INSTRUMENTATION FOi FLAME TEMPERATURE DETEEMINATION

by

Stuart W. Greenwood

Thesis submitted in partial fulfilment
of the requirements for the degree of

Master of Engineering

Department of Mechanical Engineering
McGill University
Montreal

April 1952



ACKNOWLEDGEMENTS

The programme of instrumentation development described in this
thesis was carried out in the Gas Dynamics Laborafory of the University
under & grant from the Defence Research Board of éanada.

The author has greatly appreciated the guidance given by
Professor Donald L. Mordell, Director of the Laboratory, during the course
of the work. Professor A. McPherson of the Department of Physics gave
generously of her time in helping-. the euthor cope with the optical aspects
of the project. Mr. Glenn N. Adams, a greduate physics student in the
Ges Dynamics Laboratory, cooperated in nearly. every phase of the work, and
the suthort's indebtedness to him is considersable. Mr. Gerald Henneberry
of the Department of Chemistry at Macdonald College supplied the sodium
ethoxide used in some of the experiments, and advised on its properties.

The assistance of Miss Jeannine Lacroix in the preparation of
the thesis is gretefully acknowledged. Mr. thn D.'Waller is responsible
for the photographs used.

The author thanks the many other colleagues who have assisted

him with the project.




. TABLE QF CONTENTS

ACKNOWLEDGEMENTS
TABLE OF CONTENTS
LIST OF SIMBOLS
SUMMARY
INTRODUCTION
THE GENERAL .PROBLEM
SCALES OF TEMPERATURE
SOME PRACTICAL CONSIDERATIONS
Stetic and total temperatures
Point and mean temperatures
Steady and fluctmating temperatures
METHODS OF TEMPERATURE MEASUREMENT
RADIATION FROM FLAMES
THE LAWS OF THERMAL RADIATION
Kirchoff's law and.the blackbody concept
The Stefan-Boltzmann law
Planck's formula
Wien's formula
Graphical representation of radiation formulae
Definition of brightness temperature
GENERAL CONSIDERATIONS OF RADIATION. .SYSTEM
THE EMITTANCE OF A FLAME
RADIATION METHODS. OF TEMPERATURE MEASUREMENT
METHODS APPLICABLE. TO CARBONACEQUS FLAMES

Kurlbaum's method

PAGE

ii

iv

13
13
16
16
18

20

&

ii




The mirror method

Continuum intensity distribution methods
METHODS APPLICABLE TO NON-CAHRBONACEOUS FLAMES

The spectral-line reversal method

Methods using epproximate continua

Methods using intensity distribution in band spectra

METHODS CHOSEN FOR STUDY
OPEN FLAME RIG
Flame temperature determinations
TEMPERATURE INSTRUMENTATION RIG
Combustion tube .clouding
Temperature traverses using quartz tube
Temperature traverses using steel tube
Clouding of recessed windows
TRIALS ON SPONTANEOUS IGNITION RIG
Sodium aspiration
Window clouding

Attempte at tempersture determination

Lower "limit" of sodium-line reversal method

CONCLUSIONS AND RECOMMENDATIQONS

REFERENCES

APPENDIX: THE EFFECTS OF COMPARISON SQURCE REFLECTANCE

PAGE
25
R4
24
24
27
28
28
28
32
33

59

46
47

49
49
51
52
58
55

iii




19+
= Q0 o

AOMNB® RE GO

(4

> ¥
i P <

ggmwxnwy

Au

LIST OF SYMBOLS iv

Radiation flux; radiant energ& per unit of time for a
given area A for & given small solid angle W) in a given
mean direction &
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Temperature difference in Centigrade degrees

Temperature in degrees Kelvin (T °C+ 273 ¢°)
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SUBSCRIPTS

Refers to & narrow wavelength region in viecinity of N\

Refers to a blackbody

Refers to a flame

Refers to a mirror

Refers to a receiver

Refers to a comparison source

Refers to a blackbody at the temperature of the comparison source
Refers to & blackbody at the temperature of the flame

Refers to the gold point (1063 ©C)
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SUMMARY -

The concept of the temperature of e flame is considered.

A brief review of the literature on flame temperature
determination by methods based on the use of the thermal radiation
laws is presented.

The method of spectral-line reversal is discussed in detall,
and its application, using the sodium D lines, to temperature
determinations on an open flame rig and on a small tubular combustion
rig is described. The problem of the loss of transparency of quarts
"in contact with flames containing sodium vapour is examined in some
detail, - The sapparent difficulty in determining temperatures below

about 1400 °K by the sodium-line reversal method is considered.



INTRODUETION

The work described in this thesis has formed the initial stages
of & programme of development of instrumentation.and measurement techniques
‘directed towards the.determination of the.temperature of4gases.under.stﬂdy
on theispcnt&neous;ignitiohvrig at the Gas Dynamics Laboratory.

The objective is.the determination of.the.axial.temberature
gradient of a hot gas.stream in apdivergent.duct,.a;sketch.of.which.appears

in Fig. i,
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FIG 1: SPONTANEOUS IGNITION RIG DUCT

The gas is composed of air contaminated with the products of
combustion of hydrocarbon fuels, and in’ some regions combustion is in
progress following the spontaneous.ignition oftinjectéd fuel. - The stream
may be- viewed through-diemetricelly opposed quartz withWSTinvthe'duct'wﬁll,

- and in general is seen to be uncoloured by the yellow associated with.glowipg
carbon- particles.

The temperatures encountered lie within.the.range.1100°K to
1900°K. This rsnge: could be.covered.with:a .platinum platinumsrhodium
thermocouple, but it is.cénsidered that the insertion of a solid: body into

. .the.stream might influence the stream.conditions to an indeterminatauhqﬁee.
It is particularly feared that such a.body would.act as.a flame stabilizer.

...Gare has been taken in.the design of.the.rig to control the degree of
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turbulence present, and attention is therefore concentrated on methods of
temperature determination which may be considered to influence only slightly
the process under analysis.

The objective outlined above has yet to be achieved, although
some ~useful .experience has .been obtained. This experience has consisted
of an appreciation of the general problem of flame temperature determination,
of a literary survey of various types of instrumentation, and of trials on
three different combustion rigs. The material thus gathered is given in
the following presentation in the above sequence.
~THE GENERAL, PROBLEM

| It is desirable at the outset that some consideration be given to
clarification of the.concept of .the temperature of & flame.

Ribaud, Laure and Gaudry(27)* define a flame in terms similar to
the following: A flame is & gaseous mixture in which composition changes
occur accompanied by heat release. The definition may be extended to
cover the period of recombination of dissociated molecules, and the periocd
of cooling to the temperature of the surroundings. A significant ch&raé-
teristic of a flame as far as this study is concerned is that it is not,
in general, a system in equilibrium, even when the flame as a whole is in
equilibrium with its surroundings.

Qualitatively, temperature has.been.defined by Preston(25) as
the degree of .hotness. Quantitatively, temperature, according to Lewis
and;von.Elbe(18)(l9), defines a state of statistical equilibrium. ....Acecording
to statistical mechanics, the temperature of a body is defined by the.molar
content of translational energy of a perfect gas in energy.equilibrium with
it.. On the basis of these definitions it.should be possible to e'ssign a

temperature to any gas in.which the translationsl energy distribution. is

i % Numbers in parentheses apply to references grouped sepgfately at the_epd
.0f the thesis. :



en equilibrium distribution. Lewis and von klbe emphasize that this
condition is likely to be closely approximated even under rapidly varying
conditions. The determination of the "gas law" parameters, pressure and
molar volume, would thus be sufficient for temperature determination.

Such determinations would be difficult to make, although in the so-called
"thermodynamic methods" the principle is used indiredtly.

Molecules of a ges may possess energy of translation, rotation,
vibration, and electronic excitation. The energy of electronic excitation
corresponds to the possession of energy in excess of that in which the

-electrons are in their lowest energy states. The energy of translation is
practically unquantiged, but the other forms are quantized. There will

be & definite distribution of the energy of a gas among these different
degrees of freedom when the gas is in a state of internal'equilibriuﬁ,

and parameters of any of the energy states may, in theory, be used for
tempersture determination. In view of the difficulty in determining the
gas law parameters, this is a considerable advantage. It mekes possible,
in particular, the use of methods based on thermal radiation.

In thevcase.of & gas in which internal equilibrium between the
various energy states does not exist, temperature determinations based on
the parameters of any one of the energy states should not be regarded as
a determination of the gas temperature unless & close approximation to
equilibrium between that state and the translational state can be es-
tablished."

The determination of the gas temperature defined by statistical
mechanics is of interést in studies in gas dynamics, for it is one 'of the
basic parameters used in flow ahalysis. It is evident, however, that in
éertain problems, notably those involving chemical reaction, droplet

evaporation, and the physical strength of adjacent solid boundaries,




5
knowledge is also required of the energy distributed among the degrees of
freedom other than the translational. In this connection, if an equi-

. 1librium distribution exists within a given degree of freedom, a corres-
ponding temperature may be assigned to the gas equal to the temperature at
which the particular equilibrium energy distribution found in that state
would be found in the ssme stete in a gas which, as a whole, was in a
state of internal equilibrium. This has led to the use of such terms as
"rotational temperature', which would apply to the rotational energy
distribution. In cases where an equilibrium energy distribution does not
exist within a given energy state, a temperature may not be assigned to
that-state. Further complications arise from the fact that a flame con-
sists of a gaseous mixture, and a temperature determination is therefore
associated with the perticular moleculés under study. Hence the use of
terms such &s "rotational temperature of CH".

The term "flame temperature" therefore generally requires
gualification. It is clear that considerable variation may be found
experimentally between temperature values associated with the different
energy states of a given constituent of a flame, and befween the various
constituents. The significance of any determination will depend on the
purpose for which it is made.

There appear to be two alternative methods of approach:

1. Formulate new concepts. to replace the temperature concept,
and seek to determine their values rather than supposed temperature values.

2. Determine the degree of departure from equilibrium conditions,
and use this in assessing the significance of any supposed temperature
determination.

The first method does nbt appear to have been explcred. The second

method is commonly tackled in either or both of the. following ways:
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1. Make temperature determinations by different methods, or by
variations of the same method.
2. Study the probability of the process being in equilibrium.
Where experimentation is relatively straightforward, the first
approach 1is adopted. Under more difficuit conditions, recourse may be

made to the second approach.

SCALES OF TEMPERATURE

It is lmportant to refer a temperature determination to an.ac-

ceptable.reference scals for, as discussed by Obert,(zz)

temperature is
often regarded as a fundamental dimension.

The Thermodynamic Scele of temperature is generally recognised as
the fundamental scale. It was proposed by Lord Kelvin in the following
terms - "The absolute values of two temperatures are to one another in ‘the
proportion of the heat taken in to the heat rejected in a reversible
thermodynemic engine working with a source and refrigerator at the higher
and lower of the temperatures respectively”.

The practicel establishment of the scale is effected by de-
termining the Gas Scale, which is based on the supposed behaviour of a
perfect monatomic gas. Experimental work on monatomic gases at low
pressure is carried out, and corrections are applied to approximate as
closely as possible to the Thermodynamic Scale.

As described by Weber(52), difficulty in measuring temperatures
on  these scales has led to the establishment of the Intermational Tempera-
ture Scale. This scale is intended to agree with the thermodynamic scale
asclosely as most practical purposes require. It is based on fixed and
reproducible equilibrium temperatures such as the gold point (the tempera-

ture of equilibrium between solid and liquid gold) to which numerical values

are assigned, and upon empirical formulae for the relations between. tempera-




ture and the indications of specified instruments calibrated at these
points.

Temperatures are degsignated as °C, the ice-water equilibrium
temperature being teken as 0°C and the water-steam equilibrium temperature
as 100°C,

Above the gold point (1063°C), the temperature is defined by
Planck!s relation, giving the following equation for the ratio between the
radiation flux produced by a blackbody at a temperature T°C to that pro-

duced at the gold point:

Ca
Fﬁ; — e cﬁ“.*<1;) - ' (1)

P eTEFTy — |

The valﬁe of the constant, C;, is taken as 14580,¢,K°, and the temperatures
(Tm+1;) and (T+ T,) are in degrees Kelvin.

The Planck formula is consistent with the thermodynamic scale,
and thus affords an opportunity of determining temperatures on the thermo-
dynamic scale by suitable handling of the variables ‘Paand N\ . Unfortunate- -
ly, the postuiated blackbody is a concept, although close approzimations
to it in practice are obtained with a small opening in a relatively large
cavity.

SOME PRACTICAL CONSIDERATIONS

Static and total temperatures

The gas in a flame will generally possegs energy of directed
motion, and in consequence it is necessary to distinguish between static
and total temperatures. The static temperature of the gas is the
-temperature considered above, and the total temperature is the temperature

of the gas if brought isentropically to rest. The static temperature is



connected with the density of the gas and with the intensity of thermal
radi;tion from the gas. The total temperature is connected with the total
energy per unit mass of the gas, The temperature of an object in the gés
stream is sometimes estimated from empirical relationships giving & result
intermediate between the static and total temperatures. Depending on the
problem, either or both temperature values may be required.

Point and mean temperatures

In general, it is desired to determine the variation of tempera-
ture with position in a region in which it varies significantly, owing to
the fact-that many'important variables, such as thermal radiation and the
creep strength of materials, show marked-variations for comparatively small
variations in temperature.

It is sometimes expedient, however, to determine "mean® values and
seek to interpret the significance of such values from gualitative consider-
ations.

Steady and fluctuating temperatures

The determination of the steady temperatures of gases has received
- considerable attention, and permifs the use of a wide range of instrument
types, based largely on visual méthods. Combustion. is essentially a fluetu-
ating process, however, and electronic.equipment is often employed in order
to follow the fluctuations. This poses more difficult instrumentation
problems.

METHODS.OF TEMPERATURE MEASUREMENT

Any property varying‘in & known manner with temperature .may,
in theory, be used in temperatnre determination. Freeze(s) lists about
four hundred references. covering a great variety of methods. and types of

instrumentation.
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For tackling the problems on the spontaneous ignition rig in the
Leboratory, it was decided that instrumentation based on radiation methods
should be developed. For this reason, tﬁe following literature survey
covers this field alone.

RADIATION FROM . FLAMES

According to Finkelnburg(S), all thermally excited gases radiate
continuously over. the entire electromagnetic spectrum. This radiation is
generzlly weaek, but in the case of carbonaceous flames (which contein
minute carbon particles) the continuous radiation mey be strong enough for
measurement purposes.

The thermal radiation fr&m flames not containing free carbon occurs
largely in discrete spectral regions, snd is the result of quantum energy
changes in states other than that of translation. Chenges in the energy
of electronic excitation produce line spectra, and changes in the energy of
rotation or vibration produce band spectra, a band being a series of related
lines. Line spectra are associated with atoms, and band spectra are
~associated with polyatomic molecules.

A sketch of the electromagnetic spectrum in the visible radiation
region ig given in Fig. 2, and the regions of some representative hydrocarbon
flame . spectra are indicated for illustrative purposes. Elements radiatipg
in the visible region are sometimes added to the flame. The.positians:of'
the lines emitted by sodium and lithium vapour; commonly used as additives,
are shown.

In addition to thermal radiation, flames may emit chemiluminescent
radiation resulting from the formation, in a chemical reaction, of molecules

in an excited electronic state.
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THE LAWS OF THERMAL BADTIATION

Kirchoff's law and the blackbody concept

If the processes occurring when radiation is incident upon a

body sre caonsidered, it will be apparent. that some radiation mey be absorb-

ed, some reflected and some transmitted.

FRACTION REFLECTED | , | FRACTION ABSORBER
e (=

| ] ——

ONE UNIT OF Faﬂgc:non TRANSMITTED

INCIRENT RADIATION

FIG 3 : PARTITION OF RADIATION FLUX
- BY A RORY

From the principle of the conservation of energy, the parameters

shown in Fig. 3 may be related by the equation

o<+ P+ T = | (2)
If the body is considered to be situated. in an. enclosure held.at

e uniform temperature, application of the same pripciple leads to the
resn:llt

€ = X (3)
The emittance is the ratio of the

thermal radiation flux emitted by the body to .the thermal radiation flux

where & is the emittance of the body.

..thet would be emitted by .a blackbody at the same temperature. Equation 3

is one form.of Kirchoff's law. It is associated with the concept of a

-blackbedy, for which

Ea = B=‘ . (4)

and ‘ PB = 't’B = O (5)
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Reference has already been made to the fact that the closest
approximation in practice to .a blackhody is a small bole.in a relatively
large cavity. Tﬁe blackbody concept is a mathematical convenience.

Actual bodies are referred to the blackbody by means of the parameterse(,
P and .

It may be noted that these parameters generally vary with.the
mean direction of.cobservation, and the angle of inclination.of.the mean
direction of observation to the normel to the surface of the body.should be
specified when giving data.on the values of the parameters.. In._general,
also, the parameters will be a& function >f temperature,

The application of Kirchoffts law to radiation studies on flames
requires. further consideration. If a continuum.produced by thermsal
excitation of the gas or by radiation from carbon particles alone is
considered, then the law may be agplied.either to the total.radiation. over
the entire. spectrum, or to radiation in a narrow spectral.region, as desired.
In some cases, however, a.gas may emit radiation in different spectral
regions from those in which it sbsorbs radiation. From. the. principle of
the conservation of energy, Kirchoff's law will slways hold when the complete
gspectrum is considered, but in.a.given narrow spectral region.the relstion-
ship |

€, F o, S (6)
should be.assumed,. unless an.experimental check has.provedwotherwibg.
.The Stefan - Boltzmenn law

One. form of the law is the .statement that. the total thermal

radiation flux produced by.a blackbody is proportional.togtheuiomnﬂhmpnwer

of the absolute temperature, or that
4
PB o< T o (7)
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It is evident that large variations in thermal radiation flux result from
small changes in temperature.

Planck's formula

Planck's: formpla relates the thermul radiation flux produced by
a blackbody over a given narrow wavelength interval to the absclute. tempera-

ture.. The formula may be written
c |
-8 -X-#—
ano< X (e™ - ) @
where Cp is a constant equal to 14580}\.@.
Equation 7 may be obtained by integrating Equation 8. from }\ =0
to\ =00,

Wien's: formula

Wien's formule is an approximatefom of Planck's formula., .and o
mey be. used. with great accuracy in the visible region of(.the spectrum. and
for temperatures below about 3500°K. It is therefore widely.used in.radi-
ation pyrometry,

One form.of .the.formula. is c »

PL}\ o< N\ s e ™ (9)
where Cz is taken as.lAS50’hK9, ’

.Graphical. representation. of. mﬁam~M1ﬂ ae

The variations of $BN with \.for given. values of T, and of ‘P‘Nwith
T for given values of )\ .y are given in Figs. 4 and 5 respectively. . Fig. 4
is a representation of Planck's.formula, and. demonstrates the mapner in
which P»‘ increases with increase in T at fixed )\ , and also the shift
of the pesaks of..tﬁe curves of constant. T towards.the shorter wavelengths

as T is increased.. In fact,

)
>‘m~x. < T (20)

This is one form of & relationship known as Wien's.law.
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VISIBLE
RADIATION l'" REGION
FLUX 3

10 -
(hme é 20P0°K CURVES OF
" % \ CONSTANT
10 A TEMPERATURE

N

{=] ?2
7%
7 v
| 7
—.
jo

ol | 10 100 Ap

C cURVES FROM SEARS, "PRINCIPLES oF PHYSICS"
VOL.TIL , AMRISON WESLEY PRESS, (9487

FIG 4 : GRAPHICAL REPRESENTATION OF
PLANCK'!S FORMULA

Fig. 5 is based on calculeations by the author from Wien's formula

in the form

(=3 | ]
Bakr Tk R (mss — +)
Tar AT 2000° K

and is intended to illustrate the thermal radiation flux versus. temperature

(11)

relationships for various wavelength regions in tre visible. spectrum at
temperatures in the vicinity of 2Q00°K, chosen #s a representative flame
temperature. 1t is clear that the curves are much steeper for spectral
rediation than .for total radiaticn, in the temperature range shown... The
coﬁsiderable sensitivity of spectral radiation flux to temperature variation

is noteworthy.
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Definition. of brightness temperature

The brightness. tenperature of a body is.the temperature of.a
blackbody emitting the same thermal radiation flux as.the body, in & given
narrow spectral region. The parameter is.a useful one when a body is being
used as &a. source of radiation, and when the property of interest is. its
equivalence to & blackbody.

. GENERAIL, CONSIDERATIONS OF RADIATION SYSTEM

The radiastion system shown in Fig.. 6 is used as a basis.for a

discussion of general considerations.

e <

pa | [
"‘ ] |

COMPARVSON LENS » FLAME RECEIWNER
g8lRee WINDOWS -

t.

_

FIG & : EXAMPLE OF RADIATION SYSTEM

Thermel radiation. from a comparison source.ismfocused“in“themflame
under. study and also on.a .receiver.. An alternstive arrangement is.ta.place
the comparison source and receiver in the focel. planes of. the respective lenses
s0 that a“bundle40£”rays”from a.point on.the comparison source would bhe
rendered parallel by the nearer lens, and focused on. the. receiver by the
second lens.

The comparison.scurce is, preferasbly, an experimental .blackbeody,
and.Quinn(zé) used this type.of source. Practical difficulties,notably
loss of strength.at.highntemperatures,.limit.themusefulness.of.suchMSOurceg,

T

and & non-blackbody comparison source may be used if. the . degree af.departure

from blackbody conditions. i knoewn. The tungsten ribbon .filament lamp.is

H
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a particularly.useful .comparison. source owing to the fact that.the properties
of tungsten“are.well.estéblished,wthusAfacilitatingﬂwide“usemofmihis”nlzmgnt
in radiation pyrcometry. §

Rediation. from the.comparison.source. traverses.a . longsr path
than that from the.fleme, and,in.effecting.comparisonswofwradiaiion,ﬁlgx
it is..clear .that .the flux ﬁrom.the”comparisonwsource.mnsvaewmultipligd
by "B. to give the equivalent flux at. the flame.

If the.rays,travelling”fromppoiniahio one.side.ofmthsmgentreﬂgf
the comparison.socurce .are drawn .thraugh the nearer lens, it will be seeﬁ
that, unless this lens is.largeBNthag.theuonewneﬁrermthe4receiver,_somawof

. the radiation .from.the comparison.so&rce.transmitteduby~thenfirst.lens.will
not be.received by. the second.lens.... To ensure that equivalent "bundles

of rays" from the comparison.source and.from. the flame.reach.the receiver,
a screen with & .small hole may be placed over the lens.nsarer. the. recsiver,
if the lenses sre equal. in.slze... In. general, optical arrangementsa.shonld
.be.carefullyhexamined,wpre{erably by setting. them out .on .a _full. scale
dr&winé,"before‘proceeding;with experimental . studies.

In visual”methods,.compariaons.are not .made of .radiation. flux

... directly, but of radistion flux per unit erea. The term "radistion. in-
tensity" is applied to this parameter. e

It is important .to.realise that, though the images of the
comparison source.and.of. the receiver may be focusedmaipanyﬂdesircd point in
the flame, the radiastion from thauflams,may‘h;t thus be exclusively. observed
originating from selected regions along.the saxis of“tberradiationzsystum.

If the fleme is of .uniform . concentration.and. temperature alongzthisnaxif,

the radiation may be regarded as coming from & series of thin.layers.of
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fleme, each of which is capable of making an equivalent contribution to the
total radiation.. This point is emphasised by Hett end Gilstein ‘14), and
maey be demonstrated by a consideration of the amount of radiation flux from
any given layer that would be transmitted by the focusing system to the
receiver, |
This constitutes a severe limitation, .&nd has led Eaviaczs) to
conclude that radiation methods.are .useless . for . a.tempersture. traverge
across a flanme. Various. techniques have. heen. developed in an.attempt. to
determine the.temperature variation.along the axis of the radiation syatgm,
. such. as. the line contour.studies. af Strong,.Bundy andmLanscnﬁéo).andnthe
examination of radistion.from.different. emitters by Silverman('zg)°
Localization of additive injsction may be employed. on & laboratory.scale
in special instances, but it 1s .not a.generally applicable. technique,.dnpe
to the.rapid.diffusion of.the additive in a direction perpendicular .to the
“irection of . flow. If certain.sssumptions.are acceptable.regarding the
concentration. and distribution 6f emitters, varying.the position.of the
axis of the radiation. system may give informeation. regarding the tempera-
ture distribﬁtion,,but.such,methods.are,inuthe,early stageswnfwdaMAIApmeni,
end are clearly of limited application.

THE .EMITTANCE QOF .A FLAME

An importent characteristic of flemes is that the equation -
PO (12)
may be assumed .with high .accuracy.. This assumption is.made .by.Horthing
andealliday(ss) for carbonaceous,flamés,.and,has been werified for.alkali
metal. vapours in the. range 900°C to. 18Q0°C hy Kohiiué) « .. The assumpiion
is implicit in the relationship
TF = |- & - - (13)

which cen be derived from equations 2, 3 and 12. = Equation 13 is used by
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many workers without reference to the assumption.of zero reflectance.
This practice is followed. .below, although . .in general .the .assumption should
be borne.in mind.

The spectral absorptance of .a.fleme which has uniform.properties
along the radiation.path will be a function of the concentration of. the
absorbing molecules, .the.specific absorption .coefficient and the depth.of
. fleme observed. .The relationship
-c.(s,\t
O(Fx = | - e . : (14)
is reedily derived.. The productcgkis the spectral absorptance per unit

depth of flame.

°<F'7s \-O
R,
4, = CONSTANT]
Q-5
(o]
o] Q2. Q- 4 06 '8

C.P,\
FIG 7 ¢ VARIATION OF SPECTRAL ARSORPTANCE OF
A FLAME WITH ABRSORPTANCE PER UNIT DEPTH
Fig. 7 illustrates.the. manner in.which. the spectral absorptance
of & flame of given depth increases asymptotically to unity as the. con-

centration of the ahsorbing molecules. is increased.. .A similsr curve is

obtained if OPX ig given a fixed value, end £ is plotted as abscissa.f
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If the receiver used in the radiation system produces a distributed
spectrum, the spectral radiation intensity versus wavelength distribution

from the comparison.source.and from.the. flame may be_observed.
INTENSITY OF

CONTINUUM PRODUCED
BY BLACKBODY

INTENSITY CONTOURS
L| |+~ pronucEn BY soniUM
VAPOUR,

[ ‘L
‘ 5. 51
FIG 8 : INTENSITY CONTOURS
Fig. 8 is a diagrammatic representation of such distributions

for a blackbody and.for .sodium vapour respectively,.both being at the_ sanpe
temperature. The.blackbody spectral .radiation.intensity is.substantially
constant over the small spectral region.considered, .and.the sadium.vwapour
. spectral radiation.intensity.is a marked function of wavelength. .At.any
wavelength, theuvalue“ofuO<F)3s.given_byﬂthe.ratiouofuthe.height of .the
sodium wepour curve to the height of the. blackbody curve,.for 0('>fnd'éas>~
are equal in the case of sodium .vapour, as discussed below. The shapes. of
the lines depend on.several. factors, as described by.Strong, Bundy. and

Larson(so), the most'imporiant being the process of self-absorption.

RADIATION METHODS .OF TEMPERATURE MEASIREMENT

Three methods of_handling the thermal.raaiationueQuations”indicate
the following methods of tackling.the problem.of tempersiure. measurement
in praciice:

1) If the gas is a blackbody, measure the spectral or total
radiation flux.

2) If the gas is not a blackbody, mezsure the spectral.radiation
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flux and .the spectral emittence.

3) Determine the distribution of spectral radiation flux between
the vuarious energy states of the gas.

A considerablé veriety of techniques within the above framework
has been developed during the past fifty years. The following summary
briefly outlines. some of the most.commonly”used technigues.

For simplicity, the..transmititance of all parts of the.optical
.8ystem is taken .equal to unity, and atiention is .thus.centred on _the. radi-
ation flux from .the .comparison.source. and.from .the flame. |

The properties of the flame“alongwthenaxis~ofatheqradiamignh
system are considsred .constant.

It is.assumed that,.where.thawcgmparison.source is not.a.black-
body, the apparatus. mould be set .up so thﬁththe;amount.of.radiatianwre—
flected by the comparison .source through the radiation .system mey be
neglected.. This requirement is:considered“further in the .appendix.
METHODS APPLICABLE T0.. CARBONACEOUS . FLAMES

..Carbonaceocus .flames contain minute carbanmpariicles.whicﬁwradiate
thermally, giving a.continuoﬁs“spectrum. The“assumption‘that the.rediation
from these particles is exclusively thermal is usuelly mede with confidence
by experieﬁceduuorkers_in.the.field,wand“reference”tomthngisﬁmade”by.Hett
and Gilstein(14),

Kurlbaum's. method .

The“msthodudeveloped.by“Kunlhénm‘;7)uis the one most widely..used
for carbonaceous. flame .temperature .determination. .. It is described hy.Lewis
andlvon-ElbeLl92,uand consists of .observing a.comparison. .source with en
optical pyrometer first. direetly and. then with.the flame interposed. The

temperature of .the comparison. source..is.controlled to.give the same
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FIG 9 : CURVES PLOTTEDR IN KURLBAUM'S METHOD
pyrometer reading .in each case. The brightness temperature.of the com-

parison.source, given by the cptical. pyrometer reading, is.then equal to

the temperature.of the flams,

The curves shown.in Fig. 9 illustrate the manner in which .the. ..

match may be effected.... .The point of. intersection.of.the.curve .of lamp

brightness temperature.wersus lamp current .and the curve of apparent . .
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brightness .temperature.wversus lsmp current.with the flame interposed.gives °

the flame tempersture.

The radiation. flux eguations are:

Tin = €on Pagyn (15)
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Tox = Een P (16)
For the lamp observed directly,
B = & 'Pca..f»x (17)

For the lamp. observed.through.the flame,

'PK/N- esx?(ss»\ (- eﬂx) '\" éwx‘P(N'))\ (18)

If Pan = B (19)

then (20)

?(ns) = Esx ‘P(”) N
_It is noteworthy that the result is independent of én.\,.,although
the point. of intersection of the .curves of Fig. 9 is more clearly defined
at. higher values. of the emittance. . This method has . been.widely used on.a
laboretory .scale for .the study of diffusion .flames of’ hydrocarbon. gases
burning slowly in air.

The methad may be modified to .permit.the use of & compsrison

source at .a. fixed brightness,.temperaturé. - In this.case, the flame.must
be observed. directly, .to.obtain an extra.relationship.

The mirror method . e

In this method, a. receiver measures.first the radiation.flux .from
the flame, and. then ths. same flux sugmented by fleme rediation .reflected

from & mirror.placed behind .the. fleme,. as. illustrated.in.Fig..10.

/ .
/U |
—_ e — - ]
Al
AN N \
/! \
MIRROR SCREEN FLAME LENS RECEIVER

FIG]O: RADIATION SYSTEM FOR MIRROR METHOD
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For the flame observed directly,

Fax = Een P(")x (21)

For the.mirror otserved .through. .the. flame,

/ ‘
P&x = €, P(nr-'»\ + en\?ua)x ﬁ».('“ ésx) (22)
Equations .21 and .22 may be combined to .give
-PI
T = 1+ R0 - €Ep) (23)

if €py *O (24)
Equations 21 and 23 provide the basis for:the .temperature. determinatiop.

The meximum. possible value .of.%. from.equation. 23 tends to .2
when PI)\-" and én?o In general the value ®ill lie. between .l.and.Z2.

Hett and Gilstein' #) used this method to determine fluctuating
. temperatures by using.two.receivers for. simultanecus.meagurement.of. ‘Pgl)s

Continuum intensity.distribution methods

These methods.sre based on the . assumption. that. the .r&tia..o.f_“tbe
spectral radiation flux from the flame at one wavelength to that at another
corresponds with the same ratio for a kblackbodj,‘at. .the. temperature. of the
flame. AThi.s. is a satisfaectory assumptdion,. provided .that the.values 'Qf'-éF)\
are equal at the.two speetral regions examined... . .An example of the appli-
cation of the principle is given by Hottel and Broughton ‘i),

METHODS. APPLICAELE.TO NON-CARBONACEQUS. JLAMES

These methods ntilise either radistion. .emitted.by .the flame. or
radiation from an additive iniroduced. into the flame. . The .lat.tm:@t.q;chnique
is most widely employed, and is.treated .first.

The spectral-line .reversal method

This method was.first .proposed by ..Eéry(‘l’) and is described by

56018 (19)

Lewis and von El . 1t has been used extensively during.the. past
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half century for the determination of the temperatures of .open flames, and
less extencively for the determination of .the temperatures occurring in
the cylinders of reciprocating engines.

The additives used in this method are compounds containing an
alkali metal which, when.seﬁ‘freeuinwthe flame, emits radiation.in .a con-
venient spectral region. Atoms of alkasli metals have & single electron
in .the outer "shell", and are thus listed in the first column.of.the.Periodic
Table. Experimentsally, sodium,ulithium.and.potassium.ane‘génerally,used.
At the temperature levels commonly employed, the wapours .of these.elements
satisfy the regquirement.that, for a given wvapour, absorption and. emission
occur in. the same spectral. regionsg,. and the relationship GE,\= CK)(mauhhe
applied.

With reference to & flame conteining. sodium.vepour, ohservation of
the flame spectrum in a spectraoscope of average resolving power will show .
two sharply defined adjacent lines .in the yellow region .of .the.spectrum.
These are.produced. by the sodium.in.tbe .flame,.-and correspond with the. dark
absorption lines in the .sun's spectrum known as. the Fraunhofer D lines. . If
& comparison source .is placed behind . the flame,.and .its image is.focused.in
the flame and refocused on.the spectroscope slit, the.observer may.view the
. continuum. produced. by the. comparison. .source .simultaneously with. the. lines
produced by.the .sodium.. . .The combined spectrum.will.appear as shown.in

Fig. 11.

CONTINUUM PRQIDUCED RY COMPARISON SOURCE

N\
IR

~ .
LINES PRODUCERND AY soniuM
FIG Il : COMRINED SPECTRUM IN LINE REVERSAL METHOD
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Thé lines will appear bright.or .dark. against the. adjacent. cop~-
timmm according to whether the brighiness.temperature of the. comparison
source..in_the. region of the D.lines is. lower or higher than the flame temper-
ature. .When.the lines.merge.into the econtinuum. and. appear. neither bright
nor dark, the temperature of the flame is equal. to the brightness teﬁperamre
of the. comparison source.

Expressed. symbolically, at &.given wawvelength within one of. the
lines, : | ‘
?ﬂ\\ = es».?(ss)x (" éFk) + €pxn :P(BF}A (25)
and, adjacent to the lines, '

/
Pan = €4 Ras)n (26)
if =R !, then |
:ng;)x = esk%&s) A (27)

end the flame. temperature.is equal. to.the.brightnese temperature of. the
comparison. source..in the region. afthe sodium D.lines.

The equetions. are.identical with .‘tho se uged.in. Kurlbaum's methed,
and. the speetral-line reversal.method is. sametimes referred to.as the
Kurlbaum-Féry method. .The term "reversal. arises. from the. experimental
difficulty of effecting a.close intensity belance. The technigue- followed
when visnal.observation.is.employed. is to vary the comparison source tempera-
ture until the point at.which. the sodium lines. reverse. from hright. tndark

.is determined &8 .closely.as.pessaible.  As with Kurlbaum!s method, the
result.is independent.of é”\.., elthough the sensitivity of effecting. s
reversal incresases as éinnc.neases. It.mey be shown.that the method is
independent.of. the existence.of.a. continuum.produced. by radistion. fram
carbon .particles, although..the gengitivity of. the method is affected.

thereby, as. discussed.by. Footed®) and, Perkih‘s“(u’) o



27.

Griffiths and Awbe:ry(12) and Strong, Bundy and Lars6n(50) discuss
the effect of temperature variation along the axis of the radiation system.
In. general, observation of a hot region through a cooler fringe tends to
give a result that is closer to the mean temperature. than when .a. cool .core
is observed through .a hotter fringe.

El Wakil, Myers and Uyehara(B) describe an. electronic technique
for determining flame temperatures by the sodium-line. rewversal method... Their
paper containsg a valuable .commentary on the nature of.the _temperature ma&mwed.
In the subsequent diseussion, Hett .expresses the belief ,t.hat,..th.e.,cbemicg_l
kinetics of sodium needs .additional. study hefore.full confidence .can be .given
to line reversal. temperatures. .. A survey of the literature.on .the methed
indicates. that unexpectedly high. temperature values .are sometimes. ocbiained,
and it is advisable to view.critically any temperatures.determined. in .rsgians
.in which combustion is taking place, for in such regions the thermal radi-
ation may be augmented .by chemiluminescence. Nevertheless, the method .has
been widely used. and approved. |

Methods.using epproximate. contipus.

Quinn(26) has developed a .variation.of the.mirror.method using
a slit in the plane of the flame spectrum produced. by a.spectroscope .to
isolate the practically flat peak of the.dintensity distribution contour. of
sodium.radiation from the flame. To ensure that the peak is being ob-
served, sufficient. sodium must.be added to. the flame to produce a .value
of én\equal to.unity over. the speoctral region observed. By the use of
electronic. equipment,. Quinn wes.able .to measure fluctuating pulse-jet
exhaust temperatures. as.low. as 950°C.

Silvermsl (28)

has applied the constant-temperature comperison
source modification. of Kurlbaun's method .to. the approximate .continuum. pro-

duced. by ..carbon dioxide in.the infra-red region of the .spectrum.
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Methods using intensity distribution in bsnd spectra

These methods. are discussed by Herzberg(ls) and by Gaydon and
Wolfhar&(lo). They have been. applied to the rotational energy bands
produced by flame radicals, and lead .in meny instances to such high temper-
ature determinations that the radiation. from. such radicals could.not have
been exclusively thermal. Nevertheless, information thus obtained may. be
of interest in chemical reaction siudies.

Spectrographs. of high resolving power and long exposure times are
required. The bands observed are useful only if self-absorption is known
to be negligible. The methods appear to he applicable only to small
flemes under closely controlled conditions.

_ METHODS. CHOSEN. FOR STUDY

Following upon & congideration .of the various radiation. methods,
it was decided that. the sodium~line reversal method and Quinn's method
would be applied to the spontaneous ignition rig in.;n attempt to determine
the flame temperatures in the divergent duct. The sodium-line reversal
method. would. be applied first to obxainﬂméan,valﬁes, and. Quinn's method
would be applied later to determine .temperature fluctuations. . Each method
was to be examined on a. small-seale rig prior to its use on the larger rig,
for purposes of convenience and economy. Experiences with the sodium-line
reversal method are. described in this thesis. The .second method. is still
under .investigation.

QPEN FLAME RIG

In order to.obtein .experience prior to the coustruction of a
temperature instrumentetion rig, the open.flame rig illustrated in Fig.. 12
wag consiructed. |

The method of salt.aspiration.andwthe optical arrangements corre-

sponded. closely with those used by Griffiths and. Awbery':2),
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FIG 12: OPEN FLAME RIG

Propane-air mixtures were burned above the 1" diameter grid of a
Fisher burner, in. uhich..,g&'tses‘. are pre-mixed .before combustion. . . The propane
was commercially supplied, and had a minimum purity.of 97%.

The. propa.ne and air flowa were metered. by small orifice plates in
1/4" pipe lines, The orifices were callbrated. againat Wet-Test Meters, as
the pipe and arifice sigzes were considerably .below. .standard. ..Data.for
propane. density calculations. were. taken. from Deschner. .and...Brnwngg)«,., baged
on .a.purity of 98.3%.

The introduction of. sodium.into the .flame was effected.by .the use
of a."scent-spray" type. of brine atomizer, shown d.iagrannnatically.inw.:Eig*:..lS.
-The by-pass in the air line, .shoﬁn. Ain ¥ig..12, was an . addition.made.in arder

to control the quality of the atomization. independently of the.total air
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FIG 13: RBRRINE ASPIRATOR

flow, as it was found that the quality of the atomization deteriorated at
the higher flows through.the aspirator. The building-up of. brine droplets
in the lines downstream of. the aspirator was a.disadvantege in aoperation,..
and. partisl clogging.of the. burner grid by salt necessitated. pexriodic
washing of the burner.

The spectrum.was observed in. &a. C&nadian...Arseﬁala Type J.S. direct
vision. spectroscope. The two sodium.D lines could be readily resolwved
when the slit was sufficiently.narrow.

The .tungsten ribbon filament. lamp. used as.a. _comparison. source
was obtained from.the Cenadisn. General. Electric. Co.. ... Lt was calibrated..for
brightness temperature at ) = 0.665 M > in the red spectral region, against.
lamp: current by means of a Leeds and Northrup type. 8622 opticel pyrometer.
It was found that a five minute interval was required..for the establishment
of steady conditions when.lighting. the lamp. from.ceold,. and. care w&sv..takcen
to permit equilibrium conditions.to. be.established.before. recording. ea,c:h
temperature, The. curve obtained.is shown in Fig. 1l4.. The correction

curve for brightness temperatures.at) = 0.5893 P in the region. of .the
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sodium D lines, is given in Fig. 15, and was calculated from data .on the
spectral emittance of ;ungsten.given by Forsythe and Worthing\7). Lewis
and von Elbe(lg) describe the method of calculation in detail. The cor-
rection for lens trensmittance wes assumed to be.equal in magnitude but
opposite in sign to the correction of Fig. 15, and therefore the. curve of

Fig. 14 was teken to give brightness temperatures at the.D lines directly.

. Flame temperature determinations

Thirty reversals were obtained.for different propane/air mass
flow ratios within the range 0.05 to 0.11 and for zir mess flows . in . the
region of 2.5 to 3.5 1lb/hr. The flame wes observed in the region just
above the bunsen. cones attached to the grid. The mean curve which. summa-
rises the results is given in Fig..1l6... The scatter was high, of.the order
of + 50 C°. This was attributed partly to lack of experience in obser—

vation, end partly to the variations in.setting.

For comparison, the results.for propane-air mixtures given by
Loomis and Perrott(zo), obtained with apparatus . similar to.that used. by
the author, are presented. Conversion.af the results to .a propane/air mass
flow ratio bacls was effected by assuming that. the specific gravity of the
propane used,. . "of commercial grade", was 1.56 times that of air.

Results given by Blackshear(l) for sodium-line reversal determi-
nations.at & height of three .inches.above .an opening on which an open flame
of propane and .air was stabilized are also .plotted.

The authcor's results .are displaced.to the right of those.of Loomis
and Perrott, but.agree.quite closely with.those of-Blackshear.

Forifurther comparison, a .curve of maximum values éf.temperature

obtained later by the author. from the combustion of .propane-air.mixtures
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in a quartz combustion tube on. the temperature. instrmmentation. rig is also
shown. in. Fig. 16. It is debatable with. which open. flame curve it more .
closely corresponds, but general agreement.in the stoichiometric region .is
evident.

' The experiments.on.this rig served to. acquaint the suthor with the
method, and with.the neceseity. for. refining the experimental technique. It
wes apparent that temperatures of the right order of magnitudejmera.baing
. determined. Results obtained.mith open flames.are of doubiful waluse,
particularly at rich mixture. st?engths, for.which the possibility of com-
bustion occurring in the. wten.éégioﬁa-mﬁ the. flames. between unburnt
hydrocarbons. and. the. surrounding.atmosphere must be considered.

TEMPERATURE INSTRUMENTATION RIG

The temperature instrumentation rig was constructed for the. purpese

of making temperature traverses along the axes of small-scale combustion
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tubes,  thus.carrying out work similar to that proposed.for the spontaneocus
ignition rig.

The rig.is shown.diagrammatically in.Fig. 17, and photographs
are given .in Figs. 18 - 21. . . The radiation.system was stationary, .and the
combustion. tube was carried on & sliding.frame which.could be moved.in. the
direction.of the.axis. of. the tube. .This arrangement permitted.the radiaiion
system.- to.be. mor.e.i‘ingly mounted.

Several types.of..combustion.tube were used, with.internsl diameters
of. approximately.one:inch,. and.with.lengths of.from twe.to. three. feetl. |

Propane-air mixtures were. burned in the. tubes. - Th.e.‘bumerh.c;n?-
gigted of a. cylindrical,piug, containing four radially drilled.hales. frou;
which propane.issued.into.an. air. stream. which had passed through.swirl. vanes
to produce a.vortex motion, in.conventional menner.

The. propane.metering orifice .consisted of.a Q.06" dismeter hole
drilled.in shim brass_and.located. in.1/4". standard. pipe. .. It was calibrated
by a. Wet-Tesi Meter.

The. results. were. plotted on a pracitically. dimensicnless: bagis.
Mase flow was plotted.as ordinate, and the product of the pressure. d::pp
across. the orifice, expressed as a head, and the ratioc of the. absolute
pressure to the .absolute.temperature.measured upstream.of.the arifics,. was
plotted. as abscissa, - The: points fell.on .a straight line, within the.limits
of experimental error, and.provided a.calibration.curve.,

The air metering orifice consisted. of a 0.25" hole drilled in.a
thin. brass. plate and located.inm.2". standard pipe. .. It was calibrated. by
stendard .orifices.. The resulis were.plotied .in the. same memner. as des-
cribed. above for the:propane.orifice.

It was. considered..desirabi& to.use dry-salt. aspiration on. this rig

to avoid.the. practi.c&l diffieulties and some of. the theoretical.objections
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associated.with brine.aspiration. Water injected into a flame may ahsorb
heat &nd, .in the. form.of. steam, teke part in.chemical reactions.

Several trisls with powdered—salt aspiration proved unsatisfactory,
and the sgpirator finally developed.is shown.in Fig. 21.

Sinclair and La Mer‘??) produced.sodium.chloride nuclei by vapor-
izing salt on a heated wire., . The aspirator developed.for the. rigmas. based
on. this . principle,.and.three.standard. radiant heater elements were used.in
order to.provide .an adequate. heating. surface.. The . elements. were placed in
cooling .hot brine and.withdrawn. before heavwy crystallization.occurred.

When .dry, they were. placed.in the.aspirator, and sufficient vaporizatiion
occurred.when .the. coils were et a.mild red heat, corresponding. to a supply
' poténtial. af. about. 90 _volts, to.produce.an..evenly coloured .yellow .flame.
Variation in .the concentretion of.sodium.vapour.in.the fleme was. effected
by varying the number of elemenis heated, and by varying .the supply voltage
in the range 90-110_wolts.

Some. salt. was.deposited.on. the heater coils themselves during the
coating process, but. most.appeared. to.be.absorbed in. the ceramic. body. -
The latter sweated salt when heated,.and. was probably. the. main..aource.,;.o‘f
supply of the wvapour,

The aspirator could.be used.for about three running hours. between
coatings. The principal.limitation was the rise in temperature of.the
aspirator and the gas. stream during.operation. A practical limit. of ebout
fifteen. to thirty minutes.operation.for each.set of .trials was. the..con-
sequence, during which.time.the rise.in temperature of the.air. supply at
the inlet.to the combustion tube.was about 15C°., Since a traverse. could
be mede. in. about. three minutes, however,. the.limitetion wes considered

acceptable.
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The temperature of the air supply at the inlet to the combustion
tube was measured with & mercury-in-glass thermometer.

The tungsten ribbon filement lamp used &s a comparison source wéas
the-one that had been used on the open flame rig. Check calibrgtions were
made periodically, but no variation from the curve of Fig. 14 was detected.
This indicated that there had been no deterioration of the filument.

The spectroscope, also, was transferred from the open flame rig.

The lenses were "Hardex" heat-trested lenses for use under high-
temperature conditions. Each lens had & diameter of ebout 1 3/8" and &
power of 8 dioptres, corresponding to a focal length of & little less than.
five inches.

The lenses were located so as to'produce images equal in size to
the comparison source. -

The correction for the transmittance of the lens between the
lamp and the combustion tube was found to be egual in magnitude,'within a
few degrees, to the correction to be applied to the brightness temperature
of the lamp determined with the optical pyrometer, and was opposite in sign.
As in the open flame work therefore, the curve of Fig. 14 was taken to give

the brightness temperature of the lemp in the region of the D lines.

Combustion tube clouding

For the early experiments on the rig, combustion tubes ofihigh
init;al transparency, available commercially under the names "Pyrex Vycor"
and "Vitreosil® were.used. The former has a composition of about 96%
fused quartz, the remminder being largely boric oxide. The latter is prac-
tically pure quartz. The combustion tube shown in the photogrzphs is a
Pyrex Vycor tube, but the traverses were mede on Vitreosil tubes. The

windows used in later experiments were of practically pure quartz.
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The most serious. difficulty. enccuntered in the earl;y experiments
was the progressive .loss . of. transparency of the combustion tubes with. use.
Two more or less distinct effects appeared to be.responsible. for

..-.this trouble.

When quartz is subjected to a high temperature, recrystallization
may teke plece., This process is. knomwn .as . devitrification. Unfortunately,
it is accelerated.by. the presence.of.alkali metal vapours. |

The second. process.is. that of "frosting”, due to. a reaction at
high..tempexaturéa. between.sodium. vepour. end. the silicon.in. the.tube,. pro-
ducing sodium.silicate,

Devitrification.may.thus affect. the whole. thickness of .the.tube,
but devitrificetion. in the presence of sodium vapaur, and the frosting
process, are most evident in an attack on.the ingside .surface.,

Some time was spent attempting. to. separate the factors influ-
encing the progressive. clouding-up of the tubes, The. Pyrex Vycor tubes
cost about ten dollars apiece, and the Vitreosil tubes.cost about twenty
dollars apiece. The useful life of each .was found. ta be of the order. of
thirty minutes with sodium.aspiration, after.which the clouding-up.sappeared
serious. Economic. factors. prohibited extensive research.

The éaarlier.. use of powdered-salt aspiration delivered.salt
particles to the flame. Thege. particles settled on .the.tube. wall.and
seriously attacked. it, leaving foggy. patches, and in some.cases. building-
up. as. a.crust-like deposit. The aspirator. shom in Fig.. .2l was developed
as.a direct result of this .trouble.....The corresponding. attack. on.the. tube
congisted of .an.even, milky cloud.on -the inner surface. This clouding
could.be removed with a.cloth._in. the cooler opersting.regions of . the.tube,

but in.the higher. temperature .zones.the attack.mwas permanent.




Devitrification was troublesome only in the case of the Pyrex
Vycor tubes. At the flame temperatures used on the rig, subsequently
found to be of the order of 2000°K, the devitrification .of the Vitreosil
tubes was negligible, except in so far as it may have occurred &t the inner
surface, where permanent cloudiné occurred in the presence. of sodium vapour.

Temperature traverses using quartz tube

The results of five traverses on a Vitreosil combustion tube ét
approximately constent throughput end inlet tempereture and at various
mixture strengths, are.given in Fig. Z2.

fhe curves .follow similar trends, the temperature rising to a
maximum at from one to three inches downstream of the burner and then
steadily felling towards the exhaust. The point of maximum temperature
moves downstresm as the richness increases, and the peaks of the rich curves
appear flatter.

The meximum temperatures obtained at each mixture strength are
plotted on Fig. 16 for comparison with results on open flames,

The five tests on the Vitreosil tube involved a total of approxi-
mately thirty minutes sodium asplration. In an attempt to assess the
effect on the suitability of the method of the loss of tremnsparency ex-
perienced, the meximum temperature correction due to the reduction in
transmittence was plotted on & sodium aspiration time bagis. The resulting
curve is shown in Fig. 23, and no sign of levelling off is evident. The
useful life of the tuhe therefore appeared tobe limited to about thirty
minutes.

The method of determiningmthaHtemperature correction. was as
follows: The tungsten damp wes observed. through the combustian. tube,
before end after each test, with an optical pyrometer, and the apparent

brightness. temperatures so obtained compared with those for the ssme lemp
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current when the lamp was observed directly. In making flame temperature
determinationgs, & correction has to be applied for the transmittence of ‘the
wall of the tube nearer the lamp, and it was necessary to meke the assump-
tion that each wall had the same transmittance, for it was not feasible .to
split. the tube and..so. observe through . one wall.alone. _“Thiswassumptiqn.
regarding. transmittance seemedAreasonableLin.thatnthe.clouding:upmappéaned
fairly uniform to ﬁhe;eye. The. further assumption. was made that theﬂtraﬁS-
mittence in the D line region of the spectrum was equal to that in the region
observed in the optiéal pyrometer. This seemed reascnable in that. the
clouding. appeared white to the eye.

RRIG HTI;I ESS TEMP, CORRECTION

< 150

P

100 /

S

50

o 10 20 30 40
SODIUM ASPIRATION TIME - MINS.

FIG 23 : CORRECTION FOR SINGLE WALL. CLOUDING

When the combined transmittence .was. high, the temperature correc-
tion due to the transmittance at one wall could be taken as one half that
due to..the two walls but, at.lower velues of the transmittence, the correc-

tion due to one wall was rather more than one half that due to the two walls,
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and calculations using Wien's formula (with)\ = 0.665/g,) for the tempera-
tures used led to the decision to use. a figure of-0.55.times the temperature
correction for two walls as the.single wall correction. ?

A further factor was the possibility of the transmittance of the
© tube’ varying with temperature.. To test.this, the clounded tube.used in
. the experiments described mbove was placed on the rig and run at approximate-
ly stoichiometric conditions without. sodium vapour .aspiration. . The appa-
rent brightness temperature of the lamp given by.the.optical.pyrometer:
appeared to be higher when:viewed . through the hot.tube.than.when viewed
through the cold tube. The results. are.plotted in Fig. 24, and indicate
that there was an increase in transmittence of the tube when hot.'  The. tube
was observed with the.optical.pyrometer during the run and a brightness
temperature traverse teken. The results of this traverse are shown in
Fig. 25.

By considering .the radiation from the tube at a .point 2 1/2 inches
downstream from the burner, and the transmiitedﬂiamp radietion through the
hot =nd cold tube .respectively, at.the.seme.point, calculetions.based on
Wien's formula (with )\ = 0.665/&;):sho'ed-thatuthe:contribution of the redi-
ation from.the tube itself was negligible.’

. For practical,purposes,.then,;ghéwcurves of Fig. 24.could be
taken to indicate.the effects of transmittence when.the.tube was respective-
ly hot and.cold. The brightness .temperature differences shown corresponded
to observation through.two walls. The test indicated, then, that a
correction of the order of +30° C® should be applied to those results of
Fig. 22 which were taken:when.the‘.:cloudiﬂg-.-upxheczlame serious, for the
corrections that had been‘ipplied were based on the measurement of:the

effects of transmittance when the tube was cold. In view of the magnitude,



45.
ARIGHTNESS TEMPR
ROK AT A=0665p

2300
e
LAMP ORSERVED DIRECTLY
2200
PLAMP ORSERVED THROUGH
HOT TU%E (+ 2 LE|NSES)
: LAMP OBSERVED THROUGH
s100l | /cou..u TURE (+ 2 LENSES)

\‘—,_-‘-—

1900 °‘==_—:;’ OJ ' ° G\
1800
O 2. 4 6 8 10
DISTANCE DOWNSTREAM OF BURNER- INS.
FIG 24

BRIGHTNESS TEMP,
TROK AT A= 0665

1200
HOT TURE O_BFERVED DIRECTLY
L
1100 Q
1000 \

o} 2 4 6 8 10
DISTANCE DOWNSTREAM OF BURNER - INS.

"FIG 25



46.
and hence the uncertainty, of the temperature corrections applied.in the
later tests, however, no modification was made to the curves.

Attempts. at checkinghthe above results by aspirating lithium
sulphate vepour and effecting a reversal on the red lithium line were not
successful. The author was not able to obtain & dark absorption.line at
high lemp brightness.temperatures.

Examinatioﬁ of the variﬁtion.of transmittance with wavelength of
clouded-up Pyrex Vycor and Vitreosil Tubes was made later. with an. electronic

photometer. The results are presented in Fig. <6.

SPECTRAL TRANSMITTANCE
T, 06

VYCOR TURE

0-4 ,)/_"' —
VITREOSIL TU{?’ ]

0-2 %

o ,
4000 5000 ¢000 AA

FIG 26 ¢ VARIATION OF TURE TRANSMITTANCE WITH WAVELENGTH
The. transmittance appears to increase steadily with wavelength
over. the visible region of. the spectrum, through the increase is not con-
‘sidered sufficient to necessitate modifying the results of Fig. 22.

Temperature traverses using steel tube

In an attempt to avoid the troubles associsted with tube cloud-

ing, a steel tube with diametrically opposed observation.holes wes. fitted
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to the rig. Light from the lamp could thus be observed at evenly spaced

stations along the tube. No correction for trensmittance was necessary,

so the determinations were rapid. The rig was. run at settings-correspbnd-
ing. closely with those used in the tests with the quartz. tube, and.the
curves obteined were. in good agreement with the curves. for the quartiz tube,
Owing. to the fact that flemes issued.from most of the holes during the
trials with the. steel tube, little significance can bhe attached. to.these
results. Nevertheless, traverses were readily made over & range.of settings,
and some.results.are.given.in an. earlier paper by the author(ll)o

Clouding of recessed. windows

The.quartsziﬁdows.onﬂthe“sponianeous ignition.rig ere set hack
about 3/." from the duct wall. It was considered that this might. be
expected to afford.some protection by reducing. the effects of direct flaqe
impingement.

To test this effect, a 2" length of 1/4" pipe was welded around
one.of the holes in the steel tube.used. in the tests described above, and
a small piece of. clear. quartz was secured.to its open end to act as a
window. After. about . thirty minutes.running.with»sodiumwaspirationNundgr
approximately stoichiometric conditions no.detectable clouding.resultad; A
reduction of the pipe.léngth.to 1/2", which was approximately the length .
of the vigible flame.emergingufrom.the-other,holes near the burner,.re-
sulted .in..slight. clouding after. thirty minutes running,. but the clouding
wag. in.the form of a light._deposit, and.was.easily removed.

A steel combustion tube with.windows recessed 3/4" at each
obskrvation stationqwas.ﬁésted“on“the.rig,uand“the reduction in.tréns—
mittance.was determined after. about.forty five minutes sodium aspiration
time.in.tests over a. range. of settings using weak and rich mixture. strengths.

The. reduction in transmittence appeared to be about double that produced
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by & single wall in the experiments using a quartz combustion tube, but

the deposit. on. the inner surface of each window was easlly removed by rub-
bing with soft tissue, and the initial. transmittance restored. In ceses
where some of the cement used in attaching the windows had deposited.on. the
inner surface, a permanent attack resulted, and the trensmittance was
permsnently reduced.

It was early recognised theat, in work of this type, it is important
to exerciee care in hanﬁlingmquartz.to.avoid contaminating the surface to be
presented to the fleme.

Igniticn of .the mixiurg when. using recessed windows was occasion-
ally accompanied by windows. blowing out. This may have been.due to the
general. pressure rige.in.the tube as the flame travelled upstream.to the
burner, or possibly to mild explosions.in the small chambers carrying
the windows. The trouble wes overcome by separating the burner head from
the combustion. tube, lighting the mixture at a low throughput, and then
moving the burner head. back into position in the tube. |

TRIALS ON SPONTANEOUS IGNITION. RIG

A cpectroscope was constructed and mounted on a trolley which
could be tracked parallel to the axis of the divergent duct on the spon-
@aneous,ignition rig. Apart from the spectroscope, the optical systen
was the same as that used on the temperature instrumentation rig. The
optical bench carrying. the lenses and the lamp wes attached at one end -
to the trolley, and was supported. at the.other end by & second track
parallel to the duct axis. The stop covering the lens nearer the spec-
troscope. was reduced. in.size. to allow for wider variations in alignment
due.to thermal distortion, for.the duct rediated at a red-heat when. in
operation. The spectrascope. and .the .optical. bench were of. heavy. con-

struction to permit reliable operstion under the. high-tempersture .
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conditions in. the cell. A radiation.shield wes placed arcund the spec-
troscope to shield it. from direct radiation. from .the duct. Prior to
installation. in the cell, the spectroscope was tested on. the temperature

instrumentation rig, and satisfactory sodium-line reversals were obtained

Sodium. aspiration

Attempts. at injecting.brine into the hot gas stream proved un-~
successful, as the injectors rapidly became. clogged with salt.

and. temperature determinations made. |
The method finally adopted was one employed by Watts and.Lloyd-
|

(51)0 A solution of sodium ethoxide in ethyl alcohol wus mixed with

Evans
the kerosene injected into the stream.in. the divergent duct. The flame,
stebilized in the duct, emitted sodium D line radiation, but no.radiation
of this. type was apparent in. the region ahead of the flame front. The
quantities of sodium ethoxide required to produce the radiation.were con-
siderably in excess of those used by Watts and Lloyd-Evens, owing pre-
sumably to the lower temperature levels on the spontaneous ignition rig.

As far as the author could determine, the sodium ethoxide solution
was the only one thaf could be intiumately mixed with kerosene. Sodium
ethoxide is available commercially at a relatively high cost, but can be
prepared with care and patience at a moderate cost on a laboratory scale
using vacuum distillation methods. The compound is strongly caustic, and
requires. care in handling.

Window clouding

A new quartz window was. fitted to the spontaneous ignition rig in
a position where it was in contact with.the fleme whenever combustion was
taking .place in. the duc¢t. The history of the window in terms of its

reduction in transmittance. .with time is.given in Fig. 27.
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Values of transmittence were obteined by means of an electronic
photometer. The width of the spectrum seen by the photo-multiplier tube
used &s & receiver was about 10 Z in the region of 4000 Z, and about 40 Z‘
at 6000 3.

The initisl transmittance of the window was approximately cons-
tant over the visible region of the spectrum, but the reduction in trans-
mittance with use was evidently greater in the blue region than in the red.
This had also been the experience obtained from visual observation of the
fleme.

.Cleaning the winddw after each run was effected by lightly
scrubbing with & wet cloth and allowing to dry.

The reduction in transmittance after a few hours running was
considerable, but owing to the fact that the windows could be seperately
examined, the effect was not. considered serious.from.e radiation viewpoint.
. Moreover, owing to the steepness of the spectral radiation flux versus
temperature curves in the visible region, an error in the estimation of
the trensmittance was not considered liable.to.iﬁtroduce a very sericus
error in a given temperature determination.

Attempts . at tempersture determination

Attempts at determiﬁing flame temperatires on.the spontaneous
ignition rig by the éodium line.reversel method were unsuccessful.

In one trial, the rig was operated with an estimated temperature
upstream of the flame front of 1220°K. This temperature value was ob-
tained from & mean temperature determination”in‘phe ges streem ahead of
the fuel injectof, using chromel alumel thermocouples, & correction being
applied for the drop in temperature of the stream caused by evaporation
of the fuel droplets.

The fuel/air mass flow ratio was..Ql07, for which the theoretical



52.

temperature rise for complete combustion at en initial temperature of
1220°K would be approximately 330 C°. The maximum flame temperature
would therefore not exceed about 1550°K.

A station considered to be in the region of the maximum flame
temperature was selected for observation. The mean rear window trans-
mittance at this station was 0.35 over the period of the trial, which would
require a lamp brightness temperature about 100 C° higher than the flame
temperature at reverssal. The lamp was operated at brightness temperatures
up to about 3000 °K, and yet it was not possible to detect dark absorption
lines under these conditions. As the lamp brightness temperature was
increased from a low value, the bright D lines gradually merged into the
continuous spectrum, and no reversael was obtained. This effect was in-
dependent of varistions in the width of the spectroscope slit.

Variations were made in the amount of sodium aspirated, up to a
maximum of about 1/10 grem sodium ethoxide in 5 ml ethyl alcohol mixed
with about 200 ml kerosene, but residual sodium in the fuel lines masked
the effect of such variations.

Lower "limit" of sodium-line reversal method

Failure to determine flame temperatures of the order of 1500°K
led to consideration of the possibility of assigning a lower practical
temperasture "1imit" to the sodium-line reverssl method.

Earlier experience on the temperature instrumentation rig showed
that, with insufficient sodium aspiratibn, or et temperature levels below
about 1600°K, reversals could only be effected with difficulty.

Under these conditions, dark absorption lines became difficult
or impossible to detect visually. The effect was thought to be associated
with the properties of the humsn eye, which is roughly insensitive to

differences in radimtion intensity less than a certain critical fraction



550

of the mean radistion intensity. At low intensity levels, this fraction
increases ag the mean intensity level decreases, and it is pessible that,
at a low fleme temperature, the intensity.level at which e reversal.should
theoretically have occurred was too low for the necessary intensity differ-
enceé to be obtained. A continued.increase.in the.intensity of_themcgn-;
tinuum produced by the lamp would.increase . the.genersl.intensity . level,

and ﬁhe necessary. intensity difference might still. not. be-obtained.

Only a few references ta the possibility of a lewer temperature
"1imit" were noted in the author's.literature survey. Several writers
make the stetement that . the sodium-line reversel.method may .be used.at
temperatures "above 900°C", but this is .probably based on.Kohn's.checks
on the properties of sodium .vapour.above: that. temperature. .. Marskell(zl)
observes that, in his experiments, the.sodium line.did not appesr.to .be
strong enough for accurate observations below 1100°C.

Fuller(g)made e deliberate attack on the problem, using. aspirated
vapour from heated sodium. The .lowest temperatune_recordedmuasm13§7°K
(1064°C), and its general validity was confirmed with a double-shielded
chromel-~glumel thermocouple.

There appears. to.be sufficient experimental evidencewto_jﬁati?y
assigning & genersl lower practical.temperature.“limit".of.abouiNlAQQ°K
to the sodium-~line reversal method when visual ohservation is employed.

CONCLUSIONS AND RECOMMENDATIONS

An understanding of .the . fundamental .aspects of the temperatu;e
concept is necessary in order to interpret adequately the. significance of
e flame temperature determination. Regults need to be critically analyzed
with reference to the particular conditions in which.they were obtained.

It is desirable that methods not”inxolvingwihe;insertionnofﬂa

solid body into the flame should .continue to. be developed. Methods based
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on the laws of thermal radiation have received extensive examination. for
more than a half-century, and are currently in wide use. Such methods
appear to be of most general application,

The visual,sodium—line,reversal.method.appears.téube”inapplicable
at temperafures below about.1400°K. Quartz windows in contact with.the
flame mey suffer a permanent.reductionrin transmittance owing .to. _attack
by hot sodium vapour. The reduction.in transmittence may be rendered
temporary .in small-scale work by recessing the windows sufficiently from
the flame. The aspiration of sodium.compounds . into the;flamewpresents a
further. problem, but the sodium~line reversaluﬁethod”iswbasicallywsimp%;
and permits rapid temperature determinations to be made.

In future work it is recommended that the visual .scdium-line
reversal method be considered for uae only at temperatures above .1l500°K,
end in the absence of significant temperature fluctuations. The method
- developed by Quinn usingAblackbody radiation at the peak of the sodium D
lines might prove applicable to the determination of fluctueting tempera-
tures above 1250°9K, and attemptis at,détermining.flamemtemperatures on .the
spontaneous ignition rig by this method are currently under way. . Ith;s
recommended that methods not _involving solid .body insertionwshouldmpe
continuously investigated in an attempt to apply at.least“onemof;thém

to this particular project.
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APPENDIX

THE BFFECTS OF COMPARISON SOURCE REFLECTANCE

In temperature determination work, the effects of comparison
source emittence have been studied in detail} but the effects of re-
flectance appear to the author to have received little attention, epart
from the obvious requirement of screening the comparison source from strong
sunlight.

fhere & comparison source is observed through a flame, it may,
under certein conditions, rgfleot flame rediation back to—the flame albng
the axis of the radiation system, and thus sugment the observed radiation
in the manner employed in the mirror method. In the case of a tungsten
ribbon filament lamp, the speétral reflectance of the filamen£ in the -
visible region is greater than 0.5, and this was considered to be a
sufficiently high value to justify an investigation into its possible
effects. For a radiation system of the type shown in Fig. 6, and using
a comparison saurce with & plane emitting and reflecting surface, three
conditions need to be satisfied for reflectance effects to influence

temperature determinations:

1 P, > o0
2 Ep < |

3) The emitting surface of the comparison source is set
epproximately normal to the axis of the radiation system.
Under such conditions, and with reference to the methods of Kurlbaum and
of Féry, a straightforward theoretical analysis showed that the temperature
determined by these methods would be too high. The error increases with
1) Increasing @X'

2) Decreasing eFX
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3) Increasing flame temperature.

Reflection of flame radiation by the tungsten lamp used as a
comparison source on the temperature instrumentation rig was obtained by
setting the lamp with the filement perpendicular to the axis of the
radiation system. The lamp was viewed from the position normally occupied
by the spectroscope, and was rendered visible by reflected light from the
flame. At inclinations of the filament in excess of three degrees on
either side of the perpendicular, the filament could not be seen through
the flame owing to the fact that reflected flame radiation was not being
received by the eye.. Attempts at determining the extent of the errors
‘produced by‘feflectance were made experimentally, but the control of
important variables was not sufficiently good to produce & statistically
significant result in the case of the sodium-line reversal method, while
the number of determinations made using Kurlbaum's method was not sufficient
to establish a conclusive result.

For the sodium-line reversal method, there is a tendency to work
with high velues of GEF)~to obtain a sensitive reversal, so that comparison
‘source reflectance effects, where they'exist, are probably very smail, and
therefore escape detection.

For Kurlbaum's method, the concentration of emitters can not be
separate}y controlled; but at low values oi‘éEth where comparison source
reflectence effects are considered to be greatest, there is also a higher
degree of uncertainty in'determining the point of intensity balence. In
consequence, comparison source reflectance effects, where they exist, may

escape detection.



