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Abstract

An electrically augmented burner has been developed from a
previous design( 1) in order to test its application to metallmelting.
Rates of heat transfer have been obtained from the electrically
augmented flame to the surface of a stainless steel slab over a range

of surface temperatures from room temperature to 1400°¢.

A heat flux meter was designed and constructed to determine
stagnation point heat fluxes and radial distributions of heat flux
at the slab surface. Electrical augmentation was found to increase
the stagnation point heat flux by a factor of about 8 when the input
of electrical energy was equal to the chemical energy in the flame.
TheseAheat fluxes have also been predicted from existing heat transfer
correiations for partially dissociated gases. With augmentation
experimentally determined values have been found to be 5 to 7 times
greater than the predicted values. This discrepancy has been found
to be due to non-uniform distribution of electrical energy in the

flame.

The heat fluxes have been found to decrease as the surface
temperature increases. Melting times have been predicted from the
experimentally determined heat fluxes when the burner is installed

in a steel melting furnace.
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Introduction

An electrically augmented flame is a combination of a

combustion flame and an‘electric arce.

Many different types of electrically augmented burners have

been designed(i_B)

and rates of heat transfer have been determined
from these flames to water-cooled surfaces. These results indicate
that a large increase in the rate of heut tfansfer can be obtained by -
augmenting the combustion products with an electric discharge. Elec—
trical augmentation can also be used to stabilize the flame. Therefore
electrically augmented bprners are most attractive for metallurgical
processing because high temperature non-oxidising flamesvcould be
préducedl iheir application to flame hardening has already been
studied and the present work sets out to investigate their use in
melting steel. A burner has been developed for melting based on the"
design used for flame hardening. This'burner employs an a.Ce arc
striking across a turbulent fiame stabilized in a combustion chamber.
Pre-mixed air and methane are fed to the combustion chamber and.the
hot products of combustion emerge at high velocity ffom a hozzle.
Important features of this burner afe that seeding the flame with
reédily ionized salts is unneceSSqry and refractory electrodes are
used which eliminate the need for water-cooling. In the course of
developing this burner soﬁe flaméltemperatures, the arc characteris-
tics and power factors were determined.

For melting, it is necessary to determine rates of heat
transfer between the combustion products and steel surfaces which
are at temperatures up to the melting point of the steel. The

water-cooled calorimeters used by other workers cannot provide this
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information. It was therefore decided to design a heat flux meter
" which could be installed in a steel slab and which would be smali
enough to enable radial distributions of heat flux to be determiﬂed
at the surface of the slab.. This heat flux meter would have to
withstand surface temperatures approaching the melting point of the

steel.

By solving the unsteady state equation of heat conduction
for the heat flux meter, wvalues of heat flux can be determined as -
the surface temperéturevincreases. The heat flux meter can be ﬁsed
to determine stagnation point heat fluxes and radial distributions
of heat flux. These heat fluxes can be obtained over ranges of

electrical power input, gas flow rate and stoichiometric factor.

Stagnation point heat fluxes can be predicted for partially
dissociated gases impinging on solid surfaces using.equations developed,‘

by various workers(4—8)

. These equations have usually been applied to
space vehicle re—entry problems. The major difference bethen apply-

ing these equations to augmented flames and to dissociated air is

that dissociated hydrogen exists in the flames. This can be expected

to enhance the heat flux because the hydrogen atom has a high mobility

in the rest of the gas and can carry its recombination enthalpy to a

surface.
. The objectives of the research can be summarized as follows:

1 =~ To obtalin heat fluxes from the flame to the surface of a steel

slab at various surface temperatures, by experiment.

2 = To predict these heat fluxes at the stagnation point and to

compare them with the experimentally determined values.

3 ~ To assess the application of the burner for melting steel.
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2-1. Electrically augmented burners.

The idea of augmenting a combustion flame by an electrical

(9

discharge is not new. Almost 50 years ago, Southgate ) first

passed burning gas through an arc discharge. ' However there was little

immediate development because of the technical difficulties. The
subject was taken up'again in the early 1960s by Karlovitz( 2) in

(3)

U. S. A. and Weinberg and co-workers in London. A brief reviow

of the relevant work is given below.

A - Burner design

a - Burners of the Karlovitz type

(2) showed that a high voltage, low current a.ce.

Karlovitz
discharge could be passed through the flame and as a result a very
high volumetric heating rate could be achieved, due to lncreases in
both the specific enthalpy and the temperature of the gas éixture.
He ciaimed to have produced a diffuse discharge throughout the hot
combustion products which were highly turbulent and were apparently

seeded with readily ionizable salt. A typical drawing of the burner

is shown in figure 2-1.

, ___.———"""_:jfj: hot

gas
flow

et st
— — - — - -—
SR —

cold gas
flow+seed

] electric terminals
Figure 2-1.
The burner operated at 100 KW of electrical power and equal

chemical perr. A ballast resistance was used to limit the current as

will be explained on page 21.
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Karlovitz's idea was further demonstrated in a series of

experiments which are described in references(ig) and (11).

3

The result showed that with 70 percent of the input energy

provided by electrical augmentation the following occurred:

1 =~ The output specific enthalpy increased by about 50 percent.
2 = The overall heat transfer to a cold surface increased almost
three fold.

3 ~ The flame temperature increased by 26 percent.

Marynowskl, Karlovitz and Hirt(iz ) then stated that the

discharge produced by the burner above was not diffuse. A modified
burner was developed in which the discharge zone occurred down stream
of the combustion zone, and high speed photogfaphy showed that the

discharge was diffuse.

13
Uhlherr and Walshg ) since stated that d.c. discharges

in seeded flames can be diffuse if the current is low and the seed
concentration is sufficiently high. At high currents the discharge

contracts to an arc and seeding is then unnecessary.

Experiments with a similar type of burner were carried out
14
by Davies( ) who used a tunnel burner equipped with an axial
electrode. He found that the exit gas was not heated uniformly by

the a.c. discharge.
b - Burners of the Weilnberg type

3
Weinberg's( ) type of burner was based on a plasma-jet

design and is illustrated in figure 2-2.

The combustion and the arc both occurred between the tip



of the cathode and the anode, and in this case
the arc helps to stabilize the flame because
combustion occurs in thelsame region as the
arc. In order to minimige chemical attack on
the cathode and to prevent ignition within

the burner body, the cathode was shielded by

a low flow rate of an inert gas. In another
design the combustible mixture was intro-
duced into the discharge from a ring of
nozzles positioned horizontally above the burne
turbulent region just abqve the arc. A further

use of a porous cavity burner( 3) to force rea
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r to create a highly
design involved the

ctants into extended

contact with an arc channel. It is shown in figqure 2-3.

—

Sy

@
Z:::::::::>> Double anode

w +————— reactants

]

Argon

Figure 2-3.

\\\\\\\~porous

alumina

The methods of spreading the discharge throughout the gas in order

to heat the gas uniformly have been examined in

gation (32 and they are:

1 - IndUcing turbulence in the gas stream.

a subsequent investi-

2 -~ Seeding the gas stream with readily ionized salts.

3 - Moving the arc using a magnetic field.

electrode



4 ~ The use of a high frequency discharge.

Methods 1, 2 and 3 are all possible means of spreading the
discharge and a combination of methods 2 and 3 have been recomm&nded
(3 ). Method 4 is not as successful in heatihg the gas uniformly
over the cross section of the flame as appears to the eye. Whilst
the central luminous region appears to extend over most of the flame,_
the peripr.eral annulus of cooler gas carries a disproportionately

, _ 3.
large fraction of the mass flow to by pass the plasma( ). Johnston

(15) g
and Lawton showed that for seeded high frequency discharge the skin
depth or width of the discharge increased as the frequency was
reduced e.g. at 10 K HzZ it should be possible to produce discharge

0.5 m in width. However the discharge must still be contained and it

is likely that cool gas will by pass the discharge.

¢ =~ Fells and co-workers -

Fells(16 ) and co~workers developed a seeded propane-air

bufner augmented with a d.c. electrical discharge. The cathode was
placed outside the burner at some distance from the anode. The
authors found that the initiation voltage is a.function of seed con=-
centration but seeding has no significant effect on the voltage
required to maintain the arc. The discharge seemed to be more diffuse
in the d.c. system than when an a.c. discharge was used. Seeding

was required constantly when a.c. power was used.



2=2. FElectrical discharges in gases.

]

In this work of electrically augmented burners it is
appropriate to give a brief account of electrical discharges inm gases.
The information has been obtained from standard texts and reviews
( 17, 18).

Figure 2-4 shows the voltage~-current characteristics of

three main types of self-sustained discharges.

\'
‘ 10004
dark
discharge
104 : l arc discharge
| |
o -
10
1070 7] 107" ag7F 13

Figure 2-4.

The dark discharge and glow discharge are not relevant to
electrically augmented flames mainly because they pass a very low
current, and they are associated with reduced pressure. Arcs occur
at atmospheric pressure and pass ﬁigher currents. They exist in the
ambient gases or in the vapouf of their own volatilized electrodesa.
They are applicable in this work and will be considered here in

detail.

A — Arc discharge

Considerable discussion has taken place to define the arc,

and a sultable definition of a fully developed arc may be given as

(19) a steady state discharge having a positive column in thermal



equilibrium and a cathode fall
of small voltage and high curr-
ent density'as shown in figqure
2-5. The positive column is a
luminous region of ionized gas
which has zero net space charge,
therefore it satisfied the defi-
nition of a plasma. At low

. pressure the gas temperature

Tg in the posifive column is
equal to ambient temperature,
whereas the electron temperature
Te is high, and with increasing

1

pressure Tg increases and Te
1

decreases. This is shown in

figure 2-6.
a —= Arc characteristics:

(i) D.C. arc. Figure
2-7 shows the static charac-
teristic of a D.C. arc. fhe
precise relationship between V
and I will depeﬁd upon the
electrode materials, the elec~

trode gap, the gaseous medium

and the pressure of the gas.

(ii) A.C. arc. Oscillo-

gram of A.C. arc current and

voltage is shown in figure 2—8(20)

19

=X b,
T
a N
T
v —x e v,
A
c —
—
J'
P y
1
Figure 2-5.

Figure 2-7.



Current

voltage

-V . . -V
Figure 2-8.

The characteristic of the arc is clearly seen in the fall of voltage
as current rises and vice versa. The érc goés out as the current
passes through zero, and does not ignite again until the voltage
reaches the initiation voltage Vs’ This initiation voltage increases
with:

1 -~ Increasing arc length.

2 ~— Increasing external resistance.

3 = Reduction in frequency.

4 - All temperature-reducing factors.

Because of the difference between the current and voltage curves an

area is enclosed in the V-I plarie as

shown in figure 2-9. This area

: : A%
represents the power expended by the
arc. Self induction increases the
: : 0
sinusoidal nature of the arc and - z

makes the periods of extinction

shorter.

Figure 2-9.



The characteristic of a 60 cycle,
40 mm arc in hydrogen is shown in
figure 2—10( 21 ). The current is

limited to 6.4 amps. R.M.5. The

same process will occur with V and I

both negative.

Figure 2-10

b -~ Striking an arc:

Arcs can be initiated by contacting the electrodes, by
melting or vaporizing thin wires joining the electrodes, by the trans-
- ition from a glow discharge or by exceeding the breskdown voltage of

the gas between the electrodes.

¢ — Arc stability:

The conductivity of the gas heated by thé electric discharge
increases rapidly' , as the temperature of the gas increased and
therefore the resistance of the arc path will decrease. As a result
the current will increase ﬁntil a short circuit occurs. To prevent
this, a large resistance must be placed in series with the arc to
control the current. An example of the use of a ballast resistance

“is given by Browne(21).

d = Electrocdes:

The nature of the discharge depends on the material of the
electrode.' There are two types of cathode, the cold cathode and the
refractory. Materials which emit electrons at high temperature
often make suitable refractory cathodes. A discussion of thermionic

emission and the choice of electrodes for electrically augmented



burners is made elsewhere (22_).

2-3. Flame calculations.

A brief description of the well known method of calculating
the composition of the flame products, together with the coﬁcept of

boost ratio is given below:

A — Composition of flame products

Methane-air mixtures burning at 1 atmosphere pressure, give
rise to an equilibrium mixture of ten gaseous constituents up to a
temperature of 4000’k. These are CO, COZ’ 62, H2, HZO’ NO and N2
molecules, the OH radical and the 0 and H atoms. Therefore we can

formulate ten equations in order to find the cbmposition of the flame -

at a given temperature. The initial air-methane mixture comprises

78.9 y 1 (2-1)

CH, + 2e [0, + 5752 N,

4

where e ig the stoichiometric factor and is defined as the moles of
air in the mixture per mole of air required for stoichiometric
combustion in the expression . (2-1). The ratios of the numbers of

gram atoms
ne/Myy  Ng/my  and ny/ny

are obtained from the methane-air mixture and are equated to those

of the product gas, thus:

'

0.25 = (Xto + Xtoz)/(ZXhz + ZXHZO + XOH + XH) (2=2)

nc/nH

ny/ny = e = Xy, + zxtoz * 2Xo2 + Xﬁzo + Xyt Xyo * Ko/

(2xH2 + 2Xﬁ20 + XbH + Xﬁ) (253)

—

-



4

nN/nH = e(78.9/21.1) = (XNO + 2X'N2)/(2XH2 + ZXﬁZO + XbH + Xﬁ)

‘

(2-4)

The remaining equations are provided by considering the
chemical equilibria. For the methane-air mixture, the dissociation
equilibria are:

K1

1
Co, <" CO + 30, Ky = xco.x022 2N (2-5)
2
K .

H0 3=2= 1 + 30 ' K, = X, .x. %/ (2-6)
2 2 * 302 2 = %y-%0,” Hu0 -
K . l . ’ )

Hy0 4H, + OH K3 = 20X/ (2-7)

3= Ky T o
K .
2H == H Ky = X./%, % (2-8)
2y ‘ 4 = Xﬁ Xﬁz
Ks .
A0~ a=—= = % -
105 0 Kg = .XO/XOZ (2-9)
K : :
20, + 4N ..—-—-*._6_.1\10 Kq = /X % (2-10)
2Yp + 2y 6 XNOOZ’XNO
Furthermore at atmospheric pressure:
10 - ’
z X =1 (2-11)
i=1 :

There will be ten unknown partial pressures or mole fractions and ten
equations. It should be mentioned that other reactions are occuring

and the choice of these reactions is arbitrary.

Karp et al( 27) replaced reactions (2-5), (2-6) and (2-10)
by

CO + HyOF==CO0, + H, : (2-5)°

BOFH,+0 . - (2-6)"

H,O + 4N;¥==Hy + NO ‘ © (2-10)"

-’




In‘addition the nitrogen molecule dissociates as the temperature .
increases. The partial pressure of nitrogen atoms at 3500°C is
approximately 0.0002 atmosphere and at BOOOOé it ié 0.00001 atmosphere.
At high temperatures molecules tend to ionize, and at equilibrium
ionization may be considered to be a simple chemical reaction. For

instance for species A

As==at + T AH = e'V; (2-12)

and the degree of ionization of a molecule is given by the Saha

equétion.
3 5
2 W 2mM, = - eV,
X . St elo 2 i
e P =2 — () (K'T)” exp(- === (2-13)
1_?(2 w h2 Kr'T R

where X is the fraction of the original molecules that are ionized.

All the species except NO have ioniza£ion potentials of
about 13 éFV. The Saha equation indicates that at 2000 k, 0.2% of
any of these species will be ionized and at 4000 K, 1% will be
ionized. NO with an ionization potential of 9e'V will be 10% ionized
at 4000 K. The enthalpy of the ionized species at temperaturesAbelow

about 3500 K can therefore be neglected.

For rich flames at low temperatures less than 1000 K there
is a likelihood of free carbon being produced, therefore equation
(2~2) no longer holds. In such a case equation (2-2) is replaced by

equation (2-~14)

CoT==41Co, + C

2

o 2
solid Kp = [xCO] /xC02 (2-14)

24 '
values for Kp from Gaydon and Wolfhard ( ), and the equilibrium
constants for the other reactions were from many sources as compiled

(25)
by Harker .



Many systems have been devised for solving the ten equations

mentiocned above. Simplified methods due to Damk&Shler and Edse (26 )

(28 ) (29 ) (25)

(1943), Weinberg (1957), Hottel et al (1949) and Harker

(1967) can be used.

A computer solution has been performed by T. F. Wall ¢ 23).

Programme from the Harwell subroutine library (subroutine NS01A) was
used to solQe equations (2-2) to (2-11) over the tehperature range
1500 to 3500 K and for stoichiometric factor e = 0.7 to 1.3.  This
subroutine solves a system of non-linear equations by a combination
of Newton-Raphson iteration and steepest decent approaches coupled
with Broyd'ens ¢ 4‘,?)'method for improving Jacobilan matrices. The
equilibrium composition of flame products have been calculated by the
above method and is shown in figure 2-12 Literature values at the

adiabatic flame temperature under stolchiometric conditions agreed

with the values from the calculation.

B — Enthalpy of flame

The total enthalpy of the mixture, and its average molecular

weight was found from:

10 o4 .
H=)_ (= H.):, X, + L X¢dH; - (2-15)
i=1 298°1 1 t=1 (diss) :
10
M = X, M, (2-16)
P i:=1 1 1

The adiabatic flame temperatures of the combustion flame and of the
boosted flame have also been calculated(23)at various stoichiometric

factors e and boost ratios B by the following procedure:

The chemical energy released per mole of combustion prod-

ucts formed is:



10
o) o 1
Hch = = %rq.AH £,i Xi -~ AH f,CH4° 7 (2-17)

where Xi is the mole fraction of the species in the products and

AHof i is the standard heat of formation. The heat absorbed by the
?

decomposition of one mole of methane, AH® » is included in the

£,CHy

final term, F being the moles of product formed per moles of CH,
burnt. F can be evaluated from the average molecular weights of

products (ﬁﬁ) and reactants (ﬁ;) by:

F= (M /M) [1 + 2e + 2e(78.9/21)] (2-18)

-

MCH4 + 2eMO2 + 2e(78.9/21.1)MN2

where M =
r

1 + 2e + 2e(78.9/21.1) (2-19)

and ﬁ% is obtained from the solution of equation (2-16). An energy
balance therefore gives, on the basis of one mole of products,

10

. .
= O - o ¢ AN -
Hoyom * Hojae 24— (H = H o0). X, 4 L Xi Ak (2-20)
i=1 c=1 {di5a)

For a methane-air mixture fed at 298 K equation (2-20)
gives the total enthalpy of the flame, and the adiabatic flame

temperature of the augmented flame.

C — Boost ratio

There is some confusion in the literature regarding the

concept of boost ratios. Karlovitz and Richardson( 1) and Fells’

and HarkerF 16 used a boost ratio BI defined by the ratios of

electricai'input to chemical input. This chemical input refers to

combusfion to CO, and H5O for the reaction

[

CHy + 20, ===C0, + 2H,0 (2-21)

4
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(14 ) defined a boost ratio as the fraction by which

Davies
the heat content of the combustion products is increased during
augmentation with the electrical discharge. He might have used this

statement for his theoretical treatment and used BI in his experimental

treatment. However as BI does not give any information about the
combustion products, any study related to the products (either heat

or mass transfer from products) should not use B It would be

Io

preferable to use an effective boost ratio B. which accounts varia-

B
tion in the stoichiometry and for the fact that the products of

combustion are not entirely made up of COp and H,0.

D — Physical properties

The physical properties of the combustion products can also
be determined. The thermal'cqnductivity may be calculated by adding
the frozen thermal conductivity and the reacting thermal conductivity

as will be explained on page 33.

For the multi component mixture the frozen thermal conduc—
0
tivity can be determined by the Mason and Saxenal(3 ) approximation

at low density, to an accuracy of 5%.

. 10 Xi )‘i
R A o (2-22)
LD X
J=1' J TiJ .
where (p g == (1 + M—) [1 + () (M—) (2-23)
J_ J o ) i

This approximation allows calculation of Xf from a knowledge of the
thermal conductivities of the pure components present. Similar
equations apply for the viscosity. PFor the calculation, the ten

components were approximated to four by T. F. Wall( 23) as detailed
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in table 2-1.

i Components Represenféd by - Reference
1 H H Vauderalice
(51)
2 H2 H2 et al
3 0, OH 0 1962
4 | w, co, co N ot a1 $52)
2’ 2’ ’ 2 YUW e a .
H,0, 0,, NO 1962

Table 2-1. Representation of species in flame by four components.

The thermal conductivity and viscosity of each of the four

species were represented as functions of temperature, as follows:

A a + bT + cT2

1

(2-24)

. 5
d + eT + £7

s (2-25)

The constants a, b, ¢, d, e and f are given in the table 2-2.

a b x 103‘ c X‘107 d x 10 e x 103 £fx 108
yz—-cal/cm.sec.deg K y-poise
0.18642 .0.88893 | -0.23571 0.264 0.1191 ~0.3
0.17871 0.85379 0.13571 0.85428 0.11464 0.10000
0.06340 0.16310 ~0.07000 1.14628 0.38008 | -2.42857
4 | 0.03731 0.12632 | -0.02714 1.162328 0.24285 -0.42142
Table 2-2. Constants in equations (2-24) and (2-25)

The molecular weight and therefore the density of the gas can
be calculated from

10 .
M =3 xi M, (2-26)
i=1
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2-4. Free submerged jet impinging on a flat plake.

The fluld dynamics of a flamé can be approximated to those
of a free submerged jet. Studies have been carried out on free
submerged jets impinging on to sclid sﬁffaces mainly for the purpose
of measuring heat transfer coefficients, in which case the principﬂl
resistance is confined to a boundary layer in the fluid phase adja-
cent to the solid surface. Results have been expressed in terms of
standard dimensionless groups. Poreh and Cermak used a
submerged water jet impinging normally on to a flat surface to
investigate the pressure distributibn and velocity profile in tﬁe

resulting wall jet. Bradshaw and Love (32 studied on air jets.

The flow pattern of a circular submerged jet impinging

normally on a plane solid boundary is shown in figure 2-12.

nozzle

potential core

transition region

Established flcw

weil gef

éurface
Figure 2-11.

Close to the ﬂozzle exit a region of intense shear exists
between the jet fluid and its surroundings. This results in an

acceleration of the surrounding fluid and a deceleration of the
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jet. In most practical cases the flow is turbulent and eddies are
produced which diffuse towards the centre of the jet giving rise to

mass entrainment of the surrounding fluid.

Since the momentum is conserved, the increase in mass
transfer with distance from the nozzle due to entrainment is asso~
ciated with a decrease in both jet velocity and kinetic energy. The

flow pattern can be conveniently divided into two different regions.

The potential core is contained in the transition region 1
immediately outside the nozzle and is unaffected by diffusion of
eddies. The axial velocity at any point in this region is constant.
The length of the potential core has been variably reported to be
between 3 to 7 times the nozzle diametég?) In the established flow
region 2 eddies reach the jet axis and the axial velocity decreases
as the distance from the nozzle increases. In the established flow
region 2 the velocity profiles in the jet are kinematically similar
and the radial spread of the jet is almost linear with the distance
between the jet'and the plate. The angle of spread of the submerged
o (34)

jet has been found to be 21 «» A stagnation point exists on

the jet axis where the jet impinges on the plate. The velocity

gradient at the stagnation point is given~by(35 )
du :
g i ‘
T = =L : (2-27)
rt

2-5. Heat transfer from flames to surfaces.

In convective heat transfer from flames, a large increase
in heat flux can be obtained by the use of temperatures in excess

of 2OOOOEL This increase 1s partly the result of changes in the
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" transport properties of the gas caused by dissociation. Exotermic
recombination of the dissociated species at or near the surface béing
heated also increases the heat flux. Kilham(36‘) showed that the’
heat flux from a hydrogen-air flame to a body placed in the flame
gases could not be attributed to ordinary convection alone. Ziebland
(48 ) reached the same conclusion by carrying out a series of experi-
ments on heat transfer from combustion gases to the cooled walls 6f
rocket engines. The heat transfer from an oxy-acetylene flame to a

¢ 37) et al.

flat plate has been investigated more recently by Geidt
They postulated that recombination of hydrogen atoms, either in the
gas phase or on the solid surface, enhanced the heat transfer rate
by 30 to 90% - Cockson and Kilham(36 ) determined the heat transfer
from a hydrogen-air flame stablised on a burner of Botha, Spalding
( 39) design. They confirmed Kilham's conélusion that convection was

not the only mechanism of energy transfer in the region near the

reaction zone. ) .

A ~- Recombination

Recombination reactions are generally recognized to involve-

a third body e.g.

A+ A+ 1\/14.'—.:1:\2 + M (2-28)

A+ B+ MIT=AB + M (2-29)

" The third body could be a gas, a solid or a liquid. If recombination
occurs in the gas phase it 1s homogeneous while recombination at a

solid or liquid surface 1s heterogeneous.

Heat transfer calculations from dissociated gases to surfaces

have been mainly carried out assuming two limiting cases as follows:



a - Equilibfium boundary layer

If the reaction rates are sufficiently rapid compared to
the rates of diffusion of species through the boundary layer, then
the boundary layer may be assumed to be in a state of thermochemical
equilibrium. The composition of the mixture at every point within
the boundary layer is then only a function of temperature and pressure

at that peoint.
b - Frozen boundary layer

If the reaction rates are slow enough so that the transfer
processes at a wall are governed mainly by molecular and atomic
diffusion then the boundary layer is frozen. One important question
in connection with a frozen boundary layer iz whether or not appreci-~
able recombination occurs at the wall. Recombination will only occur
if the wall is made of a material that catalyzes recombination. The
probability that an atom incident on a surface will recombine is
called the heterogeneous récombipation coefficient y. Typical values
of y for oxygen atoms on various surfaces at room temperaturé are

given in table I page 163.

40 .
Scala( ) has concluded that at low pressure the surface
can be perfectly catalytic if y> 40 x 1074,
( ab
It has been found by Rosner that at low pressures y

is independent of surface temﬁerature up to 1000 K for metals.

The most general situation lies scmewhere between the
frozen and equilibrium cases outlines above and will exist when the

gas phase recombination rate is finite.



B ~ Heat transfer correlations

P

The enhanced raEe of heat transfer obtained from partially

4 )

dissociated gas in equilibrium has been described( in terms of

an effective thermal ccnductivity.

If wé consider that the gas consists of an atomic spacies

A and a molecular species B, then the heat flux is given by

q = Xf grad.T ~ AH, D, P, grad &A ' (2=30)

The first term on the right hand side of equation (2-30) is the heat
conducted by molecular collisions, and the second term is the transfer
of chemical enthalpy by diffusion of species A. Thermal diffusion and

radiation have been ignored as being of secondary importance.

Equation (2-30) is developed further on page 164 in

appendix C to give

M ooooqs Le(PE - 1) (2-31)
£ pE

where A, is the effective thermal conductivity, kf is the frozen
thermal conductivity, CpE is the equilibrium specific heat and Cpf
is the frozen specific heat. The non~dimensional quaﬁti£y Le is
known as the Lewis number. The Lewis number is shown to be of signi-
ficance in parﬁially dissociated gases particularly when H atoms are
present. Equation (2-30), originated by Butler and Brokaw( > ),was
used by Anderson and-Stresino(41 ) and Davies( 14). Average values
of the effective thermal conductivity and specific heat were used

2) )

by Anderson and Str:esino(4 to calculate AE for hydrogén/oxygen and

accetylene/oxygen flames with reasonable success, but more than a two



fold difference was found between the calculated and experimental
values of XE for an coxy/propane flame. -“They pointed out that improved

agreeﬁent could be obtained by more careful calculation of the effec—

tive thermal conductivity. Davies( 14), used the same method to

calculate the heat flux from electrically augmented flames to a

cylindrical probe in cross flow. He used the recommended low temp—

erature heat transfer correlation from McAdams( 43) with a weighted

mean value XE cf the effective thermal conductivity ié’ where

- : -1 ]
== - T ) i e )
A € (Te "w) ]TTW .\!dT (2-32 |

Toand T, are gas and probe temperatures respectively. The heat flux

W
.to the probe was then determined using Newlon's law of cooling which

is expressed as:

q M(T - 1) (2-33)

fte}
[

sﬁf P s Cp (Te~ fw) ‘ (2-34)

The agreement between predicted values and measured values was

within 20%.
s s . ( 44)
A multiplication factor was used by Rosner and by
Davies( 4) to modify values of heat flux g calculated by thé above

method when the Lewis number is greater than unity. This factor is:

Qo Ay 1173 AH .
1 chem chem (2~35)
(:’l—(’l - 'i—e"‘) Aﬂl J . [1+(I_l—;'(~ 1) ——A—H——:l

¢ is the heat flux potential and is defined as { = JS A(T),dT and

¥

behem = V- ¢f, the heat flux potential due to chemical reaction.

The first part of the factor accounts for the change in Prandtl

number, and the second part is for recombination of hydrogen atoms
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which are likely to have a Lewlis number which is far greater than
unity. AHchem/AH is the fracuion of total enthalpy due to recomblna—

tion of hydrogen atoms.

Most of the heat transfer problems associated with flames,
involve a stagnation point. In an incompressible fluid and at a
laminar boundary layer, the Stanton number at the stagnation point is

giveﬁ by( 7 ).

du
st.  =0.76 pr. 06 (o w7t V/; y (=) (2-36)
f,s T s s s

?

Equation (2-36) is develecped further in appendix page163 to give

. : AH 0.6
-0.6 0.5 Ao .
= - AL R,
q, = 0.76 Pr, (ps “s) [1+ (Le, - 1) ho- hw] X
due
(hs - hw) (EE—)S (2-37)
du
where OEEE)S is the stagnation point velocity gradient.

Fay and Riddell( &) used an alternative approach. They
integrated the laminar boundary layer equation using numerical methods
and obteained solutions for an equilibrium boundary layer and for a
frozen boundary layer with both catalytic and non-catalytic walls.
They fitted an equation of a similar type to equation (2-37) to their

results and obtained the correlation.

AH

m
_ ~0.6 0.1 0.4 Y . aye
q = 0.76 Pr_ (pw “W) (ps “s) [1+(Lef -1) h 1l x
d_ue 0.5 ‘
(hs - hw) OE;—)S (2-38)

!
For an equilibrium boundary layer y = 0.52 and for a frozen boundary

layer with fully catalytic surface y = 0,.62.



In deriving equations (2-37) and (2-38) the following .

.-
assumptions have been made:

Y
i

No bulk flqw.

2 = No thermal diffusion.

3 ~ No radiation from the gas.

4 - Binary gas model of atoms and moleéules.

5 ~ Laminar boundary layer,

6 =~ Either equilibrium or frozen boundary layer.

7 -~ Perfect catalytic surface in frozen case.

Comfort, O'Connor and Cass( 36) compareh the stagnation
'point heat flux from a high enthalpy dissociated nitrogen jet
impinging nérmally on a large flat plate with predictions'obtained
using equation (2-38). They found that measured values were more
than twice the predicted values. They attributed this to turbulence
'in the bound;ry layer. The authors then modified equation (2-38)

to provide agreement. The equation is given below:

= 0.442 Pr 0+ (M)Q*.{( X )%E1+(L 0.52 1)32]&1 h, )
g = ¥+ Tf P PaieP T °f “*’'n s W
S S S
(2-39)
vy, .
where B = —%7 (2-40)

C - Heat conduction in a slab

The heat flux from an eléctrically augmented flame to a
slab can be calculated from the temperature distribution in the slab.
The heat conduction equation and its solution for a semi-infinite

slab is given below:

a - Heat conduction equation: Consider a solid extending from



x = O to infinity. The YZ plane is heated and conduction occurs in
the X direction only, as indicated in figure 2-11. The slab
tempefature is initially =zero

throughout, and then increases

with time. The equation of onc-

s
dimensiocnal unsteady state conduc- ;222%/!
1770
X

tion in an isotropic region of

uniform thermal conductivity, and

N

uniform surface heat flux is given 0
below: ~‘ Fig. 2-11.
d ot ot ‘
- P = . co e . -
o 3 o p o | (2-41)

In the case that p, C and k are independent of temperature equation

(2-41) becomes

2
ot 1 ot
X
k
. where 0 = — . (2-43)
Pcp

b - Exact solution of the heat tonduction equation: Equation (2-42)

45
has been solved analytically by Carslaw and Jaeger( ).

-

The local heat flux in terms of local temperature gradient

in the X direction is:

ot
q = —k-S; ' (2-44)

Equation (2-44) satisfies the same differential equation as (2-42)

) .
0 qx 1 qu

N x2 = a—--. -b—T—- (2—45)




The boundary equation is

v at T>C and x =.0, . = 49,

where q, is a constant heat flux at the surface.

The solution of equation (2-45) is

2
=
2q 1 4o, ' )
X a7\ 5 - X X o
t = % .[(TT )ce > erfC '2"?0‘;1-] (2-45)

or t = —= JaT [IerfC —-5——-] (2—47)-
| S T |

.The temperature at the surface (x = 0) is given by:

2q
- o a7
ts = (n )

(2-48)
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3~1. Boundary layer.

»

The decision as to whether the boundary layer is in
equilibrium or is freczen can be made by evaluating a recombination
rate parameter C1, which is the ratio of the life time of a species

(r ) to the time for it to diffuse through the boundary layer
recomb. : . -

' .oo = ) . . i .t T
T(aiff.) +°© C1 rrecomb./leff. If Ci'ls'large he layer can be

considered}té be frozen. In this case it is important to know
whether or not appreciable recombination occurs at the wall. If
atoms do not recombiné at the wall their concentratién will build up
at the wall. If they do recombine, because the wali is made of a
material that catalyses recombination, they will give up their heat
of recombination which will contribute largély to the heat flux. If
C1 is small-thén the layer approaches thermddynémic equilibrium, and

the composition of the mixture at any point can be calculated as a

function of temperature and pressufe at that point.

However, in order to eliminate entrainment of the cold
.surrounding atmosphere, it is intended to carry out experiments when

the nozzle to plate distance is within length of the potential core

of the jet. In this case the results of Comfort et al( 35) can be
extrapolated to give
(___due = (3-1) -~
dr "5 d )

where Ucl‘the gas velocity on the centreline of the jet is-approxi-
mately equal to the mean jet velocity and can be evaluated from Q
the volumetric flow rate at STP, i.e.

T : T

Moo= U= 4Q P 27.7 _ 118 x 10"6 x-g— . —--s--m.sec-'1 (3-2)
cl 2 298 M 2 M
nd'l s d1 s



so we have

du T
e . Q. s -1 ‘
(dr )s =118 x 10 " x5 . § sec (3-3)
d1 s
The time for diffusion (Tdiff.) is given by:
qu_ -1 - T -1
e | -6 Q S
TaifE, = (dr )s = (118 x 10 ~ x IR, ) (3-4)
o d s=
. 1
Cl now becomes
o _ _recomb. ' K273 _
1 7 T - = T -1
diff. -4 .~~6 _Q s
3 x 10 (x}{')ﬁ\’l)°(118 x 10 x 3 - ﬂ_)
d s
3
T .T ‘
7.25 x 10720 % :ox—% (2-5)
A X
"H'M.Ms d1

For a stoichiometric mixture values of ﬁh can be obtained from figure

2=1 and

= 1-X - ’ (3-6)

H atoms have the highest value of diffusivity of all the species in

[+ 7
the gas, and therefore have Lewis number which is greater than unity.

For the purpose of predicting‘heat fluxes from the gas we can therefore
consider the gas to consist of two "species", H atoms and the rest

of the gas. The time for recombination is calculated from avaiiable

( 35)

“data for the recombination of H atoms according to:

gas
H+ H+ M—=H, + M : ' , (3=7)
phase

is given in appendix page 167.

The method of calculating T ecomb.
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T = 1<;2T3 (3-8)
recomb. I
~A1 w4 -
3 x 10 (MH.KM)
The time for hydrogen atoms to diffuse to the surface (Tdiff ) is
. (35)
given by
-1 ‘ -
Taige. = (& s (3-9)
As given on page 166
due ubl
(:i;-)s = = | (2-10)
: r

in the established flow region of the jet.

For an equilibrium boundary layer'Xh must be evaluated at
temperature T whilst in the frozen case, Xh must be determined at

m

temperature Tye Calculations were carried out for both of these

cases and the results are shown in figure 3-1 as plots of C1 against
temperature for two values of*gg of 500 and 1000 sec—i‘to cover the
o d

:likely range of experimental wo%k. These curves were plotted at‘
stagnation temperaturés between 2500 K-and 4000 k and at film
temperatures 1000 k below these stagnation temperatures. Calculations
carried out for equilibripm conditions always gave C1 > 1. Hence

the boundary layer was never in equilibrium. Figure 3-1 shows that

the boundary layer is either frozen or in a transition region.

3-2. Effective boost.ratio

The enthalpy of the boosted products is compared with the
enthalpy of the products at the adiabatic flamé temperature without

electrical boosting. The ratio of these two enthalpies is:



&7

10 4 .

S —H, ), X, [xXc A ot T H t 3

e + ¢ BHc s T RUG, e O

BE T 298°J °J Dot (0TS ) RE. 7 elec. Af.Aug.

10 " H h at T, .

) (- H, o), Xpat T, chem. ©

J=1 o s\ ~ ~ 1.

' (3-11)
where T, _ is the augmented adiabatic flame temperature and
Af.Aug.

T is the adiabatic flame temperature without augmentalion. H
Afo ) chem

decreases in a boosted flame as the flame temperature is increased

because the proportions of HZO and CO2 decrease whilst the proportions

of the dissociated species increase. In fact H eventually

chem
becomes negative (at mere than 3180 K for a stoichiometric methane-
alr flame). This decrease in enthalpy is recovered when the

dissociated species recombine.

The ratio of the input boost ratio BI to the effective
boost ratio BE’ depends only on the air fuel ratios, and has been
calculated for a methane-air flame in terms of e (stoichiometric

.

factor). The ratio BI/BE is shown in table 3-1.

e 1.2 1.1 1.0 0.9 0.8
BI/BE - 0.975 0.559 0.928 0.844 0.730
Table 3-1.

* 3-3. Flame temperature.

The adiabatic flame temperature for the combustion flame
and for the flame with boost ratio were calculated as explained
on page 25. The results are shown plotted in figure 3-2 as the
effective boost ratio against temperature for e = 0.8, e = 1 and

e = 1.2.



3-4. Calculation of stagnation point heat flux.

The heat flux from electrically augmented flames can therefore
be calculated by equations (2-37) and (2-38). The assumptions made
in applying these equations to predict stagnation point heat fluxes

from electrically augmented flames are given below:

'

1 = Uniform distribution of electrical energy across flame.
2 - No radiation from arc.

'3 = No entrainment in jet.

4 - No 'turbulence induced by arc.

5 - Céntreline velocity = mean jet velocity at nozzle exit.
,6 ~ Adiabatic flame.

7 -~ Only H atoms have Le, > 1.

H

For a boundary in equilibrium the gas composition and
therefore the physical properties such as viscosity, density and
enthalpy will be a function of temperature only, Molecular welght
and therefore degsity, as well as enthalpy of the gas were calculated

(50-52)

using the I.U.P.A.C. data « These properties are shown in

'figure'3-3 as a function of temperature for e = 1.

As mentioned previously on page 42 a binary gas was assumed
which consists of H atoms diffusing in the rest of the gas. In

order to evaluate the Lewis number, the diffusivity of H atoms in

nitrogen was taken as the best available data ( 50).

D C

: HyNAQH P by
Le =

£ Ae

at T (3-12)

The diffﬁsiﬁity varies with temperature according. to

D - 2.63 x 1078 173 2 (1 (3-13)

H,No



The specific heat for hydrogen atoms was found from the JANAF data(A49).

H atoms were considered to be an ideal dgas in order that the density

could be found at any temﬁerature, according to:
-1 .
p = 273/22.4 T - 'mct"'? Lt (3-14)

"The Lewis number was then calculated and is plotted against temperature
in figure 3-3. The Lewis number should be calculated at the mean

film temperature TF but it can be seen from figure 3-3 that the

Lewis number does not -vary appreciably with teqperature.‘ Therefore

it was calculated ét TS in all cases. The Prandtl number was

considered to be constant at Pr £ 5 0.71.
]

The proportion of the enthalpy due to dissociation
m AH : '
A,e

-—43———- was>ca1culated considering the heat of recombination of
s 4 :

hydrecgen to be 104 K cal/mole and assuming that all the hydrogen

atoms recombine, i.e.

AHchem = 104 Xﬁ K cal | (3-15)

du .
The value of (E;S)S is given by equation (3~3 ). Taking

95- to be 500 sec.” L and 1000 sec.™) for the reason explained on
g%ge 43 (g%g)s can be calculated at temperature T_.

pe is also shown in figure 3-3 and was used for equation
(2-37) at the wall and stagnation temperatures. For a frozen boundary
‘layer p_p_'is dependent upon both the wall temperature and the
stagnation point temperature, as the latter determines the gas
composition within the boundary layer. In other words, P Hg has
to be calculated at T 6 with a composition at the stagnation temperature

W

T . .
s )



- 47 -

The stagnafion flux q has been calculated for both the
equilibrium and the ffozen boundary layer using equations (2-37)
and (2-38) at values of T between 2220 K and 3050 K which correspond -
to BE = 0 to 1.20 for both'§§ of 500 sec._i and 1000 sec._‘l and are
shown in figure 3-4 for e = %;O. As the two values of the equations
agree to within 4 percent, further calculations have been cagried out
using eduation (2=37). It was also found that the values of qg

are similar for both equilibrium and frozen boundary layer. The

heat flux for BE = 1.2 and gg'of 1000 for three stoichiometgic
d

factors of 0.8, 1, 1.2 was afso calculated and is shown in figure

3-’4.

- s A A 0 T i
It can be seen from figure 3-4 that BE, ES Tw and e in

the range of 1 to 1.2 have a considerable influence on the heat flux

whilst e in the range 0.8 to 1 has little effect.
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Figure 3-1. Effect of ten-xp‘erature and _ on non—equilibrium

ar |

in the boundary layer for hydrogen atoms.
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4-1. Description of small and large burners.

14

)

The burners which have been developed previously (1 have

been modified and improved and are described below:

A - Small burner

Fuil scale drawings of the burner aré shown in fiqure 4-1.
A mixture or methane and air enters the swirl chamber from the
tangential inlet and then flows into the combustion chamber where
the gas is burnt. An a.c. or d.c. electric arc is struck between
the central electrode and the annular.electrode and the arc heated
products of combustion then emerge from the nozzle. This burner is
capable of burning 16.7 x 'J_O"6mf3 sec—i of methane. The central
electrode was made ffom a variety of materials and is described
later. Th;/;entral electrode is capable of being moved vertically
along the axis of the annular electrode. The annular electrode was
made by casting lime~zirconia cement inside an alumina tube, which
was also connected to the power supply by platinum wire. The walls
of the combustion cham#er were formed by a tube of re-crystalligzed
alumina. The horizoﬁtal gas inlet tube was brazed in a tangential
position to a vertical tube of lérger diameter to comprise the swifl
éhamber and two flanges of syndanyo were held above and below the
swirl chamber by three securing bolts. 'This burner operatgd Qithout
the necessity of seeding., |

B — Larger burner

The larger burner was similar in degign and construction
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to the small burner and a sectional elevation and a plan of this

- burner are shown in figure 4-2 and a photograph is shown in plate 1.

The differences between the two designs are detailed below:
a — Combustion chamber:

An alumina tube by itself is no longer suitable as the
combustion chamber, because the tube will not withstand the thermal
shock. This was overcome by using an alumina tube of longer d%ameter
which was lined with a 50:50 mixture of alumina cement and lime-

zirconia cement.

b -~ Electrodes:

(1) Annular electrode: Two tungsten rods were fitted at
opposite sides of the annular electrode of compressed lime-zirconia
to ma&e electrical contact with the électroée. Both rods were
connected to the earthed side of the transductor. They weré covered

with alumina cement to ensure that the rate of oxidation was kept

at a lgw level.

The top two centimeters of the electrode were filled with
alumina cement. Thils acted as an electrical insulator and therefore
prévented the arc from attaching itself to the top surface of the

electrode, as shown in figure 4-3.

A shield was made to prevent entrainment of cold air into
the jet of hot combustion products. This shield was cemented above
the annular electrode. The shield is shown in 4-4. The jet angle

34)
was assumed to be 21° ( ).

(i1) Central electrode: The cerami; central electrode of the



- 55 -

small burner was replaced by a tungsten rod and the reasons are given

on page 73.

c - Ignition system:

' The methane-air mixture was ignited by a spark generated
by a 12 volt ignition coil from a motor car connected across the two
electrodes at the bottom of the combustion chamber. These electrodes

"are shown in figure 4-5.

4-2, Power and gas supplies and meter circuits.

A —~ Electrical power supplies

Two different sizes of electrical power supply were used for
the burners described above. One,of about 0.5 KVA;output, suprlied
power to the small burner. The other provided an output of up to

66 KVA and was used as a supply for the larger burner.
" a - 0.5 KVA supply.

A single phase transformer supplied power to the electrodes
. of the small burner at up to 3.2 KV from a mains input of 240 v. The
output coulq be cennected directly to the electrodes of the small
burner to provide an a.c. arc. Instruments were pro;ided in the
circuitry to measure the current, voltagg, and power supplied to the
burner. A ballast resistance of 6 Kfwere placed in series with the
burner electrodes in order to limit the current supplied te tﬁe arc;

the necessity for this procedure is explained in section 2, page 21,

b —~ 66 KVA supply.

The Foster transductor which was used to supply power to
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the larger burner consisted of a single phase transformer, providing

-a controlled current at voltage up to 6.6 KV. The current could be

set at any value between 0 and 10 amps. and could remain at this value

. -even if the transformer output was short-circuited.

The transductor and burner Qere enclosed in an earthed cage.
The door of the cage was interlocked with the mains supply in such a
way that the operator was prévented from gaining access to the high
voltage side of the equipment when the supply was éwitched on. The
output terminal which was connected to the annular electrodé of the

burner was also earthed, and the other terminal was connected to the

. central electrode.

B -~ Air and mcthane supply

Methane was used as the fuel gas for the burners and was

supplied by Mogden Sewage Treatment Works to the apprbximate analysis:

CH, 97 % o | '
co, (3-4) %
0  (0.1-0.2) %

No  (0.2-0.4) %

The method of supplying air and methane dépends on the size of the

burner in operation.

a - The small burner was supplied with air and methane from
cylinders. The gas flows were individually metered and then mixed

and dried in a cclumn which was packed with silica-gel. The gas

mixture was then passed into the burner.

b - The larger burner was supplied with air from the atmosphere

and methane from cylinders. A Selas Mini Mixer was used to mix the
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air with the methane and to control their proportions at a set value.
The gas system had to be designed so that the total pressure drop did
not exceed the pfessure héad developed by the Minl Mixer, othérwise
flash~back would occur. A flame trap was installed which would
automatically disconnect the methane supply in the case of flash-back.
A diagram of the large burner system is given in figure 4-6 and a
photograph of the transductor, earthed cage, meters, gas flow meters,

and large burner appears as plate 2.

C - Circuitry for obtaining current and voltage transients

Figure 4-7 shows the circuitry that was used to obtain a.c.
current and voltage transients from the electrodes using an
Oscilloscope. A potential divider (R& and R%) was used to reduce the
operating voltage of the burner to suitable levels in order that it
could be displayed on the oscilloscope. The voltage drop across
resistance R% enabled the current in the electrode circuit to be
calculated. 'The values of R&, R& and R% for both burners are given

on table 4-1.

Burner R4 ohm. R5 ohm. R3 ohm.
small 4.63 x 10% |1.065 x 10° 39
large 991 167 4

Table 4-1




4-3. Design and construction of heat flux meter.

[

.The heat flux éan be determined by finding the témperature
disfribution produced in a semi~infinite slab. The exact solution of
the unsteady heat conduction equation page 36 caﬁ be'applied to find
the heat flux at the surface of the siab if the following assumptions

are made:

1 - Heat flow is lineér and normal to the surface of tﬁe slab.
2 ~ Heat flux is constant at the surface.

3 - No heat of transformation occurs in the steel.

4 -~ The slab is isotropilc.

5 — Thermal properties of the steel do not vary with temperatures.

A heat flux meter was designed to determine the surface
héat flux, when the flame impinged on the surface of a large slak.
This heat flux meter was designed to satisfy the above assumptions

and is shown in-figure 4-8.

The central rod of Epn 58A stainless steél was made as thin
as possible. The surface of the rod was insulated with flame sprayed
alumina and was fitted with four mineral insulated chromelalumel
thermo;couples with junctions bonded to stainless steel sheathes of
0.5 mm diameter. The position of the thegmo—couples and the length
of the rod were cﬁosen by first assuming that the surface heat'flux
would be 3.5 x 103 Kw/m2 and the maximﬁm surface temperature would be
1300°C. Equation ( 2-48 ) gives the time at which the surface
temperature reachés 1300°C as 10.24 second. For these values of heat
: f}ux q and time t, the lemperature precfile in the rod is shown in

103 KW/

figure 4-9. For lower heat flux of 0.8 x m? and a maximum

surface temperature of 600°C the time at which the surface temperature
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reaches 600°C was calculated toc be 25 seconds. A plot of the temper—
ature in the rod against distance from the surface x is also shown

in figure 4-9.

From the above.curves the positions of the thermo-couples
from the éurface of the slab were chosen to be 1.5, 5, 15 and 25 mm
from the surface and fhe length of the rod was chosen to be 50 mm.
Two stainless steel cylinders insulated with flame-sprayed alumina
acted as guard rings. The slab consisted of a disk of stainless steel
of diameter 105 mm aﬁd thickness 30 mm. When the flame impinges on
the slab the temperature at various positions along the axis of the
central rod were measured using the thermo—couples which were connected
to a data logger. The method of conhecting the thermo-couples to the
data logger, including an ice point reference junction, %s shown in
figure 4-90for one of the thermo-couples. This procedure eliminated
the use of compensating cable and provided a reference junction at
' 0°%C. The central rod and the slab were earthed in order to obtain
stable emf. .cutputs when the slalh was heated by the augmented flame.
A gantry was constructed over the burner to support a pair of rails.
The slab was suspended from these rails in a trolley which was
traversed horizontally over the flame. The trolley was connected
to a 0.5 meter long pneumatic cylinder equipped with air cushioning
at each end to reduce the shock at the limit of the strocke. The
connecting rod from the cylinder was attached to an adjustable slide
which allowed the position of'the heat -flux meter relative to the
burner axis to be varied. A measuring rﬁle was attacheq to the slide
and this adjustment was used in order to determine the radial
distribution of heat flux. The burner to slab distance could be
varied by adjusting the height of the burner. A photograph of the

heat flux meter, slab and trolley is given in plate 3.
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5-1. Development of both burners.

A —~ Small burner

a - Electrcdes:

Various materials were used as the central and annular

electrodes for the small burner which are described below:

(1) Tungsten rod as a central and lime-zirconia as annular
.electrode.
C(11) Carbon in the foim of rods of dense graphite as the central

- and annular electrode.

(iii) Various compositions of lime-zirconia and ceria as central

and annular electrode.

(iv) ILime~zirconia as central and annular electrode.
(v) Carbon as the central and lime-zirconia as annular electrode.
©{vi) Zirconium diboride as central and annular electrodes.

All the electrode malerials suffered from erosion. The
graphite was oxidised rapidly at flame temperatures. Ceria was
mechanically unstable. Zirconium diboride changed from black to
white possibly indicating a chemical change to zircoﬁié. The - tungsten
rod was gradually oxidiged and a yellow powder (tungstic oxide) was
formed. Zirconia-lime was found to be stable although some melting
occured at the arc attachment point. Zirconia electrodes were there-

fore used for cexperiments with the small burner.
b = Burner operation:

The gas mixture, comprising 16.7 x 10_6m3.sec_1 of methane
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and at least 167 x 10—6m3.sec_1 o£ air, was ignited in the combustion
chamber with the annular electrode removed. When the flame had
become stable in the combustion chamber, the electrode was replacea
and a few minutes were allowed for the electrodes toc become suffi-
clently hot for thermionic emission to occur. The supply of 3.2 KV
a.C. was switched on across the electrodes and the arc was initiated.
The arc could be switched on and off,repeatedly without damaging the

electrodes.

When the arc had been iniéiated and the methane flow was
13.3 x 10—6m3,sec—1 the air flow could be reduced to 65 x 10—6m3.seé—1
before the flame lifted out of the combustion chamber and became a
diffusion flame stabilized on top of annular electfode. Without the
arc this phenomenon occured at an air flow of 101 x 10—6m3.sec—1.
‘In a similar fashion the air flow could be increased to
224 x 10—6ﬁ13,sec—1 before blow off occured but without the arc blow

q

off occured at 200 x 10—6m3.sed“ of air. These limits can be seen

in figure 6-~6 page 103.

B - Large burner

The larger burner which was designed for the heat transfer
studies was capable of burning at least 167 x 10_6m3.sé¢;1“0f methane
instead of 16.7 x 10 °m>.sec” L burnt in the gmail burner, and so
the diameters of the components of the smaller burner were increésed
by a factof of ¥10. The modifications required to écale—up the small

vortex stabilized burner are detailed below:
a - Central electrode:

(1) First of all, the central electrode was made in three parts
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from alumina, metamic and zirconia. Métamic is a cermet of molybdenum
and alumina which contains 80% metal.by weight and will stand ﬁp to
190006. The zirconia tip was pressed ét up to 30C0 MN/m2 pressure
and was fired at 1400°é for two hours and was mounted in the metamic
tube by a tungsten rod and alumina cermet. Figure 5-1 shows the .
.construction of the elect;ode.After a few minutes of ;ynning the
burner a yelloﬁ gas was emitted from the burner which indicated that

the molybdenum was oxidizing. The metamic was then easily broken

and was found to be nonconducting.

>

(1i) Then the zirconia tip was cemented to the top of an alumina
 tube. Electrical connection to the zirconia was made using a tungsten

rod and a platinum wire, as shown in figure 5-2. As a result of

augmentation with a relatively low current of about 2 amps. for about

1 hour, a small hole appeared in the side of the tip near the tungsten
- rod and in fact the arc had struck betiween the tungsten and the

annular electrode.

(i11) Finally the tungsten rod was replaced by platinum wire.
This seemed to be satisfactory for low currenfs over about 2 hours.

Figure 5-3 shows this electrode.

(iv) A more durable electrode was achieved by uéing a tungsten
rod of 8 mm diameter. The rate of oxidation could be kept low by

burning the methane with less than its stoichiometric air requirement.

b - Anmular electrode:

The platinum wire used in the annular electrode of the
small burner was found to be unsatisfactory in the large burner. This

problem was solved by using two tungsten rods fitted into two holes




on the opposite sides of the annulus.

The technique of removing the annular electrode for igniting
the mixture in the small burner was unsatisfactory for the large
burner. The annular electrode had to be cemented in position to

prevent leakage caused by the upward force on the annular electrode

due to the flow of the combustion products.

The arc which was produced in the larger burner was observed
to attach itself to the top surface of the annulér electrode as shown
in figure 4-3. In order to prévent this attachment a larger tube was
chosen for the annular electrode and the top of the electrode was
filled with alumina cement. A longer annular electrode also had
the advantage of giving more opportunity for the hot combustion
products to mix and obtain a more uniform temperature, but had the

disadvantage of increasing the heat loss from the burner.

¢ - Burner operation:

The mixture was ignited by a spark which was passed
between two electrodes in the combustion chamber. Ignition could

only be achieved when the methane and alr flow rates were controlled

6 1

at 108.5 x 10~° to 1400x 10 %n>.sec” respectively. The burher was

then operated at 14 2 x 10-6h3.sec-1 of methane and 1420x 1O~6m3.éec“l
of alr for 15 minutes in order to heat the electrodes before electri-
cal power waé supplied to the electrodes from the transductor. The

6 to 265 x 10-6m3.sec—1

flow rate could be varied from 50 x 10~
methane for the stoichiometric mixture. The potential applied to
the electrodes was about 1.2 KV for a distance between the electrodes

of 8 mm.
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5-2. Flame temperature

The temperature of the flame of the simall burner with and
without augmentation was measured by the line reversal technique, the
apparatus for which is shown in figure 5-4. Light from a strip-
filament tungsten lamp T is focused with a lens Lq to give an image
of the filament in the flame F. A second lens Lz then forms an image
of both flame and lamp on the slit of ‘a spectroscope. Sodium was
introduced into the flame by entraining particles of sodium chloride

in the combustion mixture entering the burner.

A correction has to be made to the calibration of the lamp.
. . s s ( 24) )
A five percent decrease in emissivity was necessary because

the light from the background source is weakened by reflection losses

in passing through the lens L4 whereas that from the flame is not.

5-3. Use of oscilloscope to obtain voltage and current.

A twin beam cscllloscope was used to display voltage and
current transients during the az.c. discharge in the burners. The

method is described below:

A —~ Small burner

From photographs of the oscilloscope traceS,'tﬂe R.M.S.
values of voltages and currents under different operating conditions
were calculated. Method of calculation is given in chapter 6. The
initiation voltage and also the proportion of the a.c. cycle during
which arciné occured were determined. According to figure 4—7
the voltage between the two burner electrodes can b; calculated as
follows:

U s
v .
1-R or A (5-1)
Ry
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and the current passing through the electrodes can be calculated from,

V3
A = -1?5 (5—2)

where V is the potential between the twc clectrodes and A is the
current passing through the electrodes V4 and V3 can be calculated
from the oscilloscope traces, and R&, R% and Ré for both burners are

given on page 57,

B - Large burner

The voltage between the burner electrodes was manitored
on the oscilloscope using a potential divider as explained earlier
on page 57. A series of electric fire elements was used in place of
the burner and from photogfaphs of the oscillcscope traces, the exist-
ing meters on the power supply were calibrated. The calibration was
found to be difficult at low voltages and currents becausce of the
large range of meters. A further range of meters were added to the
previous ones in order to measure low values of voltage, current,
and power. A schematic diagram of this set-up is shown in figure

5~-5 and they appear on plate 3 page 55.

A stép down transformer is used to reduce the output
voltage of the transducer by E%— in order that low voltage meters
can be used. A 0-50 velt moving iron meter was installed in parallel
with the existing 0-80 KV meter. Similarly, a current transformer
is used to reduce the current by a half and a 0-2 ammeter was put
in series with the existing 0-10 ammeter. The power was measured
using 0-100 watt transducer type wattmeter which was installed to

supplement the existing 0-80 KW instrument.
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5-4. The use of the heat flux meter.

The heat flux meter described in section 4 was used to’
determine the surface heat flux from the lérger burner Eo a sfab,
as described below. fhe slab was adjusted to a height h above the
burner witﬁ the heat fiux meter at a known position relativé to the
burner axis. The slab was then retracted. The burner was ignited
and contfolled under known operating conditions for about 10 minutes
so that it reached the steady state. The data-logger was then
switched on to register the emf oé the thermo-couples in the slab
at room temperature. The thermo-couples were scanned at a rate of
10 per second. Then the slab was moved rapidly into position over
the burner by operating the air cylinder using a switch situated
outside the earthed cage. The time taken for the heat flux meter
to remain above the burner varied between 30 and 90 seconds depending
on the maximum value of the temperature of thé surface of the slab
that was required. Aftér that time the slab was ;emoved from the
flame by operating the air cylinder. Prior to the next run the
surface of the slab was cleaned and polished with fine emery paper
when it was at room temperature. Plate 4 shows a plan view of the

larger burner and the heat flux meter‘ready~to move over the burner.
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PLATE 4. Plan of burner and heat flux meter

a) burner b) heat flux meter
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6-1. Burner operation. -

Some of the experimental observations which were made
dﬁring the operation of the small and large burner have been deécribed
in section 5. The electrode life, voltage and current transients,

stability limits, and flame temperature are given below:

A —~ Electrode life

The life of the zirconia electrode in the small burner was
about 50 hours. During this time one replacement central electrode
‘was necessary. The burner was operated on about 300 occasions before

it was necessary to replace the central electrode.

The large burner was operated for longer times of about
25 minutes. The annular electrode required replacement after about
20 hours, because a émall hole appeared in the zirconia near the tip
of one of the tungsten rods gnd in fact the arc struck between the
tungsten rod in the annular electrode and the tungsten central

electrode.

The central electrode of tungsten was found to erode at an
average rate of 0.1 mm reduction per hour, and 2 per cent reduction

in weight.

B - Voltage and current transients for the small burner

Plate 5-a shows photographs of the oscilloscope\tfacgs
obtained for a 50 HZ, 3.2 KV arc across the burner electrodes with
a6 kilohm resistance in series. The voltaée and current scale is
shown beside the photographs and each half-cycle corresponds to
0.01 second. A stoichiometric gas flow rate of 13.3 x 10_6m3;sedf1

methane was used and the gap between the zirconia electrodes



was 3.7 mm. -
a — Effective voltage and current:.

The effective R.M.S. values of voltage and current are

~ given by:

o i 7,2
VR.M.S. = Tdro vV-dat (6~1)
. T o
af 1Peat
TRa.s.  TVTO : (6-2)
2n

where T, the periodic time of the wave, is equal to-ja.

Consider one half-cycle only, and divide this into n equal

parts of second each to give n ordinates of 11, 12, i, ... etc.

3

The R.M.S. values of voltage and current were then calculated as

2. follows:
V" 2 + v! 2 + v 2+ see '
VR.M.S. = 1 2 3 (6~3)
n -
i it 2+ 1" 2+ 1.2 4 eee
I Ms. - =\/ 1 2 3 i 4 (6~4)
- n

In the following experiments the half-cycle was divided
into ten equal parts (n=10) as is shown in plate (6-a and b). Owing
to variation between consecutive half-cycles, the average (R.M.S.)

voltage and current for one complete cycle was calculated.

Various experiments were done to find the effect of various
operating conditions on the voltage'and current. They are explained

below: _ - -

(1) Variation of electrode gap: Experiments were performed with

methane and air flow rates of‘15 x 10—6 and 150 x 10%h3;sec—1

respectively using zirconia electrodes. The distance between the



electrodes was varied as explained on page 53 . The results are
expressed graphically in terms of voltage, current and average
striking voltage in figure 6-1. The proportion of the cycle during

which arcing occurs is plotted against distance between the electrodes

~in figure 6-2.

(ii) Variation of air flow rate: In these experiments the methane
flow rate was kept constant at 15 x 10—6m3;sec—1. The air flow rate
‘ -6 1 '
6 to 195 x 10 ’m3.sec 1. The results are

was varied from -60 x 10
expressed graphically in figure 6-3 in terms of voltages and currents
against the stoichiometric factor e in the gas flow. The distance

between the zirconia electrodes was 3.2 mm.

(1ii) Vériation of total gas flow rate: Further experiments were
carried out over a range of gas flow rates in which the methane to
air ratio was maintained at the stoichiometric proportion. The
separation between tﬁe zirconia electrodes was 3.7 mm. The R.M.S.
values of voltage andvcurrent‘are plotted against the gas“flow rate

in figure 6-4.

(iv) Zirconia-ceria mixtures: Experiments were also doge with
various mixtures of zirconia and ceria as the material éf construction
of the central and annular electrodes. The R.M.S5. values of.voltage
and current, at various zirconia~-ceria compositions, were obtained

and are plotted agalnst composition in figure 6-5. The electrode

gap was 3.7 mm and a stoichiometric mixture was used at a methane

) -6 3 -1
flow rate of 15 x 10 6m «S5ec -,

C - Flame temperature

The temperaturé of the flame in the small burner was

measured using the sodium D-line reversal method which was described



on page 75. Figure 6-6 shows flame temperature plotted against
stoichiometric factor e in the mixture both with and without the

arc at a distance of 10 mm above the nozzle of the burner. The methane
flow rate was kept constant at 1333 x 1O~6h3;sed;i and the air flé&

féte was varied from 101 to 200 x 10-6m3.sec—1

for the flame without
. R 6.3 -1
augmentation and from 65 to 224 x 10 "m .sec = for the

flame -with augmentation.

D - Currer.t and voltage output from the transductor

When the large burner was.replaced by a resistance, the
current and voltage reproduced by the oscilloscope can be seen in
plate 5-b. This photograph was taken when a resistance of & 60
ohms was used. The voltage and curfent traces have an approximately
trianqular shape as shown in figure 6-7. The R.M.S. values of
voltage and current can be calculated on this basis using equations

(6-1) and 6-2) as follows:

Current trace from Oscilloscope

I max

I R.M.S. =

T¢er I = I -—
For afT{c max.——



2 C—~a b-c B 2 b-a
I max (—5- + -7;-) = I"max. =5
1 b-a
so we wi.ll have T R.M.S. = I max T3 (6-5)

/ b~
and similarly V R.M.S. = V max %-. —gi (6-6)

From the above equations the R.M.S. values of voltages and

currents when a number of different resistors replaced the burner

were calculated and compared with the meter readings. The comparison

ig shown in table 6-1.

Actual readings of voltage, current and power are given

in table 6-2 for various boost ratios.

The run numbers correspond

to run numbers given in table Sig. . The power factor cos @ has been

calculated from
Cos % = EL—

and is also shown in table 6-2.

Run No. BE v I W | Cos é
7 1 0.27 | 1320 [1.36}1.26 | 0.70

59 0.62 | 1300 2.8 | 2.93 | 0.82
44 0.81 | 1350 [3.1 | 3.72 | 0.90
45 1.2 1380 4.2 | 5.66 | 0.98

Table 6-2.

(6--7)



E - Stability limits

Thé limits at wﬁich the flame was stable in the combustion
chamber for the large burner with and without aﬁgmentation were
determined by experiment. In each experiment the air flow rate was
kept constant and the methane flow rate was varied between two
limiting cases. The electrical power input was kept constant at
1.25 KW. The limits at which the f£lame blows off or forms a
diffusion flame above the nozzle are shown in figure 6-8 where the
limiting methane flow rate is plotted against the air flow rate. A
line representing the.stoichiometric mixture and the mixture required

for ignition are also shown in the figure 6-8.

[,
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6-2. Heat transfer to the surface of the slab.

The heat flux meter which was used to measure the rates of
heat transfer from the larger burner to the metal surfaces is
described in section 4. The technique which was used to obtain
results from this heat flux meter islexplained in section 5. The

experimental measurements and derived results are given below:

The emfs from the four thermo-couples were recorded on paper
tape, using a data-logger at a rate of ten readings per second. The
first inc;ease in any of the emf readings above that corresponding
to the initial slab temperature indicated that the slab had reached
the fegion over the burner. This first increase in emf was recorded
by the no. 1 thermo-couple at a point in time which was a minimum of
0.1 sécond and a maximum of 0.4 second after the time when the flame
first impinged on the heat flux meter, because the data-logger was
also scanning thermo-couples 2, 3 and 4 at 0.1 second intervals.
Hence an average value of thé time at which thermo-couple no. 1 first
indicated a temperature above that the initial slab temperature was
0.25 secona. Starting from this point for the augmented flame every
tenth set of emf readings from the four thermo-couples was used in a
computer program to be converted to temperatures in OC, i.e. readings
from the four thermo-couples were taken every four seconds. For the Un-
augmented flame readings were used from twentieth set of emf readings,
therefore the first temperature profile was obtained at 8.25 second.
Each set of four temperatures was fitted to a polynomial of tempera—
- ture expressed in terms of distance from the sufface of the slab.
This gave a series of temperature profiles in the slab at various
times. It should be noted that, if the polynomial is a quadratic,

it cannot be fitted until at least three thermo-couples show tempera-

tures above that of the initial slab temperature. A cubic can only



be fitted if all four thermo-couples show a rise in temperature.

These polynomials were then extrapolated to the surface of the slab
to find the surface temperatures. The conductivity and the mean
specific heat of the stainless steel (En 58A) at each surface tempera—
ture have already been found by fitting a third order polynomial to
the data in table Ap.D to give equation (6-7) and a straight line to

the data in table Ap.D to give equation (6-8) respectively.

K = 0.03752 + 0.9486 t x_10-5 +0.7551 x 1077 % - 0.5685 x 10~ 10¢3
j (6-8)
T = 0.120 + 0.232 x 10 %t (6-8)

Since the thermal conductivity and the mean specific heat.at any
temperature have been calculated, the thermal diffusivity o can be

found using equation (2-43).

The heat flux at various surface temperatures was then
calculated using equation (2-48 ), and a computer programme developed
in the course of this study. A flow chart of this programme is on
paga395and 96, and a complete programme is in the appendix B
A typical series of ten temperature profiles by the computér is
given in figure 6-9. A plot of experimental heat fluxes against
surface temperature for different boost ratios is given in figure 6-10.
Experiments were carried out with the slab at three different initial
temperatures because it was found that when the slab is at room
temperature, water vapour from the combustion products condensed on
the surface of the slab at the beginning of an experiment. At higher
surface temperatures this condensation did not occur. Figure 6-11
shows the heat flux plotted against surface temperatﬁre at three

different initial temperatures of 26.2, 50 and 86.7°C.
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Fifty experiments were done to determine heat fluxes under
varying conditions of burner operation. Each experiment was identified
by a run number. The conditions under which the burner wés operatéd
during each of the experiments are given in table 6-4 page 93 and

and the emf readings corresponding to each run are given in the
+

appendix A,

The heat flux from the flame to the slab with and without

augmentation, was determined in the following experiments.

A - Axial distribution

The variation of heat flux with distance between the burner
and the surface of the slab, with and without augmentation, and also
with shield as described in section 4, was determined and is described

below:

It was observed that without the shield flash back occured
for slab to burner distances less than 4 mm, and that the visible
flame did not reach the surface of the slab for distances more than

50 mm.

The heat fluxes from the flame, without and with augmentation,
to the surface were caléulated from run numbers (1-6) and (7-10) and
were plotted against surface temperature. From these results, the heat
fluxes were plotted against slab to burner distance in fiéure 6-12.

Run numbers (11-12) were carried out to find the effect of using a
shield above the nozzle of the burner on the heat flux. The gap
between the exit from the shield and the slab was 2.5 and 5 mm. The

results are shown in the figure 6-12.



B - Radial distribution

Radial distributions of heat flux were determined by taking
measurements along two flame diameters at right angles to each other.
The gap between the nozzle of the burner and the surface of the slab
was fixed at 5 mm. because the axial distributions shown in figure
6-12 indicate that the greatest heat fluxes occur at this distance.
The heat fluxes obtained along two diameters at right angles both
without augmentation (run numbers (13-16) and run number 1) and with
augmentation (run numbers (17;20) and (21-24) and run number 7) are
plotted against surface temperature. Radial distributions were

obtained from these results and are shown in figure 6-13.

C — The effect of gas flow rate on the heat flux

Run numbers (25-29 and 1) and (30-34) were carried out in
order to investigate the effect of various gas flow rates on the heat

flux both without and with electrical augmentation.

Plots of heat flux against surface temperature without and
with electrical augmentation were obtained and from them the effect
of various stoichiometric gas flow rates on the heat flux at different

slab temperatures is shown in figure 6-14.

D — The effect of the ratio of air to fuel on the heat flux

A further series of experiments was conducted to determine
the heat fluxes that could be expected when the proportion of air in
the gas mixture both with‘and without augmentation was varied. The
heat fluxes were plotted agaiﬁst surface temperatures from run
numbers’ (35-38 and 1) for the flame without augmentation and run

numbers (39-43) for the flame with augmentation. From these plots




- 92 -

the heat fluxes were then plotted against stoichiometric in figure

6—1'5 [ ]

E - Boost ratio

The effect of boost ratio on the heat flux was found from

run numbers (44--45, 41, 7 and 1). The heat fluxes were plotted
against surface temperature and from them plots of heat flux agalnst

boost ratio are shown in figure 6-16.
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Table 6-3.. Series of heat flux experiments

Metlﬁane flow

Radial

Run Air flow Axial Boost | Stoichio-
No. rate rate position | position | ratio metric
m3. sec—1X10 m3 . sec_1x106 h(mm. ) R(mm. ) Bg factor e
1 142 1420 S 0 0 1
2 " " 1 " " "
3 " " 15 " " "
4 " " 20 " " "
5 " " 25 " " "
6 " n 35 " " "
7 " n 5 " 0.27 "
8 " " 10 " n n
9 " " 20 " " "
10 n " 40 n n n
11° " " 5 n " n
12" n " 2.5 " n "
13 " " - 5 +10 0 "
14 " " " -10 " n
15 h " " +20 " "
16 n n " -20 " "
17 " " " +10 0.27 "
18 " " " -10 " "
19 " " n +20 " "
20 " " " -20 " "
21 " " " +10 " "
22 " " " -10 " "
23 ! " oo +20 " "
24 " " " -20 " "

* gap between nozzle of the shield and heat flux meter
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Table 6~3. (Continued)

Run | Methane flow Air flow Axial Radial | Boost | Stoichio-
No. rate rate position | position| ratio metric

m3. sec 1108 | m3. sec= k108 h{mm. ) R(mm. ) Be factor e
25 _ 111.6 1116 5 0 0 1
26 124.9 1249 1 " " "
27 158.3 1583 " n n "
28 166.6 1866 n " n "
29 211.6 2116 n " " "
30 111.6 1116 " n 0.27 "
31 124.9 1249 " " " "
32 158.3 1583 " n " "
33 169.9 1699 " " " "
34 186.6 1866 n " " "
35 142 1016.3 " n 0 0.72
36 " 1282.8 " " " 0.90
37 " 1616 | " " " 1.1
.38 " 1857.6 " " " 1.27
39 " 1846- " " 0.62 1.30
s | o 1704 " " v | 120
41 " 1420 " " n 1
42 " 1136 " 1" " 0.80
43 " 994 " " " 0.70
44 " 1420 " " 0.81 1
45 " " " " 1.2 "
46 " " " " " "
47 " " " ", 0 "
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Block diagram of computer program

{ START >

READ
1) emf vs. temp. table for Cr/Al thermo-couple
2) experimental heat flux meter emf [volt(I,J)]

\\3) N = Number of curves of slab temp. vs. x

Set initial x

Y

4

evaluate [volt(I,J)] in terms of TEMP (1,J)

YES J/<4

NO



Block diagram of computer program (Continued)

2

arrange TEMP (J) in descending and x(J)

in ascending order

write TEMP(J) AND x(J)

Plot slab temp. TEMP(J) vs. x using
a plotting routine

Fit TEMP(J) vs. x(J) to a polynomial to find
surface temp. (at x = 0)ts(I)

FIND

1) conductivity X(I) using Eq (6-8 )

2) mean specific heat ¢(I) using Eq (6=9 )
3) a (I) = K(I)/7.92C

4) time T(I)as explained on page 88

5) heat flux W(I) using Eq (2-48 )

write W(I), ts(I) and T(I)

YES

< 10

A

NO

plot W(I) vs. ts(I) using a plotting routine

< STOP ,
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Table 6-1. Comparison between meter readings

and R.M.S. values based on Oscilloscope traces

3

Resistance _
replacing Meter reading R.M.S. values calculated
Burner from Oscilloscope traces
Mool Roms |V vorts Tamps "xn |V vorts T Amps ¥ kw
1 1650 1710 1.00 1.80 1740 1.00 1.74
2 1360 960 0.73 0.72 1000 0.76 0.76
3 1220 996 0.80 0.84 941 0.80 0.75
4 ' 1220 2400 2.10 5,15 2450 2.00 4.9
S 880 2400 2.80 0.69 2420 2.90 0.70
6 660 1965 3.00 6.90 2030 2,90 5,90
7 430 1410 3.20 4.56 1370 3.1 4.32
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Chapter 7

Di scussion

Characteristics of the a.c. discharge.
Flame stability.

Flame temperature. | ‘
Experimental determination of heat flux.

Axial distribution of heat fluxe.

Radial distribution of heat flux.

Effect of process variables on heat flux.
Effect of surface temperature on the heat flux.

Comparison between experimental and predicted

heat fluxes.

Apélication of the burner for melting.
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7-1. Characteristics of the a.c. discharge.

A - Small burner

The characteristics of the a.c. discharge in £he small

- burner are shown in plate (5-a). These characteristi;s are similar
to those given in figure 2-8 on page 20 for hydrogen. When there is
no arc, i.e. current is zero, the voltage increases until the initia-
tion voltage Vg'is reached. At Vg the arc is struck and the voltage
then drops while the current rises first to a maximum and then falls.
The arc goes ou£ when the-current reaches zero and does not reignite
until the voltage reaches the initiation voltage égain. The initia-

tion voltage V§ and the R.M.S. voltage V can be expected to

R.MIS.
increase when the electrode gap is increased and figure 6—1 shows
this éffect.‘ The variation of current I with electrode gap is also

shown in figure 6~1. It can be seen that the arc no longer exists

when the electrode gap exceeds 5.3 mm.

The initiation voltage was limited to about 2500 volts by
the power supply. It can be seen that as the electrode gap is increa—
sed a correspondingly greater increase in voltage is required to
initiate the arc, i.e. the initiation voltage rises steeply with
increasing electrode gap. In an a.c. arc, the time during which the
arc exists in each half-cycle will become less as the initiation
voltage increases as shown in figuré 6-2. Therefore the R.M.5. value
of the current will decrease as the fime of arcing becomes less,
Because the maximum value of the current does not change. 'It can be
seen from figure 6-1 that the R.M.S. current falls off rapidly as

the initiation voltage increases.

In order to achieve a stable arc which exists over a large
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proportion of each half-cycle it would appear that Vg should be as
small as possible. This can be achieved by using small arc gaps and
electrode materials which have low work functions. The power dissi-

pated by the arc is given by

VR.M.s. * TrR.M.g. = €08 é , (7-1)

where Cos é is the power factor. The variation of power with electrode
gap can be calculated from the data given in figure 6-1 assuming
Cos & = 1 but the scatter is too great to enable power to be plotted

against electrode gap. This scatter is due to three causes:

1 -~ The electrode gab was set to an accuracy of 0.3 mm.

2 - Values of V and I were obtained to an accuracy of :10% from the
oscilloscope.

3 - R.M.S. values were calculated by an approximate method, see

page 83, to an estimated accuracy of within I5%.

The voltage between the electrodes when they are in contact
is given by point A, and point B represents the current in the

circuit under these conditions.

Extrapolation of the Vg’ VR.M.S. and IR.M.S. curves
indicates that they cut the ordinate at point A and B, approximately.
The potential drops at both electrodes can therefore be considered to
be negligible cbmpared to the voltage drops due to the resistances cf
either the electrodes or the positive column. This is the reverse of

the situation in low voltage arcs, see figure 2-5, page 19, where

the potential drops at the electrodes are significant.

Figure 7-1 has been derived from plate (5-a) and shows the

voltage-current characteristics of the a.c. discharge. In this
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circuit the current was limited to 0.3 amps.. Figure 7-1 is similar
to figure 2-10 on page 21. Figure 6-3 shows that the current rises
and the voltage dE;ps when the proportion of methane in the mixture
is increased. The stability of the arc is improved when the gas

_ flow rate is low and the methane content is high, e being less than

unity.

It can be seen in fiqure 6~4 that increasing the gas flow
rate causes the voltage to increase and the current to decrease. This
effect is probably due to the lengthening of the arc path when the

gas flow rate is increased as shown in figure 4.3 on page 62,

The effect of the proportion of ceria in the zirconia on
the voltage and on the current is shown in figure 6-5. It can be
seen that as the mole percent of ceria increases, the current increases
and the voltage decreases. This is due to the fact that the work
function of zirconia is higher than that of ceria. The ratio of these

work functions is

Par _ 3.9 _ .
o To2.3 7t

ce

and the ratio of the voltages due to zirconia and ceria is

\'A

Zr 670
v_ % a5 - 182
ce

From this calculation it éppears that the arc voltage V is directly

proportional to .

B - Large burner

Large fluctuations in the oscilloscope traces of the
voltage and current transients for the large burner occurred, presum-

ably because the arc was less stable than in the small burner. The
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large burner was a scaled up version of the small burner and the
largef electrode gap could have been responsible for the decrease in
stability. The only means of determining current, voltage and power
during electrical augmentation in the large burner was by means of
meters. These meters were checked usipg a fixed registance as
described on page 85. Table 6-1 on page g7 shows that the ﬁeter
readings agreed with R.M.S. values obtained from an oscilloscope to

- within S5%. Table 6-1 shows that the power factor for all values of
Vand I is appfoximately unity and it can be concluded that the
transduction has no significant influence on the power factor. Table
6-2 gives the power factors for various boost ratios. It can be seen
that the power factor increases as the boost ratio is increased.

This is of considerable importance economically because electrical

augmentation can be achieved without large power losses.

7-2. Flame stability

The stability of the flame from the large burner is given
in figure 6-8. It can be seen that electrical augmentation increases
the stability of the flame, particularly for fuel rich mixtures when
the stoichiometric factor e can be reduced from 0.65 to 0.58. This
upper limit represents the situation when the flame leaves the
combustion chamber and burns above the nozzle as a diffusion flame.
The lower limit is barely changed by the augmentation. The flame
is blown out of the combustion chamber and extinguished when
e = 1.7 to 1.8. Point A represents the well-defined flow condition
required for ignition. The upper and lower stability limits lie on
lines of constant e and are therefore independent of the total gas
flow rate. All lines . | pass through the origin of figure

6-8.
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. 7-3. Flame temperature.

The results of measuring the flame temperature for the small
burner both without ana with electrical augmentation are given in
~ figure 6-6. These experiments were carried out when the methane flow
rate was kept constant and the air-flow rate was varied. At e=0.8
l.e. a stoichiometric mixture, the flame temperature has been increaséd
“due to augmentation by about 3)%.‘ The adiabatic flame temperatures
were obtained from reference( 23). Generally the experimentally
determined temperatures are lower than the theoretical values because
the flame has entrained cool air and has also lost some enthalpy to
the surrounding atmosphere. This has occurred because the flame

gases have travelled 5 nozzle diameters between the nozzle exit and

the point of measurement.

Various problems occurred with this method of measuring
flame temperatures. In addition to the problems normally encountered
( 46) '

» such as the presence of soot particles, there were other

problems. These were:

1 - The flame had to beAseeded and so flame temperatureé were unlikely
to be representative of an unseeded electrically augmented flame.
2 - It was experimentally difficuit to obtain temperatures close
to the nozzle.
3 - Temperature gradients in the flame were wvery steep.
4 - A pocket spectroscope was avéilable but this only enabled

approximate temperatures to be measured.
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2

7-4., Experimental deterﬁination of heat flux.

The exact solution of the heat conduction equation for a
semi-infinite slab has been given in chapter 2 page 72. The justi-
fication for using this solution and the assumptions that have to be

made will be discussed.

A - Assumptions involved in using the heat flux meter

1 - Conduction of heat occurs in the X direction only

~

The temperature distribution in as thin a rod as was practi-

cally possible and this rod was insulated from the rest of the slab

by guard rings to ensure that conduction was mainly taking place in

L]

the X direction.
2 - Physical properties

Physical properties of stainless steel En 38A used in making
the heat flux metef vary consgiderably with temperature. The thermal
conductivity and the mean specifi¢ heat are given in appendix.D.

The variaticn of these physical properties has been used as explained

in chapter 6 page 89.

3 ~ Heats of transformation

Using En 58A steel enables assumptions to be made that the
slab is isotropic and that no heat of transformation occurs in the
slab because the steel is isotropic from room temperature to its

melting point.
4 -~ The heat flux is constant at the surface

Equation (2-48 )enables-a constant heat flux at the surface
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.

{0 be determined in terms of surface temperature and time. This heat
flux is not congtant however, as shown in figure 6-10 where surface

neat flux depends on surface temperature. TFigure 7-2 shows that the

i)

temperature gradient at the surface
dx’ x=0

decreases with increasing
time. This implies that the heat flux also decreases with time, and

therefore with increasing surface temperature, because

dc
=0 ~ ~K(dx)x=0

For run number 41, heat flux was calculated by this method

and are compared in figure 7-3.

B —~ Fitting polynomials to temperature profile

In order to solve equation 2-48 for heat flux ¢q, it is

necessary to find the temperature at the surface of the slab. A

in section 6 . The effect of choosing quadratic and cubic curves
to fit the experimentally determined temperatures from the heat flux
meter is shown in figure 7=4. - It-was always found that heat fluxes

decreased as-polynomials were used in the following order:

1 ~ Cubic fitted to 4 points.
2 - Quadratic fitted to 3 points.

3 —~ Quadratic fitted to 4 points.

Case 1 was chosen to determine all heat fluxes except run numbers -
39, 40, 42, 43, 45 and 46 when case 2 had tc be chosen because

number 4 thermo-couple failed.~

C ~ Time taken for number one thermo-~couple to indicate

The average time taken for the humber one thermo-~couple

to provide a reading with augmentation in the tenth set of readingé
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is 4.25 seconds as explained on page 88, (Without augmentation this
time is 8.25 seconds.) The effect of using times of 4.1, 4.25 and
4.4 seconds is given in figure 7-3 . This figure shéws that there is
very little difference between the heat fluxes for the various times
and therefore an average value of 4.25 seconds is justified. A
method of checking the accuracy with which the various polynomials

will predict surface temperature is given below:

Two cases of high and low heat fluxes were chosen as
explained on page 58 in order to design the heat flux meter. Heat
fluxes of 3.5 x 103 and 0.85 x 103 K W.d—z with surface temperatures
of 1300 and 600°C reépectively have been chosen. Putting these
values in equation 2-48 gives the time taken for the surface tempera-
ture to reach the values mentioned above as 10.24 and 35 seconds
respectively. Inserting these values into equation 2-47 enabled the
temperature in the slab at x = 1.5, 5,‘15 and 25 mm to be calculated.
These temperatures are given in table 7-1 and are shown in figure 4-9.
A second order polynomial was fitted to three and to four of the
thermo~couples and a third order was fitted to four thermo-couples as
explained above. The results are given in table 7-1. The best results

were obtained with the following:

A second order polynomial can be fitted to three points to
predict the high surface temperature of 1300°C to within 0.5%. The
accuracy of predicting surface temperature by fitting a third order
polynomial to four points in case of the lower surface temperature is
0.8% of the theoretical value. The worst case involved an error of

3.7% in predicting the surface temperature.

Third order polynomials were used wherever possible, second
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order polynomials were also fitted in order to be certain that a
maximum or minimum in the cubic temperatufe profile did not occur close
to the surfacé. It can be seen from figqure 7-4 that the values of |
heat fluxes are all within about 10% and that the cubic temperature
profile predicts higher heat fluxes than the quadratic temperature

profile.

D — Reproducibility

Several experiments were repeated under identical conditions
in order to test reproducibility of the results. Flames with and
without augmentation are compared in table 7-2; bft can be seen from
the table that heat fluxés and surface temperatures are producible

to within ~9%.

According to the manufacturer the thermo-couples are accurate
to within 0.75%, and respond to about 300°C temperature rise in 0.25
second. .The maximum rise in temperature recorded by a theérmo-couple
islabout 800°C in 4 seconds (run number 45) which corresponds to
50°C in 0.25 second. The response time of the thermo-couple is

-

therefore unlikely to influence the results.

The position of the .axis of the heat flux meter relative to
the axis of the burner will influehce reproducibility. The heat flux

a

meter could be positioned'to within an estimated ii mm.

A further error is likely because the position of the arc
inside the burner nozzle is uncertain and is likely to change during

an experiment. This error is impossible to estimate.

Other errors that will affect the heat flux values will be

the errors in nozzle to slab distance, methane flow rate, stoichiometric
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factor and boost ratios.

By the theory of errors, the error in the heat flux is given

by:

_ 49 4q 4q
. Ot + R ° 5R + o dh +

dg

dQ

In order to evaluate this equation the functions

q= fi(t)’

must be known.

as the functions f

.5Q+%§.6e+%%.53

(7-2)

The estimated errors 6t, OR etc. are given in table 7-3

f2, which have been approximated to straight

lines from the figures given in the table. 7-3.

Experimental Error q KWm 2 as Source
Variable approx. function From figures
of
t Z0.75% ~3.4t 6~10
R *10™>n. 4.5 x 10°R 6-13
+ , 3 v
h -~0.5mnm. -16.3 x 10"h 6-12
Q 29 x 107 'msec” ! 7.0 x 107 6-14
- +
B Z3% 2.6 x 10°B 6-16
Table 7-3
For B_ = 1.2, t_ = 1000°C
E } s
!
|
\1—3)

8q = -3.48t + 4.5 x 1046R - 16.3 x 10

3

10368

Hence equation (7-2) gives the maximum error in q as

6h + 7 x 1046Q + 2.6 X

(7-4)
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6q = 171 Kum.

As g in this case is 4000 KW > the error in q = ~4%.

7-5. Axial distribution of heat flux.

The effect of disfance between the burner and the slab on
the heat flux for flames Qithout and with elgctrical augmentation is
given in figure 6-12. Generally, both with énd without augmentation,
it can be seen that the heét flux decreases as the burner to slab
distance is increased. This can be explained by considering two

distinct effectse.

At the plane of the nozzle exit there is likely to be a
steep temperéture gradient acrosé the jet because of the existence
of the arc at this plane. Heat will therefore be transferred in a
direction normal to the centre line of the jet, having the effect of
establishing a more even temperature profile across the jet downstream
from the nozzle exit. Therefore irrespective of velocity considera-
tions the centre line heat flux to a surface will tend to decrease as
the nozzle to slab distance is increased. The heat flux will decrease
even further because the jet of combustion products will entrain-

more and more cold air as this distance increases.

These two effects have been separated by using a shield
as explained on page 54. In this case entrainment of cold air is
eliminated. The staénation point heat flux obtained with the shield
is considerably lower than the corresponding heat fluf obtained at
a nozzle to slab distance of 5 mm. This suggests that a steep
temperature gradient does exist at the nozzle exit and consequently

that the electrical energy is concentrated on the axis of the flame
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and is not uniformly distributed across the flame. If we consider the
flame to be a free submerged jet (see page 29) then all the results
shown in figure 6-12 lie within the potential core of the jet i.e. at
h less than 40 mm. Entrainment cannot occur i1f this is the case. The
main differences between the flame and the jet are that the flame is

not isothermal and incorporates swirl.

The importance of keeping the burner to slab distance at a
minimum in order to maximize the stagnation point heat flux can be

seen from figure 6-12.

7-6. Radial distribution of heat fluxe.

Figure 6-13 shows radial heat flux distributions obtained
at various surface temperatures for flames without and with eléctrical
augmentgtion. The effect of electrical augmentation is to increase
the heat flux gradient-%% obtained from the céntral region of the
flame and again it can be seen that the electrical energy is not

uniformly distributed in the flame.

Insufficient results are available to glve the exact shape
of the distribution. The dotted line gives a trliangular distribution
for the augmented flame but previous work( 1) using water-cooled

surfaces has suggested that a better approximation to the distribution

is given by:
q
s
q = 1. 05)2 (7-5)
b

The f#ll lines were drawn using equation (7-5 ) for the flame both
without and with electrical augmentation. An overall heat balance

can be drawn up using equation (7-5 ). The overall rate of heat
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transfer is given by:
RAR
- _— 7-6)
(=)
Integrating gives: K
q' = nb2 G 1nt1,+ 05)2] (7-7)

In figure 6-13 equation(7-5) can be fitted to both of the
radial distribution. The OQerall rate of heat transfer due to elec-
trical augmentation can be estimated from equation(7-7) for both

distributions, i.e.

v = v - '
9 eleceang. -~ @ B = 0.27 9B =0
- E
) ' =2 -3
For BE = 0, qg = 0.7KWm =~ x 10 b = 30 mm.
-2 -3
For BE = 0.27, qg = 1.28 KWm = x 10 b = 13.3 mm.

It can be assumed that R = 20 mm. for both cases because electrical
augmeﬁtation only effects the distribution significantly at R < 20 mm.
This gives

= . 5 KW
qelec.aug. 0.34

At BE = 0.27, the input boost ratio = 0.25. The inputs to the flame

are 1.26 KW of electricel power and 5.05 KW of chemical power.

Percentage of chemical power recovered in the slab at
R =2 cm = 14.8%. Percentage of electrical power recovered in the
slab at R = 2 cm = 31.5%. Within a radius of 20 mm, the proporéion
of electrical power recovered in the slab is double the.proportion of

chemical power recovered in the slab.
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7-7. Effect of nroceés variables on heat flux.

A — Total gas flow rate

The effect of methane flow rate on the heat flux from a
stoichiometric flame is seen in figure 6-14. The heat fiux from the
flame without and with augmentation increases when the gas flow rate
is increased. For the augmented flame, an optimum value of the methane
flow rate appears to exist at about 1.4 x 10-4m3sec-1. Beyond this
value, there is little increase in heat flux whilst below this value,
the heat flux falls off sharply. For this reason all experimeﬁts were

. 43 -1
carried out at a methane flow rate of 1.4 x 10 m sec ~.

In the case of the flame without augmentation there is
no longer an optimum value.of the methane flow rate in the fange
under consideraticn. The heat flux increases asbout linearly with
gas flow rate. These trends can be explalned approximately using
equation (2-3%) in which it is shown that

. du_ 0.5

e
q o6 (G (7-8)

From equations (3-1) and (3-2)

due

A 7__

el o Q (7-9)
Hence

CIDCCP.S {Methane flow rate—:)o'5 {7-10)

B — Stoichiometric factor

Figqure §-15 shows the effect of stoichiometric factor e
on the heal flux. In this experiment the methane flow rate was kept
constant znd the alr flow rate was varied. As e increases, the total

gas flow rate will also increase and so figure g-15 also includes
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the effect of gas flow rate which has already been explained immediately

above;

a = For lean flames e ¥ 1, all the curves show that the heat flux
decreases as e increases, despite the fact that the total gas flow
rate increases. This effect is due to dilution of the combustion
products. I

b -~ For e {1, all the curves show that the heat flux decreases.

- This effect will be due to the decrease in total gas flow rate. It
is probablé that this effect will be modified according to the propor-
tion of dissociated hydrogen pfésent. Figure 7.5 shows theoretically
how the hydrogen atom concentration varies with stoichiometric factor
e and gas temperature t. This plot was obtained from figure 2-12 and
shows that the hydrégen atom concentration increased as e reducéd.
Equation 2-38 indicates that the heat flux increases when the hydrogen
atom concentration increases. The combined effect of gas flow rate
and hydrogen atom concentration has been obtained theoreticaily for a
frozen boundary layer from equation 2-38 and is shown plétted in
figure 6-15 as the line AB. This theoretical~1ine gives lower
heat'fluxeé than the experimental values, probably due to non-uniform
distributi;n of electrical energy as discussed on page 126. There

" is also no noticeable dependence of heat flux on e and total gas flow

rate Q in the range of e between 0.8 and 1.2.

C -~ Boost ratio

The effect of boost ratio on the heat flux is shown in
figure 6-16. It can be seen that as a result of augmentation the heat

flux increases considerably.

e
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From figure 6—;6the approximate relationship is true
9p_ - :
L. 2 gB (7-11)
9B _~0 E
E
i.e. the stagnation point heat flux is increased by a constant factor

of 8 BE when the flame is augmented with a boost ratio of BE;

The stagﬁation point results of éthér workers have also
been plotted on figure 6-i7- These were obtained under similar conditions
to the present work except that'all the surfaces were waﬁerhcooled. All
these results are in reasonable agreement with the present work. It
is interesting to note that Karlovitz et al( 12) claim that their
discharge is diffuse. However their stagnation point results indicate
that the distribution of electrical energy across the flauwe must'be
similar t§ that obtained by other workers, including the present work.
This suggests that Karlovitz et al alsc obtained a filamentary arc

discharge and not a diffuse discharge.

78 Effect of surface temperature on the heat flux.

The decrease of heat flux as surface temperature increases

becomes more rapid as the boost ratio B

E increases. Figure 3-1

shows that the boundary layer is largely frozen. The magnitude of

the heat flux from a frozen boundary layer is dependent upon the
heterogeneous recombination coefficient &. For metals at room
temperature ¢ is high(41 ). At surface temperatures above 1000 K
desorption of hydrogen atoms frow the surface occurs before recombi-
nation’ 41’7, This will result in a decrease in the heat flux.
Consequently the heat flux will exhibit a greatgr dependence on surface
temperature than can be expected by consideration of the enthalpy

driving force (hS - hw) given in equation 2-48 because this. equation
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assumes that $ = 1 in the case of the frozen boundary layer.

7-9. Comparison between experimental and predicted heat fluxes.

A éomparison between figures 6-10 and 3—4I indicates that
for augmented flames the experimental values of stagnation point heat
flux are considerably higher than the theoretical valu=s. The agree-
ment is reasonable when the flame is not augmented.» The extent of
this discrepancy can.be obtained from the ratio | ‘
9s 7 95,B=0 Experimental

o= —— (7-12)
9 qs,BE=O Predicted

Values of p, at. various boost ratios and surface temperatures which

have been obtained from figures 6-~10 and 3~4 are given in table 7-4.

[

h at Tw
BE 750 1000
0.27 5.5 6.2
0762 5.1 5.8
0.81 5.6 6.2
1.21 5.9 7.4

Table 7-4 suggests that the experimental values of heat flux due

to electricai augmentation exceed the predicted ones by a factor

of between 5 and é; To prédict heat fluxes from electrically
augmented flames some assumptions have been made. These are explained
on page 45. The only assﬁmptions that are likely to influence the
heat flux sufficiently to account for'n = 5 to 7 are assumptions 1
and 2.

Assumption 1 is invalid as discussed on page 126
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because a large proportion of the flame gases by-pass the arc. The
’enthalpy driviﬁg force on the fléme axis will be much greater than
that predicted'assuming a uniform distribution of electrical energy.
Also, the flame will contain é largér broportion of hydrogen atoms on
its axis than predicfed usiﬁg aséumption 1 and hence thermal diffusion
could then become significént. A flame temperature of 3700 K gives
good agreement between predicted and experimental heat fluxes at a
boost ratio of 1.2. This ;ndicates that the flame temberature must
be well~defined if equations (2—37) and (2-38) are to be usea to

"predict heat fluxes, because a small increase in temperature causes

a large increase in enthalpy hs and heat flux qge

The validity of assumption 2 on page 45, that thermal
radiation from the arc is negligible has been discussed on page 16§

in appendix.

7-10. Application of the burner for melting.

An example of the use of the burner for melting steel, will
now be considered, assuming BE = 1.2 and the gas flow rates that are

given in run number 45.

Electrical power input to burner = 6 KW
Power input from combustion = 5 KW
. Total power input = 11 KW

A possible design of furnace which incorporates the burner

is shown in figure 7~B;
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waste gas
Burner !
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Steel —
charge —— —] ht
Y
Figure 7-5. R

A heat balance on this furnace at the melting point of the
charge will enable the diameter and depth of the chérge to be calcu~

lated.

A —~ Heat balance

a = Overall rate of heat transfer to charge

Equation 7-5 gives overall rate of heat transfer as
2
R
q' = mb’q 1nl1 + ) ] O (7-7)
S b
At the melting point of steel (16000C), the stagnation point heat
flux can be found by extrapolation from figure 6-10. A value for b
can be found by assuming that the distribution of heat flux is similar
to that shown in figure 6-12 and that at R = 20 mm,
dg  _ =_ 45 _
BE = 1e2 . ) BE = 0

2

From this q = 2000 KwWm (7-6)



b - Heat lost in waste gas

Figure 2-1% shows the composition of the waste gas at
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1600°C. This composition can be approximated to

X = 0.2

HZO

X,., = 001
LOZ

X = 007
Yo

Total gas flow rate

at 20°C is 1560 x 10 °m>/s = 0.07 mole/s

Table 7-5 gives the mole fractions of the major consitutents

of the waste gas and their enthalpies.

waste gas is 4.7 KW,

¢ - Radius of charge

The radius of the charge R can be calculated from equation

7~6 because the value of q' is given by

ql

11 - 4.7

However, values of R calculated fron equation 7-6 are found to vary

= 6.3 KW

strongly with b, as shown in table 7-6.

X PX Moles/sec. KJ/mole KW
HZO 0.2 0.014 77 1.08
CO2 0.1 0.007 96 0.67
N9 0.7 0.049 61 2.99

4.74

The total heat lost in the

total power input - heat lost in waste gas




L mm R mm
‘10 380
13 250
16 107

Table 7-6.

A reasonable value for R 1s given when b = 16 mm,

d - Heat loss from walls of furnace

During melting, the unsteady state heat loss through the
furnace walls from the charge can be calculated if the thermal

diffusivity and the thermal conductivity of the refractorv are known.

kAt '
Heat flux through the walls q = 2 (7-13)
T
where T is the time for melting. .
Temperature difference across wall, At = Mean charge temperature -

outside furnace wall temp—

erature
At~ 800°C
kK = 1.7 x 107w nfc?
— q —
a = 2.2x 10 > m“sec
Hence wall heat flux gq = \Ii_‘s_'“f
, T
m
Wall area enclosing charge = nR2 + 2rRh!
Heat loss from charge Q = 16.4 EnR2 + 2n7Rn')
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e — Depth of charge

A heat balance over melting time T allows h' to be exXpressed

in terms of Tm’

Heat input to the charge = Heat required to raise charge

to melting point + Heat lost from charge thrdugh walls.
Heat input to the charge = 6.3 KW

Heat required to raise charge to melting point =

nth'e
7, (CSteel x 1600 + Lsteel)
where
c 0.71 KJ K~ °c1
steel g
L = 240 KT k "1
steel g
3 -3
Poteel = 7.9 x 10 Kgm

From this heat balance, the depth of steel melted can be obtained

together with the time of melting. Typical values are shown in

table 7-7.
Depth of charge Time for melting
I

h mm T S€C

1.8 102

18.0 10°

180.0 10%

Table 7-7.

From figure 6-10 it can be seen that the heat flux without augmenta-
tion is approximately zero at 1600°C. Steel cannot therefore be
melted by the flame without augmentation. This can be seen from figure

7-6 on which surface temperature is plotted against time.
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3 2

= 600°C T = 35 sec. -

2

- 3 - o
9o = 0.8 x 107KWm tS 4o = 3.5 x 107KWm tS = 1300°C 7 =1024sec.
Slab temp. Order of Polynomial Slab temp. Order of Polynomial
% from equation from' equation
2-47 2 3 2-47 2 3
mm ‘
°c 3 points. 4 points °c 3 points 4 points
0.0 600 616 605 618 1300 1307 1252 1315
1.5 544 544 545 550 . 1111 1111 1091 1111
5.0 413 413 420 413 725 725 757 725
15.0 166 166 162 166 157 157 141 157
25.0 53.6 54.6 53.6 17.3 22 17
50.0 1.06 1
Table 7- 1. Calculated temperature profiles in the heat flux meter.
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Run No. |t ~t_ °c) | gKum %x10"> | Run No. £ ~t ©c) | qkum %x10~>
263 0.75 265 0.72
344 0.71 345 0.70
395 0.68 397 0.68
430 0.66 437 0.66
1 460 0.64 47 466 0.64
Unaug. 484 0.62 Unaug. 489 0.62
503 0.60 497 0.59
520 520 0.58 522 0.58
534 0.57 535 0.56
545 0.55 545 0.54
843 390 778 373
981 339 999 355
45 1091 310 46 1127 319
Aug. 1226 290 Aug. 1192 287
1287 263 1245 261
1286 241 1308 240
1345 222 1311 222

.

Table 7-2. Reproducibility -~ Comparison between
run numbers 1, 47 and 45, 46.
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Figure 7-2. Heat fluxes determined from equations (2-44) and (2-47).
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Run number 1
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Figure 7-3. Effect of times
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after starting experiment

on nheat fluxe
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Pigure 7-4. Effect of order of polynomial on heat flux.
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Chapter 8

Conclusions
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Conclusions

A heat flux meter has been developed which has enabled
the heat flux from an electrically augmented flame impinging on the

surface of a steel slab to be determined as the surface temperature

of the slab increases. The following conclusions can be drawn from

the results obtained with the heat flux meter.

1 - Electrical augmentation greatly increases the heat flux, parti-

cularly at the stagnation point.

2 = An electrically augmented burner can be used for melting steel

at a boost ratio of unity or greater.

3 ~ The heat flux at a steel surface decreases as the surface temp-

erature approaches the melting point of the steel.

4 - Heat fluxes obtained at low surface temperatures are in agreement

with those obtained by other workers, under similar conditions.

Vaiues of stagnation point heat fluxes were.predicted from
theoretical equations describing heat transfer from partially disso-
ciated gases to a stagnation point. The augmented flame was represented
b& a binary gas model invol&ing the diffusion of H atoms in the rest of
the gas. In this system the Lewls number is greater than unity and the
boundary layer was found to be largely frozen, indiéating that the H
atoms will recombine on the surface releaSing‘energy. The conclusion
that can be drawn from this is that electrical augmentatioﬁ increases
the concentration of H atoms in the flame and will therefore increase
the heat flux by a greater amount than can bé attributed to an increase

in the temperature driving force alone.
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A comparison between predicted and experimental stagnation

point.heét fluxes shows that experimental values greatly exceeded the
predicted values based on an uniform distribution of electrical enérgy
in the flame. This leads to the conclusion that the electrical energy
is concentrated close to the axis of the flame. The existence of a
diffuse discharge by some workers is thought to be unlikely because

their heat flux values also greatly'exceed the predicted values.
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AEEendix_é

Emfs obtained from
Thermo~couples 1, 2, 3 and 4

in the heat flux meter.

Key -
U = Without augmentation (at 8 second intervals)
A = With augmentation (at 4 second intervals)
* = Starting time 8.25 at 4 second intervals.

** = Fourth thermo~couple failed.
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Run mV from the Run mV from the

No. thermo—-couple x10 No. thermo—couple x10
1 2 3 4 1 2 3 4.
0917 0465 0110 0080 0752 0363 0064 0044
1250 0796 0246 0087 1034 0650 0168 0049
1477 1027 0392 0107 1226 0848 0295 0063
1648 1210 0481 0135 1366 0996 0407 0085
1‘ 1783 1356 0613 0165 4 1475 1113 0510 0109
U. 1893 1475 0725 0192 u. 1560 1205 0597 0133
1031 1573 0819 0216 1628 1279 0669 0156
2054 1653 0899 0232 1685 0339 0730 0175
2114 1719 0967 0253 1731 1390 0781 0192
2163 1775 1029 0273 1770 1432 0825 0205
0869 0444 0102 0072 0697 0383 0083 0059
1177 0752 1229 0075 0951 0557 0185 0063
1358 0953 0366 0097 1119 0733 0323 0078
1547 1134 0460 0121 1247 0871 0401 0099
2 1674 1268 0578 0149 5 1355 O98§ 0434 0121
U. 1772 1376 0679 0176 U. 1445 0185 0470 0142
1855 1466 0766 0199 1517 1160 0504 0164
1922 1539 0840 0218 1577 1223 0546 0180
1976 1560 09501 0238 1627 1277 0617 0197
2025 1651 0957 0251 1673 1327 0691 0203
0801 0413 0093 0063 0738 0394 0112 0084
1086 0698 0208 0062 0985 0641 0210 0089
1282 0869 0337 0084 1149 0807 0318 0102
1429 1049 0435 0106 1269 0932 0409 0121
3 1543 1171 0537 0131 6 1362 1030 0493 0141
u. 1634 1269 0631 0156 U. 1435 1109 0567 0161
1710 1350 0709 0180 1493 1172 0629 0179
1772 1416 0775 0200 1542 1225 0682 0195
1824 1472 0832 0217 1584 1269 0726 0209

1519 0882 0231 1617 1306 0764

1867

0220;'
{
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Run mV from the Run mV from the
No. thermo-couple x10 No. thermo-couple x10
1 2 3 4 1 2 3 4

0976 0346 0079 0074 0663 0272 0088 0086
1399 0705 0121 0080 0925 0496 0111 0089
1729 1011 0218 0099 1111 0670 0165 0090
1976 1264 0338 0112 1255 0812 0233 0092

7 | 2179 1471 0445 0125 10 | 1372 0930 0305 0101

A, | 2323 1650 0567 0139 A, | 1476 1030 0374 0108
2507 1804 0683 0149 1543 1116 0437 0118
2634 1955 0791 0159 1609 1187 0501 0136
2717 2063 0892 0169 1664 1250 0560 0166
2817 2158 0984 0180 1728 1306 0612 0162
0883 , 0344 0075 0073 0652 0278 0084 0084
1287 0618 0122 0074 0903 0493 0110 0084
1572 0884 0239 0078 1082 0667 0160 0084
1788 “1106 0355 0093 1258 0812 0234 0092

8 | 1970 1297 0407 0100 11 | 1387 0941 0301 0098

A, | 2114 1461 0447 0129 A, | 1520 1050 0376 0108
2042 1597 0485 0138 1607 1158 0445 0120
2336 1711 0539 0160 1696 1247 0514 0134
2425 1811 0635 0180 1772 1325 0580 0145
2504 1898 0743 0200 1841 1395 0641 0154
0827 0341 0083 0081 0634 0252 0075 0075
1169 0609 0121 0087 0925 0485 0102 0076
1426 0847 0213 0096 1135 0676 0157 0080
1631 1046 0330 0105 1303 0835 0224, 0081

9 | 1796 1218 0410 0116 12 | 1440 0972 0303 0086

A, | 1936 1367 0474 0130 . | 1561 1094 0382 0097
2050 1494 0537 0146 1655 1193 0461 0106
2152 1602 0601 0164 1766 1295 0551 0118
2258 1699 0714 0184 ‘
2359 1798 0830 0206
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Run mV from the Run mV from the
No. thermo~couple x10 No. thermo-couple x10
1 2 3 4 1 2 3 4
0949 0500 0117 0081 0524 0283 0084 0069
1289 0833 0253 008° 0726 0465 0152 0069
1516 1065 0397 0108 0867 0611 0237 0079
1682 1240 0531 0135 0979 0724 0319 0095
13 1011 1376 0651 0164 16 1070 0819 0392 0112
U. 1911 1483 0751 0193 u. 1149 0899 0461 013%
1990 1571 0837 1218 1215 0969 0525 0150
2057 1642 0909 0235 1274 1030 0581 0168
2111 - 1702 0971 0262 1327 1084 0633 0185
2157 1752 1025 0281 1373 1131 0679A 0202
0871 0454 0108 0076 0752 0327 0677 006=
1179 0755 0228 0082 1013 0554 0114 0070
1391 0971 0367 0099 1207 0736 -0174 0073
1553 1139 0469 0123 1366 0889 0249 0079
14 1681 1277 0590 Q149 17 1495 1021 0330 0083
U, 1787 1390 0693 0175 A. 1606 1135 0410 0098
‘ 1873 1483 0781 0201 1704 1236 0489 0111
1946 1560 0858 0223 1787 1324 0559 0125
2007 1625 0924 0244 1859 1403 0626 0139
2058 1679 0981 "0265. 1927 1473 0688 01586
0576 0298 0085 0069 0688 0276 0@74 ‘0063
0785 0501 0159 0074 0966 0513 0103 007G
0933 0652 0250 0084 1170 0693 0160 0073
1053 0774 03}5 0100 1335 0861 0233 0078
15 1147 0872 0410 6118 18 1471 0996‘ 0313 0085
u. 1224 0953 0482 0137 A. 1587 1114 0394 0095
1290 1021 0548 0156 1687 1217 0472 0108
1346 1081 0605 0174 1771 1307 0545 OiZ%
1394 1132 0656 0191 1847 1387 0613 0137,
1438 1176 0701 0208 1914 1959 0676 0153
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Run mV from the Run mV from the
No. thermo—~couple x10 No. thermo~couple x10
1 2 3 4 1 2 3 4
0547 0293 0089 0071 0735 0301 0075 0080
0685 0412 0117 0075 1029 0549 0109 0082
0803 0521 0162 0077 1259 0756 0171 0086
0673 0616 0207 0083 1431 0927 0251 0091
+19* | 1002 0702 0267 0089 22 | 1578 1075 0337 0097
A. 1085 0782 0308 0134 A, 1699 1200 0426 0105
1165 0855 0360 0106 1807 1310 0506 0116
1233 0922 0409 0119 1890 1405 0584 0130
1300 0986 0458 0128 1968 1483 0654 0148
1359 1042 0505 0169 2040 1556 0720 0160
0587 0307 0091 0074 0625 0340 0106 0087
0717 0428 0122 0076 0774 0433 0139 0088
0821 0531 0164 0079 0894 0544 0184 0090
0909 0622 0210 0085 1001 0645 0235 0094
20* | 0991 0698 0259 0091 23* | 1097 0735 0293 0101
AL 1062 0769 0308 0099 AL 1182 0818 0357 0109
1127 0833 0355 0108 1261 . 0896° 0402 0118
1182 0892 0402 0118 1332 0967 0425 0130
1243 0947 0446 0128 1398 1034 0443 0142
1294 0998 0988 0138 1462 1097 0472 0154
0725 0295 0079 0075 0551 0345 0107 0085
1021 0543 0108 0076 0686 0425 0143 0086
1251 0749 0169 0080 0802 0484 0190 0089
1423 0920 0249 0086 0909 0581 0242 0094
21 | 1570 1068 0335 0093 24+ | 0998 0665 0304 0100
A. 1691 1194 0423 0099 AL 1080 0744 0360 0190
1798 1303 0504 0111 1155 0817 0399 0120
1882 1396 0581 0125 1228 0887 0419 0131
1960 1476 0651 0140 1298 0951 0431 0145
2031 0716 0156 1362 1015 0444 0159
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Run mV from the Run mV from the
No. thermo-couple x10 No. thermo-~couple x10
1 .2 3 4 1 2 3 -4
0756 0387 0095 0070 1066 0528 0117 0077
1027 0645 0203 0077 1457 0911 0311 0087
1216 0837 0332 0093 1719 1187 0433 0114
1361 0988 0420 0115 1919 1402 0532 0154
25 | 1476 1109 0500 0140 28 | 2073 1571 0689 0190
y. | 1562 1208 0600 0164 u. 2195 1708 0823 0211
1648 1291 0678 0187 2293 1819 0937 0227
1712 1360 0739 0202 2373 1908 1032 0232
1766 1417 0797 0218 2438 1981 1115 0273
1812 1467 0850 0233 2492 2040 1187 0302
0847 0433 0093 0065 1139 0579 0105 0076
1157 0730 0224 0075 1525 1003 0280 0083
1360 0942 0368 0094 1785 1307 0439 0105
1526 1108 0443 0121 1983 1534 0664 0150
26 1650 - 1240 0523 0151 29 2136 1708 0782 0187
u. | 1752 1349 0640 0177 u. | 2260 1842 0910 0216
1837 1440 0728 0195 2356 1957 1020 0240
1908 1517 0809 0212 2455 2035 1115 0274
1969 1581 0876 0226 2498 2103 1199 0300
2019 1636 0934 0242 2553 2160 1270 0321
0983 0519 0106 0078 0769 0321 0089 0087
1353 0875 0246 0088 1099 0584 0120 0092
1604 1132 0409 0108 1351 0813 0187 0099
1789 1327 0562 0137 1561 1004 0276 0109
27 | 1932 1479 0695 0171 30 | 1740 1177 0368 0119
u. 2043 1600 0810 0201 A, | 1894 1327 0455 0131
2133 ~1697 0906 0224 2008 1454 0548 0144
2205 0776 0988 0257 2126 1569 0636 0157
2263 - 1841 1059 0280 2215 1670 0717 0169
2315 1895 1119 0301 2300 1757 0792 0181




154

Run nV from the Run mV from the
No. thermo—couple x10 No. thermo-couple x10
1 2 3 4 1 2 3 4
0846 0350 0098 0092 1039 0423 0086 0082
1231 0641 0129 0095 1487 0771 0145 0086
1517 0901 0210 0099 1811 1068 0281 0093
1752 1117 0325 0107 2052 1316 0392 0106
31 1928 1303 0411 0116 34 2239 1525 0460 0117
A. 2078 1464 0479 0127 A. 2598 1706 0559 0129 °
2210 1601 0580 0139 2529 1844 0679 0142
2314 i718 0676 0152 2640 1972 0787 0156
2414 1824 0766 0165 2739 2082 0890 0171
2488 1911 0851, 0176 ‘2820 2177 0979 0185
0970 0414 0092 0085 0825 0428 0104 0073
1413 0722 0151 0088 1123 0725 0223 0082
1750 1020 0290 0100 1332 0935 0358 0098
2000 1273 .0389 0113 1487 1096 0463 0122
32 2209 1496 0448 0125 35 1611 1225 0578 0148
A. 2381 1682 0543 0138 u. 1707 1330 0673 ' 0176
2517 1838 0658 0150 ” 1787 1415 0754 0201
2633 1966 0770 0165 1852 1485 0824 0220
2743 2084 0877 0170 1905 1542 0884 0238
2831 2182 0975 0188 1951 1592 . 0937 0261
0997 0387 - 0094 0089 0907 0464 0098 0066
1477 0768 0141 0092 1260 0804 0236 0074
1830 1087 0244 . 0100 1507 1051 0387 0093
2073 1351 0370 0112 1690 1241 0512 0120
33 2256 1556 0477 0124 36 1836 1392 0642 0151
A.V 2408 1729 Q603 0136 U. 1948 1513 0753 0182
2551 1875 0721 0149 2038 1610 0845 0208
2657 2000 0829 0103 2111 1689 0924 0227
2751 2110 0928 0177 2174 1755 0992 0252
2835 2197 1016 0190 1810 1053 0274

2222
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Run mV from the Run mV from the
No. thermo~-couple x10 No. thermo~couple x10
1 2 3 4 1 2 3 "4
0876 0458 0099 0070 1501 0496 0072
1198 0768 0231 0079 2105 1049 0143
1419 0990 0380 0098 2613 1555 0301
1584 1164 0472 0125 2956 1930 0482
37 | 1717 1304 0591 0155 40**| 3226 2246 0682
U, 1821 1417 0698 0184 A 3415 2463 0862
1907 41508 0785 0205 3617 2665 1028
1977 1584 0863 0223 3733 2827 1179
2036 1648 0931 0237 3864 2961 1311
2087 1703 0989 0247 3999 3091 1431
0865 0461 0103 0074 1546 0579 0103 0095
1182 0768 0230 0081 2160 1114 0178 0100 °
1392 0988 0367 0099 2584 1559 0325 0109
1558 1157 0492 0126 2929 1904 0497 0120
38 | 1683 1289 0609 0155 _ 41 | 3112 2183 0675 0132
UL 1781 1396 0709 0183 A 3338 2396 0845 0143
1863 1483 0795 0205 3468 2571 0998 0156
1928 1554 0868 0227 3590 2714 1134 0169
1983 1613 0931 0249 3682 2829 1256 0185
2027 1662 0986 0269 3761 2929 1361 0201
1493 0551 0080 1409 0486 0078
1944 1044 0162 2027 1033 0159
2497 1418 0321 2483 1465 0314
2888 1830 0445 2824 1827 0449
39**| 3169 2175 0613 42**| 3059 2109 ' 0617
A 3378 2421 0799 A 3226 2328 0787
3588 2625 0969 3346 2492 0947
3667 2775 1125 3506, 2633 1085
3714 2865 1259 3598 2745 1206
3801 2956 1371 3657 2857 1311
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Run mV from the Run ~ mV from the
No. thermo~-couple x10 No. thermo-couple x10
1 2 3 1 2 3 4
1398 0488 0090 2456 0841 0090
1981 1023 0159 3335 1721 0280
2386 1449 0311 3960 2437 0478
2700 1785 0451 4310 2947 0768
43*+ | 2976 2046 0625 46** | 4561 3313 1061
N 3136 2263 0784 N 4798 3579 1372
3266 2433 0934 4872 3781 1583
3408 2578 1072
3511 2701 1222
3562 2792 1300
1701 0595 0084 - 0899 0466 0106 0079
2402 1234 0164 12 1 0798 0236 0085
2937 1783 0338 1474 1032 0381 0105
3331 2186 0513 1651 1214 0501 0129
44**| 3639 2544 0725 47 | 1785 1359 0623 0159
AL 3841 2797 0936 u. 1890 1473 0732 0189
3996 2990 1123 . 1974 1565 0821 0213
4099 3128 1288 2042 1642 0896 0236
4184 3242 1424 2096 1699 0963 0258
4300 3336 1541 2151 1769 1023 0270
2487 0781 0089
3259 1663 0206
3817 2350 0439
4348 2900 0718
45%+| 4646 3331 1004
A 4734 3584 1270
4924 3767 1497
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Appendix B

Computer programme to solve equation (2-48).
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JOR(UMC JO0354J41CM250004,T24+MT1 ) REZA-GHASEMZADEHsBARVARZ
FUNTS)
MICFILM(L=LGO)
[ ]
PHOGRAM MAIN( INPUTOUTPUT « TARPE S=INPUT
1 TAPEA&=OUTPUT s TAPFE2)
DIMENSION VOLT(30%4)s TEMP(30e4)s TEM(5S911)
CALL START(1) ) _
C TABLF OF EMF VS TFMP, FOR CR/ZAL THERMO-~-COUPLE
DO 1 1=1455
READ(S92)  1s(TEM{IeU)eJd=1411)
1 CONTINUE
2 FORMAT (15411F 6,1)

WRITE (6+ 3 ) ({TEM(1eJ) o U=1911) ¢ 1=1e55)
3 FOPMAT(1HOW11F10,1)
C N = NNUMBER OF CUnVES OF SLAR TEMP, AGAINST X

RFAD (Se 4 ) N
WRITE (64 6 ) N
4 FORMAT(110)
6 FORMAT (1H1.110)
CALL SURONE(VOLT.TEMP+TEMIN)
CaLbL ENPLOT g
STOoP
END

COND = CONDUCTIVITY MSH=MFAN SPECIFIC HEAT

sNeNeNe e

ALPHA = THERMAL nIFUSIVITY
X= DISTANCE ON THF X AXIS Y=DISTANCE ON THE Y AXIS
COO0 = SURFACE TEMPERATURE (DFGe C )
Q=HFAT FLUX WATT/sQ M )
SURROUT INE SUBONF (VOLT ¢ TEMP + TEM+N)
DIMENSTIONTEMISS 81 1) +VOLT(1634)9X(10)eY{10) s
1ATEMP(4)I v AL 16)eC(S) s TEMP(16+4)+C0O0(20)
2Q(20):COND(20) s MSHI20) 1AL PHA (20)
RFAL MSH
c PLOT THE SLAB TEMPe AGAINST X AT VARIOUS TIMES
CALL PLOT(14001e04-3)
CALL FACTOR(04394)
CALL AXIS{O040404041HX1=1325,040,0+0,04¢1,0)
CAlLL AXIS(0.040,041 1HTEMPERATURE 1114254019004 0,0450,0)
c VOLT(I+J) = A MATRIX FQUIVALANT TO THE TABLE OF
c TFMPERATURE VS EMF FOR CR/AL THERMO-COUPLE
RFEAD(S5y 7 ) C(VOLT (L ed) o J=t1e4) o 1=1eN)
7 FORMAT(4F10,5)
WRITE (6+ 15) CIVOLTCTaD) o U=114) o I=1aN)
15 FORMAT(1HOW4F10,5)
C POSITION OF THERMO-COUPRLES
Xt1)=1e5
Xt2)=25,0
X(3)=150
X(4)=P5,0
c EVALUATION OF THFRPMO-COUPLES EMFS IN TERMS OF TEMPERAT

URE
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DO 20 1=14N
DO 30 J=1+4
VOLT(1+J)=VOLTI(14J)/7100.0
IVOLT=VOLT(1sJ)
XIVOLT=1VOLT
DFLTA=VOLT( 1+ ) =XIVOLT !
INELTA=DELTA%¥10,0 ’
DO 40 1J=1455
10J=10-1
IF(IVOLT oNEe 1JJ)Y GO TO 40
DO S50 KJ=14+11 ’ ’
Kred=KkJ-1
IF(IDELTA JNE« KkJ) GO TO 50
SFLTA=IDEL.TA
DELTA=(DELTA=(SELTA/10.0))%100,0
TEMP(14J)= TFM(IJ!KJ)+DELTA*0025
GNn TO 30

50 CONTINUE

40 CONTINUE

30 CONTINUE

20 CONTINUF

%ORTING ouT THE TFEMPS IN ORDER OF POSITION
DO 80 K=14N
DO 90 I=1.4
DO 100 J=144
IF (TEMP(KsJ) +LE, TEMP(Ks1))GO TO 110
GO TO 100
110 BTEMP = TEMP (K1)
TEMP (Ke 1) =TEMP(K.J)
TEMP(K s J)=BTEMP
100 CONTINUE
90 CONTINUE
80 CONTINUE
PLOT OF SLUB TEMP, AGAINST X

WRITE (64+120) (X(1) o 1=144)
WRITE(G6+4120)((TEMP (I eJ)eJ=1104)eI=1eN)
INTEQ=~1

DO 60 1=1N

DO 70 J=144

Y{JI=TEMP(14J)/50,0

ATEMPL ) =TEMP(14+)
70 CONT INUE

IF(INTFQ «EQe 14) INTEFQ=~1

INTEQ=INTFQO+1

DN IR0 IK=144

CALL SYMROL(X({IK) e Y{IK)+s0407¢INTEQ+Qe09~1)
130 CONTINUE

CALL ARKIST(XsY 1144939016041 60¢004000e0924¢1)

120 FORMAT(1HO+4F1243)
USE (IBRARY SUBROTIN TO FIT POLYNOMIAL TO SL.AB
TEFMPERATURE AGAINST XTHEN EXTRAPOLATE POLYNOMIAL
TO FIND SURFACE TFMPERATURE TS AT (X=0)
CALLPOLYFT(XsATEMP 94434CeCOvA6)
Coo(1)Y=CO

60 CONT INUE
WRITF(6+160)



140
150

170
160
180

190

200

~ 160 -

DN 140 NN=1 4N

RMNMN=NN

THE CHOICE OF ZERO TIME FOR HEAT FLUX DETERMINATION

WHEN AT LEAST THREE THERMO-COUPLES SHOWS TEMPERATURE

AROVE THAT OF INIT!IAL SLAR TEMPERATURF

TAUE = 4,0%¥(RNN)+025

THIRED ORDER POLYNOMIAL FIT TO THE DATA GIVEN IN TABLFE(
CONDtNN)=¢O.37510F—01)+¢0.oa962F—05)*(c00(NN))+(0.755105—f7)*
1(rOD INN) ) ## 2= {0 56850F ~10)% (COO(NN)Y ) *%3

BFST STRAIGHT LINF TO THF DATA GIVEN IN TARLE(APLO Paga77)
MESHINN)=04,1204+0,0000232% (CO0(NNY)

ALPHA(MNI=COND(NN) /{7 92%¥MSH(NN) )

CALCULATION OF HFAT FLUX USING EQUATION( z-qq )
Q(NN)=44185%( {COO(NNYI-TEMP( 114))
1¥COND(NN)/Z({141284%SQRT (ALPHA(NN)*TAUE) ) )
WolITE(6»150)CO0INN) » TAUE s QINN)

CONT INUE

FORMAT(1HO43F1045)

PLOT OF HFAT FLUX AGAINST SURFACE TEMP,

CALL PLOT(32¢040,ns~3)

CALL AXIS(Oa04N 404 1HN111P5¢0190,04060410,0)
CALL AXIS(0409040411HTEMPERATURE 4 =1149254040e040404¢50,0) -~
WRITF(64160)

DO 170 I=1sN

X(I)=Ccon(1)

Yyelhy=a(l)

CONTINUE

FORMAT(////7) e
FORMAT (1HO+2F10e5)

DO 190 I=1.N

X{1) = X(1)/5040

Y(1) = ¥(1)/104,0

CONTINUF

INTEQ==1

NO 200 1=14N

INTEQ=INTEQ+1

CALL SYMBOL(IX(I)aY(I)Ys0e07+INTEQ20O¢Ooe~1)

CONT INUF ' :

CALL ARKISTI(X3Y 1141045010041 6030604060+241)
RETURN

END

SURROUT INF POLYFT (Xe Ys Ns KOR+ Cs COs As NOUT)
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. Appendix C

Paper presented at Richardson Conference on the
physical chemistry of Process Metailurgy, held
at Imperial College, London, on 23rd - 25th July

1973.

™
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STAGNATION POINT HEAT TRANSFER FROM ELECTRECALLY AUGMENTED

FLAMES TO METAL SURFACES

R.G. Barvarz®, R.J. Tait*’ and T.F. Wall C

Abstract
A large increase in the rate of heat transfer from a come

bustion flame can be obtained by augmenting it with an electrical

discharge. Electrically augmented flames are therefore most

attractive for high temperature metallurgical processing; thedir

application to flame hardening has already been studied 2 and
the present work is directed at metal melting. Stagnation
point heat fluxes have been obtalned when a stoichiometric

methane-air flame was directed onto a steel slab which contained
" a heat flux meter. Augmenting the flame with a quantity of

electrical energy equal to the chemical energy in the flame
was found to increase the stagnation point heat flux by a
factor of 8. Heat fluxes have also been predicted from
existing heat transfer correlailons for partially dissociated
gases. The:-experimental velues were found to be 4 to € times
greater than the predictions cwing to non-uniform distribution
of the electrical energy Iin the flame. As the surface tem-
perature approached the melting point of the steel, the heat
flux decreased to a greater extent than could be predicted
from the enthalpy driviﬁg force.

Paper presented at the Richardson Conference on tﬁe Physical
Chemistry of Process Metallurgy, held at Imperial College,-
London on 23rd-25th July 1973,

* John Percy Research Group in Proceés Metallurgy, Department
of Metallurgy, Imperial College.

+ Wolfson Research Fellow.

e o

1.

2,

Intreduction

Electrical augmentation is a convenient method of increasing

the enthalpy of a combustion flame. Various burners have been

(1,2,3)

designed to accomplisn this and they usually depend

vpon discharging an electric arc between two electrodes

-

situated in the flame. In.most caseS‘thé alectrical energy
added to the flame is about equal to the chemical enercy
released by combustion. 1In this paper we will not describe
the design of the burner but will instead give an account of
why electrically augmented flames can produce high heat {luxes.
We will also present a method of estimating the magnitude of
these heat fluxes and will compare values calculated by th}s
method with values deéermined during experiments In which we
used an electr;cally‘augmented burner to heat a slab of steel.

Electrical Aucmentation

The equilibrium composition of the products of combustion
of methane—air flames have been calculated over-a wide rarge
of air to fuel ratios End flame températufes. _In Fig.1{a) we
show the equilibrium composition for a stoichiometric methane—

air flame at temperatures between 1500K and 35C0K. At the

. adiabatic flame temperature of about 2225K, we can see that

the degree of dissociation is low. If the flame is electrically

augmented, the flame temperature increases but also the degree
of dissociation becomes larger as more atoms and radicals are

produced. Fig.1(b} is a plot of effective boost ratio B, *

*Some previous workers in this field(1’4)

electrical enercv input °

B defined as
chemical energy released if products of

" combustion were CO, and H,0 only.’

" Por a stoichiometric methane—air flame B = 1.08B, and if the

richness of the . .
Aéixture is increased, then BE/B increases further.

have used a boost ratic

e e A

8% 1D a e e s cn = maar
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3.

e.ge A+ A+ M = A

against flame temperature where

‘BE - electrical energy input
chemical energy of flame prior to augmentation

At Bg = 1, for exanmple, the flame temperature has risen to
2960K. Referring back to Fig. 1{(a) we can determine the com~-
position of the cémbustion products at this temperature and we
can see that the flame is now appreciably dissociated.. These
dissociated species will recombine at lower temperatures and
will release a certain quantity of energy.

Recombination reuctions are qenerélly recognised to involv;
a third body, M.
2 * M

A+B+M = ABa+ M
The third body can be either a neutral gas molecule, in which
case recombination is homogeneous, or a solid or liquid, when
recombination will be heterogeneous. This mode of releasing
energy either in the gaseous boundary layer next to a surface
or at the surface itself caﬁvbe expected to give rise to
enhanced heat fluxes. This is the basic reason for our present
research in which we are determining heat fluxes from'electrically
augmented flames to solld surfaces, with a view to using an
electrically augmented burner to melt metals.

Mechanisms of Heat Transfer

Heat transfer from an electrically augmented flame impinging
on a solld surface has much in common with the situation when
a space véhicle, travelling at hypersonic speed, re-enters the
earth's atmosphere. 1In this case, the polyatomic molecules in
the atmosphere dissociate behind the shock wave which precedes

the nose of the vehicle, The dissociated species are

predominantly nitrogen and oxygen atoms which recoxtine at
or near the surface of the vehicle, often intensely heatin
the surface. fhis class of problem has been studied extensively
and most calculaticns have been based on the assumption that
two limiting cases exist, as follows:=
(a) Equilibrium boundary layer
Local thermochemical equilibrium will ke approached
if homogenecus recomdination occurs throughcut the
boundary layer. This situation will only exist if diffusicn
rates are slow compared to homcgeneous recombination rates.
fhe rate of heat transfer will then be independent of

the material forming the surface.

(b) Frozen boundary laﬁer

If diffusion rates are fast compared to homogeneous
recorbination rates then equilibrium will not be achieved
in the boundary layer. The boundary layer is then said
.to be "frozen"™ and concentration gradients in it wilil be
independert of temperature. Recombination can only occur
at the surface and the extent of recomkbination will ke
determined by the catalytic. nature of the surface. The
probability that an atom incident on a surface will recombiae

is called the heterogeneous recombination coefficient 2{.
4)

Table I gives typical values of X for crygen atoms on

various surfaces at room temperature.

Surface g x 104
Metals 50 - 2500
Non-metals 2 - 50
Oxides 20 - 200

Table I Heterogeneous recombination coefficients for oxygen

atoms at room temperature(4>
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Scala(4)

has concluded for the re-entry problem that a

surface can be considered to be perfectly catalytic if

4

¥ > 40 x 10°%. At low pressures ¥ has been found to

be independent of surface temperature up to 1000K for metals.

(8

The most general situation lies somewhere bhetween the two

1limiting cases outlined above and will exist when the rates of

both diffusion and gas-phase recombination are of comparable

magnitude.

Hirschfelder(s)

has ,described the enhanced
obtained from dissoclated gases in equilibrium
effective thermal conductivity. If we consider
consists of an atomic species A and-a molecular

then the heat flux is given by

-

q = = Xf grad T - AH, D,p MA grad x,
Bulk flow, thermal diffusicn and radiation have

as being of secondary importance. Equation (1)

written as:

dx,
- A
q- = - (/\f+ H, DABMA'_) grad T
A daT
- - (/\f-+)sa) grad"z'
" - /\E grad T

Butler and Brokaw(7, have shown that

‘2
N Pap 2 AH™  my mg

R RT : RT2 : n

and that the maximum value of /\R occurs wheni

oy - Ty - 0.5

.

heat flux
in terms of an
that the gas

species B,
(1}

been ignored

can be re-

: (2}

&)

(4)

They also obtalned an expression for.the ratio of the effective

thermal conductivity to the frozen thermal conductivity

»

6
A ) c c
Ze . 4,280 "nif (fnieg g © (5
/\f /\f o ¢ .
where
) c. .
Al tpf = Le (6)
A £ .
£ .

The Lewis number varies widely. For most gases le,. is approxi-
mately unity whilst for dissoclated hydrogen Lef is much higher
due to the mobility of the hydrogen atom. Data given by Butler

(7)

and Brokaw shows that, for dissociated gases such as hydrogen

and oxygen, the ratio AE/ Xf can be of the order of 10. Low

temperature correlations of the Nusselit and Stanton type can be

modified by using this effective thermal conductivity.

Heat Transfer Correlations

An electrically augmented flame which is being used to heat
a metal can be represented as a jet of partially dissociated
gas -impinging on an infinitely large flat surface. A stagnation
point will exi#t above the surface on the centre line of the
Jet.

staénaticn point heat transfer between a dissociated gas’
and a surface has been ;tudied extensively in re-entry prcblems
and two different approaches have been used. Both assume that
air can be considered as a binary gas consisting of "air atoas"

(8)

and "air molecules". Rosner has édapted heat t:éhsfer

correlations sbtained for undissociated gases by using the con~

' cept of effective thermal conductivity mentioned adove. Con-

vective heat fluxes are usually expressed in the steady state by

9 = D' (z, - 7))

or g = StfloeueEp (r, - 7)) (1)
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e,

where

%tf -

h'
Pe ue Cp

Sibulkin's(g) incompressible fiuid formula applied to the

stagnation point in a laminar boundary layer gives the Stanton

number as

~0.6 -1 due
Stf,s = 0.76 Pr, (‘os us) N/ ps(—d-;-)s (8l

Replacing cp(Te'T@) by (he_hw) in equation (7) and combining

with equation (8) gives

0.6 0.5 dug -5
=i - &
9,5 = 0.76 Pr, (ps }Js) (hs - hw) (dr )s. (9)

Equation (9) can now be modified to represent heat transfer

from a dissociated gas as follows:m

The ratio of the average values of the frozen and equiw

librium specific heats is given by

C h - h

pf . Des T Pew
p,eq hg = hy,
By eAH .
- 122 (10)

hg =Ry .

Substituting in equation (s) gives

Pr m «HH
—t . 1 (Ley = D) Aae (1)
Preq hs - hw

For the dissociated case, the corresponding equation to

equation’' (3) is
- 0.6
_ -0.6 0.5 My o O
QG = 0.76 ?rf (PS }Js) [‘l + (Lef - 1) T—-—;
. s W
0.5

. :
% (hg = b)), (12)

5.

Fay and Ridde1110?

used an alternative approach. TIhey
integrated the laminar boundary layer equations using numerical
methods and obtained solutions for an equilibrium boundary
layer and for a frozen boundary layer with both catalytic and
non~catalytic walls. They fitted an equation of similar type

to equation (12) to their results and obtained the cerrelation

AH
~0.6 0.1 0.4 Y Tae
G = 90.76 Pr, (o P oo }15) 1+ (Le =) -—-’-;—-
. . - s
d.ue 0.5
x (hs - hw)('—c;-)s (1

where ¥y = 0.52 for an equilibrium boundary layer and ¥y = 0.63
for a frozen boundary layer with a fully catalytic surface
such that all atoms diffusing to the surface will recombine at
the surface. Again, it should be noted that radiaticn and
thermal diffusion werec ignored. Also, equations (12) and (13)
strictly apply to a binary mixture of oneAspecies of atoms and
one species of molecules.

Measurement of Heat Flux

A stoichiocmetric mixture of 1.56 x 1073r3s™? of mechane

and air was supplied to the combustion chamber of an electrically
augmented burner. An a.c. arc was discharged between two
electrodes in the chamber. The augmented products of combustion
issued in a jet from the burner nozzle shown in Fig.2 and
impinged on the surface of the stainless steel slad. The

stagnation point heat flux at the surface of the slab was

. determined using a heat flux meter incorporated in the slab as

shown in Fig.2., The meter consisted of a 3mm diameter central
rod of En 58A steel containing four mineral insulated thermo-

couples in 0.5mm diameter stainless steel sheaths. <wo stainless
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steel guard rings, insulated with plasma sprayed alumina,
surrounded the céntral rod to ensure one~dimensional heat flow
in the meter. !
The slab was mounted on a trolley which was rapidly placed
in position over the flame so that the heat flux meter was on
the centre line of the burner nozzle. The transient output
from the thermocouples was recorded B& a data logger at 10
readings per second. These temperatures-are shown plotted-

against distance from the surface of the slab in Fig.3 to give .

profiles at 4 second intervals. -The experimental points in

. the figure were fitted to third order polynomials to give the

surface temperature by extrapolation. The exact solution of

(11)

the linear ﬁnsteady heat conduction equation then gives

the surface lheat flux by
(1, - TOA

q = L , (14)

GE

2 T
Here Togis the initial temperature of the slab and & is its

thermal diffusivity.

Insertion of the thermal properties of En 58A stee1¢12)
gave the experimental heat flux values which are plotted as
dash lines against the surface temperature T for various boost
ratios in Fig.6.

Calculation of Stagnation Point Heat Flux

A binary gas model is used to represent thé flame gases.
Tne model assumes that qnly hydrogen atems diffuse through the
gas because the Lewils numbers for, all of the species, except

hydrogen atoms, are approximately unity. The lewis number

‘required in elther equation (12) or (13) is given by

10

) c
Le, = N> P Sp £ at T
A
£

(133

where the binary diffusivity is available and the properties

P C and A, are evaluated for hydrogen atoms. The Prandtl
p.f £ A
number was considered to be constant at Prf = 0.71.

The heat of recombination for hydrogen and the enthalpy

of each of the species in the gas are also available(*A). The

(15)

Wilke approximation was used to calculate the viscosity

and thermal conductivity of the gas from values available for

(16) (ﬂ), the OH radicals being included

H and H2 and 0 and N2
as O atoms and all molecular species being included as N2
molecules. An approximate value for the stagnation point
velocity gradient (E;S)S can be obtained if we consider the
flame to be a submerged turbulent jet. In our experirents the
heat flux meter was positioned at a distance of 0.4 nozzle
diameters from the nozzle exit and is therefore within the

potential core of the jet according to the observations of Poreh
(18)

and Cermak In this case, the gas velocity on the centre-
line of the jet is approximately equal to the mean jet velocity
and can be evaluated rrom Q, the volumetric flow rate at STP, i.e.

4Q ?5 28.8

u = T = _ —

cL wa? 298w

- T

= 1.12 2

M

s

According to Comfort et a1(19) R

(due) ~ Uer,
dr S . r'

in the fully developed region of the jet. Extrapolation of

thelr results to a point which corresponds to the position of
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our heat flux meter gives

d
- 86 ~= . (15)
M

3
AH
ﬁ{—l—g——,hand
s

The values of the properties (p,p), Lef,
M are plotted against temperature T in Fig.5 and can be used’
to evaluate the heat flux q  from equations (12) and (13)
provided that the boundary layer condition is established.

Por an equilibrium boundary layer, the local temperature fiies
the composition of the flame according toc Fig.1(a). Therefore
appropriate values of the required properties can be obtained
from 'ig.5 at temperatures Ts and T . However, the composition
throughout a frozen boundary layer is fixed by the stagnation
tempefature Ts, only. The required properties must then be- .
evaluated at temperatures Ts and '1‘w for this composition.

The stagnation flux q  has been calculated for an équi—
librium boundary layer .using both equations (12} and (13) at
values of Ts between 2200K and 3000K. As the two values agrea
to within 4 per cent, further calculations have been carried
out using equation (13) only and the curves of heat flux G
against surface temperature T at boost ratios from ¢ to 1.2
are shown in Fig.6. The calculations were repeated for a frozen
boundary. layer assuming a perfectly catalytic surface and the
heat fluxés were found to exceed the equilibrium fluxes by a
maximum of 5 per cent. The frozen fluxes are therefore not

shown in Fig.é6.

7.

12

Approach to Eaguilibrium in the Boundary Laver

Just how closely thermochemical equilibrium is approached in

the boundary layer can be established using the following ¢riterion:

Q:R time for homogeneous recombination
Tp time for diffusion through the boundary laver

For the homogeneous recombination
gas

H+H+ M o—> Hz + M

phase
dn,
— -k n (16)
at R ™ H ™

where the rate constant 1s gi#en by(ZO)
=41

X - 2.x.10

R T

T is the temperature in the boundary layer. Integrating equation

(16) gives
1
T, -
Kg Ty Ay
where
n.- l‘_g.
k T
Hence, kz T3

- - I
-rR 3 x 107° (xH.xM)

The time for diffu:zion.":D is given by
du
t - (—E)

(10)

D dr S
g6 v ~1
- s
M
s
The criterion zh/ Tb ncw becomes A
=15 .3
"cR . 54 x 10 0T,
‘CD 2,01 = x) M
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12(a)

where P ﬁas been taken as atmospheric nressure.

Values of *y can be obtalned from Fig.1(a); for an eguilibrium
boundary layer Xy 1s evaluated at temperature T whilst in the . ’ . L
frozen case, xy must be determined at temperature TS. We will . ’ :

determine T'R/ 'L'D for both of these conditions, If TR/ 'L’D exceeds

unity then the boundary layer will be frozen whilst a value of

Tr/Tp which is less than unity indicates that the boundary

layer is in equilibrium. There will be a transition regilon

between these two extremes at values of ‘CR/‘CD from about 0.1 to :
8. Comparison between Experimental and Predicted Heat Fluxes

For an augmented flame the extent by which the experimentally

10, The results of calculatlons carried out for our flames are

shown in Fig.4. Calculations which assumed equilibrium gave

determined heat flux exceeds the predicted heat flux can be
‘tqurn ¥» 1, indicating that the boundary layer was never come :

obtained from the ratio
pletely in equilibrium. The two curves shown in Filg.4 were

(q_ - q Be o) experimental
plotted assuming a frozen boundary layer both at stagnation tem- 53 S 20=

(q.~¢q B °) predicted
peratures between 2000K and SO00K and at film temperatures 1000K s S,8g=

below these stagnation temperatures. The boundary layer was : Values of diat various boost ratios and surface temperatures
therefore mainly frozen under these condtions. No conclusions can ‘ have been obtained from Fig.6 and are given in Table II
?e drawn at other temperatures. . e é at Tw

750 900 1000

0.27 ] 3.5 4.8 4.8
0.62 | 4.3 4.8 4.8
0.81) 4.0 4.4 - 2.5
R ' . 1,20 5.0 5.8 5.8

Table IT  Values of ¢
It can be seen from Table II that the experimental values of
the heat flux due to electrical augmentation exceed the

predicted values by an approximately constant factor of between
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4 and 6. Agreeﬁent is reasonable between the predicéed-and
experimental values of heat flux for the flame without
augmentation.

The assumpt%ons that have Leen made in deriving equations
(12) and (13) and in applying these equations to predict
stagnation point heat fluxes from eléctricaliy augmented flames
are given in Table III. The only assumptions that are likely,

to influence the predicted values sufficiently to account for

¥ = 4 to 6 are assumptions Bl and. B2,

The validity of assumption B1 is difficult to assess but
it is likely that a large proportion of the flame gases at the
periphery of the combustion chamber could bypass the a:c(z).

This would give rise to an increase in both the enthalpy hs

and the stagnation point heat flux. Thermal diffusion could
then become significant because the flame would contain a‘larger
proportion of H atoms. Assumption B5 in Table III would also
be invalidated. The flame temperature TS which must be used

to give accurate pfediction of the stagnation point heat flux

at B = 1.2 has been calculated to bé 3700K, compared to a
uniform temperature of 3000K used to obtain the corresponding
redicted heat flux in Fig.6. This calculation shows that the
temperature distribution in the flame must be well=defined

‘because a relatively small increase in temperature Ts corresponds
to a large increase in enthalpy hs and heat flux q.-

The validity of assumption B2, that thermal radiation from
the arc is negligible can be assessed as follows:

The arc is located on the tip of an electrode situated 65mm
below the nozzle and co~axial with it. The other electrode is

an annulus below the nozzle.. The path of the arc and the peint

|

15

of attachment of the arc teo this annular electrode are Toth
ill-defined. We will®consider that the heat flux meter sees
the arc as an opaque strip of thickness b and of length equal

to half the nozzle diameter. The radiation heat flux is given

by
, bd ¢
@t T TR
W

Taking a, = 0.5, Ta = 6000K, b = 1mm and relevant values of

(21), q, was calculated for two extreme

the view factor Faw
cases

(a) Arc exists at nozzle exit gives q. = 104 xwm™2

(b) Arc exists 65mm below nozzle exit gives q_ = 10 KW
Comparing these values with the convective fluxes qg given in
Fig.6 indicates that arc radiatien is highly significant if

case (a) ocecurs.

Effect of Surface Temperature on Heat Flux

’ Por the range of wavelengths of arc radiation, the
surface absorptivity a, decreases only slightly as the surface
temperature Tw increases. Therefore, over the range of surface
temperatures.shown in Pig.6, the radiation flux'qr will be
approximately constant., THs is in contrast te the experi-
mentally determired heat fluxes shown in Fig.6 which exhibit
a marked dependence on surface temperature. Arc radiation s
therefore unlikely to be primarily responsible for the larce

difference between the experihental and predicted values of

. heat flux.

The heat fluxes determined by experiment were calculated
using equation (14). This equation assumes that the heat flux

q is independent of both surface temperature T, and tize T.

- A P
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As this is not the case, the dependence of heat flux on surface
temperature shown in Fig.6 will be modified, although the trend
is expected to remain the same. In Fig.3, the rate of increase
of surface temperature can be seen to decrease during the
experiment, confirming this trend.

In Fig.6 tﬁe decrease in heat flux with Increasing surface
temperature becomes more rapid as the boost ratio Bp is incréased.

This can be explained by referring to Fig.4. -

Tﬁe boundary layer can be considered to be
largely frozen. The magnitude of the heat flux from a frozen
boundazy-layer is dependent upon the. hetercgeneous recombination
coefficient § . For metals at room temperature ¥ is high as
shown in Table I. At surface temperatures alove 1000K de-
sorption of atoms from the éurface oceurs before recombination,

(5). Consequéntly

accompanied by a decrease in the heat flux
the heat flux will exhibit a greater dependence on surface tem=
perature than’can be expected by conslderatlon of the enthalpy

driving force (hé - hw) alone.

Conclusions

1.: The heat flux from an augmented flame to a steel surface
decreases as the surface temperature increases. This
effect becomes more marked as the boost ratio 1is increased.

2. The stagnation point heat flux is increased by a factor
of 8 if the flame is augmented with a boost ratio of unity.

3. The heat fluxes determined by experiment exceed predicted
valueq based on a unlform enthalpy distribution in thé .

flame by a factor of between 4 and 6.

A

17
4. The enthalpy distribution in the augmnented flame is non-
uniform, the highest enthalpies occurring in the centre of
the flame.
5. Correlations in the form of equations (12) and (13) can ;
only be used to prEdict heat fluxes from electrically
4augmented flames if the distribution of either gas temperature
or enthalpy in the flame is well-defined.
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SYMBOLS

a >
o T

gt’

= -

~ &

=
N

s X S ]

g

r'

st

[

L]

o R oW

. total pressure (kNm

- heat flux (KWm

absorptivity of surface
area of heat flux meter (m?)

boost ratio

specific heat (kJkg™ iK™1)

binary diffusivity (m?s™1)  *
dimater of burner nozzle (m)

heat transfer coefficient (kWm™2K™ 1)

heat of recombination (kagT’)
Boltzmann constant (kJ molecule"K'i)

romogeneous recombination rate constant (m®s™ Tmolecule™?)

mass fraction

Lewis number (D,pp C /A)

molecular weight

nurber density (molecule n3)

-g>

Prandtl number (u Cp/A) : .
2

volﬁmgtric flow rate at STP (mas'?)
radial distance (m)

racius at u = S5CL (m)

2 -1 =1
universal gas constant (kJ k mole i )
Stanton number (h’ c.) )

anto er Py P
temperature (K)
gas velocity (ms™1y
mole fraction
exponent of Le
thermal diffusivity (m2s™1)

heterogeneous recombination coefficient

A
B
P
T

é

thermal conductivity (v 1k 1)

viscosity (kgm'is'l)
density (kgnfa)
time (s)

ratio of experimental to predicted heat fluxes

Subscripts

a

A

CL

xo.m It

°

[

arc
atomic species A
molecular species B
centre }ine

free stream
equilibrium
effective

frozen

hydrogen atoms

© initial value

radiation
recombination
stagnation

wall or surface



*SueTI ITR—-dURYSDW DTIJSWOTYDTOIS © IO

nyexsdway sweis (q) pue ‘uor3zysodwod um*;:{q*pr;nbg (=)

&

173

T°87a

I

A In deriving equations (12} and (13) B In applying equations (12) .and (13)
‘1‘ No bulk flow - 1 Uniform distribution of electrical energy i
2 No thermal diffusion i across flame
3 No radiation from gas i 2 |. No radiation from arc i
4 Binary gas model of atoms and 3 No entrainment in jet d
molecules - 4 No turbulence induced by arc i
5 Laminar boundary layer i 5 Centre-line velocity = mean jet velocity
6 Either equilibrium or frozen . at nozzle exit -
boundary layer’ - 6 | Adiabatic flame d
7 Perfect catalytic surface in 7 Only H atoms have Lef >1 i
frozen case’ d
i = increase in value of qg if assumption 1is invalid
d « decrease in value of qg if assumption is invalid
Table IXI List of assumptions made in deriving equations (12) and (13) znd in applying
these equations to electrically augmented flames.
. .
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Appendix D

[s)

Temperature C |Mean Specific heat {Temperature °c Conductivity
C-cal/gr deg C K-cal/sec.Cn.deg C

20 to 100 0.121 0 0.038
20 to 200 0.125 20 0.038
20 to 300 0.126 100 " 0.039
20 to 400 0.128 200 0.041
20 to 500 0.131 300 0.044
20 to 600' . 0.135 400 .0.048
20 to 700 0.i37 500 0.052
20 to 800 0.139 600 0.057
20 to 900 0.141 700 0.061
20 to 1000 0.142 800 0.064

900 0.064

1000 0.067

Table Ap.D.

Mean specific heat and thermal conductivity

of En 58A stainless steel.

Woolman; J. A. and Mottram, R. A., Properties of

British Standard En Steels, Vol.3, Pergamoﬁ Press,

Oxford (1969).
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S 1ls

boost ratio

spread of heat flux distribution

specific heat

time for recombination)time for diffusion
centre line

binary diffusivity

electrode gap

nozzle diameter

velocity gradient

moles of air in e misture
meles of aly ré’ti;u-Uéd for stoichiometric combustibn

stoichiometric factor=

electron charge

Moles of product formed per moles of CH4 burnt
enthalpy

distance between burner and heat flux meter
heat transfer cogfficient or depth of charge
current .

integer

species in multi component mixture

equilibrium constant
Boltzman constant

thermal conductivity of solid
totent heak

. Lewl s number

molecular weight
number of gram atoms
total pressure
Prandtie number

volumetric flow rate
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heat flux

overall heat flux

constant heat flux at the surface
Radial distance

resistance

universal gas constant

ucl
dy

radius at u =
Stanton number

temperature degree Kelvin
temperature degree centigrade
gas’ velocity

potential

mocle fraction

distance from the surface of slab

exponent of Le

Greek symbols

a .

g

thermal diffusivity .

u -
Cl

rl

anqular velocity

density

thermal conductivity of gas

time

phase lag

work function

viscosity

heat flux potential

heterogeneous recombination coefficient

ratio of experimental to predicted

ohm
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Subscripts

A atomic species e
a annode
B molecular sbecies B
c cathode
el centre Uine
E effective
ey © electron
e $ree. stream
. F | film
£ frozen
g gas
I input
m | melting
o initial value
jol préduct
r reactant
s stagnation
s’ initiation
W wall cor probe temperature

Af.Aug adiabatic augmented flame

Af.Unaug adiabatic unaugmented flame

chem chemical

elec electrical
R.M.S. root mean square
AHchem

N fraction of total enthalpy due to recombination

of H atoms
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