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SUMMARY

The methods used fdr finding the emissivity and temperature of a
Juminous flame were reviewed., The radiative properties of town gas flames
.J"
burning in the open from a 30 x 30 cm porous burner were found using the
Schmidt and Kurlbaum methods. The absorption coefficient of the flame was
~1
005 cm
couple readings of flame temperature due to losses by radiation to the cold

and its temperature was TA5APK. Large errors were found in thermo-

surroundings.
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temperature and absorption coeffiéient of the flame. 4An asbestos crib placed
above the burner increased the flame temperature and absorption coefficient.

There were changes in the shape of the flame in both cases.
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X PRELIMINARY STUDY OF
THE RADIATIVE PROPERTIES OF TOWN GAS DIFFUSION FLAMES

by
S. Atallah

1. Introduction
The rate of spread of a fire is largely controlled by radiation from

its luminous flames to the combustible surroundings. The amount of thermal
radiation falling on a particular element removed from the flame is
v ef fh, where @ is the Stefa.n-Boltzmann consta.nt
(=136 x 10 “12 a1l enZs™! °K )
’qJ is the geometrical conflguratlon
. factor (dimensionless)
£ o 15 the emissivity of the flane
(dimensionless)
T. 1is the absolute temperature of
the fiame (°K)
The geometrical view factor, W, is the fraction of energy radiated
by the fire whichk is intercepted by the combustible element, It is a

function of the geometrical shape and size of the fire and its position

£

with respect to the element.; Values of various configuration factors
gre glven in the literature 1-5 in the form of tables, graphs and-
equations and will not be discussed here. -
This report deals with the emissivities and temperatures of flames.
" It reviews some of the methods used fof temperature and emissivity
megsurement and the fattors affecting their magnitudé; It also desecribes
some preliminary experiments on the radlatlve propertles of town gas
flames.
2., Theory
2.7, Emlssiv1ty of Luminous Flames ' .

A Iuminous fleme conslsta of gaseous combustion products

(mostly 002,.H20, N2 and excess a;r)Aand a dispersion of soot
particles of sizes ranging between .006p and 200M depending on' the
type of fuelh. Flames of heav& residual oils contain particles
having a size comparable with the original oil-drop size of
50620Qr.- Powdered coal flames contain soot particles with an
average size of 2Qr. Gaseous fuels producé particles ranging in

size from .006 - .OQrs The smaller particles are formed initially



but they agglomerate into larger filamentary particles as they
travel downstream with the flame. These particles assume the
temperature of their surroundings quickly6 and emit continuous
thermal radiation which usually exceeds the band emission of the
heteropolar gas gaseous molecules (CO ‘and H 0) present in the
combustion products,

The emissivity of the gaseous products, 6559 can be found
using the method described by-Hpttelu. The emissivity due to
soot particles is difficult to estimate theoretically because
of its dependence on particle size and concentration, both of
which are functions of the type of fuel, the rate of fuel mixing
with air, the.amount and type of:diluents and flame temperature.

“The emissivity due to soot:particles, €'s’ is usually
given by ‘o T

€ = 1-¢"¢ (1)

where k = an absorption or extinction coefficient (cm-1)_

d = a characteristic -thickness of the flame (om)

If it is assumed that the flame is homogeneocus, .that Kirchoff's Law

applies‘(i e. € =ot ) and that the partlcles have no reflect1v1ty

vty T
(i.e. transmissivity L, = -cxg € ) then _ ,
_ kd | _ .
€p=1 - N O
. These assumptions, do not always hold Powdered coal

particles and the coke partlcles in oil flames are sufflclently
large to be substghtlally bpaque to incident radiation, whereas
the soot particles in a luminous gaseous fuel flame (;006-.0§p)
are smaller than the wavelengths at which thermal radiation is transmitied
(0.3-50r9 and consequently interact with thermal radiati§n like '
semitransparent or scattering bodies.

7

For large opaque soot particles it can be shown that

-2 X1 2 . '
k=% v°7 =N (3)
where v =-total volume of fuel-particles
V = gas volume
? r = radius of particle .
N3= number of particles per unit volume of gas

Blokh8 considefed the interaction‘of électromagnetic waves
with a dispersed turbid medium in which the diameter of the soot
particles was much smaller than the radiation wavelength. He

derived the following expression for k

-2 -




2.2!

k =N (1.56 x 10797 - 6k) C (L)

where ‘1 = a constant P
T = temperature (°K)
C = concentration of scot
P = specific gravity of soot

Based on the work of M199

relating the absorption coefficient k (cm-1), the radius of soot
particles r (]), their number density, N (particles/bmj) and the

wavelength >‘(r0° One of these was that derived by Yagi10

X = 39.5 -;':3 N ‘_1 - 15 &}2] - (5)

All such equations are difficult to use when one tries to

other expressions have been derived

predidt the value of k because r and N have to be found experi-
mentally for that particular flame and one could just as easily
measure the emissivity of the flame by one of the methods

described below,

Problems in Measuring the Emissivity of Fires

Several methods have been employed for the measurement of the
emissivity of homogeneous luminous flameé. However, most of these
methods give highly erratic results when the flame flickers or when -
there are large temperature gradients within the fiamé.

The flame of a slow burning fire consists of globules or cells
containing a cold mixture of entrained air, combustible gases and
combustion preoducts. A thin shell surrounds these cells where
combustion takes place basically by molecular diffusion even though
the cells are in a state of continuous movement., |[For larger fires,
these globules accelerate and break up into filaments with cooler
air entrapped in between, Flickering causes large high frequency
and amplitude fluctuations in thermocouple and pyrometer readings.
In addition to the flickering of‘fires, there is always pulsation
due to the "gulping" process of air entrainment which adds to the
difficulty in obtaining acourate temperature and radiometric
measurements, Thermocouple readings are further complicated by .
errors due to loss of heat by radiation to the cold surroundings
through the flamés, - The errors could be very large, particularly
for thin flemes with low emissivities, These errors are _

discussed in the Appendix,

-3 -



2.3,
2.3.1,

2.3.2.

2'3-3-

“steady state readings are made and a plot of O°R

Methods for Measurlng the Total Em1551vity of Luminous Flames

- The Schmidt Method L

A total radistion’ pyrometer is sigh;t;:éci fhrough the flame
onto a cold black target to give a rea.cli_ng o R, (cal cm =25 1),.
It is then sighted through the- flame on a “hot baokground wall
to give a reading G'Rz. Finally, it is sighted on the hot

background alone to give ¢-R,. Now

3 . N PO . - -
o R, =‘<rR +c:|'123’t.f _ : (&)
Whe_re'-;t.f = the transmlssinty of the flame

When there is little dlf‘ference betwaen the hot background

and flame températures

| Aileﬂef
Combining this: with equation (&) gives
¢ Rps R R,
T L e M
y zf:(ﬂ 1:.3% . - S Co (9) .

The Kurlbaum' 2 Method S '*'”'Htl o

\

If the hot background temperature could ',be cha.nged until -

the pyrometer gave the same reading with and -without the' ‘flame
interposed (i,e. G'R, =G”R ), then the flame tempera.ture would
be equal to- the blaok body temperature of - the background

Usually, it is inconvenient to adjust background furnace temperé,--
turés to give particular readings. - Instead, se.\'rera.l arbitrary -

against o R

2 3

‘is prepared, The resulting ourve is interpolated or extrapolated :-

to find the point where chz-:c' R.3 from which value the flame
temperature can be-calculated. ' )
The Two Path Method.

In order to obtain the monochromatic emissivity of 2 flame

an optical pyrometer is sighted on the flame with and without a
mirror in the background. If a filament pyrometer is used,-
then it will read two temperatures: T,., for one flame thicdkness
and Tr2 when the pyrometer receives radiation from the flame and
from its refleotion inthe: mirror. .

-4 -



Using Wien's Law

-5 -6 -+ 5 "Gy
C‘>\ e A o= GM‘. C.)\ e ¢ (10)

-s -C%Tf\. -5 =¢ '
¢ Ne cEn <X AT ToR) (o

where ~ C 4 = Planck's first constant
C, = 1.4387 cm K
>\ = the dominant wavelength for the 6ptical pyrometer,
| usually red (.6651 x 10-'l+cm)
6 Af T the flame emissivity at fchat wavelength
T )\' ¢ = the fleme transmissivity st that wavelength

= the mirror refleétivity

=2

+3
It

.=: flame temperature

Equations (10) and (11) can be solved for £ ap and T

~C (L -2 )
>N (‘rrg_ T —

€X,F = \ —_ e 1 (12)
pm
T = ! L3y e
_I_ )\ «Q.n 6,,‘4
T('l M C1



2.3.4. Hottel and Broughton's > Method

In order to obtain the total emissivity one needs 6)k as a

function of A because

€, - Je, RO ax

RO

where

R(ANT)= c. A e

,\‘

-5 TQAT

(14)

Hottel and 131'-:3\.1ghton13 found that €>\f‘or a luminous flame can be

written in the form

_kd/n
€>\ = - = e »

where n = .95 for A > .8 M
n = 1,39 f01‘>\_<‘.8r\
-5 —~C
since €>\R (xT) = R (T, = C1>\ e
where T, is the brightness temperature
. . -1
then 1 1 . _ XN In i1_e-kd/)__\..g
Tp I % i

(9

-5

e

(16)

From one measurement of T, with an optical pyrometer and a
knowledge of Tf: one can obtain kd from which €f can be evaluated -

by equation (14). Hottel'}"" gives the integration in the form of

surves.

-6 -
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3.

2.3.5. Two Colour Method

If an optical pyrometer is sighted at the flame with two

. colour filters such as red and green interposed individuaily
between it and the flame,'two different temperatures will be

read Tr and Tg respectively.

From equation (16)

-)\r_ In€ |

I S (17)
To T C,

1 T1. _ ng 1 €y (18) "
Tf < C2

Combining these two relatlonships with equation (15) one can ;
solve for kd and T, and eventually obtaa11€ from equatlon (14)
The tedious work 1nvolved is eliminated by using the graphs

of Hottel™,

Method of Daws and Thrzng14
This method is quite similar to

2-3.60'

: involves taking two radiation intensity readings again.

It

One is

the two colour method.

made with an opfical pyrometer while another is. obtained with a

total radiation pyrometer.

Tf anﬁ(ff

Experimental Results and DPiscussion

Two graphs are then used to obtain

Iown gas® was burned at the rate of 4 1/5 in a 30 cm squere porous

burner placed horizontally and the radiative properties of the resulting

flame were studied at a height of about 35

burner,

cm from the surface of the

Eleven S.W.G. 40 Chromel-Alumel thermocouples Were stretched

horizontally parallél to the burmer surface at a height of 35 cm and

were spaced at 3.8 cm intervals.

L cm opening served as a black body source.

A 30 cm diameter furnace having a

. A variable transformer was

*The composition of the town gas employed was approximately

co, = 5%, OB p = 14:5%,

2n+2

= 10%

o2 = 1.55{,

H, = 44%, €O = 20.5%, N,

C By, = k5%



3.1.

used to change the furnace temperﬁture. Four Pt/Pt 13 per cent Rh
thermocouples protruding about 0.5 cm into the furﬁacé gave'the-'
temperature of the furnace. The.narrow éhgle total fadiafion
pyrometer and‘the furnace'opéning were aligned étla'height of
32 cm above the burner. A diagram of the apparatus is shown in
Figure 1. | o '
Emi gsivity of Open Town Gas Flames .

The Schmidt and Kurlbaum methods were used to evaluate the flame

emiésivity and temperature. A narrow angle total radiation pyrometer

was sighted at the spherical furnace aperture with and without the
flame interposed and at the flame with a water cooled blackened target
in the background. Values of therémissivity at different hot back-
ground temperatures (Tb) were valculated using equation (8) and are

given in Table 1,
Table 1

Emissivity of the Flame as Calculated by the Schmidt Method

r, (%) R (K R, (°c%) Ry (°K") €
733 535 x 10'° 1,150 x10'% 860 x 10'2 285
7 661 1.480 1,025 201

830 .585 1.570 1.292 .38
870 .585 1.787 1.465 . .180

888 .576 1.920 1.557 A37
945 .585 2.240 1.9 149
973 .556 2,390 2.108 S 130
1013 .585 | 2.675 2412 A335
1046 .576 2.860 2.635 a3z

1069 640 3.085 2.815 S

The celculated flame emissivities were high at-low background
tempsratures but decreased to a steady level of about .132 as the

temperature of the background source approached the temperature of

-the flame. A flame tempgrature of 1454°K (1181°C) was calculated

from equation (9)..

Figure 2 is a plot of R3 against R The point at which R, = R2

2° 3
was fbund by linear extrapolation, It gave about the same temperature
as that calculated by Schmidt's method (viz. 1&54?K). The black body
furnace temperature codld not be raised to this value in order to

check its accuracy.

-8 -



d

. Td
The average radiative flame temperature = ‘“LTI——;a

was found to be 10149K, from the profile recorded by the thermocouples.

~~The flame thickness; 4, was arbitrarily defined as the distance between

3.2,

the . two horizontal points in the flame where the. temperature was 50000.
The maximum temperature read by the thermocouples was 1223 K. Theoreti-
celly, a temperatire of 1241°K was calculated for a thermocouple placed
at the axis of a cyllndrlcal flame having properties similar to those of
Ehe town gas flame employed in this study. (See Appendix).
: The flame absorption coefficient was found to be .005 cm -1 with
the flame .thickness, a, ag defined Ebove.
Effect of Enclos1ng the Fire

Experiments were conducted in which a wall was built around three

sides of the burner. Temperature profiles taken at the same level

from the burner surface are shown in Figure 3 for different wall heights.
It is seen that the flame temperature is reduced and that ‘the flame shifts
towards the back. wall " The emissivity was also .calculated by the Schmldt
method and 1s given in Table 2, The emissivity and absorption |
coefficient of enclosed flames were”lower theu those ‘cbtained for flames
in the open and their values decreased with increasing wall height., [This
could be ettributed to the-decrease in k with the decrease in ‘temperature

as given by equation (4).
- _ Table 2

' Effect of Partially Enclosing the Flame with Side Walls
on the Radiative Properties cof the Flame

Wall Ht. Flame Depth . Max, Temp ] -1
(om) (om) (°K) € @)

0 28.4 ' 1223 132 .00500
5.4 . 2h.7 1158 .100 00425
7.6 23.1 - 1038 .086 .00389
12.7 ‘ o 21.3 ' 958 067 .00325

A least square fit of k against maximum temperature (Figure L) gave the

relation ;
k = 6.03 x 10"61 - .0025 , (19)
This equation can be changed into the form of equation (4) assuming

a constant soot concentration:

k = .00391 (1.542 x 1072 ~ J64) (20)

-9 -



3.3.

It is interesting to note that the coefficient of T is quité
close to that predicted theoretically by Blokh (viz. 1.56 x 10—3).

Crib Effect

A crib consisting of layers of seven asbestos wood rods of

rectangular cross section (1 cm x 2.5 em x 30 cm) was built above

the burner. The spacing between the rods was 3.8 cm. Cribs of
one, two and three layers were employed and the teﬁperature
profiles found with the thermocouples laid out in a line parallel
and perpendicular to the direction of the rods in the top layer
of the crib. These profiles are shown in Figure 5 Qnd 6. There
was a marked difference between the profiles taken in the two .

thermocouple orientations. Visually, the shapes of the flames

~viewed in both directions were also different and are sketched

in Figure 7. The effect of the orib was to make the flame
thinner in the direction parallel to the top layer and thickef
in.the direction perpendicular to the tap layer. It is difficult
to say from the reported data (Teble 3) whether the thinning of

the flame in one direction and thickening in another was related

_- to.the orientation of the sticks in the top layer, or to the.

predominance of sticks orientated in one direction in the whole

crib. The optical pyrometer gave a higher reading when sighted
perpendicular to the top layer of the crib than when it was
parallel to it, because of the difference in flame depth.

The Sclmidt method was used to calculate the emissivities of
some of these flameg and the results are given in Table 3, This
investigation was terminated because of the fallure of the
background black body furnacs.

- 10 -



Table 3
Radiative Properties of Crib Flames

Equivalent black }
Orientation of » Flame body temperature i
thermocouples “f [k (cm ) [width (cm)| of the flame i
w.r.t. top layen measured by
Optical Pyrometer C
‘No crib - 132 |.005 28.4 827
One layer 1 40,6 850
A4 1.00582 20.8 825
Two layer
erib A .128 |.00612 224 755
Three layer
orib A4 28.2 725
l' L09L  [.00525 17.3 712

L3

Conclusions and Recommendations

1. Diffﬁsion town gas flames burning in the open above a 30 x 30 cm
square burner have an emissivity of 0.132, a temperaturé of 14549K,

and.an absorption coefficient of ,005 cm”1. These vélues were found
by the Schmidt method,

temperature.

The Kurlbaum method confirmed the calculated

2. Large errors are always present when thermocouples are used to
measure temperatures of thin flames of low emissivity. A town gas
flame should begin to behave as a black body (€,.95) when its thickness

is greater than 600 cm. Only then will thermocouple errors be small.

. 3. The construction of a partial wall around a fire deoreased the

temperature of the flames and tilted the flames toward the wall,.

The emissivity and absorption coefficient at a particular level of
the flame were decreased. .

L, The presence of a crib above the burner increased the absorption
coefficient and the average temperature of the flame, The orientation
of the sticks in the c¢rib seemed to influence the shape and temperature

profile of the flame,

- 41 -



5. Further studies are recommended to investigate the dependence
of the absorption coefficient on temperature.  "This could be done
using the same apparatus but with emissivity and temperature profiles
meagured at different heights above the burner, ” . ,"- | -
6. The absorption coefficients of the flames from wood cribs of
varying bulk density should be found by the Schmidt method. These

values would be useful in making predictions of radiation from large

scale flames,

7. In order to complete the picture of the radiative properties of
luminous flames, a thorough study of soofréoncentration and particle
size in fires and the factors affecting them is necessary. .
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APPENDIX

Thermocouple Error

A thermocouple immersed in a luminous flame will receive heat
by radiation and convection from the surrounding hot gases and lose
heat by radiation through the partially transparent flames to the
cold surroundings. Its reading will thus be lower than the flame

temperature., A heat balance on a thermocouple placed in a gray

flame gives
hA (T-T) + oo €. ¢ ATH oA (1-E)X. TH g€ a1k (a1)
f e ~f e f 77 c a7 c c
where h = heat transfer coefficient by convection (cal on s 00_1)
4 = area of thermocouple (cmz)
To = flame temperature (°K)
T, = thermocouple reading (°x)
€f = emissivity of the flame

€, =X, = emigsivity and absorptivity of the thermocouple

T, = amblent temperature (°K)

A theoretical estimate of a thermocouple reading was made for the
town gas flame employed in this study. The thermocouple (S.W.G. No. 40)
was assumed to have a diameter at the junction of twice the wire diameter.
The calculation was made for a thermocouple placed at the axis of a
cylindrical flame having the same size, radiative properties and tempera-
ture as of the flame used (i.e. d = 28.6 cm, k = 005 cm ' ; T, = 1454 °K).
The velocity of combustion products invthese flames is of the order of
100 an/see. Assuming that the properties of the combustion gases were
those of air at 1L5APK, a8 Reynolds number of 1.1 was calculated.

For 1< Re < 4, the heat transfer coefficient h can be estimated
from -

.= .891 Re*?’ (A-2)

g

- -




where D = wire diaﬁeter
K = thermal conductivity of the gas L
Re = Reynolds number ' - '

Equation (A-2) gave a value of h = 0.0104 cal cm_zs-loc_j '

The beam 1ength in a cylinder radiating to a point at its base
varies between 0,77 and 0,9 of the-diameter16. Since the emissivity-
of 0.132 was measured across a flame thickness of 28.4 cm (See Table 2)
the appropriate beam length between the cylindrical flame and the
" thermocouple at the axis would be about 23.6 cm. With the absorption
coefficient calculated previously (k = ,005 cm_1) and this beam length
a flame emissivity of 0.113 was found, Substituting these valués -
into equation (A-1) and using o, = 0.87 and T -= 300°K gave a
theoretical thermocouple temperature of 1241°K.

This means that an error of 2130C was possible in the thermocouple
reading.

Actually, the calculation had been simplified a great deal because
flames are ushaliy non-cylindrical and their emissivity, absorptivity
and transmissivity are functions of the path of radiation within the

flame and’ thus the thermocouple position in the flame.

- 15 -
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