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SUMMARY 

The concept of the temperature of a 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 detail, 

and its application, using the sodium D lines, to temperature 

determinations on an open flame rig and on a small tubular combu5tion 

rig is described. The problem of the losa of transparency of quartz 

in contact with flames containing sodium vapeur is examined in sorne 

detail. The apparent difficulty in determining temperatures below 

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



lliT.BtllllC.TION 

The .work described in this thesis has formed the ini tial.a:tages 

of a programme of developm.ent of instrumentation and measurement techniques 

·directed towards the.determination of the temperature of.gases.under stùdy 

on the· spontaneous. igni tian rig at the .Gas Dynamics Laboratory. 

The objective ia·.the determination of. the axial.temperat~ 

gradient of a hot- gas .. stream in a.- c;ii vergent . duct., . a_ sketch o.f which. appears 

in .. Fig& 1. 

QUARTZ WINDOWS 
INIIIAL 1l1A. ~~ 

~ G-El D 0-B-G-EJ 

ANGLE OF DI~ERGENCE /cf 

SPONTANEOUS IGNITION RIG DUCT 

The gas is composed of air contaminated.with the.products gf 

combustion of hydra carbon. fuel a,. .and i~~ some ·regions combustion i-s in 

pr..ogress following the spontzmeous .ignition of injec.ted fuel. The stream 

2. 

may be- viewed through · diametrically opposed quartz wii:1dows· in .the duc.t lfall, 

and in general is seen to be uncoloured by the yellow associated with. . .g:J.owip:.s 

carbOncpartic.les. 

The temperatures encountered lie.within.the.range.llOOOK to 

19000K. This range- could be . covered:.wi th-~ a . pla tinllill pla tinum.;;;;rhadium 

thermocouple,. but i t is. considered that. the insertion of a solid ·body into 

th.e.. . .stream might influence the s trea.m.. candi tians to an indeterminate.:..cle:gl-ee. 

It is particularly feared that such a.body woulQ.~_t as.a flame stabili~er • 

. . ~Gare has. been taken in. the design of. the .rig to control the.~degree-·of 

1 
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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 

sorne -useful experience has _ been o btained. This experience has co?sisted 

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 GENEBAL PBOBLEM 

It is desirable at the outset that sorne copsideration b~given· to 

clarification of the.concept of.the temperature of a flame. 

Ribaud, Laure and Gaudry( 27)* define a flame in terms similar to 

the following: A flame is a gaseous mixture in which composition changes 

occur accompanied by heat release. The defini tiun may be ext:end.ed to 

cover the period of recombination of dissociated molecules, and the period 

of cooling to the temperature of the surroundings. A. significant charac-

teristic of a flame as far as this study is concerned is that it is not, 

in general, a system iiLequilibrium, even when the flame as a •l:lol:e is in 

equilibrium with its surroundings. 

Qualitatively, temperature has.been defined by Preston( 25) as 

the degree of.ho.tness. Quanti ta ti v ely, tempera ture, according to Lexis 

aruL von Elbe(l8) (19), defines a state. of_ statistical equilibrium. __ According 

to statistical mechanics, the temperature of a body is defined by the.mol~r 

content of translational ener~ of a perfect gas in energy __ equilibrimn__wi;th 

i t. -. On the basis of these defini tiens it _ should be possible to a•ssign a , 

temperature to any gas in.w:hich the translational energy dis.tribution . .is 

* Numbers in parentheses apply to references grouped seEI-rately at thtL~d 
,Of the thesis. 



an equilibrium distribution. Lewis and von Elbe 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-carled 

"thermodynamic methode" the principle is used indirectly. 

Molecules of a gas may possess energy of translation, rotation, 

4· 

vibration, and electronic excitation. The energy of electronic excitation 

corresponds to the possession of energy in excess of that in which the 

· ~lectrons are in their lowest energy states. The energy of translation is 

practically unquantized, but the ether forms are quantized. There will 

be a definite distribution of the energy of a gas among these different 

degrees of freedom when the gas is in a state of internai ··equilibrium, 

and parameters of any of the energy states may, in theory, be used for 

temperature determination. In view of the difficulty in determining the 

gas law parameters, this is a considerable advantage. It makes possible, 

in particular, the use of methods based on thermal radiation. 

In the case. of a gas in which internai equilibrium betwe!'ln 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 a close approximation to 

equilibrium between that state and tbe translational state can be es­

tablished. · 

The determination of the gas temperature defined by statistical 

mechanics is of interest in etudies in gas dynamics, for it is one ·of the 

basic parameters used in flow ahalysis. It is evident, however, that in 

certain problems, notably those involving chemical reaction, droplet 

evaporation, and the physical strength of adjacent solid boundaries, 



knowledge is also required of the energy distributed among the degrees of 

freedom other than the translational. ln this connection, if an equi-

. librium 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 same st~te in a gas which, as a whole, was in a 

state of internal equilibrium. This has led to the use of auch 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 ta 

that· state. Further complications arise from the fact that a flame con­

sista of a gaseous mixture, and a temperature determination is therefore 

associated with the particular molecules under study. 

terms such as "rotational temperature of CH 11 • 

Hence the use of 

The term "flame temperature't therefore generally requires 

qualifi-cation. 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 between the various 

cons ti tuen ts. The significance of any determina ti on will depend on the 

purpose for which it is made. 

There appear to be two alternative methods of approach: 

1. Formul&te 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 not appear to have been explored. The second 

method is commonly tackled in ei ther or both or the. following ways: 



1. Make temperature determinations by different methods, or by 

variations of the same method. 

2. Study the proba.bili ty of the process being in equilibrium. 

Where experimentation is relatively straightforward, the first 

approach is adopted. Under more difficult conditions, recourse may be 

made ta the second approach. 

SCAI ES OF TEMPERATURE 

It is important to refer a temperature dete~nination ta an ac­

ceptable. reference scal~ for, as disoussed by Obert,( 22) temperature is 

often regarded as a fundamental dimension. 

The Thermodynamic Scale of temperature is generally recognised as 

the fundamen tal a cale. It was proposed by Lord Kelvin in the following 

terms - 11 The absolute values of two temperatures are to one another in ·the 

proportion of the hea t taken in to the hea t rej ected in -a reversible 

thermodynamic engine working with a source and refrigerator at the higher 

and lower of the temperatures respectively 11 • 

The practical establishment of the scale is effected by de-

termining the Gas Scale, which is based on the supposed behaviour of a 

perfect.mon.atomic gas. Experimental work on monntomic gases at low 

pressure is carried out, and corrections are applied ta approximate as 

closely as possible to the Thermodynamic Scale. 

As described by Weber(32), difficulty in measuring temperatures 

on· these scales has led to the establishment of the International Tempera-

ture Scale. This scale is intended ta agree with the thermodynami~ scale 

asclosely as most practical purposes require. It is based· on fixed and 

6 ... 

reproducible equilibrium temperatures such as· the gold point (the tempera­

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

are assigned, and upon empirical formulae for the relations between tempera-
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ture and the indications of specified instruments calibrated at these 

points. 

Temperatures are de.signated as °C, the ice-water equilibrium 

temperature being taken as OOC and the water-steam equilibrium temperature 

as :lE>OOC. 

Above the gold point (1065°C), the temperature is defined by 

Planck 1 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: 

- 1 (1) -- e J\(T + To) -
The value of the constant, C~, is taken as 14380~K0 , and the temperatures 

( Tw + 1;) and (T+ T.) are in degrees Kelvin. 

The Planck formula is consistent with the thermodynamic scala, 

and thus affords an opportunity of determining temperatures on the ther.mo-

dynamic scale by sui table handling of the variables ~and À . Unfortunate­

ly, the postulated blackbody is a concept, although close approximations 

to it in practice are obtained with a small opening in a relatively large 

cavity. 

SOME PRACTICAL CONSIDERATION~ 

Static and total temperat~res 

The. gas in a flame will gen.erally possess 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 
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connected wi th the den si ty of the gas and wi th the intensi ty of thermal 

radiation from the gas. The total temperature is connected with the total 

energy per unit mass of the gas. The temperature of an abject in the gas 

stream is sometimes estimated from empirical relationships giving a result 

intermediate between the static and total temperatures, Depending on the 

problem, either or bath 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 significa.ntly, 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 qualitat~e consider-

ations. 

Steady anddîluctuê;_ting temperatures 

The determination of the steady temperatures of gases has .receiyed 
·, 

considerable attention, and permits the use of a wide range of instrument 

types, based largely on visual methods. Combustion.is essentially a fluctu-

ating process, however, and electronic.equipment is often employed in arder 

to follow the fluctuations. This poses more difficult instrumentation 

problem~. 

MLTHODS ... OF TEMPERATURE MEASUREMENT 

Any property varying in a known manner with temperature .may, 

in th.eory, be used in temperature determination. Freeze(8) lists about 

four hundred references.covering a great variety of methods.and types of 

instrumentation. 



For tackling the problems on the spontaneous ignition rig in the 

Laboratory, i t was decided that instrumentation based on radiation methode 

should be developed. For this reason, the following literature survey 

covers this field alone. 

RADIATION FROM FLAMES 

According to Finkelnburg( 5) ., all thermally exci ted gases radia te 

continuously over. the antire electromagnetic spectrum. This radiation is 

generally weak, but in thecase of carbonaceous flames (which contain 

minute carbon partieles.) the continuous radiation may be skong enough for 

measurement purposes. 

The thermal radiation from flames not containing free carbon occurs 

largely in discrete spectral regions, and is the result of quantum energy 

changes in states other than that of translation. Changes 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 

lin es. Line spectra are associated with atoms, and band spectra·are 

associated with polyatomic molecules. 

A sketch of the electromagnetic apectrum in the visible radiation 

region is given in Fig. 2, and the regions of some representativB .hydrocarbon 

flam.e.spectra are indicated for illustrative purposes. Elements radiating 

in the visible region are sometimes added to the flame. The .. position:s:of­

the lines emi tted by sodium and li thitl:fll. vapour;- commonly used as additives, 

ara shown. 

In addition to thermal radiation, flames may emit chemiluminescent 

radiation resul ting from the formation,. in a chemical reaction, of molecules 

in an excited ~lectronic state. 
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11. 

THE..LAWS OF. THERMAL BADIATION 

Kirchoff 1 s law and the blackbody concept 

If the processes occurring when radiation ia incident upon a 

body are considere<4- i t will be apparent tba t soma radia ti on may be absorb-

ed, sorne reflected and some transmitted. 

ONE UNiï Of: 
.NC..IJle'NT 1=\All\ÂT\ON . 

FIC. 3 ~ARTIT,ON OF ~IÂTION FL..UX 
ay A .BODY 

From the principle of the conservation of energy, the par~eters 

shown i~Fig. 5 may be related by the equation 

OC.+f+'t' -- (2) 

If the body is considered to be situated.in· an enclosure held.at 

a uniform temperature, application of the same principle leads to the 

resv.lt 
' \ 

E. = ex:. 
where E. is the emittance of the body. 

( 5) 

The emittance is the.ratio of the 

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

... that would be emitted by .a blackbody at the same temperature. Equation 5 

is one form of. Kixchoff' s law. It is associa ted wi th the cOllCept. of a 

b:J_ackbody, for which 

~a = OC. a '= 1 (4) 

and Pa - ~8 - 0 ( 5) - -
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Reference has already been made to the fact that the closest 

approximation in practice to a blackbody is a small.hole.in a relatively 

large cavity. The blackbody concept is a mathematical convenience. 

Actual bodies are referred to the blackbody by means of the parameters~, 

p and 't'. 
I t may be noted tba t. theae. parameters generally vary wi tb. .. the 

mean direction cL observation,· and the angle of inclination ... oLth:e mean 

direction of observa ti on to the .nonnal ta the surface of the body. should be 

specified .when giving data on the values of the param.eters.. In .. general, 

also, the pararneters will be a function :~f temperature. 

The appli.ca tian of Kirchoff 1• s law to radia tian studies on flames 

requires furtber consideration. If a continuum .. produceà by thermal 

excitation of the gas or by radiation from carbon particles alone is 

considered, then the law may be a.tJplied. ei ther to the totaLr:adiation. over 

the en tire spectrum, or to radiation in a narrow spectraL region, as desired. 

In some cases, however, a.gas may emit radiation in different spectr.sJ 

regions. from tho se in which i t absorbs radia tian. From the. pr.inciple of 

the conservation of energy,, Kirchoff 1 s law wili always hold when the compLete 

spectrum is considered, but in .. a . .giv:en narrow spectral region. . .tb.e..r..el.a.t.ion-

sh!l.p 

(6) 

should be .. ass.um.ed., .. unless an. experimental. check has. proved .. othervti.S~ • 

.. Th..e .. .:.ê.tefan - Boltzmann law 

One. form of the law is the .s.tatem.ent that. the. total tb.armal 

radiation flux produced by .a .. blaokbody is proportional. to.,;the ... :fo.J.J.rib_.po.wer 

oftheabsolute tèmperature, or tb(l.t 

~ oc. T+ a ( 7) 
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It is evident that large variations in thermal radiation flux result f.rom 

small changes in.. temperature. 

Planck.' .s.. .. fo.rmula 

Planck 1 s form).lla. relates the therm<:tl radia tian flux .. p.mduced by 

a blackbody over a given narrow wavelengtb. int.erval to the ahsol.u.te ... temp.era-

ture. The forrnula.ma.y be. wri.tten 

• ~ -1 
?a)\ ~ ~ : ( ~ - 1 ) .. (8) 

where Cl! is a constant equal to 14580~0 • 

Equation 7 may be obtained by in.te.grating Equation 8 ... fr..QII1 X • 0 

Iien!.s~.f.ormula 

Wien 1 s formula is an approximate fonn of Plane~' s formula..,. .. a.nd 

may be. n.sed with gr.eat .accuracy. in the visible region of, the spectrum and 

for temperatures below about 3500°K. It is therefore wid.ely ... used in. radi-

a tiOJL pyrome.try. 

One form...o.f .. the.fonnula.. is C 
$ -...!::L.. 

~~oc. )\ ·.Q_ ~..--

where C3 is taken as .l4[>50J4tK0 • 

.Gr..aphi.caLreprasentation. of_ rad.iation~.f.g.rmuJ.ae 

(9) 

The variations of q')a~. with )\.for given. values of T, and of~w:ith 

T for gi ven values of )\ . , are gi ven in Figs. 4 and 5 respe.c.tively. . . Fig" 4 

is a representa.tion of Planck' s formula, and demonstrates the map.ner.in 

whi$ ~ increases wi th in.creas.e in T at fixed )\ , and also .th.a . .s.b.i.ft 

of the peaks of the curve.s of constant T towards . the shorte:~:~wav.ei.en.gths 
.. 

as T is increased). In fact, 
1 -T (10) 

This is one form of a relationship known as Wien 1. s .. law. 
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Fig. 5 is based on calculations by the author from Wien's formula 

in the form 

1)?1. 1\T T 0 t<. = 
"P' .a>-.. 'rr 2.000. "' 

~ (...,.........'--€," '1.000 - ~) 
(11) 

and is intended to illustra te the therma.L radia tian flux versus temperature 

relationships for various wavelength re5 ions in tte visible spec.trum. at 

temperatures in the vicinity of .2.000°K_, chosen r.:.s a representative flaine 

tempera ture. 1 t is clear that the cur"es are rnu.ch steeper for spectral 

radiation. than .for total radiation, in the temperature range sho.m .... The 

considerable scn<>itivity of spectral radiation flux to temperature variation 

is noteworthy. 
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Definition.of brightness temperature 

The brightn.ess .. temperature of a body is the temperature of a 

blackbody emitting the same thermal. radiation flux ail. the bod;;., in a given 

narrow spectral region. The parameter is .a useful ona .. when a body is being 

used as a. source of radiation, and when the pro.p.erty of interest is its 

equivalence to a .blackhody. 

The radia ti on . system shawn in .Ei.g..o. 6 i s used as a ba sis. for a 

discussion of general considerations. 

/ 
C.OM Pli\ P..\SO N 
SOU~E' 

"'t:, 

r= IG ~ : E><.AMPLE' OF RAniATION S'{STE'M 

Therm&l radiation from a comparison source is ... focused. in. the .flame 

under. study and also on. a receivero An alterna.tive .. ar:rangement i.s ... ta. . .p.la,ce 

the comparison source and receiver in the .focaL planes of' .. th.e. respective lenees 

sa that a1'tundle .oLra:ys'itfrom a. point on the comparison source would. h~ 

rendered. parallel by the nearer lens, and focused on. the. r.eceiver ey the 

second lens. 

The c.omparison .source is, pr:ef.erably., an .experimental..blac.kbo.dy, 

d Quinn(26) d th' t f an use lS ype o .. .source. Practi cal diffi.cul ties.F· .. llO<ta.l:>ly 

loss of strength. at high .. temperatures., limit .. the .. us.eîulness. o.f. such ... sources, 
; 

and a nan-blackbody comparison source .may be used if the .d.egr.ee. .. of ... depart.ure 

from blackbody conditions. iaknown. The tungs.ten ribbon filament lamp .is 
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a particularly .. useful_comparison. source owing to the fact that_ the. praperties 

of tungsten. are . well es tablished,.. th us facilita ting . wide use ... o.f. .. this. el emeln t 

in radia tian pyrome.tcy. 

Radia tian from the .. .camparison. source .. traverses .. a .l.onger pa th 

than that from the .. flame, and in .effe.c.ting comparison.s...a.f ... radiati.on !~ux 

i t ia. cl.ear . th at the flux f,rom. .the .. comparison .. sour:ce. mus-t he. muLtipli.ed 

by ~1 ta gi-..xe the equi.va.J.en.t.flux at. the name. 

;1 
~ 

If the. rays travelling .. from. points.. to one sida. o:t:: .. the ... c.entr.e. -9f 

the camparison. source .are dxa1111. thxough. the neare:r lens, it will be seen 

that.,. unl.es.s. this lens is .larger-tha.n.. the .. on.e.ne.are.r.the. receiv.er, .. s.om.a..9f 

. the radiation ,f-rom .. ~ com.parison sœhc&. transmitte.d .by. the. first .lens. will 

not be.re.ceived ~--the se.cond.lens.. ... Ta ensure that equivalent.".bllndles 

of rays'~ from the compaxison. source .and . .from. the flame. re.ach .. the. recei ver, 

a sere en wi th a. small hele may be placed over the le.n.s.. . .naar.er the .. rece.i-lf.er, 

if the lens es. are. equaL in .. .si:z.e. ...... In. general.,. op ti cal arrangements-shouJ.d 

. be. cara.fuJ.4' .eXBIIÜned, ... p;r:a,ferabl.y by set:tin.g. them out_ on .JLfuJ.J. _ scale 
( 

drawing., .. before proce..eding •. wi th experiment~. atudie~. 

In visual . .met.hoda,. comparisons are not .made of _radiation .. flux 

-~ _directly, but of radia.ti'on flux. per. unit .ar.ea. The term. '!radis..tio.n .. in-

tensi ty11 is ap.pli$d to this parame.ter. 

It is importa.nt .. to ... xe.allse that, though the images of the 

comparison source.and._ai:_ the receiver may be focused.at . .an~ __ desir.ed point in 

the flame, the radiation from tha..:.fl..alu.~ not thus be exclu.si,v.ely.-obs&rved 

origin&ting from s.ele.cted . regions along . .the. axis of. _the . radia-tion , ey-stelll. 
' . 

If the flame. is o:C".uniloro .coJ:LC.en.tULtion .. and .. temperature along. this.. a.xi.fh 
\.1 

the radiation. may be regarded as coming from a series of thin .. l~e.r.s .. pf 
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name, each of which is capable of .ma.king an equivalent contclbution. to the 

total radiation... This point is emphasised by Hett and Gilstein ( l4), and 

may be demonstrate.d by a consideration of the amount of radiation flux..from 

any given layer that would be transmitted by the focu.sing system .to the 

receiv:er. 

This c.onstitutes a severe limitation,. .. and bas led J?av±a(,.25) to 

conclude tha t radiation methods .are .u.seless for .a. temperature. tr.av.e.I~~e 

across a name. Va.rious techniques have. been dev.eloped. in an.at.temp.t.. to 

determine the .. temperature variation_ along the .axis of the. :tzadia..ti.on q&Lem, 
~ ' 

auch as. the lin_e. contour. studie.s. of Strong.,. Bundy and Lar..son(90) and. the 

examination ofradiation.from.differ_ent.emitters.by Silvsnmm(28). 

Localization of additive inj ec.tion may be emplo.yed on a la bora tory .s.ca.le 

in special instances, but it is.nota.gL"m.e.ra.lly appli~able .. te.c.hn;i.ql.lJ!.,. .. .d}.le 

to the. rapid .diffusion of. the additive in a direc.ti.on....perpen.dicular to the 

iHrection of flow. If certai.n .. a.ssumptions. are acceptable .regarding the 

concentration.and distribution of emit.ters., varying ... the..position.of the 

axis of the radiation. system may. give information re.gar.ding .the.. tempera-

ture distribution.,. but. such method.s .ar.e. in .. the. ea.rly stage.s. .. ..o.L.d.Jiye.l opment, 

and are clearly of limited application. 

THE .. JiMITUNCE.. OF .. A. ELAME 

An important. characte.ristic .of flames is that the equatïqn 

PF • 0 {12) 

may be as.surued ,wi th high .accura.cy. . This assum.ption is. made . 'b~. Wa.r.thing 

and..Halliday( 55) for carbonaoeou.s _fl.B.mes.~. and has been .. .11erified for._a.l.kali 

metal.-va.pours in... the-.range. 9000.C to 180DO.G hy K.ollii.~J.b). . . The asalllll.ptian 

is implicit in th.e relationahtp 

'rF -,_ 
(15) 

which can be derived.from equations 21 5 and. 12. Equation 15 is u.sed py 
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many workers wi thout reference to the asswnption .. o.f zero. reflectance. 

This practice is. follo.wed below., al though. in general _the .assump.tion. sbould 

be borne in min~. 

The spectral absorptan.ce of .a. flame wbicb has uni:for.lll_pro.perties 

along the radiation .. pa th. will be a function of the concentration of. the 

absor~ing mo.lecul.es.,. tha ... sp.eaific absorption .coefficient and the depth .of 

flame obse.rved. .The relationship tJ 

- c.~)\ ~ 
oc:. ~)1. = l - .e,_ (14) 

is readily derived... The product~"is the spe.ctraLabsorptance per unit 

depth of flame. 

0 
0 

Cf.!>-. 
Fl(4 7 : VI\R\ATION OF SPECTR.ÂL AS.SOR..PTANC.E' OF 

À FL~~E' Wt"iH- AB.SOR.PTANCE PER.. UNtT :DEPTH 

Fig. 7 illustra tes. the.manner in, whi.ch. the. spe.ctral .absorptance 

o.f a flame of given depth. inc.reases .asymp.to.tically to. unity as the con-

centra ti on of the abs.orbing mol.ecules. is increased.. . A. simi1ar cur.ve is 

obtained if c.~ i~L given a fixed value,. and t is plotted as abscis~. 
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If the receiver used in the radiation system produces a distributed 

spectrum, the spectral radiation intensity versus wavel.ength distribution 

from the comparison .. sourc.a and. from. the.. flam.e may be _ob.served. 

IN"'T'e'NS ITY OF 
CONTIIJUUf-1 ?R.O'llUCE"~ 

av ~~A~~-v------~~-----------

a~f!ISITY coN-rou tt..s 
~.-.onuc;;n B.'V ~ODlUM 

V-''POUR. 

L 

F lG 8 : INTENSlTV c.oNT'oURS 

Fig. 8 is a diagrammatic representation of such distributions 

for a .blackbody. and .for .sodium vapeur. respectively.,. b.oth.being at the...sazpe 

tempera ture. The .bl.ackboey spectral .. radiation. intensi ty is .. sub&tan.ilil).y 

constant over the.. sma.ll spec..tral . re.gion. .. c.onsidered,. . and. tha. oodium. .. :vapo.vr 

spe.ctral. radiation .intensity .is a ..marked function of waveleng.tb.a .A.t.. any 

wavelength, the .value. of .. ex is. given.by .tha r.atio of the. beight of .tJle 
F~ 

sodium vapeur curve to the height of the blaokbody aurve., for 0( Gd ~ ... 
11)\ lin 

are equal in. the .case of: sodium vapeur, as discussed below. The- .shapas .. qf 

the lines depend on. se.veral. factors, as .described by. Stron.g., Bundy. and. 

Larson( 50), the most-important being the process of self~absorption. 

Three methods oLhandling the thermal radia.tion .. equations..indicate 

the f.ollo:wing methods of tackling. the pro.blem .. of tem.pe.rature .. measuremant 

in prac.tice: 

1) If the gas. is a black body, measure .tha s.pectral or total 

radiation.flux. 

2) If the gas is not a blackbody, measure th.e spectraL.radiation 
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flux and .the. spectral emittance. 

3) Determine the distribution of spectral radiation flux between 

the various energy states of the gas. 

A considerable variety o.f techniques wi thin the above framework 

has been developed during the past fifty years. The following summary 

briefly .outlines. some. of the most commonl~ used techniq.u.es. 

For simp1ici ty, the . txansmi tts.nc.e of .ali. parts of the .. optica.l 

.system is taken equal to unity,. a.ud .attention is .thus .. aen.tred . .o:n. ... thEL..,radi-

ation flux from .the .com.pariso~ .. sour.c.e. and .. .from .the name. 

The prope:rties of th' flame .along .. the.a.xi.s- of' ... the.radi..a.t.i~,. 

system are considered .constant. 

It is.assl.l.llla.d that, wbere.th.e..cornpaxison source is not.a.black-

body, the apparatus .. .w:ould be set .up so that .th.e..amount of .radiation.r8-

fleoted by the coœparison .source through thQ radiatio:n..system may be 

negleeted.-. This requirement is .c.onsidered further in the.. . .appendix. 

MEIRODS . .ARBLICABI.K .. ID ... ~US .. ELAMES 

.Carbonacao.ua .flame.s contain .minute car.hon ... par.ticles .which. radia t-e 

the-I'!llally., giving a. continuous. spectrum. The assumption that the..xadiation 

from theae. particles is. ex.clusively thermal .is .usually. made .:with.. confidence 

by experienced "worker.s in th.e fie.J.'4 .. and .referenc.e to ... tbitLis. . .made by. Het t 

and Gilste-i:n.C~4). 

Kurlba~'--s- me:tJtod. 

The m.ethod .. developed .cy . .,K.udbtinmç~_7~. is the one most .wid.e4r ... used 

for carbonacieous. !lame . temperatu.r.e .. da.te:rmination. . It is described ~-Luis 

and. von -EU'~Ü9)_,. .and consi.sts of ,obser.v.ing .. a . ..comparison . .so.urce .:w.ith. en _ 

opticaL pyr.ometer first .. direo.tly. and. th.sn.._nith. the flame .interpoaed. The 

temperature. of .the .comparison. saurce . ..i.a_.can.tr.olled ta . .gi.ue. the same 
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pyrometer reading in each_ ca.s.e.. The brigh:tnesa temperature. of tlle cam-

parison .. source, given by the optical. pyrome.ter reading~ is .then equal ta 

the temperature. of the fla.me. 

The curves sho11n .. in. Fig.. 9 illus.trate :the mann. er in wbich . the . 

match .may. be effected •... The point of intersection. of .tbe'"curve .o.f .. -l.amp 

brigh tness tempera ture.. Yersus lamp curr.en t .ani the. ctll:Ve. . of. appar.en.t. . 

brightnes.s .. temperature. 'llersus lamp cu.rren.t..w:i tb. the fla.me in.terpos.ed,..._.gi.v:;es 

the -flame .tempera ture. 

The radia tian flux .equations .are: 

~~ = E.s~ =Pt&s) )\ (15) 

22. 



~~ • é:,.~ ~~.p)>. (16) 

For the 1amp observed direct1y, 

(17) 

For the 1amp .observed .. through. the f1ame, 

~~~ • E:,s)\ ~&S~~ (l- .:p~) + E:'F~ ?c111) ~ (i8) 

If 

th en 

-?~~ • ?~" 

fts.t=) ~ - E. .S)\ ~.U) )\· 

(19) 

(20) 

25. 

. It is notewor.thy that .the. result .is indap.endent of 1:.,>-:.a.l though 

the point of intersection. of the .. curves of Fig. 9 is .InDre clearl~ . .d~ed 

at highsr values of the emittance •.. This method .. has.-been ... widely used.. on 1a 

labore.tory: scale. for .the study of diffusion. .flames of hyd.ro.carbotL ga.~ 

burning slowly in air. 

The method may be .modified to .p.ermi t-- the .u.se. of .a cornpaxison 

source at .a. fixed brightnesa.tempar.ature. . In tbis .case.,. the fl.am.e. mu~t 

be obs.erved directly, .to.obtain an extt:a. t:elationship. 

The mirror .method 

In this method., a recei ver measures first the radiation. flux. .fr.om 

the flame ,. and. then .the . same .flux augment.ed.. by. flame radiation , refl.e.c ~d 

from a .mir.ror . .placed behind .. th~L.flan:u~,. as. illustrated. in.F.ig...lO. 

/ 
1 1 

' \ \ 
MIRROR FLAME LE'NS RECE1YER 

FIC 10: RA.DIÀTION .SVSïE'M FOR MIRROR Me:-11\0.D 

. ~ ;. -: .. 

·j 

1 



For- the flame o bssrved directly, 

(21) 

For the.. mirror o t.sarved. through. the flame, 
1 . 

~~~ = E .. ~ 'P(aF))\ + EF>.. ~tai=)>.. A-~ ( l - (:F).) ( 22) 

Equa.tions . 21 and .22. may . be . combined to .give 

?.' t: = 
if 

1 + R-~ (' - é "~) 
E:_.). + 0 

(25) 

(24) 

Equations. 2l. and 25 .pxovide tha bas.ifL.for.-the .temperature detexminatiOfl. 

The maxiJmmL poasiblo ""'luo of.~ from.aquation .. 23 .tends to .2 

wlien 0 .. 1 and E + 0. In general the value will lie .. between .1 . .and .. 2. 
r~ ~ 

Het t and Gilstéin ( l4) used this me.thod to determine fl.u.c.tua.ting 

1 
temperatures by .using .two .. receivers for. simul taneous..mea suremen.t of. 'P-.~ 

Gon.tj mmm . irLten.siY..~cii.atr.ibution..:methçds 

The se~ meth.ads,,are .. based on tha .. as.Slllllption.. tha.t.. the. .ratio .. o.f .... the 

24. 

spectral radiation .fLux from the flam.e. at. one. wav.elength.to that at.another 

corresponds .with the same ratio fur .a .. blackbody .. at tha .. tamperatur& of the 

flame. This .is. a satisfactory assumpt-i.cm,.. provided .that the.. v.alue.a .of~ 
" ~ 

are equal at the two spe.ctral regions. examinad ..... .An. e.xample .. of the appli­

cation of the principle is given. ey . .Hot.te.Land Broughto:tï(l5). 

These method.s u:tilise. eithar .. radiat.ion ... emitted .. by .. the. flarne.. or 

radia tian from. an additive. in.tr.oduced .. in to .. the flam.e.. The.lattar..t~i.que 

is most widely emplo.yed1 and ÜL _ tr.ea.ted .fiirst. 

The spectral-l.ine.r.eversal m~thod 

This metho<i was . .firs.t.p~oposed by .. F,ry(.4) and is described by 

1 •• 1.. s and. von ElT-: ... (lS)(l9). It h b d t · 1 d · th t uc . .. as een use ex ens1. v.e y . ur mg.. e.. ~a 
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half century for the determina tian of the temperatures of .open flames.., and 

less extensiv.el.y for th& determination of.the temperatures occurring in 

the cylinders of reciprocating engines. 

The additives used in this .method are. c.ompounds c.ontaining an 

alkali metal. which, when .set free in the flame, emi ts radiatian.in .a c.on­

venient spectral region.. Atoms .of alkali. metals .have a single .electron 

in .. the outer ."shell", and .are thus listed .in the first .ccù.UIIIIl,.~of, the P..eri.odic 

Table. Experimentally, sodium.,: .lithium. and .potassium.ar.e .generally used. 

At the temperature levsls commonly employed,.. the vapeurs .of these elements 

satisfy th& requiremen.t _ that, .. for a. giv:en .vapour_,. . .absorption and emission 

occur in. the same spectral. regions., .. and. the .. r.ela tionahi.p E:)'. = ()(.X~'·qe 

applied. 

Wi th reference to a flame .containing. sodiUI!l vapeur.,.. observa tian of 

the fla.me spectrum in. a spec.troscope of average. r.esolv.ing power will show 

two sharply defined adjac.ent .line.s .. in the yellow region. of the .. sp.ectr.um. 

The se .are .. pr.odu.ced .. by the s.odium .. in ... tbe .. flame r-and. .cor.raspond .. wi th. the .. dark 

absorption lin es in the sun 1 s. spe c trum.. kn.own. as. tha .. Fraunhofer . D llnes. If 

a comparison source is pl.aced .behind .. the nam.e, ... and .. i.ts image is focused .. in 

the. flame. and refocu2ed on ..... the spectroacope sli t,. the .. ob.se.rver may. .view. the 

continuum . .pxoduced. .. b:y. the. oompari.son. .. SOJ.U"c.t:: ~a:imuLtaneou.s~ .with..-.the.lines 

produ.ced ~ the .so.di.um... ... Th.e .. .combined spectrum."w.ill .. app.ear. as shown .. j,.n. 

Fig. 11. 

CONTINU Ut1 PRQll\JCG ;a'( C.01"\PA.Rl60N SOOI\c.E. 

LIN ES ~OD\JC.:.O a'( SOill UN\ 

FlG Il ~ C.OtJ\.SINED SPECTR\JM IN UNE RE'JERSAL METHOD 
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The lines will appear brigh.t .. or .dark. against •. the.. adja.c.ent. cop.-

tinuum_according .to whe:th.er tb..e. .. brightn.ess .. .t.emp.erature of the. c.ompari.son 

source .in_ the_r..egion.. of tha D .lines is. lower or higher than. the .flame. :temper-

a ture.. .. When .. the lines .:merg&. in.to.. the.. .cœ.tinuum. and, appear. nei:ther. bright 

nox dark, the temperature of tha .flame. is equa.l. to th.a brigh.tnesa .temperature 

of. the. c.ompa.rison ~ource. 

Expressed. symboli.caJ..ly., at a.. .. gi.v&n wa.v.elength. wLthin...on.e. .of. .. the 

linea, 

and, ad.j a.cen t t o the lin es, 

~:)\ = ~.s" ~as)~ 
If ~R..~ = ~ ~ , the.n 

ft&F))\ = E:,s)\ ~~fa)"' 

(26) 

(27) 

and the. fla.me. temperature. .. is. equa.l to. the., brigh.tnesa .tem.peratu.r.e... of. th~ 

compar.ison.. aource~.in the ... region..o.f. ... the. s.udium. D .. lines .. 

The eq.u.a..tiona. are _ i.den:tica.L JJi.:th. . tho se . u.sed.-in . ..K.url.baum.a s. me.tb.od, 

and.. .. tb.e sp.ectra.l,...line revers.al .. me:thod. .. i.s. s.amatimea. refer..r.ed. to .. as the 

/ 
Kurlbaum...Fery .. method.. _ Tb.e ter.m. .1•1rever.s.al..!'. arises. J:rom. .the. .e.xp.er.im.antaJ. 

difficul ty of effecting.. a ... close:. intensity_ ba.lanc.e.. The · tacbniqU&- follo•~ 

when. .. vim..ta.L observation ... is .. .empley.e.d ia to vary the compa.;rison source temper.a.-

ture nntil the point at .. which. thtl sodium-lin.e.s .. .re.v.er.se. fr.om bright.. t.c;uiark.. 

resu.Lt...is independ.ent.-.. of E,>\~ a.l:th.o.ugh. .. th.e s.ensiti.Y.ity of eff.&ctin.g .. a 

reversa.Lincreaae.s aa E _ incr~ se.s. .lt . .ma.y. he. shown.. thaL.tha m.a.thod_.i$ 
F.\ 

independ.en.t .of. the, exis.tenCjl_.o.f. a. .. CQiltinuum._p.mi.Ùl.C.&d . ..hy~. mdia.ti.oo.. ·~-

caxban..parti.cle.a,.. al thaugh .. :t.he...sen.sitiYi.ty~of. tha.matbo.d. i.s_..a.fiec.t.ed,, 

. . E ,~.. 16) ~~~ p ~~~._.,(24) thereby.,. as d~scusse.d...~- .. oo·.wtt'. . ~ erA;;.UJ..S • 
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Griffith s. and. AwberyC 12) and Strong, Bundy and Lars.~n ( oO) discuss 

the. effect of. temperature variation al.ong. the axis of the radiation. system. 

In.. g.eneral, observa.tion ~f a hot. re.gion through a .cooler.fringe tends to 

give a result that is cl.os.er to the. mean temperature. tha.n. when a . ..c.ool.c.cu;e 

is ohaerv.ed through .a hotter fringe. 

El Wakil, Myers and. Uyehara.C5) des.cribe an .. elec.tronic .technique 

for d.etermining. flame temp.eraturea b~ the sodium,...line .. rev..ersaJ... me:thod. .. .Tb.eir 

paper con.ta.ins a valuable ,ao!Jilnen:tacy. on..the nature of..the .temp.e.rature m.9a~d. 

In. the. subseq.u.ent discussion,. Het:t .e.xpr.ess.e.s the .belief .that th.a.-c.hemiC41 

kinetics of sodium needs .addi ti.onaJ. . .study ,bef ore. full confidenc.e .. c.an. be . .given 

to line reversal. temp.era ture a.. .... A surve~ of the li terature on .the met.bod 

indicates that unexpecte.dly hi.gh .. temperature. values .. are sometime.s..ohtain.ed, 

and it .is a.dv.i.s.able ta view .. c.rlti.c.ally any temperatures .. de.tennined. in .reg.ians 

. in. which combustion is taking: !llace,. for in .such regions the thei'J.IIal. radi-

ation may be augmented. by chemilumine.scenc.e. Neverthelas.s., the me.thod .ha.s 

been widely usedand.a.pproved .. 

Methods.using. approximate._continua. 

Quinn ( 26) bas developed a variation .. of the .. mirror .. method....uaing 

a sli.t in the plane of th1,7 flame spectrum.. produc.ed. by a .. spectroscope.. ta 

isolate the. prac.tically flat peak . .of the.J.ntenaity dis.tributian con:too;r. of 

sodium.radiation from the flame. To en sure th at the peak is being ob-.-

served, suffi.cient. sodium. .mus.t. be. added .to .. the fla.me to. produ..c.e .a..val.ue 

of é equal to. uni ty over. the spe.otral region obs.erved .. 
fi). 

By the use of 

electronic equipmen t.,.. Qu.inn .wa.s., .able. .. to. measure fluctuating. . .,pul.se.-jet 

exhaust temperatures. as .. low. as 95.0°.C. 

Silverrnâh (
28

) has applied th.e. cons.tan:ktero.p.erature cOI!lparison 

5ource modifica tien. of Kurlhruml.' S-.me.thod ... to .... the. approxima t.e •. con:UnwJID. J#o-

duced. by .. car.bon dioxide in. tha.infm,.,red. r.egion .of the .sp.ec.trum. 

1 



M_ethods using intensi ty distribution. in ~nd spectr~ 

These methods are discussed QY Herzberg\lo) and by Gaydon and 

Wolfhard(lû). They have been .. applied to the rotational energy bands 

produced by flame radicals, and lead in many instances to such high temper­

a ture determina tians .th at the radiation. from su ch radi.c.als could. not have 

been exclusively thermal. Nevertheless, information thus obtained.may. be 

of interest in chemical reaction. .s.tudi.es .• 

Spectrographs. of high re.sol..ving .p.ower and long. ex:posur..e tim.e.s are 

requir.ed .. The bands observed are us.e.fuLonly if self-absorption. is. .known 

to be negligible. The methods appear to.be applicable only to small 

flallles under closely controlled candi tians • 

• .. METHOD§..CHOSEN.. FOR .. STIIDY 

Following upon a consideration of the various radiation metbods, 

it was decided that. the sodium-line rev@rsal method and. Quinn 1 s method 

would be applied to the spontaneous ignition rig in .an att.empt ta determine 

the flame temperatures. in .the. divergent duct .• .Tbe sodium-lin.e reversal 

method wo.uld b.e applied. first to ohtain.mean values, and.. Quinn 1 s m.ethod 

would. be applied lat.er to determine_ tempara.ture fluctuations... , Each method 

wa.s to be examined on a. small-scale rig prior to i ts use on the larger.. r.ig, 

for purp.oses. of convenience .and econom;y. Experiences with. .the sodium..,.line 

reversa.l methocL are .d.e.scribed in this thesis. The second method is still 

under investigation. 

In arder .to. obtain .experience .prior to. the. con.stru.c.ti.o.n. .of. .a 

temperature instrumentation rig, the open .. flame rig illustrated. in . .Fig., 12 

was cons.tructecL. 

The method of salt aspiration . .and .the .optical. arr.angeman ta c.or~e­

spond.ed. closely with tho.ae used. ey. Gr.iffiths and .. Awhery(l2)_. 
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Propane-air mixtures were burned abo'l.e .th.e .1 11 diameter grid of a 

Fisher humer..., in. which .. gases. are. p:z:e-l!Ù.Xe.d .be.fore combustion...... The pro.p.al;l.e 

waa .c.ommerc.ially supplied,. and bad a miniliil.lill. .. pur.ity .. of 97%. 

The propane and air. flows. were. metered.. by small .. orifice .plat.e,e in 

")../4" pipe lines. The oz:ifices were calibrated. agains.t .. We:kTest Meters., as 

the pipe and orifice size.s were. .consid.erabl.y .. b.elaw .. standard. . .Data. for 

. . . (2) propane denSJ. ty. .cal.culations . w.ere. taken .. from Des.chner. and .Br.own. . .. , ba.sed 

on .a .. purity: of 98-.. 5% .. 

The intradll.ction of. _sodium.. ... into .the .!lame .wa.s •. effec..t4!d .. by. .the .use 

of a. "acenkspr.ayn.type. of brine. a.tomi.zer,. shawn diagra.mmatically in. ... Eig... .. lB. • 

. The by .... pass in the. air lin.e., shown .. in . .F'ig .... l,?,. .was an .addi tian . ..made. in order 

to control. the quality of .the a.tom.i.za.ti.on. independen:U~ . .of the ... total. .air 
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flow, as it was found tha.t the quality of the atomization deteriorated at 

the higber flows through. the. aspirator. The building~up. of brine droplets 

in the lines. dovmstream of the aspira tor was a. disadYantage .in .operation, .. 

and pa.rtia~ .clogging"of the .. burner grid ... by salt necessitatect peri.Qdic 

washing. of.th.e burner .. 

The spectrum. :was. obser.ved in. a. Canadian" Arsenals.. T.y.'pe J_. S. direct 

vision. spectroscope. The two sodium.D. lines .could he readily r..esaLved 

wh en the slit was sufficiEm tly' .. naXToL 

The .tungsten. ribbon filam.en.t.l.a.mp .. us.ed as .a .. comparison. source 

was obtained from .. the Canadi~m. G.eneral. Ele.c.tri.c. .. Co ........ It. w:as cal.ibra.ted .. for 

brightness temperature at)\ :: O~ 665JN , in the red spectral. region, against .. 

lamp: current by means of a Leeds and N.o.r.thrup .t1Pe . .8622. op.tical pyr~.ter. 

It was found that a five minute .interval was requir.ed..for. the esta.blisbm.en..t 

of steady conditions. .wben.-~ting .. the.lamp. fr.om.. .. c.old,. .. and. . .care was. takten 

to permit equilibrium. .c.onditions to. be .. e.s:ta.blished .. before_ .rec.ordin.g. _aaéh 

tempi:lratur.e. The. curve obta1ned. ia ..sb.own. in. .. Fig.. ... J.4,..... Th.a_cor.r.e.ction 

curve for br.ightness .. t.emperatur.e.s .. at.)\. ;:. 0 .. 5895 )A-·, 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 tungsten.given by Forsythe and Worthing~ 7). Lewis 

and von Elbe\lS) describe the method of calculation in detail. The cor-

rection for lens transmittance VYas assumed to be.equa:l in magnitude but 

OIJposite in si&l to the correction of Fig. 15, and therefore the.curveof 
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Fig. 14 was taken 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.air mass flows .. in.the 

region of 2.5 to 5.5 lb/hr. The flame .was observed in the region ju~t 

above the bunsen. cones at tacbed to the grid. The mean curve which .· summa-

rises the resultais given in Fig ... l6. .. _ The scatter was high, of.the order 

of± 50 C0 • This was attributed partly to lack of experience. in obser-

vation, and partly to the variations in.setting. 

For comiJai·i:;,on, the resul ts. far prapane..,.air mixtures given by 

Loomis and Perrott( 20) 1 obtained with apparatus similar to. that.used by 

the author, are presented. Conversion. o.f the resul ts ta a propane/air .Inass 

flow ratio ba sis was effected by assuming. that. the spe.cific... gravity of the 

propane used, "of commercial grade", was 1.56 times that of air. 

Results given by Blackshear(l) for sodium.-.,line reversa.l . .determi-

nations at a height of three .in.ches. .. abo'lle .an opening on which.an.open flame 

of propane and air was stabilized are.alsa.plotteq. 

The au thor' s resul ts .are displa.ced. to the right o.f. those.of . .Loomis 

and Perrott, but.agree. qui.te .. closely with .those of.Black.shear. 

Far further comparison,. a .curve .o.f .maximum values of. temperature 

obtained later by the author_from the combustion of .prapane,.,air mixtures 
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in a quartz combustion. tube on. the tem.pei:ature ins..tr:umen.tation. rig. iB al.so 

shown in. Fig.. 16.. It is debatable. wi th. which .open fl&ma .curve. it. more . 

closely corresponds., but general ag.r.eemen.t .. in..-the. stoichiometric r.e.gion.. .is 

evident.. 

The experim.en.ta .. on. .. tP.is .. ri.g_served ta .. acquaint the. au.tbor. with. :the 

method., and. with. the necessity. for. refining the experimental. techniqUito- It 

was apparent tha.t temperatures of :the righ.t. arder. of magnitude.. .wara. birln.g 

determined.. Re sul ts a bta.ined. w.ith.. open. f.lame.s .are o.f doub.tful :v.alu.a, 

partic\llarly at rich mixture .. streng.ths., f~r. which. the .. po.ssibili:cy" ... of..c.om.,. 
! 

bust ion o.ccurring in. the., o.uter. r.egiona . .o.f .. the .. flame.s ... be.:breen unburn.t 

hydroca.rbons. and. the.. surrQl.ln!jj ag .. atmc.spbexa must b.e con.sidereQ.. 

TEMPERATURE INSTRUMENTATION RIG 

The temperature instrumentation rig was constructed for the.purpose 

of making temperature traverses along the axes of small-scale combustion 
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tubes.,.. thus . carrying out work sim.ilar to t.ha t proposed . f.or the $pon.taneous 

ignition rig .• 

The rig. is shown. diagrammatical.ly in. Fig. 17, and phot,Qgraphs 

are given . in .Fi ga. 18 _..,.. 21.... . . The r..a.diation. system. .waa.. s..ta.tümacy., .. and. the 

combustion tube was carried on .a sli.diJ:l.g.fra.m.e.whi.ch.c.ould .. b.a.mo;v.er;Li~ar ... th,e 

direction.. of the. axis.. of.. the tube. . This arrangement permit.ted .. the radiation 

system. to. be. more . ..firmly. moun.ted. 

Se veral types. ai' .. combUs,tion...:t.uhe... w.er..e. used.,. w.i th. i:n.terna.L. diame:te.rs 

of. appro:ximately .. one. inch., ... arui .• -..ith •. lengths- o.f .. from.. two .. tc .. tb.r&& • .f:ee~ .. 

Propa.11e-air.mixture.s were. burned .in .. the_ tu.-b&s. .. 
1 

" 
sisted .. o.f a. cylindri.cal._plug conta.ining .... .t:o.ur radially. drilled . ..b..al.ea-. from 

which propane.. iss1.l.ed..in.to ... an. air. stream. which had pas.seci thr.o.ugh~,swirl v.anes 

to produc.e a. vortex. motion,. in .. conventional mannar • 

. The. propane .. m&\tering. orifice .consis.ted o.f .. a 0. .. 06!1. dia.ma.t.er .hol.e 

drilled.in. shim .brass_aruLlocatecL in.l/4~'- stand.ar.d .. pip.e •.. lt. .was calibra.t.ed 

by a.. Wet-Test Mater ... 

The. result.s were. plot.ted on a pra.c.tically: . dim.ens.ionless, ba.aia.. 

Mass flow was plotted .. as ordinate, and the .product .of the. pressure. drpp 

acros.s .. the orifice.,. expre.ssed . .a.s a head,.. and. the ratio ~f the. absol.ute 

pressure to the .absolute,.tem.paa?ature".mea.sured .upstrea.tu ... of .. the .m::ifi.ce., .. w.as 

plotted. a.s abacisaa.. · The, pain ts .feil_ on. .a .. s.traigbt line, wi thin.. thB. .. limi.ts 

of experimental errer, and.pro-vided a __ calibration. curve.. 

The air metering orific.e conais.ted. of. a 0~.25'' hale . .drilled .in. a 

thin,_ bras s. pla te and.. lo.c.ated, ila.. 2 11 . .st&r!dar.d .pip.e. . _ I t. w:as. calibrat.sd. ey 

standard .. orific.es. 

cribed<above for th.e:pr.opane .. .orifice. 

It was considered desirable. to __ use dry,.,salt. aspira.tion.. .. on .. this.. r4 

to avoid. the·. practi.cal. ,.àifficmJ..tie.s. a.tl.d. .. some of. the theo.retical. ohje.c.t.ions 
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f l ct.l8 TEMPERATURE INSTRUMENTATION RlG 

FIG 19 APPEARANCE OF FLAME NEAR 
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FIG. 20 ASPIRATOR 

FIG. 21 ASPIRATOR INSTALLED IN AIR LINE 



58. 

associated .. with brine_aspira.tion. Water injected into a ~lame may absorb 

hea t &nd,. in the fonn of .. steam.,. take pax.t. in.chemi.ca~ reactions. 

Several triùs .with powdered-salt aspiration proved un.satisfactory, 

and tha a.spirator finally dev:eloped.is shawn. in.Fig.. 21. 

Sinclair .. and. La Mer( 29) produc.ed. sodi:um.c.hl.oride .. nucl.ei by .vapor-

izing salt .. on a heated .wir.e. The aspirato.r developed .. for tb.e .. ri.g. was. bas.ed 

on .. thia. principle, .... and .. thr.ea. standar.d. radia.nt.heater .elements. .wexe.. use.d. in 

ord er to pro.v.ide .an. adequate . heating. s:uxfa.ca.. .. Th a . elements. war.e pla.ced in 

cooling .. ho.t ·br ina_ and .. with.drawn. hef.or.e. h.ea"'cy cry.stall.i.za ti on .o.cc.w::red. 

lha.n. . .dcy, they. were. placed. in . the .. aspirator ,. and . suf.fi.cien.t .v.ap.pri zatian 

occ-urred.when .the. .. coi~ were .at. a mild .. red heat., corresponding. to .a . .supply 

poten.tial of. about. 90. volta, to produ.c.e. an. .. evenly co.l.oure.d .. y..ella. .. fl..a.m.e. 

Varia ti on .. in _the .concentra tian o.f .. sodium. .. vap.aur .. in .. the. flam.e .. w.a.s . ..eff.ecied 

by varying the Illlillber of . .elements h.eated"' and by varying . the. su.pply vo.ltag.e 

in tbe. rang.e. 9Q..-ll.O. .. vol t.s. 

Some sal.t.-.was ... deposi.ted.on .. the. . .heater .coils themseJ.ves.. . .during the 

coating pro.cess., but. most .appeared to ... l;>.e. abso.rhed in ... th.e ceram.ic hody .... 

The latter s:wea ted salt when hea.ted.,. and .. was probably:. the. rulixL.s.ource.,of 

suppl.y o.f the va pour. 

The aspira tor could. be used . .for about tbree .r:unn.ing.hollrs .. be.tween 

coatings.. The principal.limitation_ was. the .. :rise in_ temperatu.r.e .. o.f .... th,e 

aspira'OOr. a.nd. the gas. stream during ... operati..oli .. A practicaLlimi.t.. of a.bou.t 

fifteen .. to thirty. minutes. operation-for .ea.ch .. set. of .. t.rial.s. was. the .. con-

sequence..,. durin.g .which .. tim.e. the. rise .. in .. t.emperatllre. of. the.air .. supply. a.t 

tbe inl.et. to the .combustion tube..n.s. abQ.ut 15C0 • Since a travars.e could 

be.. made .. in. a bou..t.. :tb.r:.e.e.. minutes.,.. ho.vœ:J.Lex.,.. ... th.ei.li.mi ta ti on_ wa.a .. consid.ered 

ac.c.eptab~e. 
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The temperature of the air supply at the inlet to the combustion 

tube was measured wi tb .a mercury-in-glass tbermometer. 

The tungsten ribbon filament lamp used as a comparison source was 

the-one that bad been used on the open flame rig. Check calibrations were 

made periodically, but no variation from the curve of Fig. 14 was detected. 

This indicated that there bad been no deterioration of the filament. 

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

The lenses w~re "Hardex11 heat-treated lenses for use under bigh­

temperature conditions. Each lens bad a diameter of about 1 5/8 11 8nd a 

power of 8 dioptres, corresponding to a focal length of a little less than. 

fi ve inches. 

The lenses were located so as to produce images equal in aize 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 wa.s taken to give 

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

Combustion tube clouding 

For the early exper~ents on the rig, combustion tubes of bigh 

initial transparency, availa.ble commercially under the names "Pyrex Vycor11 

and "Vitreosil• were used. The former has a composition of about 96% 

fused quartz, the reiŒLinder being largely borie oxide. The latter is prac­

tically pure quartz. The combustion tube shown in the photographe i-s a 

Pyrex Vycor tube, but the traverses were made on Vitreosil tubes. The 

windows used in later experimenta were of practically pure quartz. 

·'. 



40. 

The most serious. dif.ficul ty encount.ered in the earl;y experimenta 

was the progressive .loas of .. transparency of the combustion tubes wi th use. 

Two more or less distinct effects appeared to be. re.sponsible. for 

.. __ this tr.ouble. 

Jfhen. quartz. is. subj.ected to a high temperatur.e., re.ccy:s.tallization 

may take place. This pro.cess is. kno.im .a a. devitrifi.ca tion. Unfortunatelj'., 

it is accelerated. by _ the .presence .. of_ alkali metal vapeurs.. 

The second. process. is. tha.t of "frostin.g", due to. a reaction. at 

higb. temperatures. hatwe.en .. sociium ... vapou.r_ and.. the silic.o.n. in tb.liL.tube., ... pro­

ducing. sodium. silicate, 

Devi trific.ation,. may. thus affe.c.t..the .. whole. thickneas of. the_ tube., 

but devi trifictt tion. .. in. the presence of sodium. vap.our, and the frosting 

proc.ess, are most evident. in an a.ttack .on.. the. inside surface .• 

Sorne time was spent attempting. to. separate tha factors influ­

encing .the progressive. clouding-up ofthe tubes. The Pyrex Vycor tu~s 

cast about ten dollars apiec.e, and. the. Vitreosil tubes .. cost about twenty 

dollars apiece. The .usefuL life .of each.was found. ta. be of the order. of 

thircy minutes with sodium .. aspiration, after. which the cloudin.g.,.up.app.ear.ed 

seriouso Economi.c . .fac:tors .. prohibit.ed extensive resear.ch. 

The earlier use of. powdered-salt aspiration. deliver.ed. salt 

particles ta the flameo Tb..ese. particles settled on .the .. tube.walLand 

seriously a.t tack.ed .. i.t., l ea ving _ f og.gy. pat chas., __ and in. same .. cases .. huilding­

up. as. a crust,...like deposit. The aspira:to~ shom .ill... Fi.g ... 21 wrua .. de:v:elo.ped 

as.. a. dire.ct result of this .. t:roubl.e ....... l'he. c.orresp.onding. attack.on.J.be. tupe 

consisted. of an .. e'len_,. IIÙlk.y cloud. on ·the. inner. surfac.e. This. clouding 

c.ould .. he Pemo ved wi th.. a .. clo.th .. in. the. . cooler .op.era ting ... regions . .oî. the. .. tube, 

but in.. the higher tempe.ra.tura .zones. the .. a t..tack. . .was permanent .. 



Devitrification was troublesome only in the case of the Pyrex 

Vycor tubes. At the fl~e temperatures used on the rig, subsequently 
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found ta be of the arder of 2000°K, the devi trifi.ca tian of the Vi treosil 

tubes was negligible, except in sa far as it may have occurred at the inner 

surface, where permanent clouding occurred in the presence. of sadiUDL vapeur. 

Temperature traverses using quartz tube 

The results of five traverses on a Vitreosil combustion tube at 

approximately constant throughpu.t. and. inlet temperature and at various 

mixture streng.ths, are.given in Fig. 22. 

The curves .. follow similar. trends, the temperature rising ta a 

rna.ximum at from one to three incbes downstream. of the bu.rner and th en 

steadily fa.lling towards tbe exhaust. The point of maximum t.emperature 

maves downstream as the richness. increases, and the peaks. of the rich curves 

appear flatter. 

The me.ximum temperatures obtained at each mixture strength are 

plotted on F'ig. 16 for comparison with resul ts on open flames. 

The five tests on the Vitreosil tube involved a total of approxi-

mately thirty minutes sodium aspiration. In o.n attempt ta assess the 

effect on the suitability of the method of the loss of transparency ex­

perienced, the maximum temperature correction due ta the reduction in 

transmittance w&s plotted on a sodium aspiration time basis. The resulting 

curve is shawn in Fig. 23, and no sign of levelling off is evident. The 

useful life of the tube therefore appeared to be ljm..i..ted ta about thirty 

minutes. 

The method of determ.ining ... tb.e. tempera.ture correction. was as 

follows: The tung.sten iamp was observed through the combustion tube, 

before and after each test, with an optical pyrometer, and the apparent 

brightness. temperatures so obtained compared with those for the same lamp 
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current when the la.m.p was observed dire.ctly .. In making flame temperatu~e 

determinations, a correction has to be applied for the tr.ansmi.ttanc.e. o.f the 

wall of the tl.lbe nearer the la.mp, and it was necessary to ma.ke the ass~p-

tian.. that each wall had the same transmittance, for it was not feasible to 

split the tu be and. so. o.bserve. through .. oni1 walL alone. _ This. .as.sump:tiop 

re garding .. transmi t:tance . seemed r.easonable_ in.. that.. the . clouding..-,up. .. appear~d 

fair~y uniform to the eye. The. further assumption. wa.s made .that the .. tran.s-

mitta.nce in the D lina region ... of the spec.trum. was equa~ to that in. the region 

observed. in the optical pyrometer. Thi.s seemed reasonable in that the 

clouding .. appeared white to the eye~ 

.BRIG H-TN ESS TEM P. C.ORREc:nON 
0 

c 150~---------~--------~------~------~ 

0 10 20 30 4-0 
SOOIUM ASPIRATION T1ME- MtNS. 

F\G 2.3: CORRECnON FOR.. SINGLE WALL. C.L.OUlliNQ 

When the combined tranSllÙ ttan.c.e 11·as. high,. the temperature carree-

tian due to the transmi ttance et one wal~ could be taken as one half .. that 

due to .. the. two walls bl.lt,.. at .lo.wer values. of the . transmitta.n.ce ,. the. carree-

tian due to one wall was rather more than. one ru'tlf tha t due to the two. walls, 
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and calculations using lien's formula (with~ = 0.665f-) for the tempera­

tures used led to the decision to use. a figure of-O .. 55_ times the temperature 

correction for two walls as the. 13ingle wall c.orrection. 

A further factor was the possibility of the transmi ttance of the 

tul:>e'varying with temperature... To test.this, the cloud.ed tube.used in 

the .expe!iments described.-ttbove 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 resulta are plotted in Fig. 24, and indicate 

that there was an increase in transmittance of the' tube wh~ hot.· The tube 

was observed wi th the. op..ti.cal. pyrometer during the run and a brightness 

temperature traverse taken. The resulte of_ this traverse are shown in 

Fig. 25. 

By considering .the radiation from the tube at a _point 21/2 inches 

downs.tream from the burner, and the transmi tted.lamp radiation through the 

hot ~d cold tube respectively, at_ the_ same1-point, calculation-s·. based on 

Wien 1 s formula_ ( wi th ~ = O. 665 f'-) .: showed. that .. the·. contribution of the. radi­

ation from.the tube itself'.was negligible. · 

For practical purposes.,. . then, .. the .. curves of_ Fig. 24 _ could be 

taken to indicate. the effects of .transmi ttance when. the. tube was .respective-

ly hot and. cold. The brightness .. temperature differences shown correspon.cled 

to observation throu.gh_. two walls. The test il'ldicated, then, tha.t a 

correction of the order of +so· C0 should be applied to those resul ts Gf 

Fig. 22 which were taken when. the .. clouding..-up .became serious, for the 

corrections that had been applied were based on the measur.ement.of·;·the 

effects of transmittance when the.tube was cold. In view of the-magnitude, 
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and hence the uncertainty, of the temperature corrections applied .. in .. the 

later tests, hawever, no modification. was made to the curves. 

Attempts.at che.cking.the above results by aspirat.ing lithium 

sulphate vapeur and effecting a. reversal on the red lit.hill:m. line.. w.ere not 

suc.c.e ssful.. The authar was not able to obtain a dark absorption .. lin~ a.t 

high. lamp brightnesa.temperatures. 

Examina tian of the variation of transmi.tta.nce wi.th wavelength_ of 

clouded-up Pyrex Vycor and Vi treosil 'fubes was made la ter with an. elec.troni.c 

photo.meter. The resul.ts are pre.sented in Fig. 26. 
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The. transmittan.ce appeara to increase steadily with wavelength 

over the vi.aible region. of. the spectrum,. th.rough the increase is. no.t con-

. s'idered sufficient ta necessitate .modifying .. th.e results of Fig. 22. 

Temperature tr&verses using steel tube 

In an attempt ta avoid the troubles associated with tube cloud-

ing, a steel tube. wi th d.ia.metri.call:y opposed observation .holes wa.s. fi tted 



to th.e.. rig., 

47o 

LiglLt from.. tb.e lam.p could .thus be observed.. at evenly spaced 

stations along. the tube~ No correcti.on...f.or trans.mit..tance was necessary.., 

so .the de.termination.s. w.er.e r.apid .. The rig was. run at settings. correspond-

ing. . .clo.aely with. tho . .se .. u.s.e!Lin .. the. tes.ts. with the quartz. tube, and the 

curves obtained WQre.. in good. agreement. .w.ith. the. curvils. f.or the. quartz. tubS:­

Owing to the fa ct th at flames is.su.ed. .from...mo.st of the. hole.s_ duriilg.. the 

trials with. th.e. stileL.tube,.. little significanc~ can b.e attached. .. to ... these 

resulta.. Neverthel..esa, traverses were r...eadily made. over a range .. of. s.etting.s, 

an.d some .. result.s .. are.gi.v.en.in. an. earlier. paper by the author(ll). 

Cloudipg of recessed.windows 

The quartz. window..s on. the .. spon:taneous ignition .. rig ar.Q .. set back 

abou.t 5/ 4" frolll the duct wall. I t was con.sid.ered tha t this m.ight. be 

expected to afford. som.e .. protection. cy reducing .. the e.f.f.ects of dir.e.ct flarq.e 

imping.e~ent. 

To tlast this . .ef.fect, a 2" l~angth. . .of 1/ 4" pipe was weldQd. around 

one .. of. the hales in the steel tube. used. in. the tests described aboYe., and 

a small piece of. clear quartz ... wa.s secure.d .. ta its open end to act as a 

window. After. abou.t.thirty minutes. running. with. sodium..aspiration. unde;r 

approximately stoichiometric conditions. no..detecta.ble clouding. re..sul.:ted.a. A 

reduction of the pipe l.ength. to .l/2", which .was approximately th.a lQngtll. 

of the visible fla.m.e.emerging.from. the oth.er..holes near the bur.ne..r,.,re­

sulted in .. sligh:t .. clo.uding.. s.ft.ar .. thirty minutes running., but the clo:uding 

wa.s.. in .. the form of a. light.deposi t, and was easily removed. 

A s.teel. com.bus..tion tuba wi.th .. windrur.s recessed 5/ 4" at ~a.ch 

obs.ëna.tion station .waa. ws.ted. on the. rig~ .and.. the reduction in trans­

mit ta.nc.e .was determin.ed.. after. about .. forty. fi ve minutes sodium aspira ti on 

ti.me .. in.. tests over. a. range. .. of settinga..u.aing .weak and rich mixture . .s.trengths.., 

The .. r.eduction in tran.smittance .·appear.ed .. to. be. about double that. praduced 
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by a si~e wall in the. experimente using a quartz combustion tube, but 

the deposi.t on the inner su.rfa.ce of each.. window was easily renmved .hy rub-

bing with soft tis.sue, and th.e ini.tial. transmittance restored. ln cases 

where sorne of the cement used in attaching the windows had deposited. on the 

inner. surface, a permanent. attack resulted, and the transmittance ... wa.s 

permanently reduced. 

It was early recognised that, in ~ork of this type, it is important 

to exQrcise care in handling .. quartz. to. avoid. contaminating the surface to bi 

presen.ted to the flame.. 

lgni tion. of. the mixture llhan. using recessed windows was occasion­

ally accompanied by windows.blawing out. This may bave been.due to the 

general. pressure ri se. in .. the. tube as the name travelled upstream. to the 

bu:r.n.er,. or possibly to mild expl.osions .. in. the. smal.L chambers carrying 

the windows. The trouble was overcame by separating the burner head from 

the. combustion tube,, l~t.ing .the mixture. at a low through.put, and then 

moving the burner head. back into position in the tube. 

TRIALS. "ON SPONTANEOUS IGNITION.. RIG 

A spectroscopewas constructed and mounted on a trolley which 

could.be tre.cked parallel to th.e axis of the divergent duct on. th.e spon­

taneous. ignition rig. Apart from the .. spectroscope, the opticE).l syst..._ 

was the same as that used on the temperatur& instrumentation rig.. Tbfi 

optical hench carryi.ng.. the l.ens.es and. the lamp was attached at one end. 

to the trolley, and .. w&s supported. at the .. o.ther end. by a second track 

parall..el to the duct axis.. The stop covering t.hi lens nearer the spe..c-

troscop.e .. was redu.ced .. in.siz.e. to .. all.o.w for. wider variations. in. aligni!lJIDt 

du'i. to. thermal distortion, for. the duct radiat&d at a red-heat when .. ip 

op'irati.on.. The spectros.cope. and. the .optica~. bencb. .. were of. he.av:y con­

struction to permit r.eliabl.a .. operation under_ the. high.-~erature 



conditions in. the cell. A radia tian. shield. w&s plL:.ced a round the spec-

tro.scope. ta shield it. from. direct radiation. from. .. the duct. Prior to 

installation. in the cell, the sp!ictroscops was tested on the tempe:r:ature 

inst!'Uill.entation. rig, and !:la tisfactory sodium-line reversals were obtained 

and temperature determinations made. 

Sodium. aspiration 

Atternpts.at injectin.g.briD.Q.into the hot gas stream. pro:ved un­

successful, as the injectors rapidly became clàbged with salt. 

The method finally adoptlild was one employed by Watts and.Lloyd-
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Evans(:3l). A soluti.on of sodium..ethoxide in. ethyl alcohol was mixed with 

the. kerosene inj ected into the. stream. in. the divergent duct.. The fla.m.Q 1 

stabiliz.ed in the duct, emitted sodium. D line radiation, but no. radiation 

of this ... type v:as apparent in. the region. ab.ead of the flam.e front. The 

quantities of sodium. ethoxide required to produce the radiation.wer.e can­

siderably in excess of those used by Watts and Lloyd-Evans, owing pre­

SU..'TIB.bly to the lower tempera ture levels on the spon taneous ignition rig. 

As far as theauthor could determine, the sodium ethoxide solution 

was the only one that could be intimately mixed with kerosene. Sodium 

ethoxide is availabl.e comm.ercially at .a relatively high cast, but can be 

preparad with care and patience at a moderate cast on a laboratory scale 

using vacuum distillation .methods. The compound is strongly caustic, and 

requires. care in handling. 

Window clo~ding 

A new quartz windOJi was fitted to the spontaneous ignition rig in 

a position where it wus in. .contact with .. the flrune whenever combustion was 

taking .placQ in. the duè.to. The history of the window in terms of i ts 

reduction. in transmi.ttance .with. time .is ... g.Lven in Fig. 27. 
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Values of transmi tt&nce wer·e obte.ined by means of an electronic 

photometer. The vdd th of the spectrum seen by the photo-multiplier tube 
0 0 0 

used as a receiver was about 10 A in the region of 4000 A, and about 40 A 
0 

at 6000 A. 

The initial 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 

flame. 

Cleaning the window after each run was effected by lightly 

scrubbing wi th a wet cloth and allowing to dry. 

~he reduction in transmittance after a few.hours running was 

considerable, but owing to the fact.that the windows could be separately 

examined, the affect was not considered serious from.a radiation_viewpoint. 

Mor~~ver, owing to the steepness of the spectral radiati~ flux ver$US 

temperature cur-ves in the visi~le region, an error in.the estimation of 

the tnansmittance was not considered liable .to introduce a very serious 

error in a given temperature determination. 

Attempts at temperature determination 

Attempts at determining flame temperatures on.the spontaneous 

ignition rig by the sodium lina reversal method were unsuccessful. 

In on~ trial, the rig was. operated with an estimated temperature 

upstream of the name front of 1220°K. This temperature value was ob-

tained from a mean temperature determination.in.the gas stream ahead of 

the fuel injector, using cbromel alumel thermocouples, a 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 .. ... 0107, for which the theoretica_l 



temperature rise for complete combustion at an initial temperature of 

l220°K would be approximately 330 C0 • The maximum flame temperature 

would therefore not exceed about l550°K. 

A station considered to be in the region of the maximum flame 

temperature was selected for observation. The mean rear window trans-
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mi ttance at this station was O. 35 over the period of the trial, which would 

require a lamp brightness temperature about lOO C0 higher than the flame 

temperature at reversal. 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 reversal was obtained. This effect was in-

dependent of variations in the width of the spectroscope slit. 

Variations were made in the amount of sodium aspirated, up to a 

maximum of about l/10 gram 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· l500°K 

led to consideration of the possibility of assigning a lower practical 

temperature "limit" to the sodium-line reversal method. 

Earlier experience on the temperature instrumentation rig showed 

that, with insufficient sodium aspiration, or at temperature levels below 

about l600°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 human eye, which is roughly insensitive to 

differences in radiation intensity less than a certain critical fraction 
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of the mean radiation intensity. At low intensity levels, thi.s_fra.ction 

increases as tha mean .intensity level decr.eases, and it is possi.bJ..e_ tb.a.t, 

at a low flame temperature, the intensi.ty level at which .. a reversa.Lshoul.d 

theoretica.lly have occurred was. tao lo.w for the necessa:cy. int:en.sity differ-

ence to be obtained. A continued increase. in the. intensi ty o.f .the-·Cf?n-

tinuum produced by the 1amp _would._ incr.eaee . the . generaL int.ensit.y lev:el, 

and the necessary intensi ty difference might . .stilLno.t be-.obt&ine_Q. 

Only a few refe.rence.s to. the posai bili ty of. a lower temperature 

"limit" were noted in the author' s literatur.e survey. SeveraL.write~s 

make the statement that tha sodilJm:..line reversa.Lmethod may .be u&led.at 

temperatures "above 900°C", but this is .probably based on.K.ohn1..a.checks 

on the properties of sodium vapour_ above · that temperature .... Marskell (2l) 

observes tha t, in his experimenta, the. sodium. :line .did no.t appear. to be 

strong enough for accurate observations belo.• ll00°C. 

Fuller(9)ma.de a delibera te attack on the problem, .using .. asp;irated 

vapeur from heated sodium. The .lowest tempera.tur.e. r.acorded .. was .. lB37°K 

(1064°C), and its genera.Lvalidity.was confirmed with a double...,shi.elcl(ld 

chxomel..,.alurn.el thermocouple. 

There appears. to. be suf.ficient experimental evidence. to.justi.fy 

assigning. a general.lower practicaL temperature -"limit" o.f about. .. l400°K 

to the sodium,...line reversa! method when _visual observation is employed. 

CONCLUSIONS _ANlLB.ECOMMENDATIONS 

An understanding of . the .fundamental .aspects of the temperatul;'e 

concept is necessary in arder to in.terpret adequately the significanca .of 

a flame temperature determination. Resul ts need to be c:dt.ically.analyzed 

with reference to the particular eotdltions in which they were o btain.e.Q. 

It is desirable that metho.ds not .in1lolving.:the .. insertion .. .o:f.a 

solid body into the flame should continue to. be developed.. Metho.ds based 
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on the laws of thermal radiation have received extensive exa.mination .. .for 

more than a half-century, and are cur.rently in wide use. Such method..s 

appear tc be of most general application. 

The visual sodium-line reversal method appears. tc be J.napplicabJ,.e 

at temperatures below about ~400°K. Quartz windows in cOI)tact.with..the 

flBllle may suffer a permanent redu.c.tion .in transmittance owing. to. .. attack 

by hot sodium vapeur. The reduction in transmit tance .may be rendered 

temporary in small-scale work by recessing the windows sufficiently frçm 

the flame. The aspiration of sodium . .compo.unds into the .flame .p.re.s.ents a 

further. pr.oblem, rut the sodium.-.l.ine reveraal.method is .. ba.s.i.ca.l4 ... ai.mp~e 

and permi ts rapid tempera ture .determina tiens to .be made. 

In future work it is recom:m.erided .that the visual.sodium...,li.ne 

reversal method be considered for use .only at temperatures above.1500°K, 

and in the absence of significant temperature fluctuati.ons.. The me.thod 

developed by Quinn using. bla.ckbody radiation at the peak o.f the .sodium D 

lines. might.prove applicaple tc the determination of fluctuating.tempera­

tures above 1250°K, and .attempts at .determining flame .. temperatures on .the 

spontaneous igni tien rig by this method .are currently under way. lt..:.is 

recommended tl-...at. methods not .inv.olving .solid body insertion.shouldJ;>e 

continuous.ly investigated in an attemp.t..to apply at leas.t .. one .of .th~ 

tc this particular project. 
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APPENDIX 

THE ·EFFECTS OF OOMPARISON SOURCE REFLECTANCE 

In temperature determination work, the effects of comparison 

source emittance have been studied in detail, but the affects of re-

fleotance appear to the author to have rëceived little atteption, apart 

from the obvious requirement of screening the comparison source from strong 

sunlight. 

Where a comparison source is observed through a flame, it may, 

under certain conditions, reflect flame radia ti on back to- the flame along 

the axis of the radiation system, and thus augment the observed radiati-on 

in the manner employed in the mirror method. In the case of a tungsten 

ribbon filament lamp, the spectral reflectance of the filament 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 s.ystem of the type shawn in Fig. &, and using 

a comparison source with a plane emitting and reflecting surface, three 

conditions need to be satisfied for reflectance effects to influence 

temperature determinations: 

1) Ps>-.. > 0 

2) ~F)... ~ 

5) The emitting surface of the comparison source is set 

approximately normal to the axis of the radiation·system. 

Under auch conditions, and with reference to the methods of Kurlbaum and 

of F~ry, a straightforward theoretical analysis showed that the temperature 

determined by these methode would be too high. 

1) 

2) 

Increasing tJ • 
~)\ 

Decreasing E.,.)\ 

The error increases with 



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 filament perpendicular to the axis of the 
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radiation system. The lamp_was v±ewed from the position normall.J occupied 

by the spectroscope, and was rendered visible by reflected light from the 

flame. At inclinations of th~filament in excess of three degrees on 

either side of the perpendicular, the filament could not be seen ~hrough 

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'reflectance were made experimentally, but the-control of 

important variables was· not sufficiently good to produce a statistically 

significant result in the case of the sodium-line reversal method, while 

the number of determinations made using Kurlbaum 1 s method was not sufficient 

to establish a conclusive result. 

For the sodium-line reversal method, there is a tendency to w.or-k 

with high va.lues oftF).to obtain a sensitive reversal, so that comparison 

source reflectance effects, where they exist, are probably very·small,·and 

therefore escape detection. 

For Kurlba.um' s method, the concentration of emitters can not be 

separately controlled-, but at low values of é,:>.' where oomparison source 

reflectance effects are considered to be greatest, there is also a hrgper 

degree of uncertainty in determining the point of intensity ~alance. In 

consequence, comparison source reflectance effect~where they exist, may 

escape detection. 


