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Office of Naval Research -
Navy Department
Washington 25, D. C _ . ) :

Dear Sip;:

This is t¢ inform you that I have recelived
permission by Dr. Parker, Director of Project Squid,
te. publish the enclosed report and that I have sub-
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the Discussion on Heat Transfer to be held in London;. ... . . ———
l' September 11 = 13, 1951. ’ g ' ‘
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f;' etermination of the Temp_er*ature of Nnn-Lummous Flames g
' f‘&% '\ by Radlation in the Near Infrared. ')
7&&.@@ ,‘“ Q,v.v A — 12) :
g(,\ %?&'\\QQQ Q,Q By .. Bernath, H. N. Powell, F. Welty, and K. Wohl/ N
R
1 T l . Introduction 7
) __? "_’
o A : o .
o] R s The provlem of how to measure the temperature of non-lumilfiwus -
b mm %m. - | 3
1 ~f "1="nes S 1 e. of flames which are free from glowing soot partleles - - - ’
i H - . i
I ; h‘as n,,'; i‘uwsj‘_' an entirely satisfying solution. ‘I‘hermocou_ples and x
M poneumatic probes are liable to influence the state of flow and ;
. . A
7 . - ' ? E
} the rate c¢f combustiorn by their presence - quite apart from -other
\ 4.‘[\ 7 . ) - -
, limitations. The visible and ultraviolet radlation originates in
; ‘ . intermeilates of the combustion reaction and is of',c-hemilumines!@e_nt :
} IR
nature so ‘that 1ts intensity is not a2 uaigue fuaction o.f'tempera.ture. ; ]
& i : ‘ . lﬂ
&0 ’ > M
5 This is compatible with the fact that me 1nteneity atio of the \'
v - - »; :‘ E
: rotational 7'lines corresponds In a number of cases to a certain
-’ ,';“ . o R
- ™ - . <@ . __.3
temperature. It remains uncertain, however, whether this is the . z
: ' - ©
P N . . R i ;
/a§ case or 'no’c,.,\and what the relation of this, temperature is to the -
Z o~ - = "
7 : . T T ' . < i
r - translationsl temperature. Taklng further into account the expepi-~ .
| ::7(\:1 - = : . '/ - , K
- . "t 2 3 ' . oL 5
:,_E,..;.,,: -7~ mental and theoretical dlfficulties of the method, it appears that Jﬁ
| o S . = : , o
o ';. : the method is more suitable for éxploring the combustion mechanism ’
-y ; “=={h@n Ior aetermining "Tthé" Temperature, 1.6. Tthe tramsiaiional ’
o } temperature,; of flames. ’ . ,' - _1_
o R
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v Most widely used is the scdium line-reversal method. The ;
question, however, is still open whether the sodium radiation is !
3 invariably thermal in regions of intense burning (1). MQreéver, . )
a - N 3
,{ H
' the sodium has to be introduced in a manner which does not disturb ‘%
the flameé - which 1s not always feasible with technical flames - - : ;
‘ and has to be prevented from being dépositéd at windows whenever '5 1
s enclosed flames are investigated. 3
Co ) ) i
%-f Flame radiation in the infrared has not in-recent years been ;
[ _ o .
i , B employed extensively for weasuring itémperatures. An eveluation of
f t the Intensity ratios of the rotational iinés of the infrared spectrum |
i% has 8o far not been attempted since the main emitters are the tria- ] ;-
| S T - - 1
._ ‘ L3 " B . - ‘| q
'25 tomie molecules Héo and_'CO2 which possess an extremely complex band 3 l
o‘;’.? . R : ; '
P structure., The measurement of emission and emissivity inh a narrow :
‘§ infrared wave length rangeé is & standard scientific method for ob-
. iﬂ taining flame temperatures which is still in use (2). The methcdffé- b
%; quires a substantial absorptivity of flame gases as exists mainly ]
b {
lj; in the range of long wave lengths where measuring instruments respon- !
e —— ding . to the thermal effect of radiation have égwge’used. It appears i i
.I 6 ;
B advantageous to use instead the more sensitive lead sulfide photo- b L
. conductiva cell, This, however, restricts thé spectral range to ?
’ S wave lengths below about 3 where the CQQ'band at 2.7u is Just strong . ¢
A ) ',
| 4 v
5 3 ;-f
e 5 ; I
4 SR
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* enough to apply the method with & reasonable degree of accuracy al- Z"
| though overlapping with HQO bands is disadvantageous in some %
respects. ;£
i - A:__‘The Methed. L e T
The authors have taken advantage of the low llght absorptivity b
in the nearest infrared and have developéd é two-wave length methed !
. in which the temperature is obtained from the-raiio of the inten- - "
sitles of two peaks of the water ﬂénd system in the near infrared ;
. éfter the ratio of emissi"ities at t@ese two wave 1eégthé has been . -ﬁ
:; i ‘establiShed aé-ag;uég@Lon,foée@ﬁératﬁge‘as,wili 5e explained beléw:
- o & = 5 |
' The_me$h¢d:appe&fé abﬁiicaﬁléiko‘apy-combuat&on process in which !'
: . watéf vapor 1s produced. In order to be able to ascertain temper-_ ‘E i:
atures in narrow well defined flame‘negions,,a two-dimensional |
(inverted) flame hg§;§eeh made the object -of study, and the aperture
| of the spectrophotometer has been narrowed down such that light 1s ,
z ) ' oy
received from a flame zone of small cross-section which:ﬁas-a hear- d%
ly uniform temperature throughout the depth of the flame. ¢
T T B T The Apparatus. i -%
4 A cross;section through the burnéer used is shown in Fig, 14, : i
The burner'hasra depth of 5.1 cm and has quartz plates on the front ;
. and back side. The side walls are cooled. The primary burning zone, : -E :
g shown in Fig. 1A, appears truly flat to the eye. The burner can be % A
&, -
:u " A | 7 :7‘ |
L i . ) . . L ’%ﬁ{ﬁrJﬁﬁhﬂ;




=
.
)
{
|
!:
i
|
[
i
i
-
'r_
-ai
i
o
- ;" -
2

. ~ < R
Lo
- . — = g ~
4 él
. o 3
- e - ) ' !
tiltéd so that the burning surface becomes parallel to the slit . :;
4 i
{ j .
of the spectroscope. The flame zohe unider observation has a height o T
of 3 mm, and an average width of 0.3 mm. - -
The spectrophotometer operates with a LiF prism and a "Cetron" :
lead sulfide photoconductive cell*. The signals, after ampIification ’
anc reduction of noise, are recordéd on a Brown Electronlk strip.
chart recorder. The slit width is 0.13 mm, corresponding £o & re- .
solution of 0.0lp in the range of interest. Absolute intensities ;
of flame radiation at any wave length are obtained by comparing _
them with the radiation of a celibrated tungsten-in-quartz ribbon i
) _ . - - : |
“lamp (standard lamp) at the same wave length. The apparatus can % E
be used to traverse through the spectrum for a given point of the ﬁ 1
flame cross-section as well as through the flame cross-section for g ]
= ' - |
a given wave length. - E;
|
C. Evaluation of Data and Results. o ,
e NS A= — A LA A2 o o ? :
1) Thermodynamic Check. It 1s possible to check the ~ g ;
- - i h
: 1
thermodynamic consistency of the temperatures obtained with the < 1
’ . K P
, . L
help of the radiation inténsity af & third wave length,-even before = 'i
- AR
performing the actual computation of the temperatures. A sample of i .
. i
a spectral traverse for a butane-air flame 18 given in FRig. 2. It =
contains at the same time the radlation curve from the standard ?
%

— . S S e K !
* Gonﬁiégnxal Electrié¢ Company of Geneva, Illinois -% i(
o 7 " g

= ,if ) ‘
K
- - i e o ST RS




. 2 5 o . A—— T Y=

e

lamp which is indented at a number of placés due t0 absorption of

_ radiation by the water vapor cohtehnt of the dir in the 1ight path.

It appears that at the peaks of the flame radiation cui_'ve de=~

~ §ignated -b.yh‘ = 1.346u, and_)s = 1.81qu very little light ab-

sorption by water vapor at room temperature occurs, so that the

- corresponding correction terms are below 2%. Wave length

/1&-'.—. 2.5051 is practically- free _fr_oz_n absorption at room temper-
ature. These wave lengths therefore have been chosen &s suitabie

for the measurement of flame temperatures.

As the absorptivity at all wave lengths used is below 3%,
1t can be expressed by the product € cd where & is the molar
extincfgion _coefficient at thé wave length)\,c¢ the water vapor con-
centration, ar;d d the depth of the flame. Thé ratio of thgffn_a’-l
flamé radiation at thé two .;fave lengths 21 and/ZG can then ‘b'e-"

written

[

Eg '-567,*2 (e )

El- = E. /\g (eéi/fﬁfﬁﬁ’f 1)

(1)
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where EI and E6 mean brightness at wavelength h) j and >\ g» respec-

tively. Within the temperature range of 1r_,Lter‘est the equation ¢an

be written with sufficient accuracy

e
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B6 €6 16 . .
}og E, log 5 + 2y 7 (2) 5
{él.‘{(f' H
, ¢ _ . :
where &, . and b, are known. == now i8 only & weai function .of
16 16 3 ,
temperature and it may be assumed that 1t can be described within
: i . s
' the temperature range of interest by the theoretically plausible :
’ equation .
. 6 Pig 7
1log EI =g T T (3) j
= where dléfgnd BlG'are.constant coefficients which so far are - ;
unknown. Equations (2) and (3) give |
‘ g (by + Brg) o
6 . (s C L2216 T P16 e :
log E, = (816 + a16) o — (4) "
E6 ‘
By writing the corresponding equation for log E , and by =
eliminating T from these two equations, there 1s obtained the
| o ton 1 Eg E6 .
; following linear relation between log o and log T ¢ .
. ! 3 -
?_, j
\ : ; ,
; log Eé = 8yg + Qqp - fflﬁ b 316)(a36,f %26’ (b16'+ 16) log Eﬁ (5) N
'} By 716716 P36 * P36 (bz6 + Pg) ~ E3 it
o FigljB shows that such 2 linear relationship holds indeed betweern ’E ?
) 160C and 2200° K. (see:below). Some of the data which are repre- Lol
5 : ‘1 :
| sented in this figure ave given in Table Ia - R
}
o . - :
i ey ccmplete list of data and a morve detailed description of the )
‘ apparatus will be published elsewhere. N 1
. . 3
{“,_; et o e = T Tk Y
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TABIE I

Examples of Data on Infrared Rafdiation
and Temperatures of Butane-Air Flames
E = Spectral brightnoss in (s atts)(cmo 2)(micron l)(sol:.d angle

El at }~— 1.346 microns

' E3 at A\— 1:819 microns

E¢ at A = 2.505 microns

-1y

‘Témpe Temps by
Burner~’ % 2) Ey E}' Bg log Eé log Eé ggg?a- iggium
Type  Butane - E - red, Reversal,
1 3 ok, .
B 20 55 Oo 03 57 Oa O4’O£ Oo 1558 Oo 64‘0 00 589 2030
B " +0349 .0389 1532 .643 .595 2020 ¢ 2042
B " <0360 0406 .1560 .637 .585 2035
A " «0397 0451 .1766 L636 .580 2040
B 2.85 L0437 0475 .1748 <602 L566 2110). -
B J 0431 .0467 .1748 608 «¥723 2090°F 2103
B " L0439 .0473 .1762 ,603 571 2105)
B 3- 04 - 0493 'y 0529 . 1920 . 591 . 560 213 F: )
B ) . 049 L} 0532 [ I9J.2 L} 588 e 556 2145 2128
A n .0549 ,0584 ,2045 .571 .545 _2185
A 3.33 «0531 .0581 .2130 .604 ..565 2110
A 3.76 0501 .0544 . 2025 607 571 2160
A 4,28 <0375 .0434 ,1738 A64 593 1990
B 4,76 <0337 .0387 .1587 .67 613 1960\ - \
B .o 0372,7 .0386 .1592 .68 616 1935} 1928
B it . 03 . 03 85 . 1612 . 679 T 622 1940 ' -
A " .0287 .0350 .1509 .720 .636 1875
B see 3) 0120 .0186 .1000 .921 .731 1595

1) Burner Type A: See Fig. IA. The burner duct shown in
’ - Fige 1A, through which the fuel-air
mixture is supplied; was 5.5 mm. wide.

Burner Type B: See Fig. 1B.
2) The stoichidmetric G4Hlo-dir mixture ¢ontains 3.13 %
3) Luminous diffusion flame, produced by introducing

parallel streams of a rich fuel mixture and &ir through
a modified Type B burner.
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‘The lingarity‘observed confirms that the infrared
radiation of the water vapor 1s therma] at all conditions,
and 1t proves at the same time that the form of equation (3)
1s capable of describing the temperature dependence of the
ratio of the.extincti@n coefficients with sufficient

accuracy over the'temperature range of Fig. 3. It 1is true

‘{éhat in principie éduations(i) and (2) might be &rroneous

“in such 4 fa h‘i D that the validity of equation (5) 1is the

*‘result of compénsation of ‘errors, This, however, is most

unltkely in view of the fact that the two pertinent
Variables, tQmperature and composition of combustion

gases could be varied 1ndependently without causing any

Systematic deviations.
It may be mentioned that one of the butane-air

flames measured wésrardiffugion flame which was clearly,

though not. very strongly, luminous. This means that hedeguw

e e e lE

PR

v x

v181b1e radiation emitted by the glowing soot particles

R E b

Moo frle

Ai’y




present, was well visible to the eye in comretition with
the green—blué light emitted by the flame gases. It was
shown in special experiments, however, that the radiaticn
emitted by the soot partiéles of the same flanme ;n the
infrared was entirely negliglble as compared with the
water vapor radiation. This makes the method presented

:&;ne applicable to flames of weak and medium 1umin081ty.

2) Establishment of the Temperature Scale: After the

eénsistency of results has been established; it remains .

to determine the coeffic;ents~al6'and ﬁlé of equation

(3) 80 that equation (4#) ¢an be used for thé measire-
ment of temperatures.The corresponding equations fof
the wave lengths ki6 ‘and );3 may be used instead.
Only one palr of wave lengths is requireéd; the other one

serves merély as a ¢héck. In order to find the values

D

of the two coefficients in the equation (3) or (4)
the temperature has to be measured by anh independent

method for at least two points., For

IR
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) this purpose thé sodium line-preversal method was chosen, and it g.
1 was appllied to four flame points for which the infrared radiation i:
, had aieso been measured (see Table I). |
% In order to apply the sodium line-reversal method, the burner :
had to be modified; for the sodium sait hds a tendency to form a ;
- deposit on the windows, and any absorbing layer 'ﬁi ':betwegn
the standard lamp and the flame would invalidate the_method. ngg, %
: a sl1it was éut'into the back.quarﬁz plate. In oirder to obtaﬁn'; : i
e stabie flame with this coﬂfigﬁration, the burner duct seen in ,i:
Fig. 1A was replaced by a one-dimensional Meker grid, &and a-cioséd:~ o ?
box with a quartz window was bl@ced-outside the 311t~aéiis geen _ } E
_ in Fig. 1B. The data__bbtained with this b‘ume_; did not show ~a_113:r-" A :
Systematié deviation from the average line of éig. 3. The Sodium : i
- lifie-reversal témperatﬁre is es8timated to be accurate within t 1o°, i
'I% . The reésults are shown in Fig. 4 in such a.way-that the ob= Z ?
%_ served values of 163 E6/E1 and 16g E6/E3 are plotted as & function | % ;
. of 10”/w, T being the sodium line-reversal temperature. At the same ﬁ %
_ J____4_~__ _PEEE;?§9_?1§n£El§n_iunntion_ldg_E%ZEfl—Léfpl@tted—ﬂaie"%represeﬁta ; 4
], the ratioé of black body radiation at XG and >‘1 as given by | !1
L equation (1) or (2) 1if 456/51 is made equal to 1. Similarly,
log Eé’/EBO is obtained and plotted. The differences between the
_ ’ R |
-4 !
L. i - Do e e e aien )
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two straight lines in Fig. 4 thus equal log Eeyf‘ and log: 56/65

respectively. The equations obtained for these guantities are

e adhatalh I

T Lt T

o
e TR T
o mre 8 '

b
i

. &g '
log 57~ = 0.510 (6)
N .
€ %
o i Z 281 .
logzg = 0.653 + T (7) q
| | | |
The corresponding -equations for the ratios of radiation intensitles )
are ) z
. Eg "
log E, T - 0.345 + 20@0 o o (8) i
Eg s 112 - : s |
log 5 = " 0.0326 + 2222 (9) .
3 & . -
These equations yvield a temperature for -every point of the
; =
average line of Fig. 3. The temperatures &re indicated in the ;
: . ¢
figure In steps of !one hundred Ad2zrees. - i
The real fiame points now at whiech thé three radiation in- f
tensities have been meusured,show a certain deviation from the %
S e - — =
line of Fig. 3 due to random error. In other words, the ratio é!
R A
o] - " .- . 3 pt - . I“
E‘6/E1 yiél@s a somewhat different temperature than the ratio %
i
E6/E3. Averaging has been performed under the supposition that g
the errors 1ﬁ.E1'a E3 are larger than the error in EG because .;
. > i E
\ Y
.s'i) ' i
. o -@wA%ﬂrg,l
;
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radtation at A, :emcu\3 is considerably weaker than that at A 6°

These considerations are accounted for by choosing as &n average

the point on the straight line in Fig. 3 which 1s closest to the

point in question. If the errors were attributed solely to'El &and

L

the average would be cbtained as the point of intersection of

-

the straight line of Fig. 3 &nd a 45° - line from the point in

question. The difference equals a few degrees and is below 10° ¢

in any case. The uncertainty introduced by this procedure can -

-

be redqué béle any significant amount through repeating the -

measurement sihce the points are.randomly distributed amcug kthe

Iine of Filg. 3.

The absolute accuracy of che temperatures obtained is

estimated as ¥+ 20° C. The random errors are much smaller as

can be seen from the following Fig. 5. A comparison of the

experimental temperatures ﬁiﬁh temperatures calculated thermo-

dynamically for the case of complete'&diabaticicombustion is

not conclusive since heat losses are
L 3 W | an.sd - ~~ o~ O
VULIlICL” g_ncu 2 Il D AT I3V S A4

maxlimum Yocal temperature. It éan be

to be expected in the

stated, however, that

norne of the experimental temperatures exéeeded.the adiabatic

flame temperaturée while in one case (3.33% butane) the temper-

A~

————— e AF B AR 7 Maaod FAADS Aband AP S AP e
J, 3 o i .
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ature at a ‘certain flame point was as nmuch as'869 below the

noy

adiabafic temperature.

3) Application of the Method. Temperatures have been

measured closely behind the burning zones of Sseveral leah and

rich butane-air flames as a function of'distance from the burning
zone (the latter %eing defined as the surface of maximum visible
light intensity). Two examples areé preseﬂted in Fig. 5. It

was found that the ratlos of light intensities E6/E1 and E.6/E3
follow closely the line in Fig. 3. For the rich flame shown, -
thedistribut%o?.islentifely random? the mean error being
eSpecigliy smali. For the lean flane showﬁ,—there seems to be j
a.siight-preference for one sidé of the line. On ﬁhe whole, the
evidence is strongly in favor of the thermal nature of the infra-

red radiation. It is rioteworthy that.this is the case up to a ;
_ . a ¢

distance of 0.2 mm from the burning zone where combustion is

still actively proceeding and, as a consequence, chemilumi-
niscent radiation is emitted in the visible and ultraviolet

part of thé spectrum. The curv

-1

deabet fota e A A s s«
SN £

- aEn it - =

could not be reliably extended 4
through the burning zone because, with the present arrarigément, {

schlieren effects distorted the result. It is seen from Fig. 5 ;

that the temperature rise Is more gradual for the lean flame
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- than for the rich ome. This was also observed with Meker flames |
N § = 1
: !
and corresponds to the éxperience on the stabllity of lean and |
rich flames {3). !
! )
{ j
e
.
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Figure 3 o ’,
- Thermodynamic Check of Flame Radlation Data. :
1) El = 8spectral brilghtness at )\1 = 1.346u -f
; . E3 = spectral brightness at /\3 = 1,819. o;
! E6 = spectral brightness at A 6 = 2.5051 4y
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’}F Establishment of Teémperature Scale !
s E,, E}, and E; = spectral brightness of flame radiation at ,
7 Aq = 1.346, )\3 = 1.8191, and )‘6 = 2.505, respectively.
B, E‘3° , and EZ = spectral brightness of black body at’ the :
. above wave lengths, respectivelys .
cAE T = temperature in Ok determined by the sodium line-reversal method
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