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ABSTRACT

The purpose of this study was to develop a method of predic-
ting the total flux at a given surface from a flame of a specified size
and geometry, The approach taken was to determine experimentally
the monochromatic volume emission, J), and the monochromatic
volume absorption coefficient, BX’ for several fuels. The transport
equation for an absorbing and emitting medium was solved under the
assumptions that average values for ‘Ik and By could be used. From
these equations and the experimentally determined values of Jy and By
the heat flux to surfaces from flames of larger sizes was computed.
These calculations were compared with radiométer readings and shown
to be in good agreement. Graphs of J) and By for acetone, methanol,
cyclohexane, n-hexane, 'and benzene are presented. .

The frequently made assumption that a flame may be considered
a system in thermodynamic equilibrium was not required in this analysis.
Since the intensity scale of the monochromator had been calibrated for
this experiment, it was possible to investigate the validity of the equili-
brium approximation. An inductive argument was used in which the flame 4
was considered to be an equilibrium system. Thus, using Kirchhoff's Law,
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\4
the black body intensity and the black body temperature could be com-
puted. The temperature thus computed was found to be a strong func-
tion of wavelength indicating that the assumption of thermodynamic

equilibrium was not valid for the flames tested.
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A METHOD FOR THE DETERMINATION OF THE

RADIATIVE PROPERTIES OF FLAMES
CHAPTER
INTRODUCTION

The object of this research was to develop a method of pre-
dicting the radiative heat flux from a flame of an arbitrary size and ge~-
ometry. The analysis of the flame was based on the transport equation
for an absorbing and emitting medium. Measurements of the monochro-
matic volume absorption coefficient and the monochromatic‘ volume emis-
sion were made on a small laboratory-size flame. These parameters
were then used in a computer program to predict the radiative flux
from larger flames.

The principal difference between this approach and previous
work (I, 2) on the prediction of radiative heat flux from flames was the
use of the transport equation to determine the emitted radiation. The
general approach taken by the previous workers was to determine the
radiated intensity from the temperature and emittance of the flame. .

These two parameters were measured by somewhat different means but
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2
they all assumed that a flame may ‘e considered a system in thermody-
namic equilibrium,

Temperature measurements in flames have been discussed by
Broida (3). He concluded that "There have beemn a large number of
'temperature‘fbd.etermina'bions in hot gases and‘flames above 1500° XK.
While these measurements have been of value for comparison purposes,
it is strikingly clear from the literature that methods have: not yet
been developed which give practicél measureme;;;é of temperature.
Probably this is caused more by temperature gradients and nonequil-
ibrium in the hot gases than by the metlods of 'temperature' measure-
ment,"

The determination of the emittance of the flame in references
(1, 2) was made by measuring the absorptance of a flame and equating
it to the emittance by Kirchhoff's Law. Kirchhoff's Law can be derived
onlﬁr for a system which is in thermodynamic equilibrium with its sur-
roundings. Since a flame does not represent a system in thermody-
nemic equilibrium, the applicability of Kirchhoff's Law must be
questioned. In Chapter V the applicability of Kirchhoff's Law to
flames will be discussed in more detail.

The analiysis of the phenomena of combustion and a complete
description of the chemical reactions occurring in a flame woul%i be in
itself a formidable task. However, spectrograms of the infrared radia-
tion emitted bty o flame indicated that such a rigorous analysis was not

necessary. The majority of the radiation emitted by the flame appeared



3
as a continuum which is probably emitted by the hot carbon particles.
The vibrational energy band of the CO, molecules which appeared in the
4.2 to 4. 6 micron wavelength interval also gave a significant contribu-
tion to the total emitted energy. For acetone and methanol the COZ
radiation gave a very significant contribution to the total intensity. How-
ever for benzene, the continuum is sufficiently intense that the contribu-
tion of the CO, radiation was fairly small. An intensity peak at the 3.3
to 3.5 micron wavelength interval due to the C~H vibrational energy bands
was usually present near the base of the flame. A flame which is chem-
ically reacting and is radiating a large percent of its energy does not
represent an equilibrium system. In the reaction zone there is certainly
not an equilibrium situation and even in the outer cone the carbon parti-
cles and the CO, molecules do not appear to have time to equilibrate
their energy. Liarge flames may indeed approach an equilibrium distri-
bution of energy and for small flames of materials such as benzene an
equilibrium may be approached. However, in genera‘l, the thermodyna-
mic equilibrium assumption must be questioned for ﬂamés.

For these reasons an analysis for the radiation from a flame
was proposed for this experiment which does not require an equilibrium
assumption but rather was based on the differential equation describing
the intensity ./ radiation as a function of optical path length in a flame.

The transport equation for the intensity in an absorbing and emit-

ting medium is



dl
U, SO Bl(x)I)\ + 3, (x) (1)

X

where
I, is the monochromatic intensity
x  is the optical path length
By is the monochromatic volume absorption coefficient
J)\ is the monochromatic volume emission

introducing an integrating factor

B, (x)dx B, (x)dx B4 (x)dx
dl
Td—xi ef A + B)\(x)lx ef A /} = J)\('x) ef . (2)

/
or

d B}\(x)dx fﬁk(x)dx

ax | e =J,(x) e (3)

It is not possible, however, to determine experimentally the functional
relationship between BX and x. . The value for B)\ determined by this ex-
periment was the average of B)\(x) over the optical path length of the
flame observed. [here is, of course, some question of whether the
same average value of B;\ will apply to the larger flames. Experimental
evidence, which will be discussed later, indicates that such an assump-

tion holds for practical purposes
I, ePA® =fJ>\(x) N\ E gyt c (4)

Again the same argument of experimentally determining an average Jk



was used to obtain:

— Bx
— T\ e X
Ikesx’% —)i-g—-—+c (5)
A
or
= _
L=zt +ce By (6)
B

From the boundary condition I}\ = 0 at x = 0, a value for c may be ob-

tained and the equition becomes:
E)\

== (L-e ")) (7)
B

For a flame having an optical path length of a, the intensity emitted is

given by:
7 =
=22 - e Ba?) (8)
By

L

However, if the flame is illuminated by a source of intensity vac the
evaluation of the constant in equation (6) gives

— i

-B.x -B.x
(1-e )\)+I>\ce X (9)

—
1

mll i

> >

which for a flame of optical path length a becomes:

- -8, 2
Lo=Ly+tI e A (10)

Thus E}\ may be determined from equation (10) and knowing
this, _J-)‘ may be computed from equation (8) since the spectrometer was

calibrated in terms of intensity, Putting these values back into equation
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(7), one may determine the emitted intensity from a flame of any optical
path length.

Figurel is a schematic layout of the optical system used to
make the intensity measurements. Mirror M‘2 focused the radiation from
the flame onto the entrance slit of a Perkin-Elmer Model 12-C Spectro-
meter. Mirror M3 focused the image of the globar in the same plane as
the object plane of mirror M,. Mirrors Ml and My are plane mirrors.

The procedure for obtaining the measuréd values of I)\a’ IXb
and IXC was as follows. First, a spectrogram was taken of the sum of
the intensity emitted by the flame and that portion of the intensity emit-
ted by the globar which was transmitted through the flame. A shutter
was then placed in front of the globar and a spectrogram of the intensity
emitted by the flame was taken. The temperature of the globar was re-
corded throughout the first spectrogram. Since the output of the spec-
trometer had been calibrated in terms of intensity, I)\a could be deter-
mined from the first spectrogram and IXb cculd be determined from the
second spectrogram. The temperature of the giobar was found to vary
somewhat due to line voltage fluctuations. Thus, in order to determine
the intensity incident on the flame I, . from the temperature of the globar,
a reference intensity calibration curve was taken just prior to igniting
the flame. The reference intensity calibration, I

Ar

intensity of just the globar taken simultaneously with a temperature

, was a scan of the

record of the globar, T Then, knowing the temperature of the globar,

r')
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T ., during the data runs to determine the absorption coefficient of the

C’

flame, the intensity Ikc could be determined from -

Ixr(ecz/)‘Tl‘ -1)

(eCZ/A.TC )

hes
1)

The wavelength calibrations of the spectrometer were made by
observing several absorption peaks of 1, 2, 4 trichlorobenzene, toluene,
polystyrene, and didymium glass. The wavelength of several absorption
peaks have been accurately determined by Plyler(4, 5, 6). The wave-
length calibrations of the Model-12C Perkin-Elmer Spectrometer then
became a matter of identifying the absorption peaks identified by Plyler
and measuring their locations with respect to the setting of the wave-
length drum on the spectrometer,

Absolute intensity calibrations of a spectrometer inyvolved find-
ing the relationship between the output of the radiation detector and in-
tensity incident on its front slit. To determine this relationship several
effects of the external and internal optics had to be described properiy.

All of the effects described will be discussed in more detail in Chapters

II and III.



CHAPTER 11

EQUIPMENT

Spectrometer

The spectrometer used in this experiment was a Perkin-Elmer
Model 12-C Single Pass Infrared Spectrometer, Complete sets of NaCl
and quartz optics were available which in conjunction with the thermo-
couple, lead sulfide, and photomultiplier detectors gave a capability of
observing the spectrum from 0.5 to 15 microns. The spectrometer was
used to obté,in the in.tensity versus wavelength dé,ta from which E)\ and
TT-)\ were computed. In order to interpret these data properly, :several
parameter ¢f the spectrometer and the external optics had to be analyzed.

The external optics system used in this experiment is shown in
Figure l. This system focuses the image of the radiation source onto
the plane of the front slit of the spectrometer. Thus, the front slit de-
‘termines the area of the source Which the spectrometer observes. The
back slit determined what wavelength increment of the spectra was ob-
served by the detector. The effect of these slits was analyzed in order
to determine a good compromise for the setting of the slit width. The
slits must be set wide enough apart to insure good spectral purity;

9 B



10
however, the spectral half width increases as the slit width increases
and it is desirable to have a small spectral half width.

The effects of the slits for a system where the radiation source
was focused onto the plane of the entrance slit was ahalyzed on the basis
of the followinag arguments. The source was considered to be divided
into infinitesimal regions and the radiation was divided into infinitesimal
wavelength intervals. Thus, the .effect of a monochromatic point source
was considered. Once the effect ¢f a monochromatic point source was
understood, the effect of a finite size continuum source could be argued.

The source of radiation for this experiment was either a globar
or the flame. Therefore, the radiation passing through the entrance
slit was essentially noncoherent since each point on the source emitted
radiation which had no fixed phase relation with the radiatior emitted
from any other point on the source. It was important to make the dis-
tinction between coherent and noncoherent radiation because fhere would
be no diffraction pattern caused by the entrance slit for noncoherent
radiation. No source is completely coherent or nonccherent but for a
finite size source with an image formed on the entrance slit the nonco-
herent approximation is quite good (7). Thus, it was assumed that the
diffraction effect of the entrance slit could be neglected.

The effect of a point source placed at the entrance slit of the
spectrometer was considered. Figure 2 is a layout of the internal op-

tics of the Model 12-C Perkin-Elmer Spectrometer. In this instrument
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12
mirror M3 is the collimator and the telescope mirror. This has the
same effect as the collimator lens and the telescope lens in the optic
system of the simple spectroscope shown in Figure 3, The two systems
are equivalent as far as the slit effects are concerned. Thus, the sim-
ple spectroscope in Figure 3 was analyzed, since it is easier to visua-
lize the diffraction phenomena on this spectroscope.

The effect of the prism is twofold. First, it disperses the radia-
tion into its spectrum and second, for the Model 12-C spectrometer, it
is the limiting aperture for the light path through the spectrometer. Con-
sidering only a monochromatic light source, the discussion may be fur-
ther simplified since the bending of the rays by the prism mey be ne-
glected and only the limiting aperture effect of the prism will be con-
sidered., Figure 4 shows the optic system considering only the aperture
effect of the prism.

The apertere effect of .the prism will give rise to a diffraction
pattern in the focal plane of the telescope lens. To determine completely
the shape of the diffraction pattern produced by a point source in the en-
trance slit, it is necessary to consider both the width and height of the
aperture. This pattern is called the Fraunhofer diffraction pattern for
a rectangular aperture. Rossi (8) gave a rigorous treatment of this and

derived the expression

Io =1 sinza sin2 g (11)
P~ "0
‘ a? 2t
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for the intensity at any point P in the focal plane of the telescope leus.
Figure 5 shows the coordinate system used in conjunction with this =x-

pression. The quantities a and B are given by the expressions

ma Y
a = "Fx (12)
mThbiaZ .
= 12)
B T (

where Y and Z are the coordinates in the focal plane of the telescope
lens, Z, a and b are the width and height of the effective aperture of

the prism, fis the focal length of the telescope lens, and A is the wave-
length. Equation 1l gives the intensity as a function of the intensity at
the center of the diffraction pattern in the focal plane. The intensiiy

distribution along the Y axis (B = 0) is given by

2

- sin P

Ip = lo=—— (1%)
’ a

which is graphed in Figure 6. The maxima and minima of equation 14
are given by

sina(a cosa-sing) = 0 (15)
The values of a which satisfy this equation are determined from
sina =0 and tana=aqa (16)

The values of @ which satisfy sina = 0, g = + ny wheren =1, 2, 3, «--,

will give the minimum values of I;. The maxima of equation 14 are
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for the values of o which satisfy the transcendental equation tana = a.
The first four values of g which satisfy the transcendental equation are
0, 4.493, 7.725, and 10.904. The values of intensity for the central

maximum and the next three maxima are

IP = IO central maximum

IP = 0.0472 IO second maximum

(17)

IP = 0. 0159 I0 third maximum

IP = 0, 0083 I {fourth maximum

The distance § to the first diffraction minimum on the line Z = 0

in the plane £ occurs at a = 1 or from equation 12

O.=TT='£—>\-- (18)
y = A ' (19)
a

For the Model 12-C Perkin Elmer Spectrometer, f = 27 centimeters and
a is approximately 7 centimeters; so, for the wavelength of A = 5 microns,
Y = 21l. 7 microns,

The preceding discussion considered the diffraction pattern
due to a point source. This represents in practice the effect of an en-
trance slit whose geometric image onto the plane Z is very narrow as

compared to the width of the central diffraction maximum. For the five-

micron case calculated above the central maximum would be 45, ¢ microns
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in width, so an entrance slit whose geometric projection on the focal
plane is 2 microns wide would produce this diffraction pattern. | The
Model 12-C spectrometer has the same focal lengths for the collimator
and the telescope giving a magnification of 1 for the optical system.,
Thus, the geometric projection of the entrance slit onto the Z plane is
the same size as th. entrance slit,

Since the radiation source was considered to be noncoherent,
there is no diffraction pattern caused by the entrance slit. Thus, the
effect of opening the slit to three times its original width is the same
as placing another slit like the original slit on either side of it. The
intensity pattern on the £ plane is equal to the sum of three patterns of
the type shown in Figure 6 except that the central maxima of the two
new patterns are displaced slightly. The effect of opening the entrance
slit from a very thin slit to a slit width three times its original width
is to increase the peak intensity to approximately three times its orig-
inal value while increasing the width of the central maximum only
slightly.

Further increasing the slit width has the effect of adding more
thin slits to the side of ‘the original slit and the intensity pattern is equal
to the sum of many thin-slit diffraction patterns all slightly displaced.
The addition of the diffraction patterns has the effect of increasing the
intensity of the central maximum as the slit is widened. However, when

the slit is wide enough that its geometric irtnage on the £ plane is equal
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tc the width of the central diffraction maximum of the thin slit, further
increasing the width of the entrance slit will add negligibly to the inten-
sity at the point Y = 0, This is true because the second, third, etc.
maxima are quite small as compared to the central maximum. As the
entrance slit is opened beyond this width the effect is to increase the
width of the pattern on the £ plane without increasing the intensity at the
point Y = 0 thus creating a square-topped intensity pattern as shown in
Figure 7. In most applications and for aBsolute intensity calibrations
in particular, it is desirable to have a flat-topped intensity pattern on
the Z plane since under these circumstances the effect of. diffraction
may be neglected, Also, the.image in the £ plane may be assumed to
be the optical image of the entrance slit as determined by geometric
optics.,

From the preceding considerations, it is necessary to use a
slit width of 45, 4 microns to obtain a flat-topped pattern at a wavelength
of 5 microns. Thus, an entrance slit width of 100 microns was used in
these experiments to insure that diffraction effects were negligible over
the wavelength interval used (1 to 6 microns).

In the Model 12-C gpectrometer a second slit is placed in the
focal plane of the telescope. This slit is mechanically connected to the
entrance slit and, thus, always has the same width. 7The effect of this
slit is to pass only a portion of the intensity into the detector. If the

diffraction effect is negligible, the intensity at the exit slit will be an
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image of the intensity pasged by the entrance slit, Since the source of
radiation was assumed to be noncoherent, there will be no diffraction
due to the exit slit,

The effect of a continuum light source rather than a monochro-
matic light source must be analyzed to complete the discussion of slit
effects. Since the diffraction effects are negligible for a slit width of
0.1 millimeters, the intensity pattern in the plane of the exit slit is the
optical projection of the entrance slit. The dispersive effect of a prism
is to bend the intensity of a given wavelength through a fixed angle.and,
thus, determine the location of the image of the entrance slit on the exit
slit plane. The angle through which the intensity beam is bent by the
prism will depend on its wavelength. Thus, for every infinitesimal
wavelength interval there will be an image of the entrance slit at a dif-
ferent place on the exit plane, For a continuum radiation source there
will be oveflapping of the entrance slit images from many wavelength
increments on the exit slit.

The following argument can be used to construct the intensity
distribution versus wavelength at the exit slit for a continuum radiation
source. Since the entrance and exit slits are always the same width
and since the optical system has a magnification of unity, the width of
the image of the entrance slit coincides with the width of the exit slit
for some wavelength g, For the wavelengths X, + 6\, where §)is

some small increment of wavelength, the image of the entrance slit
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will be displaced slightly with respect to the exit slit due to the disper-
sion of the prism. For these wavelengths part of the intensity will be
blocked from passage through the exit slit. As §)\ increases, a larger
amount of the intensity will be blocked from passage through the exit
slit until finally at X\ = Ao + AAall intensity will be blocked and for all
wavelengths outside this interval there will be no contribution to the in-
tensity passing through the exit slit, The limiting wavelength incre-
ment, AL, equals the wavelength increment covered by the finite width
of the exit slit. Figure 8 shows the distribution of wavelength versus
the ratio of the monochromatic intensity passed through the exit clit to
the monochromatic intensity incident on the plane of the exit slit. To
determine the total intensity passing through the exit slit, the intevgral
of I)\, the incident intensity on the entrance slit, times the shape of the
distribution function shown in Figure 8 must be perfo;med. Thus, the

intensity passing through the exit slit is

Ao
- A 1
I—fIK[M " O‘O'M‘El dA
XO'AX
(20)
Agt O
‘ A 1,
I, -4 + = + d)
+f X[Ax A (o M)]
Ao

The wavelength increment, A\, versus ) will be computed

later. However, for a 0.1 millimeter exit slit width A X is quite small
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and the mean value rule may be used to evaluate the above equation
rather than performing the actual integral. Thus, the intensity passed

by the exit slit is given approximately by
I=AAL,. (21)

An analysis of the erro>r introduced by using the mean value rule for
integration will be discussed in Chapter III,

The diffraction effects discussed abéve give a lower limit to
the slit width for the spectroscope. The upper limit is determined from
 the relationship between the mechanical slit width and the spectral slit
width. It was desirable to have as small a spectral slit width as possi-
ble. Thus, the limiting slit width determined from the diffraction.effect
of 0.1 miliirﬁeter was used.

The Model 12-C Perkin-Elmer Spectrometer is a Littrow type
prism spectrometer with internal optics shown schematically in Figure
2, The Littrow mirror is placed normal to the dispersed beam emer-
giﬁg from the prism. For some particular wavelength, as determined
by the orientation of the mirror, ‘the emergent beam is passed back
through the prism and focused by the telescope onto the exit slit. The
spectrum is scanned by rotating the Littrow mirror,

The spectral slit width, A\, of the exit slit is the sum of two
terms. The first term may be computed from the dispersion, df/d),

of the prism and optical system where € is the angle through which the
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beam is bent by the prism., The second term is the Rayleigh terin which
accounts for the resolving power of the telescope. This term is com-
puted from consideration of how far apart two objects must be in.order
for a telescope to distinguish them. Due to the dispersion of the prism
the image of t;xe entrance slit is displaced for different wavelengths.
Thus, the Rayleigh term determines the minimum wavelength interval
which can be resolved by a spectrometer. The two terms must be added
to determine the spectral slit width, since the first term computes the
spectral slit width if the telescope could ﬁrecisely resolve two objects
and the second term determines the additional spectral intervai due to
the fact that the wavelength can only be determined to within a certain
interval A\ R.

The equation for the spectral slit width may be derived from
the following argument. The angular dispersion of the Model :12-C spec-
- trometer, A8/ A\, may be equated to two times the angular dispersion of

the prism since for a Littrow mount spectrometer the radiation passes

through the prism twice,

28 = ,dp _dedn (22)
Mg A dn dx

where n is the index of refraction of the prism material. The expres-

sion for df /dn may be compuied from the equation for the index of re-

N

fraction for a prism.
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a8 _ 2 sin(A/2) (23)
dnf; _p2 sinZ(AIZEll/z
where A is the apex angle of the prism,
Combining these two equations yields
P = [1 - n2 sin'?'(A/.?.l-'l/‘2 AD (24)
X 2 %;% 2 Sin(A/Zﬂ

The A6 of interest for computing the spectral slit width for the exit slit
is given by

A8 = 8/d (25)

where S is the mechanical slit width and d is the focal length of the tele-

scope. The spectral slit width due to the dispersion of the prism is

given by
E - n.Z sinZ(A/Z] 1/2 S
SRR Y - e

4 eIy sin(A/2)

To compute the Rayleigh term, ALgrs a source emitting two
monochromatic lines will be considered. The prism will separate these
two wavelengths so that two images of the entrance slit separated by
some distance will be presented to the telescope. Diffraction will occur
in the telescope even if the entrance slit is open wide enough to elim-
inate Fraunhofer diffraction. Rayleigh's criterion for determining
when two lines can be resolved by a telescope is that the central maxi-

mum of one diffraction pattern must be centered over the first minimum
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of the second pattern. Figure 9 gives the coordinate system for this
discussion. The angle 6 represents the angular separation between the
central maximum and the first diffraction minimum. For the Rayleigh
criterion to be fulfilled, this must be equal to the angular separation $
of the two images. For the distance § to coincide with the first diffrac-

tion minimum of the diffracted image of A)» the expression for 6 must be
sin§ = \/a ’ (27)

where a is the limiting aperture. For small angles this may be approxi-
mated by

8 =2r/a (28)

This result is true only for rectangular aperture. However, since the
prism acts as the limiting aperture in the Model 12-C spectrometer,
this equation is valid for this analysis.

Equation 22 is valid for the Rayleigh term
MR

A8

(29)

8] o
&g
e

The Rayleigh term accounts for the angular separation of two lines in
order for them to be resolved. Therefore, the angular separation AB
for equation 29 must be the minimum angular separation of two lines
which can be resolved and, thus, equals A/a as shown in equation 28.

If the incident beam completely fills side AB of ihe prism in Figure 10
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it can be shown that

cosi = -Aa—B (30)
and since
sin —g— = -B% (31)
then
t = 2AB sin(A/2) (32)

where t is the thickness of the base of the prism. Combining equations
130 and 32

2sin(A/2) _ 2sin(A/2)
cosi (i 1/2 (33)

te
a - sinzi)

or using Snell's law of refraction

2 sin{A./2)
2

t_
a

34
~(l-nzsin (34)

a.)l/z

For a prism adjusted for the angle of minimum deviation as shown in

Figure 10, the angle a equals the angle A/2 so equation 34 becomes

2 sin(A/2)

t
-= == (35)
2 E. - n? sinZ(A/Z)ll2
A comparison of equations 23 and 35 shows that
148 (36)
a dn :

Substituting equation 36 and the expression A8 = )\/a into equation 29
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gives
1l dafayyA . A
3200 s
dx
As discussed above, the spectral slit width, A\, is given by
AN = AL+ Ay (38)
or
E- nz sinz(AIZJI/Z S \

& &
4 @ sin{A/2) Zt:ﬁ:

Thus, the spectral slit width is a function of th.e exit slit width, S, It
was desirable to use a small spectral slit width in this experiment since
the detectors receive energy from a wavelength range of 2A\A. Thus, a
compromise must be made in choosing the slit width, since the slit must
be wide enough to minimize the effect of Fraunhofer diffraction but must
be kept narrow to give a small spectral slit width.

Values of the index of refraction, n, as a function of wavelength
were recorded by Baly (9). The empirical curve fit which he recorded

for these data is given by

2_.2, M

M
n=a+z 2
)\..

1
- {40)
% 3-8

wheré a® = 5,1790, M; = 0. 018496, "“1% = 001621, M, = 8977.0, )5 =

3149. 3 and ) is wavelength in microns, The derivative of the index of
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refraction with respect to wavelength may be computed from equation 40
and used in equation 39 to determine AA. For the Model 12-C Perkin-
Elmer Spectrometer with a NaCl prism the values for the quantities in
equation 39 are as follows: A, the apex angle of the prism, is 60°; d, the
focal length of the telescope mirror, is 27 centimeters; and t, the length
of the base of the prism, is 7.5 centimeters. T;ble 1 gives the computed
values of A\, Apr AAgs D and dn/d)\ as a function of wavelength for a
slit width of 0.100 millimeters.

The Model 12-C spectrometer was used to scar; wé.velength contin-
uously. The Littrow mirror was rotated by a mechanical linkage and a
motor driven shaft to scan the spectrum past the fixed exit slit. It was
necessary for the rate of scanning to be slow enough that the change in
wavelength per period of the chopper due to scanning be small as com-
pared to the A\ being viewed by the detector. For the wavelength range,
1.5 to 5.2 microns, used in this experiment and the scanning speed of 8
minutes per revolution of the drive shaft, each cycle of the 13-cycle-per-
second chopper represents a shift in the wavelength at the exit slit due
to scanning of 0, 0004 microns. Since the minimum ) for a slit width
of 0.100 millimeter is approximately 0, 028 microns in the wavelength

region of interest, the effect of scanning was considered negligible.

External Optics

An optical system external to the spectrometer was required to

determine the radiation parameters for the flame. This system focused
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a small area of the flame onto the entrance slit of the spectrometer and
focused the image of the radiation source onto the same area of the flame.
It was also necessaryto minimize the effect of aberrations and to design
a system which would f{ill the collimator of the spectroscope with radia-

tion, Figurel is a layout of the optical system used in this experiment.

TABLE 1

WAVELENGTH INTERVAL INFORMATION

e g

A A Mp MR n dn/dx
1.0 0. 00962 0. 00911 0. 00051 1. 5318 0. 01307
1.2 0. 01618 0. 01516 0. 00102 1.5298  0.00787
1. 4 0. 02423 0. 02248 0. 00175 1.5285 0, 00531
1.6 0. 03302 0. 03031 0. 00271 1.5276  0.00394
1.8 0. 04155 0. 03776 0. 00379 1.5269  0,00317
2.0 0,04897 0. 04406 0. 00491 1.5263 0. 00272
2.2 0.05474  0,04876 0. 00598 1.5258 0, 00246
2.4  0.05874 0, 05182 0. 00692 1.5253 -0, 00231
2.6 0. 06114 0. 05341 0. 00773 1.5248  0,00224
2.8 0.06224  0.05386  0,00838 1.5244  0,00223
3.0 0,06238 0. 05346 0. 00892 1. 5239 0, 00224
3.2 0. 06184 0.05250  0.00934 1.5235  0.00229
3.4 0.06084  0,05118 0. 00966 1.5230  0,00235
3.6 0, 05957 0.04964  0.00993 1.5226 0, 00242
3.8 0. 05813 0.04800 0, OLOL3 1. 5221 0. 00250
4.0  0,0566 0. 04633 0. 01028 1. 5216 0. 00259
4.2 0. 00507 0, 04467 0. 01040 1. 5210 0. 00269
4.4 0.05354  0,04305 0, 01049 1.5205 0, 00279
4.6 0,05205 0. 04148 0. 01047 1. 5199 0. 00290
4.8 0. 05061 0. 03998 0. 01063 1, 5193 0. 00301
5.0  0,04922 0.03855 0, 0L067 1. 5187 0. 00313
5. 2 0.04790  0,03720 0, 01070 1. 5181 0. 00324
5.4  0.04663 0. 03591 0. 01072 1. 5174 0. 00336
5.6 0. 04543 0.03470 0, 01073 L. 5167 0. 00348
5. 8 0. 04429 0.03355 0, 01074 1. 5160 0. 00360
6.0  0.04320  0.03246 0, 01074 1. 5153 0. 00372
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The aperture ratio, f number, of mirror M2 is 4.0, which is
slightly larger than the f number of the spectrometer and thus acts as
the limiting aperture for radi‘ation incident on the collimator of the spec-
trometer.

There was some ''noise'’ on the detector and amplifier system
used to read out the signal from the spectrometer. To minimize the ef-
fect of this background noise, it was necessary to fill the collimator with
as much radiation as possible in order for the signal from the detectors
to be large compared to the noise level. This criterion was fulfilled by
mirror My, since its f number was approximately the same as the f num-
ber of the collimator.

The requirement that aberrations should be kept to a minimum
wasg the prime factor in determining the physical layout of the optics.

The effect of aberrations in an optical system is to destroy the point-to-
point correspondence between the object and the image. Without a point-
to-point correspondence it would not have been possible to determine what
area of the source the spectrometer was observing. In making intensity
calibrations for the spectroscope, the area of the source being observed
was needed; so, the optics system was designed to reduce aberrations to
a minimum.

The six types of aberrations which can occur for a spherical mir-
ror are chromatic aberrations, spherical aberrations, coma, astigmatism,

curvature of field and distortion. A detailed discussion of each of these
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aberrations has been given by Jenkins and White (10) and by Monk (11).
Chromatic aberrations were eliminated by using only front silvered mir-
rors.
Spherical aberrations occur for spherically ground mirrofs
when the distance from the reflecting surface to the image is not equal
for all points on the reflecting surface. The third order equation for

the object distance is given by Morgan (12) as

Lod-be(-3)
where R is the radius of curvature of the mirror, p is the perpendicular
distance from any point on the mirror to the line normal to the center
of the mirror, ‘S is the object distance, and S' is the image distance.

For mirror M, the object distance was equal to the image dis‘tance, so
the third terrﬁ on the right-hand side was equal to zero and there was no
spherical aberrations, For mirror M; equation 4l predicts a range of
image distances of 18. 0000 inches for p = 0 to 18, 0076 for p = 2.5 inches,
the outside radius of the mirror. This means that the image of a point
source would be spread out along a line 0, 0076 inches long rather than
appearing at one point, This aberration was considered to have a negli-
gible effect on the intensity calibrations.

The other types of distortion are caused by the image and the
object being located off the line perpendicular to the center of the mirror.

The theory of aberrations indicates that if the angle between the center
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of the mirror and the image and the line perpendicular to tk « center of
the mirror is small the aberrations will be small, If this angle is 3°
or less a sufficiently clear image will be produced. The optical system
used for this experiment was designed for an angle of 3°, Mirrors M;,
My and M5 were plane first-surface mirrors used to reflect the radia-
tion through the large angles required to physically separate the sources,
the flame holder, and the spectrometer,

The optical system was mounted on an aluminum slab 1/2 inch
thick, 1-1/2 feet wide and 4-1/2 feet long which was bolted iv a concrete
slab table top 3 inches thick, 3-1/2 feet wide, and 6-1/2 feet long, The
spectrometer sat on the concrete table top and was secured to the alu-
minum optical table, The Amirror mounts were designed so that the line
normal to the center of the mirrors could be adjusted to the height of
the optical center line which was 4-1/4 inches above the top surface of
the asluminum slab. The mirrors could be positioned in the correct
direction by means of a three-point suspension which held the mirrors
to the mirror mounts.

For mirror M, the object distance, SZ’ and the image distance,
Sé, were both 18 inches. The magnification of this mirror was unity so
the area of the flame, A, observed by the spectrometer was equal to the
width times the length of the spectrometer entrance slit. The solid an-
gle (of the radiation emitted from the flame) that the optics intercepted

and focused into the spectrometer was the area of mirror M, divided by

'
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the object distance squared. Thus,

2
Q=5 __ .= 0.04909 (42)

- 2
(S,)

For mirror M3 the object distance, S3, was 28.29 inches and
the image distance, S’3, was 18 inches, which gave a magnification M
of 0. 636, Thus, thé area of thé 'source viewed by the spectrometer, A',
was the width of the entrance slit divided by M' times the length of the
slit divided by M. The solid angle (of the radiation emitted by the

source) which the optics intercepted and focused into the spectrometer,

Q', was given by

o

1 Tr
Q = I

(‘53)2

= 0, 01988 (43)

Flame Holder and Boiler

Before spectral analysis could be performed on a flame, a
method of producing a stable and reproducible flame was needed. The
flames of interest were diffusion flames, but ordinary pan fires were
too unstable for spectral analysis. A boiler was constructed to heat
the fuel to a temperature corresponding to a vapor pressure of approxi-
mately 20 psi. The vapor was passed through a heated fuel line and ex-
pansion valve into a 2-1/2 inch tall burner made from a piece of 3/4 inch
ID brass tubing. Two stainless steel screens were placed in the circular
burner to straighten the flow and produce a steady laminar flow. This

system wasg capable of producing a steady flame of constant size for
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several hours. Figurell i3 a diagram of the flame holder and boiler
system. The boiler, fuel line and flame holder were electrically heated
by passing a current through a 20 gauge Nickel Chromium heater wire.
The wire was insulated. from the metallic surfaces by a layer of Sauereisen
Electric Resistor Cement No. 78. Another layer of this cement and sev-
eral layers of asbestos were used to insulate the entire heated system.
The flame holder was mounted in a housing which allowed it to be moved
in two directions. This allowed the spectrometer entr.an'c:e slit to be fo-

cused onto several different locations on the flame.
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CHAPTER III
CALIBRATIONS

The wavelength scanning mechanism for the Model 12-C spec-
trometer involves a motor-driven threaded shaft and a mechanical link-
age which rotates the Littrow mirror. The wavelength drum is attached
to the threaded shaft and indicates the position of the shaft. Wavelength
calibrations involve determining the relationship between the wavelength
drum settings and the wavelength., To do this several absorption peaks
were identified and the corresponding wavelength drum settings deter-
mined. The wavelength of several absorption peaks of 1, 2, 4 trichloro-
benzene, toluene, polystyrene, and didymium giass have been accurately
determined by Plyler and his associates (3, 4, 5). A Perkin-Elmer De-
mountable Liquid Absorption Cell with NaCl windows was used to obtain
the absorption data on the liquid samples. Table 2 is a list of the drum
settings and absorption peak determined along with the sample observed
and the reference from which the wavelength calibration was determined.
Figure 12 is a graph of the wavelength versus wavelength drum settings
for the wavelength region of 1. 5 to 5. 2 microns. Before each data run
was started, a spectrogram of the absorption peaks of polystyrene was

37
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TABLE II

WAVELENGTH DRUM CALIBRATION POINTS

o e——

Drum Wavelength Sample and
Setting in microns calibration reference
2084.0 0. 684 didymium glass
2050, 5 0. 743 shade 5
2018. 5 0. 808 Reference (4)
1937.0 1, 067
1920. 0 1,22
1806. 0 3.3026 0. 07 millimeter
1799.5 3.422 polystyrene film
1796. 0 3. 507 Reference (4)
1758. 0 4,225
1756. 0 4,281
1703. 0 5.138
1689. 5 5.343
1703, 5 5.138
1676. 0 5. 549
1624. 0 6.238
1587. 0 6. 692
1398. 0 8. 662
1274. 0 9.724
1273.5 9.724
1101. 0 11, 035
1704. 0 5.145 ) H,0 in atmosphere

--1699. 5 5,204 Reference (13)
1690. 0 5.356
1682, 0 5. 466
1669. 5 5. 639
1661, 0 5,762
1656. 5 5. 822
1648. 5 5.936
1644. 5 5.986
1635. 0 6.112
1629. 5 6.182
1617, 0 6.339
1611, 0 6. 427

1605. 0 6. 487




———
—

TABLE II--Continued

Drum Wavelength Sample and
Setting in microns calibration reference
1598. 0 6. 563 H,0 in atmosphere
1593. 0 6. 633 Reference (13)

1586. 5 6. 709 i

1580. 0 6.786
1574, 0 6. 856

1565, 0 6. 961
1557, 5 7. 044
1543, 5 7.207
1531. 5 7.338
1517. 0 7. 464
1557 7. 04 1, 2, 4 trichlorobenzene
1536. 5 7.28 0. 025 millimeter cell
1477.90 7.91 Reference (5)
1463. 0 8. 03
1386.0 8.86 1, 2, 4 trichlorobenzene
1369.5 8.91 20:1 dilution in carbon
1343.5 9.14 disulfide 0, 025 millimeter
1281. 5 9. 65 cell

914. 5 12, 27 Reference (6)

903.0 12,33
1028. 5 11. 52

914. 5 12. 27

903.0 12,33
1889. 5 1. 6606 1, 2, 4 trichlorobenzene
1859, 7 2.1526 0. 50 millimeter cell
1852, 0 2. 3126 /efﬁrence (5)

1847.8 2,403

1846, 3 2,4374

1416 8. 48 toluene 0. 050 millimeter
1331 9, 24 cell

1275.5 9,70 Reference (4)
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TABLE iI--Continued

—
—

Drum Wavelength Sample and
Setting in microns calibration reference
1598. 0 6. 563 H,0 in atmosphere
1593. 0 6. 633 Reference (13)

1586. 5 6. 709

1580. 0 6.786

1574, 0 6. 856 B

1565, 0 6. 961

1557. 5 7, 044
1543, 5 7.207

1531. 5 7.338
1517. 0 7. 464
1557 7. 04 1, 2, 4 trichlorobenzene
1536. 5 7.28 0. 025 millimeter cell
1477.0 7.91 Reference (5)
1463. 0 8.03
1386. 0 8. 86 1, 2, 4 trichlorobenzene
1369. 5 8.91 20:1 dilution in carbon
1343, 5 9,14 disulfide 0, 025 millimeter
1281, 5 9. 65 cell

914, 5 12, 27 Reference.(6)

903, 0 12,33
1028. 5 11, 52

914. 5 12. 27

903. 0 12,33
1889. 5 1. 6606 ' 1, 2, 4 trichlorobenzene
1859.7 2.1526 0. 5C millimeter cell
1852, 0 2. 3126 Reference (5)

1847, 8 2. 403

1846, 3 2, 4374

1416 8. 48 toluene 0, 050 millimeter
1331 9.24 cell

1275. 5 9.70 Reference (4)
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téken to recheck the calibration. When this spectrogram did not agree
with the wavelength calibration curve, the fine adjustment screw on the
Littrow mirror was adjusted until they did agree. The reprcducibility
of the wavelength drum settings was checked by taking five consecutive
specirograms of the same absorption peak. The wavelength drum set-
tings for the absorption peak all agreed within 1/100 of a revolution of
the wavelength drum.

Absolute intensity calibrations of a spectrometer involve finding
the relationship between the output of the radiation detector and the
power incident on the detector in the spectrometer. The intensity emitted

by a black body with emittance ¢y is

IS !
€. L
= X51 C‘lT (4]
> | C2/AT

where Cl = 1,177 x 10-12 watts cmz, C2 = 2,5776 cm. degree Rankine,
and ) is the wavelength in centimeters. From this expression the power

incident on the detector of the spectrometer could be computed as

!
where A', the area of the source being observed, was 1.236 x 10"2 cm;
2

Q', the solid angle collected by the optical system, was 1.988 x 10”
steradians; and A\ was the wavelength interval being observed. The
details of the calculations of AA was covered in Chapter II Section 1

and the details of calculating A' and ' were given in Chapter II Section 2.
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The two parameters necessary for completing this calculation are €y
and T.

The radiation source used for calibration purposes was a glo-
bar, a form of silicon carbide, 1/4 inch diameter and 2 inches long,
which was electrically heated. The globar was purchased from the Per-
kin-Elmer Corporation. The temperature of the globar was measured
by inserting a Chromel Alumelithermocouple into a 0, 052 inch diameter
hole drilled in it. In order to reduce the effect of heat loss along the
thermocouple leads, the hole was drilled to a depth of 7/8 of the diam-
eter of the globar thus embedding the thermocouple close to the surface
with the leads coming out the other side. The leads were insulated with
Sauereisen Electric Resistor Cement No. 78 to further reduce the effect
of heat loss through the thermocouple leads. The radial temperature

drop in the globar was estimated from the formula

. 2
T =9°r (46)
' 4%k

where q is the power dissipated per unit volume, r is the radius, and

k is the thermal conductivity. For a globar temperature of 800°F which
wase the ngunal temperature during data runs, k = 22 BTU per hour foot
degree Fahrenheit and Tr’ the radial temperature difference, was ap-
proximately ZOF, wlﬁch was negligible for this experiment. The tem-
perature of the globar was recorded using ice-bath reference junctions

and a chart recorded. An amplifier with a zero offset was used as an
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input to the chart recorder so a 1°R change of a 1500°R temperature
could be detected. The amplifier and recorder were calibrated before
each data run using a L.eeds and Northrup Co. Millivolt Potentiometer
Cat. No. 8686.

The emittance of a globar radiation source has been discussed
in detail by J. C. Morris (14). From his measurements and some other
measurements on which he has made some corrections, it appears that
an emittance of 0.93 can be used for the spectral region 1l to 6 microns
with only one to 2 percent error. Also the comparison of the tempera-
ture measured with the thermocouple and the color temperafure deter-
mined from a Pyro Micro-Optical Pyrometer Serial No, M-5438 gave
an emittance of 0,93, Thus, this value was assumed for our calibrations.
The intensity calibrations involve taking a spectrogram of the intensity
radiated from the globar simultaneously with its temperature record.
The black body intensity was computed and multiplied by an emittance
of 0.93 for the three wavelengths of 2.18, 3.82, and 4. 70 microns.
These three wavelengths were chosen because they are in regions which
are free from atmospheric absorption. The intensities computed for
these 3 wavelengths were divided by the deflection on the spectrogram
corresponding to the same wavelengths to determine the full scale inten-
sity for the recorder., The three full-scale intensities so determined
typically had less than 1 percent mean deviation, This method of data

reduction also allowed a check on the gfay body assumption: since once
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the full scale deflection intensity and the temperature were known, the
emittance for any wavelength could be computed. With the exception of
the atmospheric absorption peaks the values of emittance thus computed
were within 2 percent of the 0,93 value assumed. Thus, it was assumed
that absolute intensity calibrations could be made with an error of less
than 3 percent by assuming a gray body emittance of 0,93 and determin-
ing the globar temperature with a thermocouple placed in the manner de-
scribed above,

In the discussion of equations 20 and 21 it was pointed out that
an error was introduced by using equation 21, based on the mean value
theorem, for the total integrated intensity rather than using equation 20,
A numerical analysis was performed to estimate whether or not using
equation 21 introduced an appreciable error for the intensity calibrations,
To do this, the following fact was used: the mean value theorem of inte-
gration and the trapezoidal rule for integration give values which bracket
the value for the integral of the function within some interval if there is
no inflection point or discontinuity in the function within the interval.

The value given by the trapezoidal rule;, T, for the integral of the func-

tion £(x) in the interval b-a is
T = (b-a) fﬁ%“—blgj (47)

and the value given by themean value rule, M, for the integral of the

function f(x) in the interval b-a is
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M = (b-a) f(a; b) (48)

For a function with a negative second derivative

b
T<ff(x)dx<M (49)
a

and for a function with a positive second derivative

b
T>ff(x)dx>M (50)

a
Thus, if the difference between the values computed by the mean value
rule and the trapezoidal rule are negligible it can be assumed that the
error introduced by using the mean value rule for the actual integrated
value will be negligible for the function with no discontinuities or inflec-
tion points within the interval., Table 3 presents the results of calcula-
tions for the integrated intensity of a black body at 2160° K over the slit

width interval A\ used this experiment, where

L (Agt AN +1,(hg - AN)

T = 2A\ (51)
A 2
M = 21, (Ag) (52)
and
2IM-T
% error = —lﬁT-TJ- x 100 $53)-

Since the spectrometer views intensity over the interval )\0 - A\ to
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Aot A)s it can be seen that the percent of error is negligible for A >1.5
and the much simpler equation 21 can be used rather than equation 20

without introducing any appreciable error,

TABLE III

INTEGRATION ERROR ANALYSIS

—
—— e

A AX T M % Error

1. 00 0. 0095 1. 51307 x 10" 1. 46926 x 10" 0. 29

1. 50 0. 0280 3. 04348 x 102 3. 04378 x 102 0. 0001
2. 00 0. 0488 9.20952 x 10 9.22053 x 10° 0. 0017
2.50 0. 0596

3. 00 0. 0624 1.15318 x 10° 1.15337 % 10° 0. 0001
3. 50 0. 0602 9. 22520 x 10% 9.21953 x 102 0. 0006
4, 00 0. 0565 6.95770 x 102 6. 95888 x 10° 0. 0002
4.50 0. 0525 5. 08405 x 10 5, 09150 x 10° 0. 0015
5. 00 0. 0491 3. 74731 x 102 3, 74323 x 10° 0. 0011
5. 50 0. 0460 2. 77443 x 102 2.77323 x 10 0. 0004
6. 00 0, 0431 2, 06904 x 102 2. 06833 x 102 0. 0003




CHAPTER IV
ANALYSIS OF DATA

After the calibrations of wavelength were made and the full-
scale intensity for each amplifier gain used was aetermined, the data
reduction became a matter of reading values from the spectrographs of
the flame itself, and the flame with the globar radiation incident on it
and reading values from the temperature charts for corresponding wave-
drum settings., These data were fed into a computer program which con-
verted the data into intensity versus wavelength information and then
performed the computations indicated by equations 10 and 8 to obtain.
values for Jy and B)\. Figures 13-24 show these data for several posi-
tions on an acetone and a methanol flame., Figure 25 gives the coordi-
nate system used for the flame. The area of the flame observed was
0.100 millimeters in width by 5 millimeters in height, The y-z positions
are the distance from the center of the coordinate system to the center
of the bottom of the area being observed. The graphs for acetone show
that J)\ and B)\ are approximately the same for all positions excejpt,for
the bottom row (z = 0). A picture of the acetone flame showed a gap of
approximately 1/8 inch between the flame holder and the luminous base
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R 3

of the flame which explained why the J')\ and B}\ are lower for the bottom
row of graphs. This gap did nnot occur on the methanol flamme, and it can
be seen that J)\ was essentially independent of position. A flame 1-1/8
inches tall and 3/4 inch in diameter at the base was used for both the
acetone and the methanol flames., The graphs indicate that the use of a
lumped system parameter for J) and Bk was a quite reasonable assump-
tion for acetone and metﬁanol. The values of J)\ and BX were used in
equation (7) to compute the intensity for several values of x. It can be
observed in Figures 26, 27 that for large diameter flames the intensity
becomes independent of the diameter. This would be expected since as
the diameter increases the flame becomes optically thick and starts emit-
ting in the manner of a solid object. As this occurs the continuum inten-
sity approaches a black body curve. However, the large CO2 peak al-
ways was present which caused an error in the total flux when only the
continuum radiation was accounted for.

Figures 28-35 are the J)\ and B, for several positions on the cy-
clohexane and n-hexane flames. The outer cone of these flames con-
tained a much lé.rger amount of carbon particles than the acetone and
methanol flames. The spéctrograms of the cyclohexane and n-hexane
flames taken near their bases (z = 0) are very similar to the spectro-
grams of the methanol and acetone flames. The spectrograms taken of
the flames 3/8 inch and 3/4 inch above the base of the flames are quite

different due to the presence of the hot carbon particles. These
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spectrograms have the general shape of a black body radiation curve ex-
cept for the presence of the CO, peak at 4.5 microns. The flame height
used for cyclohexane and the keight used for n-hexane was produced by a
3/4 inch diameter burner and was 1 and 3/8 inches tall. An electrostatic
precipitator was constructed abecve the flame holder to remove the soot
produced by the hexane and the benzene flames. The small benzene
flames were too unstable to permit spectrograms to be taken of them,
so a benzene flame of 2-1/4 inch in height was used. This flame pro-
duced large amounts of soot, so only the one data point shown in Figure
36 was taken. This spectrogram has the general shape of a black body
radiation curve except for the presence of the CO.z peak at 4. 5 microns,
The optical path length through the flame for each position was
determined by taking a photograph of the flame with a camera. It wus
aligned so that the optical center line of the camera was in the same
plane as the optical center line of the optics system. A Speede‘:raphic
Graphex Camera with a 'P.olaroid 3000 pack film holder was used., The
camera was positioned with the lens 20 inches from the flame so an {
number of 11 or less was used to reduce the effect of parallax. The diam-
eter of the flame at any height, z, above the base could be determined
from the photograph and from: this the optical path length for any y, =z

coordinate position could be determined.
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CHAPTER V
DISCUSSION OF RESULTS

The extrapolation program worked cut by Shahrokhi (15) to
determine the radiative heat flux to a target from an arbitrary size
flame was based on the following considerations., The flame was char-
acterized by either a cylinder, a cone, or a sheet of flame for compu-
tational purposes. The diffusion flame produced from a cylindrical
burner was considered to occupy a cylindrical volume having a mean
diameter and a mean height. These mean values were determined by
observing several pictures taken of the flame with a short exposure
time. Although the flame tilted and changed shape somewhat, it was
still found to occupy approximateiy the same volume. The diameter
and height of cylinder superimposed on these several pictures were
averaged to determine the mean diameter and height used in computing
the heat flux from the flame.

The monochromatic intensity being radiated by the flame is
given by equation 7 where x is the optical path length through the por-
tion of the flame being observed. The monochromatic flux to a t;.rget
was computed by sub-dividing the flame into zones and multiplying the
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intensity emitted by that zone times the solid angle from the target sub-

tended by the zone times the cosine of the angle between the normal to

the target and the central direction of the solid angle.

For a cylindrical flame, the flame was sub-divided into N ver-

- tical strips and M horizontal strips on the plane through the centerline

of the cylinder facing the target. Figure 37 shows the geometry used to

compute the flux from a cylindrical flame. The total monochromatic

K

flux at the target is given by

M X2 k -Bya
—hmk l-e * mk)nmk. Cos Bmk (54)

where
B)\ = monochromatic volume extinction coefficient
JX = monochromatic volume emission coefficient
a_ x> average optical depth of the (m, k) zone

Qi = solid angle subtended by the (m, k) zone

= angle between the normal to the surface and the
central direction of the solid angle

For a cylinder of height H and radius R divided into N vertical strips

and M horizontal strips the following quantities were defined for a tar-

get at a distance D away from the edge of the flame.
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— £ =ltoM
M or m o

Rk=-§—fork=ltoK

tanO‘mk= R-(k-l/Z)Rk _
ED + R)? +Em - l/Z)HI‘r;'Z:‘l/Z

(m -1/2) Hy,
D+ R

tan ém:'

D sin Smk
sin Bmk = -—'—R——

. (R + D) sinep
sin Ymk = R

In terms of these quantities the solid angle is defined by:

RyHyy, sin(3 - 0, sindy,

Omk = > T P =Z | (55)
(D + R) +Em-1/z)Hm] +[R-(k-l/2)RkJ.

and the optical path length through the flame is given by:

R
a k = = "
m sin g, sin Qm

[sin (m-omK - Y;fnk) - sin(m - @y - Bmkﬂ (56)

The total flux at the target was computed by numerically integrating the

monochromatic flux using a 40 point Gaussian quadrature technique,

b
q= f a(r) dA
3
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_2\-a-b
b-a

or by the quadrature formula
n
b-a
TZ i alx)
i=1

A computer program was developed to .compute the geometric
terms for a given flame size and target position. The experimental data
for J)\ and B)\ from the spectrometer measurements were used in conjunc-
tion with the geometric factors to predict the flux. For the extrapolation
on the acetone and methanol flames, J, and BX were considered to be con-
stants. The values of J, and B, for the position y = 1/8 inch, z = 3/8
inch were used in the extrapolation program. Figures 13-24 show some
variation in the values of J, and B)\ for different positions on the acetone
and methanol flames. The largest variations from the values.of Jy and
8y for the y = 1/8 inch, z = 3/8 inch position were found near the boun-
dary of the flame. However, the spectrograms taken at position which
were not near a boundary were very similar. The spectrograms for
the y = 1/8 inch, z = 3/8 inch position were chosen for the extrapolation
because they were characteristic of the spectrograms for any position
on the flame other than at a boundary. For sooty flames such as cyclo-

hexane and benzene the values for J)\ and BX in the outer cone or sooty
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part of the ﬂame‘were quite different from the values determined from
the spectra taken near the base of the flame where the radiation is com-
ing principally from the reacticn zone and inner cone of the flame. Thus,
when the extrapolation is performed for large diameter sooty flames,
the extrapolation grid must also contain the information as to whether
the grid points are considered in the outer cone or the inner cone. This
is why the values for J, and By have summing subscripts in equation 54.
For acetone and methanol flames the extrapolation program has
been completed and the results compared by Tsai (16) to the flux measure-
ments made with a HY - Cal Constantan foil type Pyrheliovmeter. This
pyrhelicine’er had a quartz window which did not transmit all the radia-
tion. In order to correct for this a transmittance curve was measured
for the window. A second integration was per.formed on the monochro-
matic flux multiplied by the transmittance of the window at that frequency.
- This integral then determines the flux passing through the window incident
on the pyrheliometer. This correction must be made for flames since
the cut-off frequency for quartz lies in the same spectral region as the
CO2 radiation. Figure 38 shc;ws the total predicted flux from equation
15, the values measured with the pyrheliometer and the total predicted
transmitted flux, which is the predicted flux times the transmittance of
the quartz window. |
Since absolute intensity calibrations were made, the intensity

scale for the spectrograms could be determined. Thus, it was possible
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FUEL : ACETONE
FUEL HOLDER DIAMETER : 2 INCHES
TARGET TILT : ws90°
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Figure 38, Rediation Flux versus Distance from & Cylindrical Fleme



80
to make some definite arguments concerning the applicability of Kirch-
hoff's L.aw to flames. Kirchhoff's Liaw states that for a system in ther-
modynamic equilibrium the absorptance and the emittance are equal.
Since the monochromatic absorptance and intensity were measured in
this experiment and since the monochromatic emittance, €y is defined

by:

= I;\/I (58)

) A, bb
the black body intensitv, iy, ppr could be determined by applying Kirch-
hoff's L.Law. Knowing I}“ bpb the temperature of a black body, Ty, which
would emit that intensity could be computed. Figure 39 is a graph of
Tbb versus wavelength for the y = 0, z = 3/8 inch position for an acetone
flame. It was quite obvious that the black body temperature correspond-
ing to the radiation peak at 4.2 to 4. 7 microns was much greater than
the temperature corresponding to the continuum radiation. -The radiation
at 4.2 to 4.7 microns was emitted from the vibrational energy levels of
the CTOZ molecules. It can be argued that for a system in thermodynamic
equilibrium the intensity at any waveleugth cannot exceed the black body
intensity at that wavelength as computed frcm the system temperature.
For the acetone flame there was no clearly defined system temperature;

thus. it was concluded that an acetone flame does not represent a system

which is in thermodynamic equilibrium.
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CHAPTER VI
CONCLUSIONS

A method has been presented which accurately predicts the
heat flux to targets from flames using transport theory., One advantage
of the method is that the average values of J)x and BX may be determined
for a given fuel in the laboratory which are useful for extrapolating to
larger size flames. The theoretical and experimental flux distribution
are shown to be in good agreement by Figures 40, 4l.

Another advantage of this method is that only about 100 milli-
liters of fuel were consumed while making the laboratory measurements.
Thus, by using only a small amount of an experimental fuel, its radia-
tive properties may be determined. Also, this method of analysis does
not require that the absorbing and emitting medium be in thermodynamic
equilibrium, although the method is valid for either the thermodynamic
equilibrium or the non-equilibrium case. There are two characteristics
of the spectrograms which indicate that the acetone flame is not in ther-
modynamic equilibrium. Figure 42 has both the volume absorption co-
efficient and the volume emission plotted as a function of wavelength.

It can readily be seen that the peaks of the two curves do not occur at

82
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FUEL . ACETONE
FUEL HOLDER DIAMETER: 4 INCHES
TARGET TILT. w=90
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Figure 40, Radiation Flux versus Distance from a
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FUEL: METHANOL
FUEL HOLDER DIAMETER : 4 INCHES
TARGET TILT: W:=90
FLAME SIZE : MEAN DIAMETER — 4.20 CM.
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Figure 41, Radiation Flux versus Distance from s

Cylindrical Methanol Flame
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the seme wavelength. Also the large CO2 vibrational energy emission
peak at 4.3 to 4.5 microns indicates that there iz a very large popula-
tion of excited vibrational energy levels. The temperature that would
be required for an equilibrium COp gss to emit this amount of energy.
would be very high. The explanation offered by A. von Engel (17) for
the presence of the large amount of COp vibrational energy emission is
that due to the relatively long lifetime of the vibrational energy states, |
it would take a longer time for the COp molecules to equilibrate their
energy with the other flame products than the length of time they remain
in the flame.
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NOMENCLATURE

opticel path length through the flame (cm™T)
area (cm2)

12 yatts cm2)

constant in black body radiation law (= 1,177 x 10~
constant in black body radiation law (= 2.5776 cm degree Rankine)
monochromatic power (watts cm-l)
focal length (cm) )
3

monochromatic intensity (watts cm™ l)

stearadian”
monochromgtic intensity of flame plus transmitted portion of globar
intensity

monochromatic intensity of flame

monochromatic intensity of globar

globar reference monochromatic intensity

monochromatic volume emission (watts cm'lL stearadia.ns'l)

thermal conductivity (BTU per hour foot degree Fahrenheit)

index of refraction

mirror radius {cm)

mirror radius of curvature (em)

spectrometer slit width (millimeters)

mirror object distance (cm)

mirror image distance (cm)

Tbb =black body temperature
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dn

A

Mg

AN

]

globar temperature

globar reference temperature
optical path length

see equation (12)

see equation (13)

monochromgtic emittance

dispersion of prism

wavelength (microns)

spectral slit width (microns)

dispersion term for spectral slit width (microns)
Rayleigh term for spectrail slit width (microns)

solid angle (stearadians)



