data using
direct current and alternating current.

2.3. Calibration of the Standard Light

On the measurement of flame temperatures,
the brightness of the image (L) at position (£)
is the base. The beams come from the standard
light (L) through the lens (c;) (see Figure 2 on
page 21). Therefore the calibration was carried
out by using lens ¢, in the arrangement of meas-
urement taking the distance 1 m from the eye
glass of the pyrometer to the position of the
image (L,). With this distance, the deviations,
which are caused by the light beam path, are
more constant. (The calibration of the pyrome-
ter was carried out in the same way.) To mini-
mize the influence of the spherical aberration of
lens c;, the distance should be greater. How-
ever, the distance should be less when one hopes
to regulate the brightness of the standard bulb
for the measurement of smaller deviations.

The brightness of the standard light of the
pyrometer was not uniform according to the type
of the filament because it was a coil type as was
that of the standard light used for the line-
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reversal measurement process. Therefore, the
maximum brightness of the coil was used.

A fan-shaped rotating sector with two blades
(25 rps) was placed directly behind the image
position to decrease the light intensity, and the
scale of the pyrometer was set to 190 mA
(1,622 K) or 200 mA (1,776 K). The openings
ofthe fan angle, @, were 72°, 44°, 24°, 8°, 5°, 3°,
and 2°. Then the fan was rotated. The bright-
ness of the standard light was adjusted so that it
would coincide with that of the filament. At that
point, the current and voltage of the standard
lamp were read. There was no difference be-
tween calibrations in several trials. Therefore,
for calibrations, the values of the voltages were
used because the voltmeter had a finer scale than
the ammeter.

The black body temperatures were calculated
using the following formula:¥

log>20 - 0.43430—2£i - lj )
0] AT, T

where 1, is the base temperature of the pyrometer,
and 7 is the black body temperature of the stan-
dard light. For the value of A., the author used
6,290 A, which corresponds to the value of a
rough estimate for an anticipated average of the
temperatures 1, and 7. A deviation of about 10 A
does not seriously affect the calculation of the
value of 7.

The calibration was carried out three times:
before, during and after the measurement. The
effect of the first calibration showed the highest
temperatures; that of the second, the lowest; and
that of the third, the middle at every reading of
the current meter. This may be caused by stabi-
lizing the filament of the standard light during
use (Figure 1).1")

For reference, Dr. Ishida’s calibration curve,
using a spot light as the standard light, is
shown.'® The bulb used was different from the
author’s, and it is difficult to compare the effects
with those of this paper; however, the inclina-
tion of the curve resembles well the result of
this calibration.
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2.4. Correction of the Calibration Data
Considering Wavelength

Considering the results of calculation from
equation 2, a value of wavelength A, = 6,290 A
at 1,500 K for the calibration of the standard
light was used. However, for the line-reversal
method, the Na-D lines, 5,896 and 5,890 A
were used. The tungsten filament is not a gray
body, but the emissivity coefficient depends
upon the wavelength of the light used. There-
fore, the calibration curve with A, must be cor-
rected as it was for the curve with A..

The true temperature of the filament is de-
noted by 7, corresponding to black body tem-
peratures T, and tp, for wavelengths A, and Ap,
and the emissivities by E(A.T) and E(Ap,T).
Here the answer required is the difference be-
tween the values of black body temperatures at
A. and Ap at the position of the image of the
flame. The glass of the bulb and its reflection
has an influence on the value. The relations be-
tween these items are shown as follows:

E(r,7,)=gX)e(r, . T)E(R,,T) ()
E(p,15)=8Mp)e(Mp. TE(R,.T) (4

where E denotes the intensity of the sample
thermal radiation, g the permeability of the bulb
glass multiplied by that of the lens, € the emis-
sivity coefficient for the black body, E the
emission intensity of the black body. When one
introduces these relations into Wien’s equation 1
we have:

1 1 A
— == -2303%<loge(,, T)g(M >
ST . oge(r,,T)g(r,) (5
Lol 2303 210600, T98(1,) ©)
1, T ¢,

The reflection coefficient of glass is shown as
follows, when the beam lines enter the glass
perpendicular to the surface, we have, for one
surface:

where n(A) shows the refractive index of the
glass to air as a function of the wavelength A. In
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Figure 1. Calibration curves of the standard light.

this case A, = 6,290 A and Ap = 5,890 A, and
the difference between the two is negligible, so
one can use the value n = 1.52. Introducing this
value to equation 7 we have R = 0.043. There-
fore, the permeability of one side surface of the
glass is calculated as 0.957. There are four sur-
faces in the beam path, two at L, and two at ¢;
(i.e., in total 4). Therefore the total permeability
is:

g(r,)= g(r,)=0957* = 0839

Therefore, we obtain equations 8 and 9 from
equations 5 and 6:
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1 %—0.00009721 x10g0839-¢(A,,T)
Te

(®)
L 000009433 x10g0839-5(1 . T)
t, T

9
The values of the emissivity coefficient of the
ribbon type tungsten filament are shown in
Table 3.
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Table 3. The Emissivity Coefficients
€(4,T) for the True Temperatures 7T of
the Ribbon Type Tungsten Filament.

(e = 6,290 A, 1p = 5,890 A)

TK) | oD | e(e,D
1,600 | 0452 | 0457
1,800 | 0.449 | 0.453
2,000 | 0.445 | 0.450
2,200 | 0.441 | 0.446
2,400 | 0437 | 0443
2,600 | 0434 | 0.439

2,800 0.431 0.436

Introducing these values into equations 8
and 9 we have the values of 7., Tp and the dif-
ferences tp —1. in Table 4.

Table 4. Black Body Temperatures 1.7, and
Tp — T, for the True Temperatures T."

T [ wK | wK | w-r
1,600 | 1,502 | 1,503 | 1
1,800 | 1,676 | 1,677 | -1
2,000 | 1,846 | 1,848 | -2
2,200 | 2,014 | 2,016 | -2
2,400 | 2,179 | 2,181 | -3
2,600 | 2,340 | 2,343 | -3
2,800 | 2,500 | 2,503 | -3

According to Table 4, the calibration curve
is usable without correction because the values
of tp — 7, lie in the range of experimental error.
(In this experiment the filament of the standard
light was of the coiled type; therefore, the
measured temperatures may be nearer the true
temperatures and the correction value may be
smaller than the values in Table 4.
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lll. Spectroscope, Installation of
Devices and Measurement
Operations

3.1. Dispersion of the Spectroscope

When measuring flame temperatures by
means of method 1,® which is based on naked
eye observation, the spectroscope should possi-
bly be brighter to minimize the errors, espe-
cially if the flame temperatures are low. There-
fore, the spectroscope’s dispersion (spread of
the light beam) should not be very large. When
comparing the blackening densities of the dry
plate by means of method 2,"” a larger disper-
sion is better for good accuracy, even if the
spectroscope is somewhat dark. However, the
exposure time should not be very long to avoid
a change in state of the flame with time. The
dispersions used in the experiment were
60 A/mm (with three water prisms) for method 1
and 6 A/mm (with five water prisms) for
method 2. The construction of the spectroscope
is explained in Part III. (Also see Figure la in
Part I.)

3.2 Light Path for Measurement

Figure 2 shows the light path for measure-
ment.

The standard light for measurement is not L,
but L,. Namely, when one sees the light source
from p in the direction F and at the solid angle
@y, L, becomes a light source. Consider when
using a light beam of the wavelength A;, the
energies of the light beams that are emitted
from the first light source L, in the unit area, in
the unit solid angle, and in the unit time is de-
noted as E(A;,t;). The total radiation energy per
unit time is E(A;,T) ®51, where s; is the total
radiation area of the light source L;, and the
emission surface is a uniform flat surface per-
pendicular to the axis of the light beam path.
The emission surface produces the radiation
uniformly (Assumption 1), and the directions of
the light beams are uniform in the solid angle ,
(Assumption 2). As stated in 2.4, the light beams
which pass through the lens c, are partially re-
flected at both sides of the lens. The absorption
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L, :First standard light

p : Center of second collection lens c,

L Second standard light
2 (the image of L,)

P' Protection glass for slit.

F {Flame

Lens Protector

c, iFirst collection lens

® Angles of image

c, iSecond collection lens

S Light inlet angle

S Sl

d Distance between equipment

S' . Shading of random light

Ds, D,

i Diameter of lenses

S" : Screen for making image of the flame

SP Spectroscope

Figure 2. Installation of the devices for temperature measurement.

of the lens glass is negligible when using visi-
ble rays.

When light energy is emitted from the sec-
ond light source L, in the unit solid angle and
unit time having a wavelength A;, denoted as
E(A;,72), the total energy is under the same as-
sumption in the unit time is E(A;,T2) 0,5, where
s, is the total radiation area of the light source
L,. Expressing the reflecting coefficient with
RS1 (A;), the relation of energy is

E(A,,1,),s, = {1 -R, (ki)}E(X,. ,T1)®,8,
Accordingly, we have:

E(}Ll_"cz) = (Dlsl

{I_Rsl (}\‘i)}E(}\‘i’TI) (10)

®,5,
From the relation of optical geometry, we have:
©,5, = 0,5, an
Therefore

E(h.ty)={1-R (\)IE(R,.T,)  (12)

Namely, the brilliancy of the light source L, is
less than that of L, based on the quantity of re-
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flection by the lens c;. The brilliancy of the
light source is independent of the size of the
lens, and the distance from the standard light L,
on the image L, to the lens. Concerning the lens
¢, the same relation as above is adaptable as:

E(h,ty)={1-R, (W )}E(R,T,)  (13)
Therefore, the brilliancy of the second light
source at the slit decreases due to the reflections
of the lens ¢, and has no influence on other
conditions.

Therefore to decide the dimension of the
lenses, their focal lengths, and the distance from
the source of the light to the image, the follow-
ing conditions should be considered.

(1) To meet assumption 1, one should use
the middle part of a light source, which has a
wider surface.

(2) To meet assumption 2, the diameter of
each lens ¢, and c, should not be very large for
the distance d; or d,. Therefore the focal length
of lens c; or ¢, should be larger.

(3) To obtain the highest accuracy, the
spectroscope should be very bright. Therefore,
the distances d, and ds, the focal length, and the
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diameter of the lenses were determined as fol-
lows:

Lensc; :possibly a large diameter,
possibly smaller to enlarge
 the angle w; coincides with
the angle of visible range
. of the spectroscope, and is
 perfectly covered by the
- solid angle w,.

Distance d;

Lens ¢,

(4) The size of the image of light source L,
on the slit (on the screen S”) should, if possible,
be large, and the part of the image of uniform
brightness should be aimed at the slit S. In the
case of the coiled filament, the most brilliant
part should be aimed at the slit.

(5) The chromatic aberration of the lenses
does not interfere with the measurement.

(6) Spherical aberration causes a dispersion
of the image, decreases its brightness, and the
axis of the light path does not coincide with that
of the pyrometer. It increases errors during
calibration. Therefore, the calibration should be
carried out with a pyrometer having a small
object lens at a more distant position in the op-
tical axis. However, such a method decreases
the accuracy of the calibration.

(7) The flame has a thickness; therefore, the
measured area is shown as in Figure 3. The
value obtained is an average of that portion
within the solid angle ®,. Therefore, to obtain
accurate values, the solid angle ®, should be
small.

In the above conditions, some contradict each
other; however, they are selected based on the
purpose of the experiment, the availability of
materials, the location of the experiment, the
extent of danger, the protection of devices, etc.
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Figure 3. The influences of the thickness of the
flame.

3.3 Installation of Devices and Operation

The most important point was how to avoid
wind and smoke.

The standard light L, lens c;, and lens c;
were arranged on a long wooden frame. A burn-
ing chamber made of tin plates, which protected
the flame from wind, was set between ¢, and c,.
The frame of these instruments was set out-
doors so that the wind and smoke did not inter-
fere with the measurement. The light beams
from the burning sample and the standard light
were fed indoors into the spectroscope through
a small window in the measuring room. The
sample holder was a tube that was attached to a
solid stand, which could be adjusted so that the
position of the burning surface of the sample
moved up and down during the burning of the
sample. A screen was set directly in front of the
slit to see the image of the flame and to detect
what part of the flame was introduced into the
slit. A scale was marked on the screen to see the
position of the sample flame. The distances
were as follows: d; = 575 mm, d, = 305 mm,
d; = 310 mm, dy = 450 mm. The focal length
and the diameter of the lenses were: f; =
195 mm, f, =174 mm, D, = 81 mm, D, = 74 mm.

The outdoor operations were as follows: Ad-
just the sample holder to produce the image of
the standard light in the middle of the flame.
Adjust the position of the wooden frame so that
the maximum intensity of the filament image
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from the standard light passed through the slit.
During the measurement the position of the im-
age of the filament is somewhat removed and
the position is often moved by oscillation.
Therefore, the position was checked just before
each measurement. The level of the sample was
regulated by the handle of the holder so that the
temperature of the aimed point of the flame
passed through the slit. The length of the tube
became shorter and shorter, and attention to this
was especially important. On the burning of the
samples, protection of the slit and lenses was
very important.

IV. Preparation of Samples

4.1 Chemicals

The details are described in Part III; how-
ever, the chemicals selected were of as high
quality as possible from samples used for spec-
tral analysis.

These were dried at 60-110 °C before mix-
ing. However, a good quality magnesium pow-
der was not available; so a commercial grade
was used. It was analyzed as 75.72% Mg,
24.28% Al with no insoluble matter in the HCI
solution.

4.2 Sample Compositions and the
Specimens

The sample compositions were limited to
those that were useful for the spectral analysis
of the flames (Tables 6, 9, 10, 11, and 12).

Each mixture was loaded firmly by hand into
a double wound brown paper tube.'” The di-
mensions of a completed sample specimen was
10 mm in diameter and 98 mm long. For igni-
tion, a piece of black match was inserted and
attached to the top by pasting with thin paper.

Studies on Colored Flame Compositions of Fireworks by T. Shimizu

V. Temperature Measurement of
Low Temperature Flames and
Examination of the Results

5.1 The Condition of the Flames, Flame
Temperature Data, and Measurement
Errors

Examples of low temperature flames are
shown in Photo 2. The flames were not as sta-
ble as those of a gas burner; however, they were
fairly stable. The results are shown in Figures
4-9. The symbols used are:

A iloading density, g/cc

L burn rate, mm/sec
/tlength of flame, cm
distance from the base to the

measuring point of the flame, cm

To determine the temperature, calibration
curve 3 was used (Figure 3). The measured data
in Figures 4-9 are the average values of four

Photo 2. Flames from No. 92, ammonium per-
chlorate composition and No. 96,
potassium perchlorate composition.
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time trials at the center of flame.
The probability errors calculated with equa-
tion 14 are shown in Table 5.
Ye?

n—1

7, = 0.6745

(14)

Where 77 is the probability error for the meas-
ured values, e is the deviation of each value
from the average, and » is the number of the
values.

During the measurement, adjusting the
brightness of the filament of the standard light
was relatively easy. Therefore, errors come
mainly from the instability of the flame. Table 5
shows that the position of the most stable points
lie 2 cm from the flame base.

5.3 Influence of Oxidizer Type and Mixing
Ratios

Flame temperatures were measured with
compositions in Table 6. The results are shown
in Figures 4 and 5.

Table 6. Sample Mixtures To Study the
Effect of Oxidizers, Fuels and Mixing
Ratios.

Composition (1) %
Ammonium perchlorate | X
Shellac | Yo
Sodium oxalate 10

No. | X% | y% | A(glcm®) | v (s) | Z(cm)

Table 5. Probability Errors of Measured
Flame Temperature Data rr
(Low Temperature Flames)

90 | 65 | 25 1.15 10.91 | 12-19

91 |70 | 20 115 10.99| <13

92 | 75| 15 1.15 1.07 | 10-12

93 | 80 | 10 117 [0.93| 7-9

t(K)\ d(cm) | 1.0 | 20 | 3.0 [ 4.0

1,800-2,000 |[66.7°|28.7°|62.7°|92.9°

2,000-2,200 |43.4°|27.1°|33.9°|61.0°

2,200-2,400 [44.6°|34.1°|45.1°|36.3°

2,400-2,600 |[32.3°|25.5°|28.3°|30.9°

2,600-2,800 [29.9°]132.5°| — —

Composition (2) %

Potassium perchlorate

Shellac

Note: K= Flame temperature in absolute

units, Kelvin

d (cm) = distance from the base of the flame
along the center line of the flame to
the objective point.

Sodium oxalate

No. | x% | y% | A(glem®) | v (s) | #(cm)

94 | 65 | 25 1.33 11.04| 1719

95 | 70 | 20 1.30 |1.35| 12-13

96 | 75 | 15 1.33 |1.50 <9

5.2 Distribution of Temperatures in a
Flame

Figures 4-9 show that temperatures along
the center line of the flame were different based
on the type of oxidizer, fuel, etc. Generally,
temperatures were highest near the base of the
flame and decreased along the length of the
flame.
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97 |80 [ 10 1.30 [1.30| 6-8

Composition (3) %
Potassium chlorate | X ..
Shellac | Yoo
Sodium oxalate 10

No. |x% | y% |A(glcm®) | v (s)| ¢ (cm)

98 |65 | 25 114 |2.46| 24-26

99 | 70| 20 113 1234 | <20

100 |75 | 15 1.11 240| <12

101 [ 80| 10 117 [1.86| 5-8
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Table 6. Sample Mixtures To Study the
Effect of Oxidizers, Fuels and Mixing
Ratios (Continued).

Composition (4) %
Potassium nitrate X
Shellac . Y

Sodium oxalate 10

No. | x% | y% | A(glem®)| v (s) | Z(cm)
191 | 65| 25 1.29 1.16 —

192 |1 70 | 20 1.35 11.20 | 13-14

193 | 75 | 15 143 12.00| 4-8

194 [ 80 | 10 1.43 —

Composition (5) %
[Bariumnitrate X
Shellac . Y

Sodium oxalate 10

No. | x% | y% | A(g/em®) | v (s) | ¢ (cm)
65 | 25 1.05 1.37 | 12-13

70 | 20 1.11 1.26 | 9-12

75115 1.09 ]1.37

80 | 10 1.18 1.60

The loading density was the highest with po-
tassium perchlorate or potassium nitrate, the
value was about 1.3 g/cc, and 1.1-1.2 g/cc with
ammonium perchlorate and potassium chlorate.
The burn rate was greatest for potassium chlo-
rate and decreased in the order of potassium
perchlorate, potassium nitrate, and ammonium
perchlorate. However, the potassium nitrate
composition burned with so much ash (It had to
be viewed in a special way). Therefore, it may
be difficult to compare with the others.

The maximum flame temperature was
2,518 K with potassium perchlorate and de-
creased in the order of ammonium perchlorate
and potassium chlorate. With potassium nitrate
the temperature was lowest, 2,000 K. This might
explain the poor ability of color production with
potassium nitrate. No relationship was found
between flame temperature and oxygen balance.
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The temperature gradation from the base of
a flame was smallest with the potassium chlo-
rate composition; and potassium nitrate compo-
sitions have the same tendency. Other composi-
tions showed steeper gradation and showed a
temperature decrease of 50-80 °C per 1 cm of
flame length. Barium chlorate compositions
showed almost the same characteristics as the
potassium chlorate compositions.

The fuel/oxidizer ratio had a great influence
on flame temperatures. When the fuel, shellac,
was increased, the temperatures of the flame
increased to the maximum when the ratio of
fuel/oxidizer was 1:5, and the temperatures fell
with decreasing ratios.

The relationship of the deficiency of oxygen
in the flame and flame temperatures was un-
known because the reaction mechanism in the
flame was unknown. However, on the assump-
tion of perfect oxidation of the fuels, the quanti-
ties of insufficient oxygen are calculated in Ta-
bles 7 and 8.

Table 7. Calculated Values of Sufficient
or Deficient Oxygen Values for a 100 g
Mixture of CO, Oxidation.

Composition %
Oxidizegr | X
shelac | Yoo
Sodium oxalate 10

Oxidizer (%)
Oxidizer 65 70 75 80
NH4CIO4 -33.6(-20.7 | -7.9| +4.9
KCIO4 -25.6(-12.2 | +1.3(+14.7
KCIO; -30.2|-17.1 | -4.0| +9.1
KNO; -29.9(-16.8 | -3.7| +9.4
Ba(ClO3),-H,0 [-36.3(-23.7 |-11.0| +1.6
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Figure 4. Flame temperatures. the effects of oxidizers, fuels and mixing ratios (1).

Table 8. Calculated Values of Sufficient
or Deficient Oxygen Values for a 100 g
Mixture of CO Oxidation.

Composition %
Oxidizer X
Shellac y
Sodium oxalate 10

Oxidizer (%)
Oxidizer 65 70 75 80
NH,Cl, -11.5| +3.1| +54 |+13.8
KCIO, -3.6| +5.5 | +14.5 | +23.5
KCIO; -8.1| +0.6 | +9.3 |+14.9
KNO3 -7.8| +0.9 | +9.6 |+18.3
Ba(ClO;3),'H,O | -14.2| 6.0 | +2.2 |+10.4

According to Tables 7 and 8, 75% oxidizer,
which gave the highest flame temperature,
showed slight oxygen deficiencies except for
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potassium perchlorate when CO, oxidation took
place. However, for CO oxidation, the quantity
of oxygen was rich enough to react.

5.4 Influence of the Type of Fuel

Flame temperatures were measured using
compositions in Table 9. Together with the re-
sults using compositions in Table 6, we see that
the flame temperatures were different for the
various types of fuel: shellac, colophony, pine
root pitch, or wood meal. With ammonium per-
chlorate pine root pitch gave the highest tem-
peratures, followed by shellac and colophony.
However, with potassium perchlorate, pine root
pitch gave higher temperatures than shellac. The
1 gram oxygen equivalent value of the fuels
are: for colophony, 2.565 grams; for shellac,
2.261 grams; for pine root pitch, 2.376 grams;
and for wood meal, 1.370 grams. However, this
order does not coincide with the order of tem-
perature values (Figure 6).
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Figure 5. Flame temperatures: the effects of oxidizers, fuels and mixing ratios (2).

Table 9. Effect of Fuel Type. Composition (8) %
Composition (6) % Potassium nitrate 75
- Fuel 15
Ammonium perchlorate 75 ;
Sodium oxalate 10
Fuel 15
Sodium oxalate 10 No. |Fuel A(g/lem®) | v (s) | ¢ (cm)
No. |Fuel Aglem®) [ v (s) [¢ (cm) 195 (P3_°'°Ph°[‘y 099 | — . |noflame
102[Colophony | 1.06 [0.66 | 6-9 196 | neroo 113 |256| —
Pine root piteh L
103 pitch 113 11.98 11621 197 (Wood meal | 0.95 — dl')du::t
104 ([Wood meal| 0.96 |0.86| <5
~ 5
Composition (7) % CorTlpOSItlon 9) %o
- Barium chlorate 75
Potassium perchlorate 75
Fuel 15
Fuel 15 Sod i B
Sodium oxalate 10 OdILM oxa’ate
3
No. |Fuel Aglem) | v (8) ] ¢ (cm) No. |Fuel A(g/lcm?)| v (s) [/ (cm)
105 |Colophony o 107 | 10-12 202 ICD).oIopho?y 1.38 |halfburnt| —
: ine roo
106 Eiltr;i root 133 |3.00] 1012 203 pitch 1.41 3.24 —
107 |Wood meal| 126 |1.34| 3-5 204|Wood meal| 119 | 066 | —
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Figure 6. The effect of types of fuel with various oxidizers.

5.5 Effects of Various Color Agents

Flame temperatures were measured with
compositions in Table 10 and the results are

shown in Figures 7-9.
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Table 10. Effects of Color Agents.

Composition (10) %

Ammonium perchlorate 71

Shellac 14

Color agent 10

Sodium oxalate 5

No. Color agent Alg/lem®) | v (s) | ¢ (cm)
108 Strontium carbonate 1.16 0.78 6-8
109 Strontium oxalate 1.13 0.79 | 8-10
110 Strontium chlorate 1.19 0.96 | 8-10
111 Strontium nitrate 1.19 1.07 | 9-11
112*' | Sodium carbonate 1.13 0.94 5-8
113*" | Sodium chloride 1.22 1.08 | 10-13
114*' | Sodium bicarbonate 1.19 0.74 | 8-10
115 Barium carbonate 1.17 0.80 | 9-11
116 Barium oxalate 1.13 0.95 | 1012
117 Barium chlorate 1.20 0.93 | 10-12
118 Barium nitrate 1.24 0.98 | 11-13
119 Basic copper carbonate 1.13 2.28 | 15-18
120 Copper oxalate 1.12 1.18 | 18-21
121 Copper sulfate with waters of hydration 1.19 1.00 | 14-21
122 Paris green 1.13 1.30 | 17-20
123 Copper arsenite 1.06 1.51 | 16-22
124 Copper powder 10% 1.19 2.56 | 17-20
125*2 | Copper powder 5% 1.21 2.16 | 16-20

Note *': This composition was a mixture of 75% ammonium perchlorate, 15% shellac, and 10% color agent.

%2

: 5% copper powder means 95% in total ratios.

Studies on Colored Flame Compositions of Fireworks by T. Shimizu
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Table 10. Effects of Color Agents (Continued).

Composition (11) %
Potassium perchlorate | 71

Shelac | 14
_Color producing agent | 10

Sodium oxalate 5

No. Color agent Alglem®) | v (s) | ¢ (cm)
126 | Strontium carbonate . 1.28 1.37.1.9-10

127 | Strontumoxalate 1.32 1.07 -9
128 | Strontiumnitrate . 1.33 1.63 4-6
169*' | Sodiumcarbonate 1.41 1.13 1810
170" | Sodiumchlorate 143 1.14 | 4-6

171 | Sodium bicarbonate 141 0.96 | 9-11
RETO Barumcarbonate .. 135 1.35 1.8-10
138 ] Bariumoxalate . 1.33 1.32 .91

139 | Bariumchloride 1.31 1.26 | 9-11
140 | Barumnitrate 1.31 1.35 1..9-10
129 | Paris green oo 1.31 1.92 6-9
130 | Copperarsenite oo 1.31 2.00 | 8-10

131 | Copperpowder10% . . . . 1.28 1.76 | 12=15
132 | Copperpowder5% 1.23 1.83 |.9-12
A2 ] Basic copper carbonate . 1.33 1.19 1.10-14
A73 | Copperoxalate . 1.04 1.16 | 12-14

174 Copper sulfate with waters of hydration 1.31 1.67 3-5

Note : The symbols *' and ** are the same as above table.

Composition (12) %
'Ammonium perchlorate X
Y
z
15
Sodium oxalate 10

No. | x% | y% | z% | A(glcm®) | v (s) | ¢ (cm)
133] — 60| 15| 131 |1.16] 9-12

134 — (4530 132 |1.02| 12

13560 | —|15] 125 |057] 56

136|145 — | 30| 1.31 0.62| 4-5
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Figure 8. Flame temperatures with potassium perchlorate and various fuels.
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Figure 9. Flame temperatures with mixtures that contain potassium perchlorate, ammonium perchlo-

rate and barium nitrate.

(1) Red color agents (strontium salts)

When using ammonium perchlorate as the
oxidizer, strontium nitrate gave temperatures of
100-200 °C higher than other strontium salts.
The other strontium salts: chloride, oxalate and
carbonate did not show significant differences
from each other. When using potassium per-
chlorate as the oxidizer, strontium nitrate gave
higher temperatures than strontium carbonate at
the base of each flame. However, in general,
one could not find significant differences be-
tween the two.

Strontium carbonate produced slightly higher
temperatures than strontium oxalate.

Studies on Colored Flame Compositions of Fireworks by T. Shimizu

(2) Yellow color agents (sodium salts)

When using ammonium perchlorate, sodium
chloride gave the highest temperatures of all,
with sodium carbonate and sodium bicarbonate
about the same. The difference between the
chloride and the other sodium salts was about
100 °C.

When using potassium perchlorate as the
oxidizer, the gradation of temperatures over the
flame length were slightly smaller than with the
other oxidizers.
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(3) Green color agents (barium salts)

When using ammonium perchlorate, barium
nitrate gave higher temperatures than the other
oxidizers. The other barium salts, chloride, ox-
alate, and carbonate had about the same effect.
The difference in temperatures between the ef-
fect of the nitrate and the others was about 100
°C.

When using potassium perchlorate, the tem-
perature effects were almost the same for each
color agent.

(4) Blue color agents (copper salts or
copper powder)

Using either ammonium perchlorate or po-
tassium perchlorate the temperature differences
were considerable along the flame length among
the color agents: 150 °C with ammonium per-
chlorate and 200 °C with potassium perchlorate.
With both oxidizers, copper sulfate with waters
of hydration gave the lowest temperatures and
copper powder gave the highest. Other blue
color agents did not show any special tendency
with respect to the type of oxidizer. Paris green
and copper arsenite gave lower temperatures
with ammonium perchlorate than with potas-
sium perchlorate. The case for basic copper
carbonate was the opposite. Copper oxalate al-
ways gave higher temperatures.

(5) The effect of mixing ratios of barium ni-
trate and other oxidizers

This effect will be considered when making
green flames (Figure 9). In general potassium
perchlorate gave higher temperatures than am-
monium perchlorate, and the effects of the mix-
ing ratio of the composition also were larger
with potassium perchlorate than with ammonium
perchlorate. In both cases the smaller the quan-
tity of barium nitrate, the lower the flame tem-
perature.
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Photo 3. High temperature flames: H22, from
an ammonium perchlorate composition and H6,
from a potassium perchlorate composition.

VI. Measurements with High
Temperature Flames and
Discussion of the Results

6.1 Conditions of Flames and Method of
Measurement

Examples of high temperature flames are
shown in Photo 3. The temperature measuring
point was 1 cm from the flame base where it
was brightest.

The flame temperatures were measured by
method 2 (see Part I). Namely, temperatures of
the standard light were changed in four steps
and at each step the Na-D lines and neighboring
parts of the spectrum were photographed. It was
necessary to prepare a characteristic curve of
sensitivity of the dry plate that showed the rela-
tionship of exposure time and blackening den-
sity, from which one could know the relation-
ship of the blackening density to light energy.
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(Light energy is proportional to the exposure
time on the dry plate.)

The characteristic curve of the dry plate was
obtained as follows. Light beams were intro-
duced into the spectroscope with a 0.4 mm wide
slit and the dry plate was exposed for 2n sec-
onds, where n =1, 2, 3, 4 ... Then blackening
densities for each image part of the Na—D lines
and its neighbors were measured and recorded
with the exposure time, and with the resulting
curve of n vs. 8, where 9 is the blackening den-
sity.

The blackening density of the image of the
dry plate was obtained as follows. Light beams
from the filament of a spot light bulb for photo-
graphic use were collected with a 0.4 mm wide
slit on an image part of the dry plate, the beams
which passed the slit were received by a sele-
nium photometer. The light intensity was meas-
ured as the value /. Then a blackening density
of no image was measured by the same device
as the value /,. Then the o value of blackening
density o was obtained as follows:

5= longT” (15)

For this method, photographs were used to
measure the intensities of the inlet light beams.
Small errors might accompany the data at the
measurements. However, the errors might be
larger than expected, because the stability of
high temperature flames was lower than that of
low temperature flames.

6.2 Data of the Measurement

The data are shown in Tables 11 and 12.
The black body temperatures were changed in
four steps: 1, = 2,380 K, 1, = 2,490 K, 13 =
2,595 K, 14 = 2,690 K. T is the true temperature
of the flame (K).
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Table 11. The Effects of the Types of
Oxidizer and Mixing Ratios.

Composition (13) %
Potassium perchlorate X
Magnesium y
Shellac 10

No. | x% | y% | A(glem®) | v (s) | T (K)

HS5 |60 |30 1.33 242 | 2,830

HG6 | 45 | 45 1.22 3.25 | 2,830

H7 |30 | 60 1.14 6.62 | 2,740

H8 |15 | 75 0.97 6.96 | 2,730

Composition (14) %
Potassium nitrate X
Magnesium y
Shellac 10

No. |x% | y% |A(glcm®)| v (s) | T (K)

H9 |60]| 30 1.14 1.90 | 2,7757?

H10 | 45| 45 1.01 3.37 | 2,7257

H11 | 30 | 60 1.01 6.62 | 2,8257

H12 [15] 75 | 0.93 | did notburn
Composition (15) %
Ammonium perchlorate X
Magnesium y
Shellac 10

No. [x% | y% |A(glem®)| v (s) | T(K)

H21 |60 | 30 1.08 2.41 | 2,950?

H22 | 45| 45 1.06 447 | 2,875

H23 | 30 | 60 1.01 6.23 ?

H4 15| 75 0.96 9.25 —
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Table 11. The Effects of the Types of
Oxidizer and Mixing Ratios (Continued).

Table 12. The Effects of Compositions Other
Than in Table 11 (Continued).

Table 12. The Effects of Compositions Other

Than in Table 11.

Composition (17) %
Potassium perchlorate X
Magnesium y

Polyvinyl chloride z

No. | x% | y% | z% | A(glem®) | v (s) | T (K)
H25| 45|45 | 10 1.2 3.58 | 3,260
H26 | 50 | 50 | — 1.29 |7.62 (3,850
Composition (18) %

Strontium nitrate X
Magnesium y

Polyvinyl chloride z

No. | x% | y% | z% | A(g/em®) | v (s) | T (K)
H31|(45|45(10| 092 [6.49]|3,175
H28 | 50 | 50 | — 117 19.30| ?
Page 36

Composition(16) % Composition (19) %

Barium nitrate X Barium nitrate X
Magnesium y Magnesium y

Shellac 10 Polyvinyl chloride z

No. | x% | y% | A(glem®) | v (s) | T (K) No. | X% | Y% | z% | A(glem®) [ v (s)| T (K)
H13| 60 | 30 1.42 3.25 12,975 H29| 45| 45|10 1.25 |6.81(2,9907?
H14| 45 | 45 1.30 5.25 (2,825 H30| 50 | 50 | — 1.41 24.0| 3,775
H15| 30 | 60 1.13 8.88 ?

H16| 15 | 75 1.03 did not burn Note: In general, high temperature flame composi-

tions that contained magnesium did not burn
smoothly without an organic fuel like shellac.
Even when the composition contained 10%
shellac, it did not burn smoothly except be-
tween 60—-30% magnesium, producing many
sparks.

Adding a sodium source to the sample com-
positions was unnecessary, because at high
temperatures the Na—D lines always appeared
clearly from impurities in the ingredients.

6.3 Examinations of the Results

(1) The effects of oxidizers

Comparing the effect at the same fuel to
oxidizer ratio, strontium nitrate gave the highest
temperature of all, followed by potassium per-
chlorate, barium nitrate, ammonium perchlorate,
and potassium nitrate.

(2) The effects of the ratio of
oxidizer to magnesium

In this experiment, the smaller the ratio of
oxidizer to magnesium, the higher the tempera-
ture. This is a tendency that comes from the
oxygen balance. Namely when the quantity of
the magnesium is too large relative to the oxi-
dizer, part of the magnesium is in a vapor state
at the flame measuring point.
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(3) The effects of fuels other than
magnesium

Shellac or polyvinyl chloride were used.
Polyvinyl chloride gave higher flame tempera-
tures than shellac.

On the other hand, without any organic fuel,
the burn rate of the sample increased to two or
three times as large as that with organic fuels,
and the temperatures rose to 3700-3800 K.
That is, even when a small quantity of organic
fuels, other than magnesium, is added to the
high temperature composition, the temperatures
of the flame decrease remarkably, and the burn
rate also decreases.

VIl. Conclusion

For low-temperature, colored-flame compo-
sitions that contained ordinary organic fuels and
for the high temperature compositions that con-
tained magnesium, the flame temperatures were
measured by the line-reversal method using the
Na-D lines.

The effects of oxidizers, fuels, color agents
and the ratios of those components on flame
temperatures were examined, and the funda-
mental data necessary for spectral analysis were
obtained.

For high temperature flames, a photographic
method was used to obtain the intensities of the
spectra. Therefore some errors were unavoidable
due to the operation and the instability of the
flames. The flames move or oscillate with time;
so it will be desirable to use a device to shorten
the measurement time in the future.
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