TIYT AT WADRTITNTIIO
worinie LAY

B P AN 1A
LS ot T
dAITH A

ELECTRICALIY  APGITENTID

A thesis rpresented for
the derree of Doctor of Fhilosophy

in the

Tniversity of London

September 1971

1
Depazriment of Metallurgy,
mperizl College,

Tondon S£.YW.7.



AESTRACT

An electrically augmented hurner has been developed
which burns pre-mixed natural gzs and z2ir in a turbulent
flame. 4n a.,c., discharge of vwp to 4 amns 2t 1 kiiovolt has
been initiated and maintazined in the flame without the
necessity of increasing flame conductivity dy seeding with
alkali metal salts.

Heat transfer measurements ot water-cooled surfaces have
shown that the highest rates of heat transfer are obtained
when the mixture is fuel-rich. The distribuiicn of heat flux
at a water-cooled surface has been determined with a split-plate
(33)

célorimeter, using the method of ilestor and Olsen "he

maximum values of these distributions lie within the range of

(34-37)

vélues obtained by other workers using similar systems.
~ The burner has been used for flame hardening the surface
of En 8, a medium carbon steel, by moving slabs of this steel
at known speeds over the burner and an adjacent water quench.
The distribution of the burner hneat flux at the surface of a
moving slab has been assumed to have a similar shape to the
distributions obtained at the surface of the water-cooled
calorimeter., "The maximum value and the spread of the
distribution a2t the surface of the slab have been determined
by comparing the temperatures measured at the surface of the
slab Qith the surface.temperatures predicted by an integral
profile solution ofhthe heat conduction equation for the
moving slab. ‘'The integral profile solution has also predicied
the limiting values of slab speed and gquench heat flux at which
martensite begins to form on the surface of the slab. 4Yhe effect
of conduction in the direction of motion of the slab on these
predictions has been discussed. Under certain conditions,
hardened surface layers of appreciable thickn?ss have been

produced which are similar to those obtained commercially.
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I INECHUCTION

An electrically augnrented flame is a combination of

2 combustion fleme and an electrical discharge, the input

of electrical energy being a significant proportion of the total

energy ol the flame. *This description does not include

either the plasma jei which comprises an electric arc stabilized

by a stream of inert gas or a2 flame in an electric field.

Considerable effort has been devoied to designing electrically
augmented burners (1-9); and rates of heat transier have been
determined from these burners(3’4). Possible industrial
applications do not appear to have been investigated in detail,
with the exception of one patent which -describes a flame-arc
combination instslled at the tottom of a cupola(14). Electrically
augmented burners would be expected to have widespread application
in the high temperature processing of metals if the following
remarké hold true:-

1. High rates of heat transfer are available.

2. The electrical discharge can be used to stabilize the
combustion of a fuel-rich mixture to produce a high
temperature reducing gas.

The rate of heat transfer obtained from an electrically
augmented flame would ﬁe expected to Be ihtermediate between the
rates obtzined from a fuel-air flame and an electric arc. This
suggests that electrically augmented burners could be used for
heatihg, melting, welding and cutting metals. If the composition
of the combustion products from this type of burner could be .
made sufficiently reducing then the smelting of metallic oxides
could be carried out but even if these extreme conditions could
not be obtained, a non-oxidising atmosphere would be a2 distinct
advantage when heating metals. V

-9)

All the burners reported in the literature(1 require

thét the electrical conductivity of the flame is increased by the
addition of a2 very small concentration of a readily ionized salt
so that an electrical disohargé can be paSSed through the flame.
The industrial application of this type of bﬁrner would secem to
be more promising if this process of "seeding" the flame with
salts such as alkali metal hglidés could be eliminated, for the

following reasons:-

Il
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1. Seeding will resuli in corxrcsive products of combustion,
particularly at high temperatures.

2. Both the secd material and the equipment required to
introduce the seed into the gas stream avre likely to
be exvensive.

In this werk. {lame hardening was chosen as the specific
application for an electrically augmented burner because this
process requires a hirh rate of hneat transfer under noin-oxidising
conditions. Also, flame hardening is an imporiant method of
heat treatment, giving a hard surface to a2 component made from
plain carbon steel yet leaving the desirable properties of the
untreated steel in the main body of the component. Alternative
methods of surface hardening usually require the use of alloy
steels which are more expensive than plain.caibon steels.

Flame hardening is cérried out using an oxy-gas flame which could

be replaced by an electrically augmented burner with the

following advantages:- ; .

1. Oxidation of the surface would be less likely because the
electrically augmented burner could be operated with a fuel-
rich mixture. ' »

2. Fuel costs would be reduced if natural gas and electricity
replace cylinders of oxygen and acetylene. '

This thesis describes the development of a small electrically
augmented burner and the use of a scaled-up version for flame
hardening. The importance of developing a burner for an industrial
application has been corsidered throughout this work. For this
reason, natural gas has been used as 2 fuei and a.c. power has
been supplied to the electrodes to eliminate rectification. All
the experiments on flame hardening have been carried out with one
type of steel in order to eliminate the effect of composition
of the steel oan the process. Hormalised En 8 was chosen, a
medium carbon steel which is commonly used in flame hardening.

A theoretical section is included in which the heat conduction
equation is solved for a semi-infinite slab moving over a heat
flux distribution of known shape. This solution is relevant to the
process of flame hardening in which a slab moves over 2 burner
and quench. -the temperaiture at the surface of the slab can be
predicted by the solution if the distribution of surface heat
flux is known. Alternatively, the solution will predict the
surface heat flux if the surface temperature is measured as the

slab passes over the burner and guench.
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The objectives of ithe work presented in this thesis

can be summarized as follows:-

5.

I'o develop an eleciriczlly augmented burner vhich
will operate with a.c. pover on a natural gas-air

mixture without the necessity of seeding the flane.

To determine rates of heat itransfer from this

burner to solid svrfaces.

To investigate the feasibility of flame hardening

2 medium carbon steel with this burner.

1
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I PREVIQUS WOIY
1. e
2t augrenting combustio
. - . PR (45)
flzmes with elecirical power was nade in 1224 by Southgztie
who pacsed turning gas through an arc discharze. Interest in
combinings flames with electrical discharges was revived in
t
the early 1960 s when ¥Yarlovitz in the U.€.4. and Veinberg

ané co-vorkers at Imperial Collere published their Findings.
Since tren, Fells ané¢ co-workers at the University of MNevcasile-
upon-Tyne have invesiipated electirically augmented burners.

The followins section will deal with investigations
carried oui on the ¥Yarlovitz type of turner, the work of
Weiﬁberg and of Fells, and will end with a brief review of

the relevant patent literature.

(a) Burrers of the Yarlovitz type.

Yarlovitz clains to have proauced a diffuse electrical
discharge'over the entire flame in a number of different
‘burrer configurations (1). An advantage that the diffuse
"discharge has over the electiric arc is that the stream of
combusiion producis is heated uniformly in the absence of
the very steep temperature gradients which are present in
vlectrie arcs. The diffuse discharge was produced by applying
2 high voltzge across 2 highly turbulent flame whoce electrical
concéuctivity had bveen increased by "seeding". The technique
of seeding involved the addition of traces of readily ionized
salts to the gas, upstrean of the discharge zone. It is not
clear from ¥arlovitz's paper whether seeding was used in-
2ll his csystems. The high degree of turbulence and the enhanced
electrical conductivity of the combustion products preventéd
the discharge from contracting into a narrow arc, accordiing
to the following argument:-

The time recuired to exchange a small volume ‘of ga§
in an arc filément with the surrounding gas is given
by the characteristic time of turbulence t', where
o= 2,
(1 is the scale of turbulence and u' is the dintensity
of turbulence.) - A
Tiie time it reguired for tre development of an arc.
column is given by CI)/D

t
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i
f tre

ck

temperatiure o gas,
e is the charge on an electron,
K iz the mobility of an electiron,

n of elecirons, and

According to the ergument, if t'/t is less than
unity then the discharge will be diffuse.
t' can te made small by reducing 1 and increasing

u', i.e. by increasing the amouvnt ci small scale

i
turtulence. t can be made large by reducing both E

1

and dzre/de and this is achieved by seeding.

q

Examples of burner configurations which were suggested b
¥arlovitz to be suitable for elecirical augmentatiion with

diffuse discharges are given in figure zi 1.

—_— /1f(*’

AAANNN
:

\*L<4__

coléd gas + cseed

Figure zi 1

The electrical power terminals are connected to =z
centrzl electrode ané to tte burner tube in 211 cases and
the discharze is initizied in ithe comtustion: zone.

Enother paper, by Farloviiz and Rickardson (?), gives
a more detailed drawing of one of ithe atove burners and this

is reproduced in figure ITI 2.
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Figure zz 2

A turbulent, seeded flame was stabilized on the
central electrode and an a.c. discharge was passed between
this electrode 2nd a water-cooled electrode of annular shape.
Tris annulus was positioned some way a2long a transparent
tunnel of silica which was also water-cooled. .

A later paper, by Marynowski, ¥arlovitz and Eirt (3},
stated thet thre bufners shown in figures zz 1 and zz 2 did
not prodvce diffuse discharges. The discharges appeared diffuse
to the eye but photographic evidence showed them to be
filamentary. A modified burner, shown in Figure zi 3, was
developed in which the discharge zone occurred downstream

of tnie combustion zone.

metal electirodes

hot
conbustion
—————————
productisy — - - - -
seeded
. \\\refractorv

+f
).u
7
H
I
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liigh speed paotograph” showed that the discharge vas

diffuse. - These turners have bveen operated at 100 X¥/
c

triczl power anda 100 ¥V of combustion power. The
fuel wae navtural gas a2nd the elecirical power was supplied
by a single phase transforner st voliages from 2 kV fo
g kV. Inductive tellasting was used to limit tre short-
circuit current. as will be exnlaired- on page 28,

Davies used a2 ¥Xerloviiz-type of turner to electrically

4).

aungment ar zir-town's gas flame( Fe converted a standard
tunnel turner by ecuipping ii with iwo electrodes, one of
vwhich was positioned centrally in the inlet to the tunnel and
the other waz adéed o the exit of the tunnel in the form

of 2 water-cooleé annulus. Thre diécharge was stabilized in
the combucstion zone. Davies deduced that the exit gas was
not heated uniformly by the discharge because heat fluxes
determined by =2 probe were high at the burner axis but

decreased razpidly as the probe was moved awaey from the axis.

(b) Yeinberg and co-workers.

Lawton, Payne ané Veinberg have described electrically
augmented burners wrich were based on d.c. plasma jet designs (5)
and this type of burner is illustrated in figure ii 4.

An arc was produced

water—cooled 7 between the tip of the
: 3 +3 -
anode—~“‘_~‘- : cathode and the water
2djustable /\ cooled anode., Combustion
tungsten  __f zlso occurred in this
cathode — ] . . .
\ region, the arc helping
to stabilize the flame.
The cathode was shielded
from chemic¢al attack by
| . a low flow rate of inert
combustible T s
gas gas which a2lso prevented
nixture © ignition of the gas

inert ses mixturg before it reached
the arc region. An
Figure zz 4 alternative device is
descrited in wkich the gas mixiure was introduceéd trroush a
ring of nozzles whkich was positioned zbove the anode. The
nozzles were almost horizontal and created a2 hikh level of

o1 (v)



turbuience just above the arc.  Unlize the Varloviiz

. 1.2, . < s -
designs :3) these plasna. jet devices do not depend on
the stabilizetion of a fiame upsirezn of ithe discharge in

Chen, lawiton ané Weinbergz have discussed the methods

a
availatle for spreading the discharge through the flame in

oréder to heat the gas uniformly. They emphasize that

ar arc in a gas stream is usually a fluctuating channel.of
narrov width, 2lthough it probably appears to the eye as =z
continuous and uniformly luminous flame across the entire
‘width of the gas siream. The arc does not fluctwate with
sufficient repidity to heat the gas stream uniformly. High
épeed photography was used to chow that the plasma jet type
of augmented burner does not heat the gas uniformly because
a large prbportion of the gas flow by-passes the arc. The
authors then outlined four methods which have been used in
attenpts to spread discharges in gases:-

(1) inducing turbulence in the gas strean,

(2) seeding the gas stream with readily ionizable salts,

(3) using high frequency discharges,
and (4) moving the arc with magnetic fields.

The success of method (1) depends on the scale of
turhulence that is induced. Tne vortex-spun arc is an
example of the use of large-sczle turhulence which has been
produced by injecting the gos streamltangentially at a2 point
below the arc. The arc is made %o rotate bty ithe vortex and
nmoves at about the same speed as the gas which implies that
the gas does not make increased contact with the arc. The
authors developed = burner which is an example of the use
of small-scale turbulence to increase the contact between
gas and arc, The combusiible mixture was fed through a
porous alumina annulus wllcn was situated between a central
cathode and a ring anode as shown in figure ;l 5. This burner
allows the arc channel to be close to the walls because they
are cooled regeneratively by the gas flow.

The generation of sufficiently intense small-scale
turbulence which vrould enztle an electric arc to heat the
surrounding gas uniformly is considered by the authors to be
difficult to acnieve. Usually, turbulence has to be used

in conjunction with another method, such as (2) - seeding.

I 1 (b)
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O = anode
[ & MR N Y
1
reactants | \ { _1 _— porous
! \ ,’ ' alunina
]

/A\ cathode

1 argon
Figure Ii 5

Electric arcs occupy narrow channels because the initial
heating by the arc ioniges the gas and reduces its electrical

- confuctivity. The arc chooses the path of reduced )
conductivity and heats the gas further, reducing the <‘_
conduct 1v1ty still further. Seeding tends to prevent thls
process from occurring by reducing the conductivity ' L

of the ges stream at relatively low temperatiures. Seeding

: has been shown to be successful only well downstream of the
luminous region of a flame. This would explain why a diffuse

discharge was not obtained with the ¥arloviiz type of bturner
(1,2,4)
ethod (3) is rot as successful in heating gases

uniformly over their cross-sections. of flow as would appear
to tke eye. The 1211 of plasma. formed by & radio frequency
discharge.does not extend over the entire cross-section of
the gas stream but allows 2 peripheral annulus of cold gas to
by-pass the plasma, accounting for a large proportion of the
total gas flow(6>. '

Method (4) has been widely used, e.g. the Birkeland and
Eyde process in which nitrogen and oxygen combine in an arc
which hos been spread into 2 disc by a magnetic field. The »
authorﬂ( ) applied a magnetic field to the mouth of the plasma
jet which is illustrated in figure ;l 4., The arc was made
to spin or oscillate according to whether d.c. or a.c. potential
was a2pplied to the field coil.

- They concluded that the magnetically rotated arc and the

porous cavity burner provided high combustion stability whilst
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a combination of seeding and small-scale turbulence was
suitable for heating combustion products if additional

combustion stability was not reguired.

(¢) Fells and co-workers.

Fells, Gaven andAE“rker‘developed a2 seeded propane-zir
burner vhich was augmented with -d.c. power (7). Figure ii 6
shows the arrangement of the burner. The flame was stabilized

. : on a central anode of copper
ca\’h&\}:!: . in an oil-cooled tunnel. The
cathode was placed in the

path of the exit gases from

L +the burner at distances of

1
_ — up to 15 cm from the anode and
0il r—ﬂF:::. t-j - was made from graphite, wvater-
1 cooled copper or water-cooled
stzinless steel. A ballast
anode_,“\‘\N ‘resistor of 400 L2 was placed
R - 1 in series with the anode and
nitrogen | a d.c. supply which provided
seeg | 5 & at 2 kV was used. "Seed

concentration vas found to affect

ropane +
air
Figure II 5 © a discharge but to have no

" the volitage required to initiate

'sigﬁificant effect on the voltage required to maintzin the arc.
Iif fhe polarity of the elécfrodes was reversed, the stability
of tre discharge was reduced and a number of anode spots were
formed. These Tesults were cnly valid when the graphite cathode was
used. The water-cooled cathodes imposed a2 restriction on the
discharge by requiring a current of at least 8.A for stability.
The same 2uthors descrited a2 non-sceded d.c. system (8).
Using the burnexr shown in figure ii €, they found that seeding
was reguired to initiate the discharge but it could be
maintained wifhout seed. Vhen a.c., power wés used to augment
fhe flame, seeding was required continuously. The method of
seeding is described in another paper (9). 4 stream of nitrogen
was passed over a bed of molteﬁ potassium carbonate and the
streaﬁ was quenched before it reached the burner. Fine particles

of seed were therefore carried into the burner.

II 1 (e)
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(d) Relevant pztients.

The Karlovitz-trype of burners are covered by various

paten 45 (10511,12)

A further patent ( 4) is of considerable metallurgical
interest. This describes a cupola wkich incorporated an
electrically augmented burnex. TFuel gasand air are passed
. through an arc prior to entering the cupola. The electrical
energy augments the gas flame and enabtles a reducing atmosphere
to be maintained in tke cupola by allowing a fuel-rich mixture to
‘be burnt. The arc is struck between a water-cooled copper

ring and a graphite or tungsten rod.

2. FLAYES A¥D BURNERS. -

The design of an electriczally augmented burner depends to
a large extent on an understanding of flame stability. In
this section the meaning of flash-back and blow-off will be
explained, these being the limiting condliloﬁs of flameAstability.
Yieans of increasing the flame stability limits and also. of
increasing the intensity of combustion will be described. The

limits of inflammability of methane are included.

(2) Flame stability.

The simple tute burner will be used to indicate how flash-
back and blow-off can occur‘when pre-mixed reactants are burnt
in a2 stationary flame which is a»tacuea to the rim of the burner
tube(15’.

The mixture of oxidant and fuel burns at a thin reaction
zone oxr flame front which can be approximated-to a cone for a
A laminar flow of reactants burning
Bn top of a tube as shown in
figure TT T. The burning velocity

|
l
|
| '_ © of the mixture is S u? relative to
| the unburnt reactants. The velocity
l

of the unburnt reactants is v

t parallel to the axis of the tube.

Su and v, can be related by
Su =V, 51n/3

II 1.

Figure zi 7

vhere /3 is the angle between the flame front and the axis of the
tube. Hence the ratio of v /S fixes B . If the flame front

T 2 (a)
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is complex in shape then thie ratio deternines /3 locally.
As Yu is incréased,/@ becones smaller and approaches zZero
when stabilization fzils and blow-off occurs. Conversely,
if v is reduced until it approacﬁes Su,/ﬁapproaches /2
"and the flame is on the point of flash-back. The situation
is more complex than this because the burner walls exert an
influence on the processes of flash-back and blow-off as

described below.

(i) TFlash-back or blow-back.
For the simple tube burrer shown in figure iz 8, vy
approaches zero as r
s o approaches r' because of
viscous drag. If Su is
constant then equation II 1

indicates that the flame will -

always flash back. Su is not

constant but approaches zero
at the walls because heat is
lost to the walls. The criterion

for flash back is whetherx Su

or v, approaches zero more

L
AN

rapidly as r approaches r', i.e.

Figure ii 8 flash-back occurs when
av és
) L= 7
dar J ~\dr/_, iz
dSu “
= is a property of the reactant mixture a2nd is independent
1 .

of the nature of the tube walls because the rate of heat transfer

to the walls is controlled by the gaseous bbundary la&er.

(ii) Blow-off or lift-off.

The upper limit to stability is also controlled by a
.eritical velocity gradient. Figure ii 9 shows how'the flame
front is positioned relative to the wall of a simple tube burner.
Loss of heat to the wall of the tube leaves a gap between the .
flame front ané the wall. The flame is stabilized above the -
tube and cold reaciants can escape through the gap a2t A.
As Va is increased the gap at A also increases. Each value of

Va is balanced by an Su of the same magnitude until Su cannot

II 2 (=)
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flame front

K escaping .
' reactants

Figure Ei 9

increase further. BElow-off thenrn starts and the condition for

blow-off is given by

dvu dSu B )
Iy :>~ Iy I
ar /o - ar /o ——-3

This condition 1is depencent on tne reactant mixture and
on the surrounding aimosphere, e.g. blow-off occurs more

readily in nitrogen than in zir.

Figure 11 10 shows the flash-back and blow-off limits

for natural gas-air mixtures in simple tube burners and is

(15)

due fo Lewvis and von Elbe

. 11’ blow-off
% in air
natural gas

8 -
5 L : :
10 » 100 1000 10000

10

]
=]

T'igure
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Lewis and von Elbe have also investigated the
burning velocity of matural gas-air flames and their results

— (45)
are shown in figure II i1 } 5’._

S
b |
32F |
cm/sec .
24 F l
|
1€ l
'e' L 0‘4 1 1
' 6 8 ‘ 10 12

7
¢ natural gas

Figure ii 11

- (iii) Limits of inflzmnability.
Egerton and Thabet have investigated the limits of
j £
inflammability of metkane in air (1‘). These limits

correspond to a certain minimum flame temperature which is

_ébout 1100°C for methane. The results are shown in figure zi 12.

30,
o _
metha#e 20 rich limit

10L :
weak limit

0 * ' :

, 20 40 €0
: % oxygen

Figure ii 12
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(v) FEirh intensiiv combtustion.

3,
-

A discussion of ways of increasing combusticn
intensity is to be found in standard works.(17’18)

In laminar flow burners, the mixing required for flane
propagation occurs by moleculzr transport processes which
produce 2 reaction zoné or flame front of small surface area.
In- the turbulent flow regime, mixing is controlled by
turvulence and tre flame front kas & wrinkled appearance and
a ruch larger surface area wvhich gives rise to the higher
combustion intensities produced by turbulent flames. The
combustion intensity can be increased further if blow-off can be
prevented, The wusuzl method is tTo generate large-scale
‘turbulence 2nd recirculate some of the hot products of
combustion which heat the cold reactants rapidly. Throughput;
can then be increased without blow-off occurring. Examples of

burners in whic!h large-scale turbulence is generated are:-

(i) Sudden expansion type.

cb
ot

combus
zone

on

cold reactants

Figure II 13

A toroidal vortex ic formed just upstream of the sudden
expansion. These large scale eddies recirculate hot combustion
products and stabilize the flame in the large diameter section

of the burner, as shown in figure II 13.
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(ii) Vortex-stabilized type.

combustion
zZone '

cold
reactants

— 10

!
I -

'Figure;ii 14

This type of burner is shown in figure Ei 14
and is psually called 2 tunnel burner. The cold reactants
are introduced at a tangential inlet which produces a
Avortex. Hot products are recirculated down the centre

of the vortex and combustion is stabilized in the tunnzl.

(iii) Electrical stabilization.

- A further means of stabilizing flames is to
use eiectrically augmented burners of'%he type described in
section II 1 (b). The electrical discharge should be applied
near the combustion zone. If the discharge occurs in the
products of combustion downstream from the combustion zone,
then combustion will not be stabilized unless the discharge
~heated products of combustion recirculate into the'

(5)

combustion zone

IT 2 (D)
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5. ELECTRICAL DISCHARGES I¥ GASES.

L brief review of the aspects of elecirical discharges
in gases which are relevant to elecirically augmented flames
~is given in this section. The informaztion has been
obtained from standard texts and reviewc. (19,20,21).

Figure ii 15(20) shows the voltage-current characteristics
of the various types of self-sustaining discharges that occur
when a potential is applied tetween plane electrodes situated

in an-envelope containing gas atv 1 mm Hg pressure.

v
- volts 1000 |
—"\
agark | |
100 . normal
~ dischargq clow ([ arc

i . (I

I [
10 P 1 L ' B B Y
1078 107¢ 1074 10‘21A 1

_ I amps
Figure II 15

The dark discharge is inapplicable to electrically
augmented flames because it passes a2 very low current and
is only observed at reduced pressure, whereas glows and arcs
can occur at atmospheric pressures and ébbve when they pass
high currents.

(a) Glow discharges.

As shown by Figure ii 15, the glow dischérge.is characterised .
by a constant voltage between the electrodes. The cathode emits
electrons by the action of ionic bombardment from the gas ané this
process is known as secondary emissibn. No thermal effects are
present at the cathode. There is a large fall in voltage at
the cathode which approximates to the potential drop over the
entire discharge. Although most glows are associated with
reduced_préssure, Fan(22> was able to produce glow discharges in
air, oxygen and nitrogen at pressures of 1 atmosphere and in
hydrogen at up to 13 atmospheres. The electrodes weie of water-
cooled copper and were separated by a few millimetres. The

most stable glows were achieved in hydrogen with currentsreaching

14 amps. Fan investigated the transition from a2 glow

IT 3 (a)
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to an arc discharge a2nd found that the change occurred when
either the current was increased at constant pressure or the

pressure was increased ai constant current.

(v) Arc discharse.

An arc is produced when the current exceeds a certain
value, shown as I A in figure zz 15 , and is characterised
by a rapid drop in potential as the current increases. The
- cathode fall is much lower than for a glow because electrons
. are emitted from the cathode bty more efficient processes than
ionic bombardment. Examples of these processes are thermionic
emission, thermal vapourization of the electrode and the use
of high electric fields. The arc will bte considered here in

detail because it is an importanrt means of augmenting a flame.

(i) Striking an arc.

Arcs can be struck by connecting the electrodes with fine
wire, by -initially bringing the elecirodes into contact and by
exceeding the breakdown voltage of the gas between the electrodes.

The breakdown voltage VB can be expressed in terms of pressure p and

arc gap d VB =1 (p.d) f_f 4
164 R Equation II 4 is Paschen's
v Law and a plot of VB against
B
i * .d for air is sh in fi
(volts% A 2_ o( 20? : shown in figure
10 II 160
Similar results have been
102 B Y obtained for other gases and

0.1 1 10 160 2ll the curves have been found

p.d- to pass through a minimum.
. (cm mm Hg ) '
Figure 1II 16 — --F
= =
—] 4
. . — ' —
(ii) Structure of an arc. ‘ L |
— < it1 >
Figure II 17 shows an v A ' PogStima |
arc, consisting of a positive l | sv
column and two regions close V. - Al
to the electrodes. The : Cﬁ) i !
positive column is a luminous 3 'I |
region of ionized gas which \\~1 44‘4//
has zero net space charge, | |
i.e. a plasma, At the 0
Figure II 17

electrodes the arc contracts

to give regions of higher current density j. The cathofe and

z (b)

F-(I
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anode falls are given by VCA and VAR respectively. The
cathode fall is much smaller than that of a glow discharge

and thermal effects are usually present at the cathode.

(iii) Arc characteristics.
The static characiteristic of a d.c.

v ‘ arc is shown in figure II 18.
Arc )

The precise form of the
volts

relationship between V and I
will depend upon the elecitrode

! materials, the length of the arc,
the gaseous hedium and the pressure

" of the gas. At high currents, the

0 Arc voltage may start to rise again
current (not shown in Tigure zi 18).
Figure _;[-_f 18

The characteristic of a

60 cycle, 40 mm arc in 2300

hydrogen is shown in figure
II 19 (25). The voltage
rises from zero to a peak

. wheré the arc is initiated..
The voltage then drops until

the static characteristic

-is reached. In this eircuit = 4™ 10
the current is limited to
6.4 amps r.m.s. and the
current then drops back to Figure II 19
Zero. The same process occurs
in the next half-cycle with V and I both negative. Hysteresis
effects do not become apparené until much higher frequencies

are used.

(iv) Arc stability.

A consequence oI the falling V¥V - I static characteristic
shown in figure ii:18 is that a éteady arc in a circuit of
constant e.n.f. must have a stabilizirg resistance in series
with the zre. An example of the use of 2 stabilizing or ballast
resistance is given by Browne (23). Figure zz 20 shows the
V - I characteristic of a 40 mm d.c. arc struck between

copper electrodes.

II 5 (b)
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The voltage available at the arc

terminals V,, in a 250 volt circuit

300 Y .
: witn a resistance of 20 ohms is
500 given by the load line,
VT = 250 - 20 I,

100
and is plotted as the straight lire

on the diagram. A steady arc will

ist where the characteristic
0 5 10 15 ; exi whe

Figure II 20

"crosses this line, i.e. at A or B,
) but a stable arc will only exist
at B. Lengthening the arc will causé A.and B to merge. If
the ballast resistance is increased, A and B will merge until
point C is reached when the arc will go out. The load line

in thies example for the condition of extinction becomes
VT =250 - 36 1

A condition of thermal stability is also required by

an arc and this is usually satisfied by one of three ways:-

(1) Wall stabilization.

' When the boundary of thehpositive column of an arc
is maintained a2t a constant temperature., the arc
is said to be wall-stabilized. Fnergy is lost
from the arc by thermal conduction through the
boundary which can be in the form of either a tube
of so0lid material or a2 vortex of gas or liquid.

(2) Convection stabilization.

The arc may be stabilized by convection of heat
from the positive column to the surrounding gas and
is then said to be a "free-burning" arc. At the
edges of the temperature distribution in the arc
coiumn, conduction losses become negligible and
convection losses'predominate. The temperature
distribution across the positi%e column is much
flatter for a free-burning arc than for a wall-
statilized arc. Convection tends to produce a
vertical arc which is broader at the top thén thé
bottom a2nd a horizontal arc which has an upward

bow.
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(3) FRlectrode stabilized.
With small arc length and large electrodes the

arc may be stahilized by energy loss to the electrodes.’

4. ELECTRODES.

The materials which are used for cathodes in glow and
arc discharges have a2 large effect on the nature and |
characterisiics of the discharges. Cathodes can be divided
into two types -. those which vaporize readily and those
vhich are refractory. The former type is the so-called
cold cathode made from metals such as copper, silver and
mercury which are unsuitable for use in flames but the
refractory cathode has a sufficiently high melting point to
be used in flames and can be opérated at temperatures which

allow thermionic emission to occur.

(2) Thermionic emission.

Electrons can be emitted from the surface of an electrode
by heating the surface. This process is known as thermionic
emission and only occurs significantly at temperatures above
the melting points of most metals. Positive. ions are emitted
to a much lesser degree and will be neglected in the following
account. _ ) '

The emission of electrons depends upon the surface
temperature and the material of the surface, assuming'that
there is no electric field present. A minimum energy is
required to remove an eiectron from the surface and this is
given by ef where e is the electronic charge and g is the
work function of the material in volts. The current-density J
flowing from the surface due to emission of electrons is

‘given by Dushman's equation -

j=‘13;'l‘2 exp[-— __eé] amp cm~2' —_— 715

kT _—

where kX is the Boltzmann constant and T is the absolute
temperature.
" Both B and g are characteristics of the material and

typical values are given in table ii 1.

1=l
=N
—
©
~



taterial B 4 - J at T Ref.
- =2 :
(2o " (M) (A en ™3 (%K)

Carbon . 48 4.4 0.15 2400 24
Tungsten 70 4.5 0.27 : 2500 24
‘“horia 3. 3.1 . 2 1900 25
Baria/ ' .

Strontia 0.1 1.0 1 1100 25
Ceria 5 2.3 2.6 1900 c5
Zirconia - 3.9 0.07 2000 25

Table 11 1

In the presence of an apﬁliéd field at the surface
of the cathode, the work function of the material wili be
decreased if the direction of the field helps the removal
of electrons from the surface. This is known as the

Schottky effect and Dushman's equation becomes

j = B2 exp - E% (§ - VeE) amp cm -2
| II 6

where the new work function is given by (§ = VeE),
E being the field strength. o
"If the applied fieléd opposes thermionic emission

then Dushman's equation is

; = BT° e:tp[- k_'(;‘ (}5+Ex)] amp cm -2

T

=
=

vhere x is the distance over which the field is applied.

(b) Blectrode materials.

The desirable properties of a material which may be
used as electrodes in electrically augmented burners can be
summarized as:-~ ‘

1) high melting point, greater than 2500°c, say,
(2) chemical stability up to the melting point,
3) 1low electrical resistivity,
and (4) low work function.

Various elements, compounds and alloys whose properties

maxe them possible electrode materials are reviewed below.

TT 4 (v)
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(1) lMetals.

The metals with melting points above 2SOOQC are
molybdenunr, osmium, rhenium, tantalum and tungsten. Of
these, tungsten has the highest melting point at 338000.
£11 these metals are readily oxidised at the temnperatures
experienced in flames which restrict their use to non-

oxidising atmospheres.

(ii) oxides.

Some metzallic oxides have properties vhich enable
them to be used as electrodes. They have low resistivity
at high temperatures, high melting points, and low work
functions (see table ii 1 ) and are chemically stable.

Ceria, thoria and zirconia are examples of these oxides

and tablé Ei 2 below gives some of their relevant properties (26)
Oxide. . Pt. Elec.resist. Stability.
(°c) (ohm.cm)
Ceria 2750 240 at 1200°C .| Reduced by hydrogen
(Ce02) (compressed in zir)| at 500 C or more.
; : Decomposes at high
temperatures. :
Thoria 3300 500 at 2000°C " Reacts with carbon
(Th02) (sintered) | at high temperatures.
: 1 at 1630°¢C
(compacted)
Zirconia | 2715 10% at 1000°C Volume instability at
- pure _ _ 1000°C. Ko strength
(Zr02) when fired.
Zirconia | 2500 104 at 700% - Can be destabilized
stabilized under certain thermal
with g0 ) conditions
Zirconia 2500 | 0.6 at 2000°C Zirconia reacts with
stabilized (5 mole % CaO0) carbon at high
with Ca0 temperatures.
Table ii 2
Table iié?shows that ceria is unstzble at high temperatures
in both reducing a2né oxidising conditions whilst zirconia angd
thoria have betier chemical stability. Pure zirconia undergoes

IT 4 (b)
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a contraction amounting to about 95* by volume when it -
transforms from the monoclinic to the tetragonal
modification at about 1OOOOC. As a result, sintered

- components of pure zirconia have no stréngth. Both the
monoclinic and tetragonal modifications differ only
slightly from a cubic form and the addition of small
amounts of oxide with a cubic structure has been found to
stabilize the zirconia latitice in the cubic form. Magnesia,
lime ané yttria are examples of additives which form solid
'solutions with iirconia, forcing it to assume a stable
cubic lattice after firing. Magnesia-zirconia can be
destabilized b& holding it at 900-140000 for many hours
but lime stabilizes zirconia more permanently.

The electrical conductivity of most of these oxides
increases rapidly as their temperature is raised. The
actual values depend on the treatment that the oxide has
received. Pure-zirconﬁa is a good insulator but alloys of
zirconia with magnesia, lime, hafnia, yttria and other oxides have
" much }ower resistivity values which vary with the proportion

- and type of oxide added to the zirconia. -

(iii) Carton and carbides.

Carbon in the form of graphite has the highest melting
point of all materials, has a low resistivity and is a
thermionic emitter. It is extensively used for making

"electrodes for electric arcs btut is oxidized at flame temperatures,

Carbides also appear to be oxidised at flame temperatures.
Silicon carbide is an exception because it is protected by a
surface layer of silica vhich forms under oxidising conditions,
The presence of silica would be expected to rule out the use of
silicon carbide as an electrode material in electiically

augmented burners.
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5. HEAT TRAVSFER FROM FLAMES AND ARCS TO SOLID SURFACES.

Flame hardening requires a high rate of heat transfer
between the flame and the surface to be hardened. The
high rates of heat transfer which can be obtained from arcs
and certain types of flame are explained below, together with
methods of measuring and calculating neat fluxes from flames

and arcs.

(a) Effect of chemical reaction on rate of heat transfer.

When heat is transferred from flames and arc-heated

gases to surfaces at much lower temperatures, the rates

e of heat transfer may be significantly altered by chemical
reactions occurring at or near the surfaces. Arc-heated gas is
usually highly ionized and most flames contain a large '
proportion of atoms and free radicals, all of which are chemically
feactive.  These active species may recombine in the boundary
1ayerlnext to a cool surface and on the cool surface itself by
the process of three-body recombination(2o). An example
of this is the recombination of hydrogen atoms which is
accompanied by a large release of energy. Cookson and Killam(27)
have measured the rate of heat transfer from lean hydrogen-air flames
and have shown the importénce of hydrogen atoms in the heat

transfer process.

(v) Methods of calculating the rates of heat transfer.

Heat is transferred from an undissociated gas to a
solid surface by molecular conduction of energy through a
bdundary layer near the surface. The heat flux 4" to the

surface is given by

A1 = b....g._ é.io. IT
e T e A Y, 20

where © is the temperature, y is the direction normal to the

suvrface and k,/o s cp and & are the thermal conductivity,

density, specific heat and thermal diffusivity of the gas.

The total rate of heat transfer ﬁ% from a dissociated

gas to a solid surface is given by

PR _an 218 —
qT = q + qE ;_;[_9
where Q"E is the enhancement of 4" by the recombination

of'dissociated species at the solid surface.

TT 5 (b



Tnerefore
a" = - d m— - D H _.:
T Py sy —PDAE

where D is the diffusivity, AH is the heat of
‘ *

recombination and m is the mass fraction of the

dissociated species.

Hence

. *
en D AE dm o8
Q" = = cpcx [1 + o cp - 3y ] Y

- > = ] *
If Dﬁx_, the Lewis number, is equal to unity ané m

and @ only vary with y, then

*
) - c, @ + AEdm qe

g = ie g
. » P ! ¥
Es. ' dn ' .
) o= - k. __TI. 38 I1 10
L cp i9 ay —

where HT is the total enthalpy of the system.
By analogy with équation zz 8, the ferm

. 9y

k .- T
c de

is known as the effective thermal conductivity and was first
proposed bty Butler ant Bfokaw(zs). For combustion processes,
the Lewis number is unlikely to be unity. Equation iz 10 has

(29)

number, Le, which are different from unity by multiplying@"T

been modified by Rosner to incomorate values of the Lewis

by the factor .

13

A —

1 - (1“L_;)A")‘.L—E 1+(‘Le-1)-—‘z§—% Se—— II 11
¥ I
Yhere f’, the keat flux potential is given by

rS

¥ = xd@
40

Two further methods have been proposed for calculating
heat fluxes {rom dissociated gases. The first of these is

(30)

‘due to ALlimann andé VWise who assumed, for turbulent flow,
that recombination occurred in the turbulent region of the
boundary layer and that the diffusivities were small compared

to the eddy kinemztic viscosity €.

II 5 (b)



-3€-
Eence

D+ €& __
< + &

The following expression was then used to caleculate the

1 ni——

total heat flux to the surface

o ]
q“ = 6.'“ + A “i ( L}‘)‘ C 1 S)

! T =07 47 o5 By 6, I

wvhere i is the ith component, C* is the mole fractién and
subscripts b, s and 1 refer to bulk ga surface and
logarithmic mean, respectively.

The final method is due to Hesner (3 / who derived
theoretical equations for the heat transfer at a stagnation
p01nt in a rulti-component system for both Le = 1 and Le é 1.

Chen and lfcGrath (32) have calculated the rate of heat
transfer from az stoichiometric oxy propane flame at 3000
to 2 sphere of diameter d at 1000°K using the methods given
above. The rate of heat transfer was calculated for the

undissociated gas, using the correlztion

| 0.6 uC :
- h—i = 0.42 [@_ﬂ_] [/:T._P.J : — T 13
, . /L < ——
where h is the heat transfer coefficient, °~ °~ G is the mass

velocity and s is the viscosity. Table zi 5 gives the results.

Method of calculation Heat flux . ¥ oem T2

and equatioﬁ numbers. Te =1 Le # 1
For undissociated 8354.zi 13 - 108 -
Putler and Brekaw, II 10,11 266 310
Altmann and ¥Wise II 12 ; 223 -
Rosner. (Egs. not given) 340 414

Table II 3.

From equation II 9 and fable II 3,

and




showing that surface recombination can have a large effect

on rates of heat transfer between flames a2nd surfaces.

(¢) BHeat flux measurements.

The distridbution of heat flux in flames and arcs has
been determined using line and surface probes and the results

(33)

‘have been z2nalysed by the method of Westor and Olsen

(i) Radial distribution of heat flux.
Nestor an¢ (lsen's method allows the radial distribution
.of heat flux to be determined from measurements recorded by
fone of three types of calorimeter:- |
A. A point probe which measures directly the heat flux
at any point in the flame.
-B. A line probe which measures the rate of heat transfer
to 2 chord in the cross-section of the flame.
C. A surface probe which measures the rate of heat
transfer over a segment of the flame's cross-section.
Figure II 21 shows the functions f1(x);_f2(x) and»f3(x) which
are measured by the three types of probe. In this example the
flame has a cylindrical distribution of heat flux.over its
cross-secition, such that the radial disiribution of heat flux

f(r) is constant for 04r £ r' 2and zero for r > r' -

Point Line ~ Surface

"
b
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x
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e
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The point probe givez a édirect measure of the heat

flux such that
£,(x) = £(x) = &"

The line probe measures a function fz(x) which is the

integral of the radial function f{r) over the line A3:-
r‘
f(r rdr T 13

f.(x) = : L
2 V(-
The surface probe measures a function f (x) which is the

integral of f(r) over the segment 4PC:=
r'

£,(x) = 2 £(x)cos™ [z; ] rdr

X

II 14

Equation II 13 is the Abel integral equation which has the

. s 1§
solution . T 2(x)ux

R ESD

Equation iz 15 can_ be- integrated numerically using the

=
=

15

transformation r2 = v and x2 5 u which gives
]
o £, (u)du

- f [r(v)] = - i% —_—
_ - v M v -1
The x-axis is divided into zones of equal width s,

the ith zone lying between X and X1 where %, = is

and the radius is divided 31m11ar1y S0 thatArj = js. By
the numerial method

[f (r)]j = 1'2F—s Z; 83,1 [fz(;‘)]i
| v

where B, ., can be obtained from a matrix published by
?
Nestor and Olsen (33) for 0 & i £ 29 and 0£j£29.

The solution to equation ii 14 can be obtained from

I
{4

equation II 16 because f3(x) is the integral of fz(x),
except for zlgebrzic sign. Using the same division of the

x axis and neglecting terms of the second order

15 {c)
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[f‘B(’:)]i .é% ‘[f3(x> ] i+1- ) [fB(X) J i-1
[fz(":) ]

Substituting for [fz(x)] . in equation II 16 gives
i _

"

—~
[t(x)] j =f;;% By 5 i [}B(x)_]i+1 - [&E(x)j]i_1 |

i=j

" which éan be simplified to
~ _ " n
1
-[f(r)] = — C. . [f (%) } —— II 17
3 2 Jsi L3 i
: i=] '

Values of Cj ; are given in Nestor and Olsen's paper for
, .
-1€1i€29 and 0 €3 £ 29.

(ii) Results from line and surface probe.

Equations II 16 and II 17 have been used in the
determination of heat fluxes by tube and split plate
calorimeters, respectively.

(34) (4)

the distribution of heat flux from flames and electrically

Anderson ancé Stiresino and Davies have determined
augrented flames using tube calorimeters. This type of
calorimeter consisted of a fine water-cooled tube with a
thermocouple or meréury—in—glass thermometer at either end.
The flow rate and increase in temperature-of the cooling water
vere measured as the tube was traversed through the flame in

a plane normal to the axis of the burner. By this means,
values of l:fz(x) ] ; were obtéined which were substituted in
equation TI 16 to give [f(r)jj. In zddition, the heat flux
to the tube was cezlculzted using the method of Butler and
Brokaw outlined in section Ei 5 (b)_above. The results are
given in table 22:4 in the form of maximum values.-

(34) (35), Reea(36) ana

3
Fay(37’ have used surface probes to determine the distritutions

{35) (36)

. A cazlorimeter of the split-plate type was used in

tnderson ané Stresino , Yestor

of heat flux from arcs and flames

(34,3€,37)

, induction plasmas

I 5 (c)
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all cases. Ii consisied of iwo water-cooled plates separated

by a thin layer of insulation a2s shown in figure IT 22.

water watexr
f ouvi 3 . { in
gl ) i
r 1] —_—
[_] \\insulaﬁion
burner -

direction of motion
of calorimeter

Figure 11 22.

Trke calorimeter was drawn across the burner and-the
temperature of the cooling water was measured 2t A,B and C
using either therrocouples or thermistors. . The values
of [Tfa(x) ]i were calculated from the temperature
differences between eitker A 2nd B or B and C and the flow
rate of the cooling water. These values were substituted
in eouation II 17 to give [f(r) ] 5 The maximum heat
fluxes azre given in tadble ii‘4. ’ '

Table ii 4 shovs experimentally determined values
of heat fluxes ranging from 7000 ¥ cm"2 for an electric
arc to 82 W em™° for an air-methane flame. A strict
conparison of values obtained by the different workers is
impossible due to ~variations in distances beitween the heat
sources and the probes and the varying geometry of the heat
sources., The distribution of heat flux is especially dependent
on the geometry of the heat source. '

The results-of Anderson and Sfresiﬁo show that the tube
calorimeter gifes higher values than the split-plate
calorineter. Their calculated values will depend on the
average values of the transport properties which they used,
as pointed out by Chen and NcGrath(Bz).

Davies states that the heat flux distributions vhich
vwere obtained for lean flames were similar to those obtained
for stoichiometric flames and only gives results for
stoichiometric flames. e electrical power added to the

air-town's gas flame was equivalent to €07 of the rate at

II 5 ()
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which heat was releaseé by combustion. Although the
maximum heat flux was hirher than that obtained from the
oxy-town's gas burner, tnie distribution of heat flux showed
a steep heat flux gradient near the centre-line of the

burner. _ The distribution obitained with the oxy-town's gas

burner was much flatter in comparison.

“r . 1 - vr "2

Reference}l- Teat Source Bistance Mex.heat flux (i om °)

(em) Tube |Split Plate] Calculated.

Anderson Stoich.Rz-szet Close. 4.1:{103 2.9x103 1.6x103

and  phurp o orlame | POSRlg 44102 82 94

Stresino 4 ion of 3 5

- (34) 0,-C,%, flame max. |1.2x10 2.9x10 -
flux

Davies Ajir-town's gas 1.9x102 - -

(4) 0, - n " 5,_3}(102 - -
tir- " " 0-6 (ifean)
+60% elec. 7.2x102 - 2.5x102

Nestor D.C.arc, 2004 probe

(35) €.3 mm long at

) in argon anode - 7x103 -

Reed Induction

(3€) plasma 2.5 - 70 - 90 -
in argon 5.0 - 60 -
E,~0,flame 5.0 - 110-150 -

Fav T . itior

Fay Lean Czu2 O2 position 3.5_3.0

(37) of mex.| - %10 -

" T - '
C2“6 O2 flux

Table 11 4

Pay nas determined heat flux distributions from oxy-gas

burners at the oxygen-to-gas ratios encountered in welding and

flame herdening procecses,

i.e, under fuel-rich conditions.

Further results of interest were obiained by Marynowski,

~Zarlovitz and ?irt(3) and by Tells and Earker(se).

Marynowski

and co-vorkers determined the heat flux to 2 cold wall stagnation

5 (e)

1
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~point prove from an elec*rically augmented flame. Theflame
wes 2 stoichiometric naturizl gas-zir flame to which‘haa been
a2dded 1007 electrical pouer. The maximum heat flux was found
to be about 300 VW cm—z. Fells ané Farker measured the heat
flux from an electrically a2ugmented propane-zir flame to

a flat water-cooled surface of 0.95 cm diameter which was
surrounéed by 2 larger water-cooled surface. The highest
value of the heat flux was 190 W cm-2 for an electrical power
input which was probably equivalent to 1407 of the rate at
which heat was released by combustion. They state that heat
flux was largely independent of propane to 2ir ratio and

confine their results to flames containing 5% propane.
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€. HEAT CCNDUCTION TN SLABS

The process of flame hardening the surface layers of
a steel slab requires that a well defined temperature
distribution is produced in the slab. This temperature
-distribution can be used to determine the heat flux
necessary for surface hardening by solving the heat conduction
equation.

The heat conduction equation and its solution under
conditions which are similar to those encountered in flame
hardéning is reviewed below. A semi-infinite slab is
considered thréqghout and its initial temperature is taken as zero.

(2). The heat conduction equation.

A semi-infinite slab A -
extending over positive x is ::///
shown in figure 1I 23. The L

/
>

‘élab is heated at its surface

Y

in the plane of x = 0. .
Conduction of heat in the x K2
direction inside the slab is 2
described by the heat

conduction equation —_—
- b FPigure II 23

| 36 d de ——
£ 5% = 3x | k3% T———— L 1
Equation ii 19assumes that there is no heat generated

in the slab and that the slab is homogeneous. If p,c and k

are functions of temperature, equation ii 19 may be written as

dk 2
re < = 5 + - — II 20.
ot dx ae dx
If P c and k are independent of temperature, equation :i 19.
becomes
H 32 .
20 | ., 92 il 27
ét ax
where

L= =
/.)c

(b) Methods of solving the heat conduction equation.

(i) Exact solutions ' ( 29)
57 —
Carslaw and Jaeger have solved equation II 21

and its three dimensional egquivalent,

gj? = < ‘72€9 ——— ii 21a
t .
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for a large number of boundary conditions, A simple

example occurs ‘when_ tlie slab shown in figure T 23 is
subjected to a uniform heat flux §"jat its surface. The
heat flux at any point in the slad is described by
26 —_—
1 = - k Padid e oo e e
q 3% II 22

which satisfies the same differential equation as @ ,

viz, .
2,
bén é s 1 : I
Q9 _ ot &2 4 —_— ~
31t be ’ x>0, t>0 .:_[_123
The solution of equation II 23 with 4" = Q" at x = 0,
t>0 is
x Sm——— .
qg" = 4" . erfc 1124

° 2Vt

Substituting forq" in equation I___f 22 and integrating over

the semi-infinite slab gives

1 z=X
oL B[(&) e ) o,
k T 2 2/&'{ -
' s/
or O = 2qo oY ierfe p'e —_— ;
— \ TI 25a.
o 2K ¢
T.he surface temperature es is given by putting x = 0
in equation E 25a. .
2(‘1" dt
6, = -1;9-/: 1T 26
S ™ —

If the supply--of heat ceases at t = T and the surface x = 0
I 25.0or

=

is then thermally insulated, © is given by equation

25a ., for 0£t<T. If t>T then’
24" Jot
° \/; ierfc *
k 2yatt
_ X ’ ,
- (t-T)ierfc — TI 27
2V (t - T ) -

o -

Carslaw and Jaeger also solve equation zi 21a for
a semi-infinite slab moving across an infinite strip source.
This case approximates to a slab moving across any given heat
flux distribution. Referring to the axes of figure iz 25
the strip source extends over -a<y%s, -0 <z <™ in the
plane x = O and the slab moves across the strip in the
y direction with velocity u. A uniform heat flux Qg is

supplied by the strip to the surface of the slab. Curves

o - N o - 4!'_6_@)_.—__
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of dimensionless surface temperature, MOk u , against
2«@" -

_ )
dimensionless distance along the slab’y/a, are plotted
for various valves of va

' 2«
(ii). 1Integral meihods.
The analytical solutions described above are only
available for the heat concduction equation when the thermal’
properties P, and k are independent of temperature

and when the boundary conditions are linear. Integral

~methods have been used by a number of workers (40541) to

overcome these disadvantages, particularly where non-lineer
bouﬁdary conditions are involved.

- The example guoted in (i) above will be used to illustrate
tﬁe general principles of the method. A penetration distance
§ is defined such that when x = &, §" = 0. Equation 11 21
is integrated between x = 0 and x = § By applying the Liebnitz

~ integral formula (42) to the right hand side to give’

$
20 e d _
| — -— d(a—;) = a.:b- f e dx - (e)s’t . a8 -

X
o : - 5 dt
| I 28
Since the heat flux at the surface of the slab is uniform
an
at qgs S o - ‘
(54 0 . - .
b .- & s
’ o,t .
and there is no heat transferred beyond x = S ’
() - o II 30
51 .
and 30 - 0 —
' 3x) i1 31
8%
Assume that the temperature profile in the slab can be
represented by a quadratic
e - 2 —
Ao + A1x + A2x TT 32
The A's can be evaluated using equations ii 29-55 to give
S8 (5 )2 —
©- % (6 » II 33
2k $ '



~46-
Substituting from equations IT 29,30,31 and 32 into

equation EI_ 28 gives 2n ordinary differential eguation in , 8)

a 52‘)
L= ;" .(e.—

which can be integrated from 0 to t to give
S = Vet

The surface temperature GS is obtazined by puiting

()

=
N
Y

x = 0 in equation 1II 33 , @and by substituting for §

from equation E-34.

a4 /3t
GL = X 2 — 11 35

Comparison with the exact solution, equation E 26 shows
that

es (integral method) = = 1.09

\/é
2
©s (exact éolution) ?_4_ .
™ —

This 9% error can be reduced if equation TI 32 is replaced

by a cubic

4 ’ 7
&= 1 +Ax+Ax2+A.'.x3
(o) 1 2 3
giving
. .', .
6. = % 4ot —_
s x V73 | 1L 35a
Goodman ¢ 40) has used the integral method to find the

temperature distribution in a slab which is subjected to a

heat flux that varies with time.

& A

The surface heat flux

q" is shown in figure g e — —
_1_724 as a function of 11 :
For Oé‘l‘,étb1 - )
T i

The nethod outlined |
1

t

above is valid. Eguation

29  ‘becomes

(), -~

b - | T o0

o]

o

o



giving
alt 2 —_—
9 = gk (S —K) A ;[_1_‘ 393-

and £ 1 —_—

At

q ° .t -
. - 3 .
and eS = -1;1: ..éc—.‘ [(':.nf én d.{J _-__T_._T; 350

- > o
Kguation .I—-__I_ 35b does no% hold true when ’t.>‘t1_7 because GS

will not siert to fall immediately that t reaches tm, as
predicted by equatibn 355, but will continue to rise for
some little time.

FoE[‘ t > tr.'.:"

The temperature is assumed to consist of two parts

(e)x,t= (61)x ¥ (GZ)X;

where 91 satisfies a fictitious boundary condition

LQ-l: _ QH?J
hy | T

and is associated with a penetration disrtance 81 By

,t t

ahalogy with ecuation E 3da
) ' t*’, . 2

. ) ’
e 2 18 - —
a"at + &% (b - %) ———— TI 34b

o

The surface heat flux associated with 62 is negative,
begins at t,: 2and is such that the total heat flux follows

the curve stown in figure II 24. A penetretion distznce 82

is essocizted with 92 which is given by

e ( (.l"u" Eln ) . | S 2
, = - @y (x - 5,)
2k & >

=i
o
o’

-
-
[
—~
o
N~



~48«
by the nethod,

e
) 2
( ) = = 2’1( Q,", [ { ('n (‘].‘!{ ) at + q,'; t ]
t>t, ® .
— (g -a) f (a-am) at — I0 35
T,
M
] .y o ) =
es t>% = - .3_0(_?.:.2 ( qn- '")d'[‘. + s
o -k > =y a1

b 1
qr' (t t ) — g at — 11 35¢
n ")y 11

(iii) Finite difference techniques.

These numerical methods have been widely used for

aetermining the temperature distributions in solids.(43’44)
The semi-infinite slab yA

shown in figure‘ E 25 ol 1l2]3 i

is divided into layers,

each of thickness §x. -
.At the plane separating 0 *
the ith and (i + 1)th ' —AEx

layers ' r_

x = x; = i8x Figure IT 25
where i is aninteger. '
Assuming that conduction of heat occurs in the x direction

only, then ei is the témperature of the plane xs and 91+1

can be expanded in a Taylor's series to give

_ | .
o 20 +0, -(6:)2 [2%) .6 [e) -

3<%/ . 1234 /.
i ) i
which approximates to )
3% O;,1 70,8, , e
— = . 11 36
3.2 (g) 2 -
x . X
l .
The “time t can be divided into intervals St, to give the
approximation o -0 _
30 - “t+ §1 Yt T 57
Y St

II 6 (b)



Substituting from equations II 3¢ and 37 into equation i[?‘l

gives p oS : .
t
Oi = ei + '(—S;)Z (91—1 -2 Gi + ei+1 i .

’ ,
where Qi is the temperatvre 2t time t +$t.

The method can only be used if errors do not increase,

i.e. x §
) (Sx); < %

.This is the stability condition.

Schmidt's graphical method is based on

<ft _
(6)2 2
Teee e - _©i ;91+1

The boundary condition, equation Ezg inay be written

("‘99;,1& T (ﬁ)

An approximation can be obtained for (39) by considering
X /7o

a fictitious layer of thickness S x beyond the surface of the

II 39

slab. The temperature of the surface of this layer is a-ssumed

to be 9_1 and equation E39 tecomes
(@), - -85 %1 — T 40
eo, t ) 25x -

/
The surface temperature 90 is given by

ecf = eo + 0(8-[;)2 (91 -290 + g—i}-‘——qi-)

(5~

. Allovance can be made in this method for thermal properties

et

which vary with temperature. MNon-linear boundary conditions

can also be included.
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T. TLAVE EALRDEVITG.
C ertain iypes of steel can te hardened if the steel
is held at suitably high temperature for sufficient time

a
to form auctenite and iz then cooled rapidly to a much lower
temperature to transform the austenite to martensite. Martensite
is ire hard constituent anéd successful haréening is dependent
upon establishing temperature-time relationships which allow
ausitenite %o be formed and then transformed to mariensite.
These temperature-time relationships will be discussed below,
together with the process of flame hardening and some methods

of measuring haréness.

(2) Formation of martensite.

The principles of heat treating steel in order to harden

‘it are given in standard texis such as that by Grossman and

(46)

Steels consist of one or more of the following constituents,

Bain

if 2lloying elements other than carton are ignored:-
Ferrite - soft, & iron containing carbon in solution .

s

,Cementite - iron carbide, FTe,C, which is hard anrnd brittle.

3

Pearlite -~ an intimate mixture of ferrite and cementite,
ﬁsuaily appearing as alternate lamellae of ferrite
and cementite.. V

. Austenite - § iron containing carbon in solution.

Fartensite - very hard.

The iror carton diagram shown ih figure II 26 illustrates all
of these phases, except martensite, for plain carbon steels in

-the range 0 to 1.0% carbon.

Temperature :
900
°c
800
70¢
€00

it

carbon

FPigure II 26 \
/

ff

!

~
~~

®
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Z on the diagran represents the eulectoid which occurs
a2t 0.8 carbon. In the znnealed siate sieel at T is
composed entirel:; of pezrlite. Steels containing less thean
0.8, carbon arc known as hypoeutectoid steels and consist
L some férrite, the proportion of ferrite

e carbon content decrecases. Fypereutectoid

4]
)
Q
,

xt2in more then 0.8f carbon and consist of pearlite
and cementite. the cementite content increesing as the carbon
content increases. Hypoeutectoid sieels are usually chosen for
flame herdening btecause ihe hiéh strength of the pearlite znd

. ferrite is reteined in the main mzss of the maierizl beyond
the hardened surface layer of martensite. . Consequently,

the following explanations will relate to hypoeutectoid steelé,
with speciai reference to En 8 which is a 0.4% carbon steel
often used for flame hardening. Although En 8 contains sonme
mangenese ard silicon whichk modify figure zz 26 slightly, this
steel may be regarded as a plain carbon steel.

From figure iz 26, a sample of steel woulé have to be
heated to zbout 720°C in order {to begin the itransformation tfo
austenite (¥ ). 4t E, transformetion to austenite is complete
at 720°C but for En 8 (0.4% caerbon) the trensformation is not
comﬁlete until about 800°C is reached. Martensite, the harad
constituent, car then be formed by quenching the austenite .
to telow the mertensite transformation temperature. A plot
of the.meximum hardness attainable against carbon content for
plaiﬁ carbon steecls is shown in figuvre Iz 27 (47), vhere V,P.V.
is the Vickers hardness (to be explained below). In the fully

hardened state En 8 may be expected to reach a V.P.¥. of 600.

800 P
Fardness
V.P.¥,
£00 L
400 L
260 ! 1 1 ! o
-0 . 0.2 0.4 0.6 0.8

¢ carbon

Tigure TT 27

II 7 (a)
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Igj

igure ii 2€¢ is an ecguilibriunm diagram and coes not
provide inforﬁation zbout the time required for transform=tions
to occur. The kinetice of the austenite and martensite
transformetions will be considered.
(i) Austenite transformation.

The time reguired for the formation of austenite from
a fine-grained pearlite siruciure has been determined for
piain carbon eutectoid steel at various temperatures as shown

(48)

nese curves are probably representive of En 8 also but they

in figure zi 28

"do not appear to have been determined for this steel.

850
Temperature :
' 800 F
°c
92.5% zustenite
750 | 0.5¢ ausienite
pearlite .
70b 1 J
- 1 10 100
. . Time,eeconas .
Figure 11 28

: i

28 indicate the beginning'

=

The two curves in figure I
and end of the austenite trancformation. An approximate
value of the time required for austenitisation at a

specified temperature can be obiained from these curves.

(ii) Martensite transformation.

An zpproximate value of the rate of cooling reguired to
transform austienite to martensite can be obtazined from an
isothermal traﬂsformation diagram., The diagram for En & ASTM 10
grain size is givern in figute zi 29 (49). This diagram has been
constructed by austeniticing 2 thin sample of the Bn 8 2lmost
completely by holéding it a% SSOOC for half-an-hour. The sanple
is then cooled extremely rapidly to the temperature at which
the transformation of austenite is to be investigated and is

held at this temperature for a cértain length of time.
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1 000 ] ] ] . ] ] 1] B 1

900} ' -
Temp.

800
700
600
- 500

400

300} : , -
MARTENYITE

200} _ . i

100} Mf -

0 - ] [ 1 1 ] 3 [ 1 [} ]

1 sec 2 5 10 20 40 1 min 2 5 10 20 40 1 hr

FIGURE 11 29 - ISOTHERMAL TRAWSFORMATION DIAGRAM FOR EN 8

II 7(a)
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Trhis procedure is repeated for many temperatures E“d'ﬁine
irtervals Lfter each time interval the sample is again‘

né tne amount of -pearlite present,
Theece resulis are plotted on tiie diagram and will protably orly

1

e to isothermal transformations because of the

W
Lol
Lol

H

QO

v

|—ll

cl-

s . ; . - . . o .
impossitility of cooling the specimen from 850 °C to the required
temperatvre in zero tine. The diagram is very dependent on

L4
né on the steels

»

the grain size of the original structure
composition. Martensite berins to occur at the XS line and
transformat

lon is compleied at the M, line, these lines
EN
on figure II 29.

appearing
- In £

isothermally because certain cooling conditions are imposed,

lame hardening practice, steels do not transform

such as 2 water gquench. Also the transformation of zustenite

‘is accompanied by a heat relezse

(b) Eardenzabiliiy and hardnecs.

(i) Jominy test.

The hardenatilityof a steel is often éssessed by the
Jominy test. A standard bar of the steel is austenitised 2t
specified temperature and then one end of the bar is quenched by
~a water jet under siandard conditions. The hardness is
measured 2%t various distances from the guenched end., A curve
of hardness against the distance from the quenched end can be

plotted 2nd a ﬁypical_result for En 8 is shown in figure l; 30(49).

600 L
Farcness

T W
V.r.%, 400 |

20T | 4——-—‘\\\\‘A

L1 11 1

L { - 3 ; {
i.0 2.0 Z.0 4.C 5.0

. Distance from en

Fad

of tar , cm

Figure I1I 30
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Trhis curve shows that a V.P.”7. of €00 may only be expected
over a depth of 2 to 3 =m and that the hardness drops to
that of the untrezted specimen at a depth of about 10 mm.
En 8 is therefore xnown zc 2 sh2llow hardening steel.
A curve of the theoretical rate of cooling expected

during a Jominy test a{alnst distance along the bar is shown

in figure I 31 (990,

4CO
Cooling
rate 200
et o -
55C¢ "C

'.

o
Cper 560 |
second ]

100 }

. '] 1 1 3 V]
0

Figare IT 31

The rate of cooling varies with the temperature of the bar
and has therefore been expressed at 550°C. Any heat of

transformation was neglected in the calculation.

(ii) Hardness testing.

The Prinell method is thie most well-known hardness test

and is the basis of many other tests. A small steel sphere of

high hardness is pressed into the surface of the piece whose
hardness is to be tesved by applying a standard load to

the sphere. The dlameter of the depression made by the

: L)

sprere is measured. The resistance to deformation is given
by
applied load (¥g)
cross~sectional area of indeniation Zﬂm )
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This is also the elastic linit of the maierial in

compression to a first approximation. The metal under the
sphere is colé worked during the test and offers more resistance
to pemetraztion than would bte expected from the undeformed

" metal. Brinell attempted to correct for this effect by

roéifying the expression for the resistance to deformaztion to

The value of this ratio is ca2lled the Brinell hardness number,
The Vickers test is a modification of the Erinell test.

The sphere is feplaced by a pyramid-shaped dizmond which

has the advantage of not measurably deforming when indenting

hard steels. The Vickers pyramid number, V.P.¥., has the

'same definition as the Brinell hardness number.

o A microhardness tect also exists which is similar to

the Vickers test but lezves a much smaller indentation, of the

order of 10 microns, The resulits are expressed in V,P.¥ ., and

the indenting mechanism is incorporzted in the stage of an

optical microscope.

(c) The process of flame hardening.

Descriptions of modern flame hardening practice are
1

(52) :

Flame hardening enables the surface of a hardenable ferrous

given by Scoti (5 ) and in the Meitzls Yandbook

alloy to be rapidly heated avove the austenite transformation
temperature by direct impingement of a high temperature fiame and
then cooled sufficiently quickly to transform the austenite to
martensite. Deptks of hardening up to about 6 mm can bve
obtained Gepending on the hardensabiliiy of the ferrous a2lloy, the
flame, the time of heating and the method of quenching.

Trhe process is useé¢ for the following reasons:-
(1) For hardening large parts vhere conventional furnace

heating is'impraéticable,e.g large gears, rolls and dies.
(2) Tor hardening a small area of a component, e.g. ends

of valve siems and wearing surfaces of cams.
(3} If dimensional accuracy is difficult to attain by

furnace heating, e.g. large gears. .
(4) in oxder to use cheaper materials, e.g. replacement

carburised low carbon zlloy steel by plain carbon steel.

Ei 7 (c)
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Flame harcening competes directly with induction
“arde“iné, a process in which the surface heating is performed
by 2 high freguency induction coil but which is otherwise

similer to flzme hardening. Other methods of surface hardening
are carburising, nitriding and carvonitriding, 21l of which

reguire furnace heating.

Selection of materials.

~~
pe
e

£11 cast iroms except white iron can bte flame hardened.
Plain cazrbon sieels conizining more than adout 0.35% carbon
are used, e.&. En 5, En 8 and En 9. Surfaée hardness values
“which may be expected by flame hardening En 6 are 365 to 510
V. P.“.(49) .These values compzre favourably with those obtained
by the Jominy hardenability test, sece figure TI 30, Alley
~steels containing 19 chromium are also flame hardened, e.g. En 15

rand En 18.

. (ii)  Hethods.

- A1l methods of flame hardening employ a2 flame head and
a spray or tank quench. The design of the flame head wvaries
according to the type of fuel uced 2nd the method of flame
hardening’ﬁut; in general, consists of either a single or a
multiple orifice dburner. Quenchants may be o0il, water, brine
and gas according to the type of-ferrous alloy which is to be
hardened.

The various methods are:-

(1) Spot hardening - .2 flame is played on the small area to
be hardened and then the work-piece is quenched, e.g.
hardening a valve étem end.

(2) Progressive hardening - a- flame and quench is moved over

. the surface which is to be hardened, a sbowr in figure Tf 32.
The quenching spray is often 1ncorporaued in the flame
‘head as shown in the figure.

Direction of motion
e

Plame II l \::\\

[ / /7 / / V4 4 7/ l 7 7 4 7 7

Surface 1o be hardened' Fardened surface

—

Figure II 32 _
I1 7 (<)
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(5) 5pin herdenirg - the work piece is_rotaﬁed and its
surface moves past a flame head, A ‘spray quench
is positioned near trhe flame head,

(2) Trogressive spin hardening - a combination of methods

i
(2) ané (2) vhich can be used io harden shafts. The
shaft ie simu téneously rotated atout its axis and
advanced in an axial direction past a flame head. The

shaft is then quenched by a spray or by immersion in

1~ N

(iii) Tuels. .
Trhe mosti common heat sources are oxy-gas flames., Air-

gas flames are sometimes used for steels of high hardenability

but shallow-harderning steels, such as En 8, require the higher

heat fluxes which are ascocizted with oxy-gas flames., The fuel

:gas 1is supplied with a sub-stoichiometric proporiion of oxygen

or air in. order to avoid oxidztion of the hardened surface. The

fuel gases which azre used include a2cetylene, propane, natural

gas and town's gas. Howatt(SB) has given the oxygen to acetylene

ratio used in flame hardening as 1.C to 1.2, whereas the

maxianum temperature of the oxy-acetylene flame occurs at a ratio

of 1.7. Carbon is deposited at below 1.0 and surféce

oxidztion occurs above 1.€.

(d) Quenching

The success of the flame hardening proéess depends-on-
achieving a sufficiently rapid rate of cooling to transform
austenite to martensite. Plain carbon steels are usuzlly hardened
using a water quench but little information appears to be
available on the magnitude of the heat flux involved.

The boiling -of liquids on hot surfaces is a similar
process to quenching. Nukiyama (55) has studied the boiling
~of water on an eléctrically heated platinum wire. His plot
of the heat flux at the surface of the wire against the
difference between the temﬁerature of the surface of the
wire and the saturation temperature of water is shown in

figure II 33.
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Figure Il 3% - Hukiyama s results for boiling heat transfer

In the region AB, water is being>heated by natural convection,

and evaporation only ocdurs at the surface of the pdol of

water. Pegion BC represents nucleate boiling, where bubbles

are formed which rise through the water. As more and more
bubbles are nucleated, they start to join together to form

a.film of vapéur on the surface of the metal and the heat flux
decreases until a minimum is reached at D. In the fi1m>

boiling region EF, the heat flux incréases’becausé heat is
transferred through the film of vapour bf conduction and radiation.
T'his région of film boiling should represent the important

part of the quenching process where thé surface temperature is
reduced from about 80000 to 360°C before martensite transformation
starts. To a first approximation, the heat flux can be considered
constant during this part of the quenching process at about

50 W om™2.

II 7 (4)
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TIT° THEORY.

The integral profile method of Goodman (see page 46)
has been modified to prédict the surface temperature
\of a semi~infinite slab moving with constant velocity
over a burner and guench whose heat flux can be expressed
as a function of distance along the surface of the slab,
The method 2llows the heat flux distribution to be
split into any number of imaginary parts, the-sum of
these imaginary heét fiuxes at any point on the surface
. of the slab being equal to the heat flux at that point.
The integral method enables a surface temperature to be
found for each imaginary heat flux. The slab's surface
temperature is the sum of these individual surface
temperatures. Examples of normal, triangular and
rectangular distributions of heat flux are given, with
each.distribution being interrupted by a quench of
negative flux, The quench is assumed to be of constant

flux (see page 59 ).

Tﬁe limiting conditions required by the process of
flame hardening, such as the maximum slab velocity and the
minimum distance between the burner and the quehch, are
obtained from the relationships bétween surface temperature

and heat flux distribution.

=
=)
=)
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1. THE INTEGRAL PROFILE ¥ETHOD APFLIED TO A SEMI-INFINITE
SLAPR KOVING ACRGSS A GIVEY EUERNER EEAT FLUX DISTRIBUTION
‘'FOLLOWED BY A QUENCH.

x Slab velocity
—_—D
The co~ordinates of the system u
are shown in figure 1. The slab L LA L L L L L L v

0
moves over the burner and

I
' ]

- quench at a velocity u. ' ,| Quench
. Burner i |

Figure 1.
.The following assumptions are made:-

1. Conduction of heat occurs in the x - direction only.

2. A sfeady temperature field exists in the slab relztive
to the burner. )

3. .The initial temperature of the slab is taken to be‘at the
zero of the temperature scale.

4. The physiczl properties of the slab do not vary with

temperature.

The heat conduction-.equation for this system is

o(bge_uéf_éﬁ K -
S;? ay . dt

By assumption 2:-

e _
ot
Hence 2 | T
<29 26 1. or 111 1.
" 2 -t S—— - -
. x
g 9 _ y
~N | The heat flux q" crosses the
\ . surface of the slab in the
\ x - direction and is distributed
\ ' over the surface in the y - .
\ _
\g direction as shown in figure 2.
ST T % The distribution due to the
burner lies between -©Q and b
N, and that due to the quench lies
between b and oo .

Figu:e 2. » _ TT1
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At all points on the surface of the slab:-

‘k (%?c)}mo =- 4" .2'

The temperatures within the slab must satisfy equation 1,

subject to equation 2 and the boundary conditions remote
from the burner. It is impossible to obtain a formal
solution to equation 1 in this case and so an approximate

) qn qn
method is developed below. A 1

. _en
The heat flux distribution //,,//””/’ ?35
shown in figure 2 can be
split into three imaginary
parts as shown in figure 3
so that

b b

Figure 3.

PR ] _ -8 1] an a1t ’
q - q1 + Q2 + Cl; _‘> y

The temperature in the slab can also be split into three
imaginary parts, each of which will correspond to one of

the imaginary heat fluxes, c’l"j , So that:-
q".= -k (593) - 3.
J d x/x=0
n
and ©=8, +6, +0 =Zej
o -
Since eguations 1 and 2 are linear, © will satisfy them

both, provided each ej does. Each imaginary temperature

is assumed to penetrate for a certain distance Sj so that:-

(%)x=sj - ° %-4’
de. 5.
2 —

Integrating equai:ion 1 for each ©j between x=0 and x=Sj

and applying the Liebnitz integral formula to the right

hand side gives:- S.
20, - -
of S_J) _x(ﬁﬁl) - w- i gax -(ej),fl—sj
X S ’y ox 0,V y J S dy
j | J.

Substitvting for (6)5 from equation 4 gives
J

=

=

| I
-

L]



J
. J6. d
oL [[2&5)-155) |- u. =| 6, a
dx dx dy J
j"y o, Y
Assume that the temperature profile in the slab is given by
2
93 = A+ Ay x 4 AyX

where the A's may be functions

of y and are evaluated using equations 3, 4 and 5 to give:=~
( | 7

c';"j in equatlon 7 is the value of the imaginary surface heat

2k8

flux at the point y. Equations 3, 5, 7 and 6 give an ordinary

differential equation for gj‘

oLgn g an, §.2

—_— . g - —_—
k ' ¢y 6k

which can be solved between - o0 and y to give
S‘ 2 6« }’ 1 .
j o= — 9y dy 8
. uqn
J /J-o00

Since Sj=oaty=-eo.

At the surface of the slab x = o and ej = ej s
. ' . - 4 7

Substituting Sj from equation 8 into equation 7 and putting

x = o in equation 7 gives:-

1 [;o(g".' fy q" dyJ% ' 9
6., =— 3 J o

Js® k 2u o0

The surface temperazture GS is given by

1
n T e & ' v < ; -
= . - — - 4t e 1 —
Zea,s C d5= Z (qa f 9 W — 101772
[3) - ol -

If the temperature profile in the slab is assumed to be given by:-
2 .
6. - 3
j A, + A1x + A2x + A3x '

i.e. a cubic instead of a quadratic, equation 10 becomes:-

n Ty Fl
/5-2‘ E q" an dY) :
0. ( J —e0 J 10a.
\ (o]

"
2]
-
-
.
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A simple applicatioh of equation 10 is the case of a burner
°n AN
§ --.\q heat flux with a normal
3 distribution as shown in
\\ } figure 4. A good approximation
>~ - » to the normal error function is
0 b y given by a curve which is
known as the "Witch of Agnesi":-
('ln - ’
Figure 4. Q
. . 1 1.
Q" = q!'l —
M » +(z)2
] a
Vhen y = fa, g" = a
2
‘The imaginary heat fluxes . c';:j' befome: -
y— (’l" q" (‘1"
1 2 3
k 1 ')
£0 qr'} 0 0
i i
|
a2
[ 1
g an - -
20 Qs |1 0
No I 2
quench - 1+ a
8 y>b
. >0 (.1" 2 1 1 "
With 8 G [T 7\2 4
quench - 1 +(a Q
Vhen y<£0, equation 10 becomes:= ‘
¥ %
S
(95) <o I 3| ! i
| v<0 kK Jou |1 +(1)2 1+ 1)2
. a2 - o0 2
= &n -1 Z
I /2&&. "—1'——3 (’can — o+ ;—L)
k 2u 1 +(Z)
i2.
ITT 1.

|
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without quench or 0 <y<b with quench

When y>» 0
- y
03 ) _ f 3°‘1I.I' \ ay | —
Slys0 x 2u (l
0
. y 1 1 2z
_ 1 - —————————2 1 - dy
- *\a 0 a
2
S (v 2
= q", [ 3™a)]VY 1\ , -1 7
1 {".' + '] 2 5 (% - tan —
k 2u a .21 {1+ (‘Y-) a
. a
13.
Similarly, when y>b with quench:-
L . 1
21 =2 .;Y.) 2 . 2
€ Lo G fee [1+I] [z (2w T)
y> k 2u a 2 | 1 +(_y_j2 a a
, : a
-q&[y-bJ % 14.
as - a
Equations 12. 13, and 14 can be expressed in dimensionless
form by puttiﬁg
0% -0 5 wa(x8%)° , . Loy gt A
s T o= u¥* = A, u 5 y*= £ 5 @ = 29
B a!
»eA q;*: . o(a._ qb&
Fquation 12 tecomes:-
* ki3 % ;

——

( ) ’ * | 1
2 ——— 5’ 5
l{<0 1 ( ) or III a

=

Equation 13 becomes:-

(9:)3;!)0 o [(y_* ) (7 ( y;);j“f ) ]

no 'que’.;c?.:‘, 16.
or 0Ky < '&
‘with quench

-
-
-

or TII 2b
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Fouation 14 tecomes:-

),

with quench

-

y*

1 1

. < ) 2
{ % T yly* - tan Xf.. b
L Yy + -; -y 2 -q y’\- E

\y* + 1

—

17 or 111 3c.

—

Two further examples of the distribution of the burner
heat flux may be considered, one having a triangular distribution
and the other having z rectangulzr distribution, as shown in

figures 5 and € respectively.

. i én
qf' A
‘ é" -
M |
{
. | —
y -a 0 b -a ¥
. A1t e — ’ ~ 11 —_—
q . g
Figure 5. Figure 6.

For the triangular and rectangular distributions

v anv. L q¥
Triang. , _Rect, Triang.| Rect. | Trizng? | Rect.
- Tan AN gn
a<y<0 ap- ()| g 0 0 0 0
< A1 A" A1 X
0<y<b Qs ay Qg 0 0 0
an ) s X
b<Ly<a ki 9 9% a 0 H a4
; > s 1 X} =1 s .
yza Uy U Uy % % %

For a triangular distribution of heat flux equation III 2 becomes:

(e*) C — 3/, :
S/, = 1 3. * ) 11 .
-1ky<o 2 J T (1 Ty ) . 4

(9 1/ 3 3/] ,

243,“ ] '?;r [(23’*”) —(y*) 2 111 4 b.
no Ouegch

or O<3¥-<_

with quench.

(e;) . = %/g: [(23’* + 1)% (J*) "% (y* - E)%

bey*L a
a : _—
With quench. ' II 4 c.
. . i
(e*) R NE [(2 . ) 2}
= = - y¥ + 1 2y* - 1
S y_x>1 2 u* ( )
- no quench. _ 111 4 4.
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1

. ; 2 l 2L b\ %
0., - 3/F |- T el

_with guench. I1T 4 e.

n

For a rectarngular distribution of heat flux, equation TIT 2

becomes: -
X .
(es) =y %u* (3'* + 1) : TIT  5a.
~ly*& 1 ' ' . _

no quench,
or—1(y*4;

with quench.

‘ | 1 . 1
) et e —ma
2 &y

with quench

(6;) = 2’?}* [ (y” + 1) z _(y* } 1) %J

y*>» 1
no quench ' ) ' II 5 c.
% 1 1 . b ‘}.
(es) = 2%¥- [ (y*+ 1 ) = - (y* - 1)2 - qu*- (y'* - _a_.) t‘.]
R ' , '
with guench. L ITT 5 d.
b

Vhen the quench is positioned at y* = S’ where b>»a,
equations -IIT 4c and ILI 5b are not required.

The curves of 9; \/1-1: against y¥ which are shown in
figure III 7 have teen obtained from equations IIT 3a, b, zzi 4 a,
b, d and zii 5a, ¢ and represent surface temperatures obtained
from "normal", triangular and rectangvlar distributions of heat
flux without quenches. The heat flux distributions have béen

plotted directly beneath the surface temperature curves.

am
-
I~
-
.

|



10

0-8

0-6

0.4

02

130

3

o /= |

dimensionless
surface
"temperature

\ rectangular

. N §
~
\ ~
~
\ ~
\ -
\\\triangular ‘~\\
AN
\\
. ~—
—_—
] i | 1 N |
1 2
3 4 4y 5

| hea‘t
| flux 1
distributions -

3 ]

\\1;

T

‘y% ,dimensionless
distance along
-the slab

TIGURE IIT -7

SURFACE TEMPERATURES FROI VARIOUS DISTRIBUTIOHS OF HEAT FLUX

T 1



-69~

2. CONDITIONS ¥0F FLAWE HARDENING.

Equations zzi 3 provide sufficient informatién to
give the limiting conditions for flame hardening, assuming
that the burner heat flux is distributed normally over the
surfece of tﬁe slab and that a gquench of constant flux is
positioned next to the burner. Prom figure izi 7 the
peak surface temperature which is obtained with a normal

distrioution is given by:-

9;\/11* = 1.65,at y* = 0.4 - TIT 6

The limiting conditions for flame hardening are:-

1. The slab surface just attains the austenitizing
temperature eA (sec page 51).

2. The quench is applied as soon 2s the slab surface

attains the austenitizing temperature QA'

These two conditions are satisfied when

,‘68 = GA or 9; = 1.0, at y* = 0.4 and the quench is
applied at y* = 0.4 IIT 7

Relationships II1 € anéd IIT 7‘give:-

Maximum value of u¥ for surface hardening = 2.72 - JII 8
In practice, surface hardening will occur when:-

1. ux £ 2,72
2. 9§>1.0 ‘
3. Quench is applied at v* > 0.4
These conditions will allow time for austenite to form and will
give a finite depth of martensite (see page 54 ), assuming that
the quench is sufficiently severe.

The effect of severity of quench on surface temperature
is shown in figure iii 8 in which Gétvr;; has been plotted
against y* for-a normal distribution of heat flux followed
.by various quenches of constant flux zpplied at y* = 0.4.

Severity of quench is represented by g" ¥ = éa / at
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6 /o |
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- surface
temperature

\\20 quench
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N
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of guench
"
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FIGURE III 8 - SURFACE TEMPERATURES FROM BURNER AND QUENCH
HEAT FLUXES
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IV. EXPERINENTAL APPAPATUS.

1.  BURWERS.

" Related designs have been déveloped for small and
large burners, as described in Chapter E, page 95 .
The final version of the small burner was capable of burning
1 litre per minute of methaﬁe, whilst the larger burner had
about ten times the capacity. They are both described
belowﬁ-

(a) Small voriex-stabilized burner.

A full-scale sectional elevation and plan of this
burner are shown in figure ii 1 and a photograph is shown
in plaie EE 1. A mixture of methanre and air enters the
swirl chamber 4 from the tangential inlet and then flows
into the combustion chamber B where the gas is burnt. An
électric are is struck between the central elecirode and the
annular electrode. The products of combustion pass through
- this gap between the electrodes and then emerge from the

nozzle.

- (i). Swirl Chamber A.

The horizontal gas inlet tube was brazed in a -
tangential position to a vertical tube of larger diameter to
comprise the swirl chamber shown in figure Ei 1. Two flanges
of syndanyo were held above and below the swirl chamber by
three securing bolts, the upper flange being machined to

provide a conical entry to the-combustion chamber B.

(ii). Combustion Chamber B.

The walls of the combustion chamber were formed by
a tube of re-crystallized alumina. The narrow entrance
to the chamber was a2lso made from an alpmina tube and the
gap between this tube and the tube comprising the combustion
chamber was filled with asbestos fibre. This assembly was
- cemented into a groove which was machined in the top of the
syndanyo flange. A'close-fittjng outer tube of alumina was
pPlaced rourd the combﬁstion chamber. This tube was made
slightiy longer than the combustion chamber in order to locate
positively the annular electrode, or nozzle, on top of the

combustion chamber.

T 1 (a)
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(iii) Electrodes.

The central elecirode consisted of a tube of
magnesia-stabilized zirconia which was closed at its
upper end by a small quantity of lime-zirconia cement.
The tube contained z platinuvm wire vhich was embedded in the
cement in order +to conduct airrent to the tip of the
electrode. The lower end of the platinum wire was
connected to the power supply detailed on page 78 .
The electrode was located centrally in the burner. vao
'0' rings, separated by a metal spaber, gripped the ceramic
tube Just below the lower syndanyo flange. The '0O! ring
assembly was supported on a plate which was bolted to the
flange.,
) The annular electrode or nozzle was positioned on
.top of the combustion chamber and was made by casting lime-
zirconia cement inside ar alumina tube of the same diameter
as the.tube which formed the combustion chamber. An
aluminium rod was machined to the profile of_the nozzle and
was used as a mould for the lime-zirconia casting. A
ring of platinum wire was positioned concentrically inside
the electrode during casting and a tail of the wire was led out
of the electrode through a slit which was cut in the alumina
tube. _

The zirconia cement used to construct the electrodes
was a lime~stabilized zirconia supplied by Zircoa Ltd.,
together with a separéte tinder. The cement was ground, dry,
in a pestle and mortar to reduce the particle size. This was
necessary to reduce the size of the pores in the finished
casting. A minimal quantity of binder (unidentifiable) was
also neceséafy to keep the pore size small. . The zirconia

castings were air-dried but not sintered before use.

(b.) Large Vortex-Stabilized Burner.

The large burner was similar in design and construction
to the small burner and is shown in figure ii 2 and plate
ii 2. - The differences between the final versions of the two

designs are detailed below:-

(i). Combustion Chamber.
An alumina jube was no longer suitable as the combustion

chambe: because it cracked due to thermal shock. This was

RECH)
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overcome by usirg an alunine tube of larger ciameter.which
was lined with a refractory. The lirning was cast from a 50:50
nixture of zlumira cerernt andéd lime-zirconia cement tecause
this material was found to have greater sitrength than either

of its constituents alone.

(ii) Electrodes.
re platinum wire conizcts used in the electrodes of the

small burner were found to be unsztisfactory because they
melted and disappeared'ihto the pores of the refractory. This
problem was solved for the annular electrode by using a '
rirg machined from'graphite to make electrical contact with
the zirconiz as shown in figure iz 2. Two graphite rods were
fitted into holes on opposite sides of the graphite ring
and passed through oorresponding glots cut in the wall of the
alumina tube which surfounﬁed the electrode. Both rods were
. connected to the earthed sice of the transductor power supply
(see page 80) and were enclosed in ceramic tubiné to ensure. |
that the rate of oxidation from the hot surfaces of the
grapnite was kept at a low level.

The annuler electrode was cemented in position on top
of the combustion chamber, unlike tke annular electrode of
the small burner. The reasons for this and for replacing
the ceramic central electrode by a tungsten rod are given
on pagei01. The upper end of the rod was ground 1to a rounded.
profile prior to its installation in the burner in order to

provide a central point of attachment forthe arc.

(iii) Ignition system.

Two holes vere drilled radially throusgh the wall of the
combustion chamber to accommodate the electrodes for the .
sparx ignition éystem. These consisted of 16 s.w.g. Xanthal
vwires held in alumina tubes which were positioned in such a
way that the exposed tips of the wires were separatéd by
4 to 5 mm and were located just above the enirance to the
comtustion chember. Thaeir positioning was found to be

critical to provide easy ignition and is shown in figure IV 2.
Trhe circuisry recuired to provide the spark is cdescribed in

section 2 (c) below.

T 1 (b)
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2. ETL.ECTRICAL FOWER SUPPLIES.

Two different sizes of electrical power sﬁpply wére
required by the burners described above and in section §1.
One was of about 0.5 kVA output which supplied power to
the simple tube burner, the sudden enlargement hurner, and
the small vortex-stabilized burner, whilst the other provided
an output of up to 66 kVA and was used as 2 aipply for the
large vortek~stabilized burner. Descriptions of these power
éupplies are given below. ‘

Also described below is the high tension spark ignition
system used in the large vortex-stabilized burner (see

section 1 (b)(iii) above).

(2) 0.5 kVA supply.

The circuit diagram of this supply unit is given in
figure ii 3. Two mains voltage transférmers were available,
each rated at 0.25 kVA and equipped with a range of output
voltages up to 800-0-800 V.v The primary windings of the
transformers were connected in parallel and the secondary
windings were connected in series to give anoutput of up to
3,2 kV from a mains - input of 240 V, The output could be
connectéd directly to the electrodes of the burner to prbvide
an a.c. arc, or a d.c. arc could be obtained by passing the
output from the transformers through a fuil-wave rectifier and
smoothing circuit. Instruments were provided in the circuitry
to measure the current, voltage and power supplied to the
bgrner. Switching from a.c. to d.c. output was achieved by
connecting the appropfiate terminals when the power supply
was disconnected from the mains.

The first rectifier consisted of a bridgenetwork of
one solid state diode, rated at 1 A and 800 V, in each arm
and was therefore limited to an operating voltage of 1.6 kV.
The rectifier was later modified to operate up to‘4.8 kV.
by incorporating three of these diodes in series in each arm
of the bridge. A resistor of 390 k£ and a capacitor of
‘ O.OO4/4F were placéd in parallel with each.diode to protect

it from surges produced by the transformers. Two capacitors
‘of 1/uF each were placed in parallel with the rectifier output
and were separated by a resistor ¢f 100 to provide a
smoothing circuit. An earth leakage resistance of 27.2 Mo
was used to discharge the capacitors when the power supply

was disconnected from the mains.
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A ballast resistance was placed in series witih the
bﬁrner electrodes in order to limit the current supplied to
the arc; +the necessity for this procedure is éxplained in
section zif ) (iv). The resistance comprised a bank of
€ wire-vwound resistors, of 2 k. each, which could be wired
in any series-parallel order bty a patchboard and connecting

wires.

(b) 66 kVA supply.

' The Foster transductor which was used to supply power

to the large vortex-stabilized burner consisted of a single
phase transformer, providing a controlled current at voltages
up to 6.6 ¥V, The current. could be set at any value betueen
0 and 10 A and would remain at this vaiue even if-the transformer
‘output was short—circuited,-an essential characteristic of
a supply for electric arecs (section ii}(b)(iv)).

The transductor and burner were enclosed in an earthed
cage vhich was constructed from steel mesh welded to a framework
of steel angle. The door of the cage was interlocked with
the mains supply in such a way that the operator was prevented
from gaining access to the high voltage side of the equipment
when the supply was switched on. The output terminal:whic¢h .
vas connected to the annular electrode of the burner was also
" earthed. The other terminal was connectéd to the central
‘electrode. ‘

A photograph of the transductor, earthed cage and large

burner appears as plate ii 3 and a plan is shown in figure ii 4

- (c) Spark ignition svstem.

The electrodes which were used to ignite the mixture in
the combustion chamber of the large burner (see section IV 1 (b))
were connected to circuitry identical to the 12 V coil ignition
system of & motor car, except that the battery was replaced
by a 12 V,traﬁsformer and rectifier. A press button switch
was used to discharge a 0.1mF capacitor through the low tension
side of a standard ignition coil. The high tension side of
tke coil was connected to one of the ignition electrodes in

the burner and the other electrode was earthed.:

" 3., GAS A¥D AIR SUPFLIES.
llethane was used as the fuel gas for the burners and was

supplied by Mogden Sewage Treatment YWorks .to the approximate

v 3
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The method of supplying air and methane depended on the size
of burner ir operation. -

A1l the small burners were gsupplied by the same system.
These burners are described in section i 1 anéd gection iﬁ 1 (2).
Air from the compressed air line in the laboratory and methane
from a cylinder were individually meiered and then mixed in
a column which was packed with silica-gel. The silica-gel
dried the gases, particularly the air éupplied by the
compressor, and tre gas mixiure then passed into the burner.

The large burner (sce Ssction IV 1 (b) ) was supplied
with air bty a centrifugal élower. The gas system had to be
designed so that.the total pressure drop did not exceed the
pressure head developed by the blower. As a result of this
condition the packed bed mixer was replaced by a device with
2 low pressure drop. The methane was introduced into the
air-stream at a2 T-piece which wasvéituated well downsstream
of the burner. Mixing was assumed to occur in the pipe
between the T-piece and the burner zZnd-.in the swirl chanmber
of the burner.

Air and methane were metered using variable area flow
meters such as Rotameters and Meterate tubes. All the
burners were equipped with flame arrestors to prevent flash-
back along the gas supply lire. . These flame arrestors vere
situated in the gzs inlet pipe close to the burner and
consisted of strips of copper gauze which were tightly coiled

to fit the gas inlet pipes.

4, CALCRINMETEES.

Various types of water-cooled calorimeters have been
used to determine heat fluxes from the burners outlined in
section_jih A description of these calorimeters appears

below but their use is given in section ¥V 2.

(2) Tube calorimeter.

The water-cooled tute which was used btoth as an electrode

and as a calorimeter for the sudden enlargement and small

IV 4 (a)
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vortex-stabilized burners (see sections IV 1(b) and (c) )
is shown in figure EE 5. The calorimeter was designed to
lie horizorntally in the flame and comprised a narrow bore
copper tube which was equipped with thermocouples at either
end. Larger Tore copper tubes, in the shape of right-angled
elbows, werc brazed to the ends of the narrow bore tube.
The thermocouples were passed through holes in the walls
of the elbowes and were brazed in the position shown in the
figure.  Chromel-zlumel thermocouples contained in a mineral-
insulated sheath of stainless steel were used. The two negative
leads of the thermocouples were joined together and the positive
leads were connected to the terminals of 2 potentiometric
strip chart recorder. This arrangement formed a differential
thermocouple wiich enabled a2 direct reading of the temperature
rise of the cooling water to be made. -

A closed circuit was used for the cooling water.

Distilled water was pumpeé from a reservoir of 20 litres ecapac
aS p P

[N
ct
~

throurh 2 control vélve, a variable area flow meter, the
calorimeter and a heat exchanger before returning to the reservoir.
Tap water was used as the coolant in the heat exchanger.

The tube calorimeter could be traversed in a horizontal
'plane in the flame by means of 2 sliding carriage which was

controlled by a screw.

(b) Concentric calorimeters.

The distribution of hest flux frém the small vortex-
stabilized burner (see section IV 1 (2) ). to a water-cooled
flat plate wzs ‘determined using a series of water-cooled
circvlar plates. Figure ii 6 shows a typical plate which
has a diameter of 50 mm. and lies inside a water-cooled guard
ring. The surface of tke'plate calorimeter lies flush with the
surface of the guard ring and the two surfaces are thermally
insulated from each other with fuller's earth. - Water enters
the calorimeter ihrough a nozzle to ensure turbulent flow over
the plate and leaves by a tube of larger diameter. The
thermocouples in the water inlet and outlet pipes were made
from copper-constantan wire covered with fibreglass insulation.
fraldite was used to seal the thermocouple wire to the walls

of the pipes. The leads were connected to form a differential

thermocouple as described in section (a) above.

o : IV 4 (v)
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The calorimeter znd guaré ring were made from copper with
soldered joints.

The diazmeters of the calorimeters and their corresponding
inlet nozzle and outlet tube diameters are given in
table zi 1. The outer diameter of 2ll the guard rings was
-130 mm. but the inrner diameter varied, being just sufficient
to accommodate <the parent calorimeter. The largest
calorimeter had a diameier of 130 mm and did not require
a guard ring. It was equipred with 6 water outlets, equi-
spaced on its top surface, to ensure uniform distribution of
vater over the surface of the plate. The two smallest
calorimeters had their outlets positioned at the side of the

calorimeter because there was insufficient room at the top.

Dia. of . hia. of Dia. of Remarks.
calorimeter nozzle outlet
. { = i e TV £
d1mm dzm: a_ om (see figure IV €)
6 0.5 1.6 Side outlet
13 0.8 1.6 o« o
25 1.2 3.2 As in figure IV 6
50> 1‘6 3_2 i " n n
7330 2.5 € x 1.6 Yo guard ring
Six outlets.

Tatle IV 1.

The water supply fto the calorimeters was identical
to that used for the tube calorimeter described in gection (a)
atove. Tap waier was metered and then passed through the

guard rings.

(¢) Split plate calorimeter.

A split plate calorimeter was used to determine the
distritution of reat flux from the largé vortex-stabilized
burrer detailed in section IV 1 (b). This calorimeter was
constructed from two identical water-cooled plates, each
25 cm by 25.cm in area, which were placed edge-to-edge and
separated bty a2 layer of_fiberfrax about 0.2 mm rthick. Figure
ii 7 shows one plate in detail with part of the other plate
adjacent to it. Bach plate was made from two sheets of copper,

the lower sheet having been milled to leave space for the cooling

EE 4 (c)
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vater whilst the top sheet was fitted with the inlet .and
outlet tubes for the cooling water. The space which was
le

wi

)

t by the milling operation on the lower shcet was filled

h copper gauze and then the two sheets were tolted

[

together, using FTTE cord as a gasket.

A thermistor wes placed in each of the water inlet
and outlet tubes in order to determine the rise in temperature
of the cooling water passing over each plate. Four matching
thermistors were chocen with the same temperature-resistance
characteristics vnich allowed the circuitry shown in
figure if 8 to be used. The voltage supplied to .the two
Wheatstone's'bridges was provided by a dry cell which wes
stabilized with a zener diode. The current in the circuit
was limited by a series resisiance which could be varied for
trimming purposes. Each brifge consisted of two thermistors
in adjacent arms and matched resistors in the other armé
separated by a low value potentiométer for trimming the circuit.
Hatched resistors could be switched into each bridge to replace
a thermistor, allowing a voltage to be measured with only one
thermistor in circuit. This voltage was indicated on a2 digital
voltmeter. )

The water supply to the calorimeter was similar to that
described in section (2) a2bove tut was on a larger scale
to accommodate higher flow rates.

A ganitry was constructed over the burner to support a
pair of rails. The czlorimeter was suspended from these rails
and could be traversed horizontally across the flame. A
shaded pole motor and gearbox driving a sprocket at 1 r.p.m.
vere attached'to one end of {he gantry. A ckhain was passed
from the calorimeter to the sprocket and the calorimeter was
drawn along the rails as the sprocket rotated. The calorimeter
could also be advanced for a distance of 2 mm along the rails
by controlling the motor from a pinwheél which rotated with the
drive sprocket. A microswitch made contact with the pins on
the wheel and actvated a relay. The pin wheel rotated until

2 pin made contact wit: the microswitch which caused the relay

to stop the motor. e motor could not be started z2zgezin until
2 switch outside the earthed czge was manually
depressed. ‘

IV 4.(c)
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Steel slabs of ©n 8 were passed over tre large vortex-
stabilized turner at various known speeds for two purposes.
The first was to obtain temperature profiles .in the depth
of trhe slat and the second was to flame harden one surface of
l=z%. 42 slab wvas traversed over the dburner by the same
equipment which wae used to advance ithe split plate calorimeter
(see section IV 4 (c)). The drive sprocket was changed when

another speed was required.

(a) 8labs for determinins iemperzivre profiles.

lineral insvlated, chromel-alumel thermoccuples sheathed
in stainless steel of 0.5 mnm exiernal ciameler were used to-
measure temperatures inside tlie =l2b when one surface was heated
by the burner. as shown schematically in figure EE 9. The
thermoéouplés had been consiructed wiih their junctions bonded
to the ends of the sheaths in order to ensure quick response.
Typical positions for the thermocouples in the side of the
slab are shown in figure zi 9 and 10. Thze slabs were placed
between two pieces of steel as shown in figure EE 10 ané vere
insulaved from them by Fiberirax paper. The exposed sides of
the slabs were insulated by Yaowool.

A slab was also prepared in which the thermocouples were
placed in an element of the slab, as shown in figure EE 11.

his element was insulated from the rest of the slab by Fibverfrax

=3

paper.

(b) Slabs for flame hardening.

These slabs were prepered both with thermcouples, as
éescribed ir (a) above, ard without thermocouples. The general
arran gement of a2 slab for flame hardening is shown in figure zi 9.
A quench, yet to be geseribed, was positioned adjacent to the
burner. ¥lame hardening was not carried out on the slab which

incorrorated an insulated element.
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€. VI QUETCH

The svrfeces of c£labs of T8 were heated by passing

them over the large vortex-stehilized burner and were then

guenched ty & water spray which was positioned adjacent to
the burner. The goneral arrarncenent of the guench anéd the

slets is shown in figure IV 12 and plate IV 4.

-

viater wos pumped st 2 conirolied and metered rate from
2 constznt hezé supply ito the guenching nozzle. The nozzle

wes surrounded ty a irazy which collected most of ine Quenching

.

water. MT™he bturner was cut azway to zccommodate the tray wvhen

-3
the nezzle was positioned closec to the turner. The distance
between ithe hurner axis andé the nozzle could be varied

2.5 cn to 15 cm. Two types o

a slot 5 nm by 1.5 =mm which hacd teen nilled &
A2O° in a piece of 10 s.w.g. copper sheet. The slot was

o} . .
angled at 207 1o ithe verti

-

e c
from entering the {lame. The le comprised a number

o]
¥ ok
»
0]
H
3
o]
N
3 m

of 0.5 mm diameter holes which had been drilled vertically

1

trough 2 piece of 10 s.w.r. copper. Toih nozzles zre shoun

—

c
in édetail in figure IV 12 anc wvere zitached to the end of

"

the water inlet pipe Yy solder.

o

1=

npt at preventing water
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V¥  EXPERINMENTAL TECHNIQUES.

1. BURNER DEVELOTXEWT.

(a). Simple tute burner

An electrically augmented flame was first produced

using the burner and system of elecirodes shown in figure 2'1.
A stream of metered and pre-mixed methane and air was passed
through the burner and ignited.. The burner comprised a

copper tube to which had been glued a glass tube equipped

with a horizontal arm. The side arm was.filled with potassium
carbonate powder and a wire "pusher" was used to iniroduce
-small quantities of the powder into the gas stirean. The
potassium carbonate was carried into the flame to act as

seed (see rage13 ). A flame length of 14 cms. was observed
vhen the rates of flow of air and methane weré 9.7 and 1.2_
litres per minute respectively. ‘
- The copper tube also served as the cathode,and a flat

copper plate which could be positioned at a variable height
- above the burner was used as the anode. A d.c. potential
of 800 volts was applied across thé electrode from the power .
supply described on page78 . An arc discharge was initiated
when the flame waé seeded and the electrodes were set 14 cms.
apart, or less. The arc was.mainfained by ensuring that the
flame was continually seeded. Figure i 2 shows how the arc
filament followed the boundary of the flame. The filament
vas attacned to a fixed spot on the rim of the burner tubé and
to a2 moving spot on the flat copper plate. When the polarities
of the electrodes weré reversed, larger quantities of seed were
required to initiate an arc. The arc was less stable under the
reverseé polarity and could not be initiated if the distance
between the electrodes exceeded 12.5 cms.

Further work was carried out on the simple tube burner
using the existing anode but different cathodes of wvarious
shapes and materials were inserted into the flame between
the burner tube and the anode, as shown in figure E 3. Cathodes
in the form of rods of copper, tungsten, nickel and stainless
steel provided stable arc discharges. The arc was always
attached to the hottest part of the Eathode which was the region

where the flame boundary impinged on the rod.

N

1.{a
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An attempt was made to increase the electron emission

from a stainless steel cathode by coating it with thoria.
Thoria has a low work function (see pages 31 and 32 ) and
has the additional advantage .of being very refractory. The
stainless steel rod was dipped in a solution of thorium
nitrate and, on removal from the solution, crystalsof nitrate vere
formedbon the surface of the rod. When the rod was placed
in the flame, the nitrate was expected to ﬁe calcined to
thoria according to the reaction:- -

Th (¥0,) ~——> ThO, + 4v0, + O

34 2
(thoria)

2

The experiment was inconclusive because the coating disappeared
guickly once the arc had been initiated.

Carbon, in the form of rods of dense graphite, was then
"used for the electrodes. The arc was found to be unstable with
A carbon rod as the cathode and the existing copper anode
but stability was regained by using either carbon for both
electrodes or a metal cathode and a carbon anode. The arc
obtained with carbon electrodes was unique in that a large
number of electrode spots or points of attachment, all of small
size, apéeared on the surfaces of the elecirodes.

All the electrode materials described so far in this
section suffered from rapid erosion and, in order to overcome
‘this problem, stabilized zirconia was tried. It has a low
work function and is an electronic conductor at flame temperatures
(see page 31 ).» Cathodes were constructed from tubes of either
lime ~ or yttria - stabilized zirconia by cementing platinum
wvires to their inner surfaces. .The platinum wire could then make
electrical contact with the hot region of the zirconia tube.

Ho arc could be initiated when these cathodes were inserted in
the flame, It was believed that the zirconia was not hot
enough to conduct and an attempt was made to raise the cathode
temperature by increasing the gas flow rate through the burner.
This required a pilot light adjacent to the burner to prevent
the flame lifting off the burner rim (see page 21). By this
means the methane and air flow_rates were increased to 1.6 and

10 litres per minute but still no arc could be initiated.
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(v). Svudden enlargement burner.

A burner with & sudden increase in diameter at its

mouth was developed to give more intense combustion than is
possible with 2 simple tube burner, as described on page 24 .
The burner geometry 1is shown in-figure E 4. The diameter
of the mouth was fixed at 13 mm. and the depth of the enlarged
section m, and the diameter of the inlet tute m, were varied
until 1 litre per minute of methare could be burnt with the
stoichiometric quantity of pre-mixed air, viz. 10 litres per
minute, without blow-off or blow-back of the flame. Satisfacfory
values of m, and m, vere found to be 5 mm, and 7 mm. respectively.
A stable arc was obtained vhen the zirconia cathode and copper
anode, used previously with the simple tube burner, were
positioned 2 cms. apart, above the flame from the sudden
enlargement burner. A higher potential of 3200 volts was
applied across the electrodes from a re-designed power supply
(see page 78 ) and, as 2 result, seeding was only required to
initiate the arc. A stabie arc could then be maintained without
further seeding. When tﬁe zirconia cathode was replaced by a metal,
-continual seeding was required to maintain the arc.

4 sudden enlargement burner was constructed from stabilized
lime-zirconia as shown in figure E 5. The burner rim served
as the cathode and electrical contact was made by incorporating
platinum wire in the zirconia casting. The cathode was mounted
on an alumina tube to insulate it from the rest of the burner.
The dimensions of this sudden enlargement burner were the same
as in figure E‘4,.exbept that m, was increased from 5 mm. to
25 mm. to ensure that the burner rim was raised to a high
temperature by the flame which was stabilized inside the burner
mouth. Either a copper plate or a water-cooled copper tube
vas used for an anode. Seeding was only required to initiate
the arc which formed at a hot spot on the burner/cathode rim.
When the polarity of the applied potential was reversed or an
a.c. potential of the same magnitude was used, the flame required 
continuous seeding to maintain a stable arc. -

(¢). Vortex-stabilized burner.

The sudden enlargement burner suffered from the dis-
advantage that the arc was stabilized in one place on the rim
of the burner with consequent erosion of the refractory at

this spot. The asymmetric position of the arc would also
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be likely to limit the burner's usefulness as a heater,
pzrticularly when the point of attachment of the arc could

be anywhere on the rim and could not be predicted.

This inherent asymmetry was overcome by stabilizing the

"arc on a central cathode of 2zirconia which was heated in a
vortex-stabilized burner (see page 25). Figure z 6 showvs

how the electrode is positioned in the burner. The- construction
of the burner is described on page T1. The diameter of the
combustion chamber was set at 13 mm., as in the sudden enlarge-
.ment burner atove, and thé‘dimensions p1, p2, p3 and p4 were
‘chosen so that the tip of the central electrode was raised

to yellow heat by the hot combustion products. Suitable

values of p were found to be:-

P, =30 mm,, Py = 8 mm., p3 = 4 mn., Py = 17 wm,

The mixture was ignited in the burner mouth and z few minutes!
heating were required before the cathode reached yellow heat.

A wéter-cooled copper tube was used as an'anode and was positioned
in the flame atove the cathode as shown in figure V 6. When the
distance between the two electrodes was restricted to 2 cm., ‘
_or less, and a d.c. potential of 3200 volts was applied, a
stable arc was both initiated and maintained withoﬁt the use

of seed. No seeding was required when an a.c. potential of'

3000 volts was applied across the electrodes. An oscilloscope
showed that the a.c. arc only existed during every alternate
half-cycle (see page115). When the water-cooled copper anode
was replaced by a zirconia anode of similar construction

to the cathode, an a.c. arc was produced during every half-cycle.

On the basis of these observations, a non-seeded a.c.

system was designed by incorporating a lime-zirconia annular
anode or nozzle in the burner mouth as shown in.figure E:7.

The construction is detailed elsewhere (see page71 ). The

gas mixture, comprising 1 1itre.per minute of methane and at
least 10 litres per minute of air, was ignited with the anode
removed. When the flame had become stable in the combustion
chamber, the anode was replaced and a few minutes were allowed
for the electrodeSto become hot enough to conduct.electricity.
The supply of 3000 volts a.c. was switched on across the electrodes
apd the arc was initiated. The arc could be switched on and

off repeatedly without damaging the electrodes. With the powver

1<
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on, the airflow couvld be reduced to 7.5 litres per minute
before any instability occurred. Below this value, the

flame 1ifted out of the combustion chamber and became
stabilized on top of the annular electrode.Sooting started

to occur and the nozzle tecome blocked with carbon after a few
minutes running. Without the a2rc and at airflows below

10 litres per minute, the flame became stabilized on top of
the nozzle instead of in the combustion chamber.

(d). Large-scale vortex-stabilized burner.

The vortex-stabilized burner was the basis for the
design of a lérger burner which was to be used for flame-
hardening. The first attempt aimed at combusting 10 litres
per minute of methane instead of 1 litre per minute burnt in
the small burner and so the diameters of the components of
this larger burner were increased by a factor .f'ofﬁz).

" The most significant modifications required to scale-
up the‘small vortex-stabilized burner are detailed below:-
(1) The ceramic tube used in the construction of the
central electrode suffered from thermal shock, alumina being
élightly more resistant to this than zirconia. A graphite
rod was substituted for the ceramic tube and was found to give
'a_satisfactory arc. The graphite suffered from severe erosion,
at the rate of 0.5 mm. per minute diminution in length
accompanied by reduction in diameter. A more durable electirode
was made from a tungsten rod when the rate of oxidation could
be kept low by burning the methane with less than its
stoichiometric air requirement. ' V
(ii). The small vortex-stabilized burner required the
removal of its annular elecirode before the gas mixture could
be ignited with a2 pilot light. -This technique was unsatisfactory
for the larze burner because the combustion products exerted
sufficient force on the annular electrode to 1lift it and they
escaped from the gap vhich was formed between the eleetrode
and the combustion chamber. The electrode was cemented in
position to prevent this leakage, necessitating an alternative
method of ignition which was achieved using a high tension
sparx. Details a2re given on page 80.
(iii). The arc which was produced in the larger burner was
observed to attach itself to the top surface of the annular

elecirode, as shown in figure E 8, and to be noisy and unctable.
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An alumina ring was built into the top of the electrode in
order to insulate this region and cause the arec to strike

L

in the lower part of the nozzle. The arc was then found %o
be less noisy and more stable.

Annular electrodes with nozzle diameters which varied
from 8 =m. to 25 mm. were tried in conjunction with a.tungsten
central electrode of 10 mm. diameter. The 8 mm. nozzle
was found to exert too great a pressure loss on the burngr
causing the flame to light back into the swirl chamber, whilst
the 25 mm. nozzle gave rise to a noisy, unstable arc. A 1C nmm.
nozzle was found to provide a stable arc with no tendency for
the flame %o flash back &nd was used in all further work on
this burner. - '

The gas mixture could only be ignited successfully when the
methane and air flow rates were controlled at 6.7 and 87 litres
per minute, respectively. The burner was then operated at
7.5 litres per minute of methane and 75 litrés per minute of
air for 15 minutes in order to heat the electrodes. Electrical
péwer was then supplied to the electrodes from the transductor
described on page 80. Once an arc had been struck between the
electrodes, the air flow rate could be reduced to 55 litres per
minuvte. The potential applied to the electrodes was 1 kilovolt
for an electrode separation of 6 mm, and currents vp to 10 amps
were used. Electrode erosion became severe at currents greater
than 4 amps. The op{imum distance between the electrodes was
found to be about € mm. because larger distances gave rise to
inereasing instability of the arc and smaller distances caused
an increase in the pressure drop in the burner and a corresponding
reduction in the gas flow rate.;

A detailed deseription of this burner is given on page T4 .

2. ARC CFARACTERISTICS.

The charac{eristics of both d.c. and a.c. discharges were
inﬁestigated Tfor thrhe emall vortex-stabilized burner. The static
or d.c. charaéteristic is explained in section II 3 (b) (iii)
and (iv) and the technigue for obtaining it is given below.

An oscilloscope was used to measure the current and voltage -

time characteristics for the a.c. discharges.

<
.
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(2) D.c. characterisiics.

The csmall vorter-stabilized burner was set up as shown
in figure E & with a water-cooled tubte as the anode which was
earthed. Values of voltage across the burner electrodes z2nd
corresponding values of current flowing through the arc were
obtzined by verying the series resistance in the burner
electrode circuit. The series resistance is shown in

figure zf 3 and vas varied between 1 kilohm and 12 kilohms.

(v) Oscilloscope Traces.

A twin beam oscilloscope was used to display voliage
‘and curreni iransients during the a.c. discharge in the small
vortex-stabilized burner. Cscilloscope trzces were photographed
when an arc was siruck btetween:-

(1) the central electrode and the earthed -and water-cooled
tube shown in figure ¥ 6.
and (2) the central electrode and the annular electrode in
position on top of the burner, as shown in figure zi 1.

Figure i 9 shows the circuitry that was;used to obtain

current and voltage traces on the oscilloscope.

&4 ' ' 2 channel
' oscilloscope

3 kv
50 ¥z 22 ] :iEBO?

|

L — |
A
2?

A - cential electrode

P - water-coocleé tuhe elecirode
or arniiar clectrode

Figure Y 9. .

T2 (v)
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Tesistors were placed in parallel with the burner
electrodes in order to provide the oscilloscope with a
voltage that was proportional to, dbut c0nsiaerab1y less than,
the voltage acrocs the electrodes. A voltage was z2lso
obtained which wzs proportional to the current flowing in
the arc vhen the water-cooled tube electrode was used.
leasurenent of voltage drop zcross a resistor placed in series
with either of the electrodes would have enableé the current

in the discharge to be calculated by Ohm's law. This

- procedure was not possible because the central electrode was at
P P

too hiigh a potential and the wéter—qooled elecirode was earthed.
The alterrative was to measure the small voliage drop which
occurred across the 2 kilohm resistor shown in figure E:9.
This voltage was not measured when the annular electrode of
zireconia was in use.

The distance between the burner electrodes was varied and
voltage and current traces were photographed for each distance

for a range of air to methane ratios.

3. HIGH SPEED PHOTOGRAPHY.

A Fastax high speed camera, capable of up to 6000 frames
per éecond, was used to obtain cine records of electrically
angmented flames. The smalil vortex-stabilized burner provided
a flame trhat was too small to be successfully phoitographed with
the exicting lens on the camera. 411 filming was restricted to
the large vortex-stabilized burner and the camera was set up
inside the earthed cage shown in plate EE 3. A remote conirol
was constructed in order to start the camerd.

Although the camera was angled to view as nmuch of the

inside of the burner nézzle as bossible, any points of

attachment of the arc to the electrodes in the burner could not

be phovographed. Turther filme were taken of the augmented

flame impinging on a flat, water-cooled surface.
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4. CALORIVLTRY.

Tre use of the calorimeters deccribed in sectlons
(2) - (c) is outlined below. FRates of heat outputi
"and heat fluxes from the various burners descriBed in
sections IV 1 (a), (b) and ¥ 1 {(a) - (d) have been determined .

with these calorimneters.

A
4

. . /
(a) Tube czlorincter. : ,

The tube calorimeter is described in sections II (d)
(ii) and IV 4 (2) 2nd was uscd both as an electrode and as
a calorimeter for the sudden expansion and the small

vortex-stabilized burners (see sections IV 1 (a) and V 1 (1)

The rates of heat transfer from these burners viere

determined by moving the tube (whlch was held horlzontally)

through the flame zt a helght h above the burner, The tube

was halted aoﬁ the flame ax1° and readlngs of the water flow

. rate and rise in temperazture of the cooling water were taken
when the steady -state had been reached. '

Prior to determining heat fluxes, the rate of heat
removal by the cooling water was found at varicus flow rates with
the calorimeter receiving a steady input of heat from the
burner. This information was required to find the dependence

of the measured heat inpvt on the water flow rate, if any.

(v) Concentric calorimeters.

The construction of trlrese calorimeters is outlined
in sections zi 4 (b) and their use in determining the heat
flux distribution from the small vortex-stabilized burner io
a large water-cooled plane surface is described below.

To determine the heat flux distrivution from the burner,
each calorimeter was positioned, in turn, at a2 height h above
the burner and co-axially with it. In the steady state,
the water flow rate to the calorlmeter vas measured by a
flowv meter of the variable area, tapered-itube type and the
difference in temperaiure between the inlet and outlet water
flows was recorded using a differential thermocouple.

"The wazter flow rate was varied for each calorimeter in
orBer to find the influence of the water flow rate on,t?e

rate of heat input determined by the calorimeter in the steady state.

T4 (v)
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The flow rate of water to tie guard ring vas also varied

for the same purpose. Wnen the inlet water tb tre ‘
calorimeter was at room temperature, the water-vapour in the
products of combustion from the burner was observed to
condense on the surface of ti:e calorimeter. This problem of
condensation was overcome by reducing the flcw rate of

wvater to the heat exchanper (see page 84) in which the water
from the calorimeter was cooled. Consequently, the
temperature of. tiie inlet water was raised and condensation

was prevented.

(c) Split plate calorimeter.

This calorimeter is described in sections IV 4 (c)

‘and 11 (d) (ii) and was used to determine the heat flux
distribution from the large vortex-stabilized durner

(see sections IV 1 (b) and ¥ 1 (4)).
. Early attempts at determining heat fluxes using this
calorimeter involved measuring the water temperatures with
thermocouples. The thermocouples were of the copper-
constantan type but were found to be too inaccurate. They
vere Teplaced by thermistors in water-tight plastic sheaths
‘which were individually calibrated against a mercury-in-glass
thermometer using a thermostatically controlled water bath.
The tzermistors wvere connected to the bridge circuilt described
in section IV 4 (c¢) and readings were obtazined on the digital
voltmeter over a range of tenperatures measured on the theimometer.
Lfter- calibration, the thermistors were sealed into the water
pipes of the calorimeter using a2 silicone rubber adhesive.

The calofimeter was ithen traversed over tlhe burner and
haited at intervals of 2 mm by the mechanism described on pageBB8
When the steady state had been reached the output of the
digital voltmeter was noited for each of the four ihermistors
and the flow rate of water through the calorimeter was measured
using a Rotameter. TFrom the calibration curves previously
obfained for the thermiztors, the voltage readings were transformed
to tempersitures. The rate of heat removal by the cooling water
was obtaineé from these readings for each position of the

caloriretexr.

¥4 (e)
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5. TEMPERATURE PRCFILES I

)

-

The steel slabs descrihed in section Iy 5 (a) were
passed over the large vortex-siabiiized burner in order to
determine the effects of slalt speed, sladb cross-section and burner
éperating conditions on tre uemperature profiles measured-by
thermocouples in the slabs.

A satisfactory means of incorporating a thermocouple
in a slab was to drill a hole of 0.5 mn diameter in the gide
of the slab-td the required depth. The diameter of the stainless
steel sheath of ithe thermocouple was then reduced slightly from
its original 0;5 mm diameter using fine carborundum paper
until the thermocouple coulcd be pushed with difficulty to the
end of the hole in t%e slab. The tip of the thermocouple vas
then known to be at the end of the hole and would remzin there"
because the sheath was tignitly held in the slab. ZY-ray
photography was used on a trial slab to show that the holes
which were drilled in the slab lay pervendicular to the side of
the slab and extended as far as the vertical mid-plane of the
slab, as shown in figure IV 10.

' The chromel and alumel leads from each thermocouple were
velded to lengths of copper wire which were connected to a
data logger. These copper~-chromel and copper-alumel junctions
were enclosed in glass sheaths vhich were. immersed in meliing
ice contained in 2 Dewar vessel. This procedure eliminated the
use of compensating cable and provided a referene junction
at 0°c. The thermocouple'sneaths end the slab were earthed in
order to obtain statle emf. outputs.on the data logger when the
‘slab was heated by the electrically zugmented flame.

The ignitidn, verming-up and operating procedures for the
large vortex-stabilized burner were carried out, as described on
pzge 102 . A prepared slab was then drawn across the flame at
a selected speed and data logginé of the millivolt output from

the thermocouples commenced,
6.  TFLAME HARDENING. ' ’

Tre technique outlined in section E 5 above was also used to
flame harden the svrface of the slab. The general arrangement

of the apparatus is shown in Tigure IV 9 with the addition of

2 quench placed next to the burner as described in section IV &.
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Slab speed. auench water flow rate and the distance
tetween the quench end the burner vere varied.,  After
treatment, the slabs were sectioned ait a -number oIl positions
and hardness traverses vere made from the heat treated
surface towards ihe centre of the slab. Both the Vickexrs

hardness test anéd ilie microhardness test were used to obitzin

these hardness traverses.. These tests are described in
section ZI 7 (b). IMetallographic examination was carried

out on polished seciions of the heat treated sicel.

Microstruclures of the In 8 prior to treatment showed that

a decerburised layver existed at the surfzces of the slabs.
Tris region wae reroved from the surface whick was to be flame
hardened by grindéing a layer of thicxness 0.5 mm from the

surface. The surface finish, before and after treatment,

vas assessed using a Tallysurf machine. This instrument has
‘an arm with a diamond stylus which follows the surface of the
specimen. The magnified motion of the arm is recorded on a

chart.
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17 DToNT.MS
i RESOLTS.
—_————

-
.

BUREER OPRERATICH,.
Section E 1 describes many of the éxperimental observations
which were made during the development of an electrically
augmented burner for flame hardening.

The range of eir and methane flows and the extent of
electrical azugmentation for ilhe various types of burner are

given in table VI 1.

Purner type and’ Lir tethane Flectrical augmentation
throat dimension| 1 min~ ' | 1 min™ 1 2mps volts
Simple tube,

dia. 9.5 e.7 1.2 0.1 800 d.c.
Sudden 7.0 0.7

enlargement, to to

dia. 7.0 - 12.0 1.2 0.1 800 d.c.
Small vortex-

statilized, 7.5 .
effective dia. and ,

7.0 11.0 1.0 0.4 1000 a.c./d.c.
Large vortex-

stabilized, 55 ‘ 3.0

effective diz. and to

17 75 7.5 4.0 1000 a.c.

Table VI 1

The current and voltage figures were found to vary according

to the dictance between the electrodes anrd the air and methane

flow rates. Tire usval operating practice is quoted under
"electrical augmentation” in tatle VI 1, he airflow for the

small and large vortex-stabilized burners was 11.0 and 75 litres
per minute, respectively, during the warm-up period prior to
zvgmentation., As soon as wearm-up had been completed and the

electrical dischirrrze hzé been initiated, the airflows vere

|

ot

~
I
-t
.

)
reduceé¢ to 7.5 and 55 litrez per minute, as shown in table



The effective throat diareters were calceulzted For the

large and small vortex-stabilized burners using the
relztionship:
ffective zrea of irroat = area of throat - cross-sectional

area of cenitrzl elecirode,

wvhere the effective areaz is the area available for gas flow
and the releva=nt burner dimensions are given in figures IV 1
and IV 2.

(2) Tlame stability.

(i) <Simple tube burner.

I

Blow-off limits for a flame stabilized on a tutbe are

discussed in section II 2 (a) under "flame stability". 2low-

I

off was investigated for tubes of 7 mm and 8 mm diameter.
The maximum flow retes of méthane and air at which sitable flames
could exist on the tubes vere measured for a rangelof methane to
air ratios, The results have been plofted in figure Ei 1 as
the percenﬁage of methane in the total gas flow against the
total gas flow when the flame was about to 1lift off the burner
tube. The lines due to Lewis and von Elbé will be considered
in the next chapter. .

If fully developed laminar flow is assumed to exist
in the burner tute then the distribution of velocity of the

unburnt mixture in the tube will be given by

2
oo S S T
v, =27V, (1 11'2) VI 1

where Vu is the mean velocity in the tube and the other
symbols have the significance allocated to them in section
IT 2 (a). The velocity gradient at any position in the tube is

given by

¢v v.r ==
oo M yie
dr B (2
T
At the wall of {the tube, equation VI 2 becomes
av v —
: 411 yi >

ll
I

Fquation VI 3 defines the region of stability of a flame

which is burning on a circular tube for fully developed laminar

¥I 1 (a)
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flow of the unturnt mixiure in the tube. The datz in
figure VI 1 have beer used ito calculate the maximum value

a
of vu at which the flame is stabhle. The value of dvv

ar J_,
has been calculated using (v_) in equztion VI 3.
w’max : -
dv 1 4 R 1 3 £ Fa¥ ol mh s ;4 3
v is then the criterion for blow-off. This criterion
ar ’

is chown in figure VI 2. over z range of methane percentages

in the total gas flow for the tubes of 7 mm and 8 mm diamever,
Point A in figure YI 1 corresponds to the operating

conéitions of the simple tube burner of 9.5 mm diameter given

in table_ii 1.

(ii) Sud@en enlarsement burner.

The operating conditions for this burner are given in
table Ez 1 and are represented approximateiy by the line BC
in figure Ei 1. 1i1ine BC corresponds to stable operation of the

i
burner ané cdoes not indicate the condition of blow-off.

(iii) Small vortex-stzbilized burner.

13

able VI 1 shows that this burner was operated at s

maximum airflow of 11 litrec per minute with a methane flow

of 1 litre per minute. This operating condition is represented
by point D on figure VI 1 which does not correspond to the
blow-off limit. '
(iv) lYethane inflammability limits.

Figure Vi %2 gives +the rich and weak limits of

inflammability as explained in sectior II 2-(a)(iii).

] Ll L L ¢ 1 L]

., 20 |
¢ methane

10 L
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Trne operatcing points for the lzrre vortex-stabilized burner
are superimporel on the figure. Toint 4 corfeSponds to the
werm-up period when the methane flow rzte was 7.5 litres per
minrute and the air flow zate was 75 litres per minute whilst
point B corresponds ito the mixture which was used during

——

electrical augmentatiom of the flame (given in table VI 1).
o O

PEe =ty

+

Points 4 and P also represent the mixture strengthe which
were used in the small vortex-stabilized burner during warm-up

and during elecirical auvgmentation, respectively.

b) Arc characterisiics.
/

D.C. arc chzracteristics and current and voltage
transients for a.c. zres were obtained for the small vortex-

stabilized burner as describted in section ¥ 2 (a) and (b).

(i) D.c. characteristics.

Voltage against current is plotted in figure VI 4 for
arc lengths of 5 nm and 10 mm. The lines AR ané AC are the
load lines for the 5 mm and 10 mm arcs, respectively, when
the zrcs are about to be extinguished according to section
T13(v)(iv) on arc stability. The general equation of these load
lines is

V = - IR

=1

wvhere B is the supply voltare 2nd R is 2z constant resistance
ppild 3

in series with the arc. The supply voltage was 3000 V, giving

V = 3000 - IR | ' TI 4
For line AB:-
when vAB = OV, IAB = 0.5%9, giving RAB = 5100 n-
¥Is
For line AC:-
when VAC = 0V, IAC = 0,564, giviﬁg RAC = 54000
VI 6

The normal operation of the vortex-stabilized burner required
I q
2 current of 0.44, as given in table VI 1. A lozd line passins
] - &
through the characteristics at C.4A would require a series
q
resistance of 4000 to 4500 AL .

o]
=
=
[ 3

Pl
o’

S
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TIGURE VI 4 D.C. CEARACTERISTICS OF THE S¥ALL VORTEX~
STABILIZED BURIER

¥yI 1 (b)



(ii) Current and voltegze irarnsients in z.c. arcs.
Plate VI 1 skows photogzrzphs of oscilloscope traces

p
obiained for 50 Fz arces with 2 3000 V supply a2nd a 6 kilohm
o)

-series resistance. Tre voltage scale is shown beside each

phiotograph and each half-cycle corresponds to 0.01 second.
The current scale is not shown because the consiant of

proportiorality Getween the voltaze which was measured by the

oscilloscope and the currernt in the arc was unknown., Table VI 2

gives the conditions under which each photograph was tzken.

Photé. Tlectrode srestemn, NDistance Methane Air
" |- arc strikes tetween flow -1 flow _
between:~ electrodes 1 min 1 min
(2) Central and
water-cooled
tute 5 mm 1 - 10
(v) Central and
annular 5 mm 1 10
(c) u 2 mm 1 10
(a) " 5 mm 1 0

(¢) Hirh speed photographr.

Plate Ei 2 showes four cseguences of frames which have
been taken from cine films of the flame from the large vortex-
stabilized burner. The camera was operating at about 2600
frames per second for all four éequences; hence each half-
cyéle of the 50 Hz supply to the burner occupies 26 frames.

Tatle Ei 5 gives the operzting conditions for the burner
and the correspondinrg seguence of frames. In all cases, the
burner was supplied with 7.5 litres per minute of methane and

55 litres per minute of air.
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Seguence Zysten “lectrical augmensation
Amps Volts
(2} Tlame only 0.6 1000
(v) " " ' 3.0 1000
(c) Flame to plate at
1 cm gep 3.0 1000
() Flame to plate at
2 cn gap 3.0 1000

Table Ez 3

(a) Electrode 1life.

The components of the final designs of the vortex-
stabilized burners are shown in figures EF 1 and 2. The
electrodes were the components with the shortest life, the
other parts showing no marked deterioration during the entire
investigation,

‘The 1life of the elecirodes in the smzll vortex-stabilized
burner was difficult to assess becazuse operation of +he burner
vias often limited to a few minutes. The volume of methane
consumed by the burner was about 3600 litres at a rate of
1 litre per minute. On thls~bas1s, the burner was operated
for = total of £0 hours and during this time one replacement
vas necessary - a central electrode.

The large voritex-stabilized burner was operated forx
longer periods of time, uscuvally 0.5 to 2 hours. The annular
electrode required feplacemen t after 70 to 40 hours because a
gap developed beiween the carbon ring and the zirconia refractory
due to oxidation of the surface of the carbon ring. Arcing
then commenced inside the elecirode, resulting in 2 loss of
electrical powver to the flame. The ceniral clecirode of
tungsten was found to erode at an average rate of 0.5 nm
reductior in length per hour. The reduciion in length was
accompanied by a reduction in area of cross-section in the
region of the electrode whick was exposed to the fluwe. Yellow

tungstic oxide appeared in this region.

¥I1(3)
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2. HEAT TRAVEFER TC WATEE-CCCLED SURPACLS

L [&8 FEO

The various water-cooled calorimeters which were used .
to measure rates of heat transfer from the sudden enlargement

and vortex~stabilized turners to water-cooled surfaces are

described in sections IV 4 (a}, (b) and (c). The techniques wvhich
were uced to obtzin results from these calorimeters are explained
, {v) and {c). The experimental measurements

in sections V 4 (a)
1

ané derived resulis zre rsiven below.

(2) ‘vke calorimeter.

e flow rate of the cooling water through the tube was
found to af’ect the rate of neat transfer from the flame to the
tube. Results were obtained with the calorimeter horizontsl
and directly above the sudden enlargement burner so that the
burner axis coincided with the mid-point of the itube of the
calorineter. Tre distznce teiween tre calorimeter and the
burner was set at 2 cm and the burner was operated zt 0.72 1 min—1
of methane and 7.6 1 min~ ' of air, giving a stable flame. The
increase in temperzture of the cooling water was measured by the
thermocouples positioned at the inlet and outlet of the tube (see

figure IV 5) for a number of water flow rales. The temperature

of the cosling water -entering the calorimeter was maintained
o + . . -
at 20°% % 1% during tre inv s»lgatlon. Condensate was observed

on the surface of the_tube vhen the water outlet temperature was
less than 4OOC, i,e. wren the increase in temperature of the
cooling water was les:s ttan 20°C.

A plot of the difference in temperature between the outlet
and tre inlet against the water flow rate is shown in figure iz 5(a).
The rate of the heat transfer from tre flame to tlie tube was

obtained from the data of figure VI 5 (2) using:-

§=4.156 Q.A®

where

EN

cransfer, U,

3

g = rate of heat
Q = water flow rate, cm sec ,
e

. o
temperature difference, C.

The rate of heat iransfer ¢ was plotited againct water

flow rate to give figure ¥I 5 (B). Thr

«

Peynolds number for
the flow of cooling waier zlong the tube is zhoun against water

flow rate in figure VI 5 (c), where

—
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Feynolds ro. = j<;”——

z -1
¢ = water flow, cm” sec 4
d = internzl diazmeter of tube, cm

. . . . 2 -1
V = kinematic viscosity, cu~ sec

0

VYalues of the kinematic viscosity were obtained from
the literature at t:e mean temperzture of the water in the

(54)

tude

(i} Sudéden enlargement durner
The rates of heat transfer from this burrner to the
tube calorimeter were determined for the following conditions:-

methane flow rate 0.72 1 min—1
£.8, 7.6 amd 8.4 1 min-1

9.5, 8.6 and 7.9) .

it

air flow rates

(i.e. & methane in total gas
cooling water flow rate = 26 cm5 min-1

0.5, 1.0, 2.0 2nd 3.0 cn

electrical enlargement 0.1 A at 800 Vd.c

and 0.05 A at 800 Va.c.

fl

distances ltetween burner and tube

Tre flazme was auvgmented by both a.c. ard d.c. power using
the burner rim as one electrode and the earthed tube as the other.
The a2irflow wae maintained at 7.6 lmin-1 during zugmeniation and
the distance between the burner anrnd the tube was set at 2.0 cm.
D.e. augmeniation was carried out both with the burner rim as the

)

cathode and with the tube as the caihode. Continuous seeding

j=7]

ras required when tre tube was use

-

de
ac a cathode and when a.c.
augnentation wes carried out. When d.c

. augmentation was
used with tFe burner rim a2s 2 cathode. éeeding was only required
to initiate the arc.

Figure VI € {2) shows the Tates of heat transfer for the
‘zugmented flame.when toth the distance between the burrer and
e mixture were varied.

Point A in this figure is the rate of heat transfer obtained

with d.c. augmentation; irrespective of polarity, ard point B
is the corresponding velue for z.c. augmentation.
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{ii)} Small vortex-stabilized burner without the annular electiroce

#

t trznsfer from this burner to the tube

and under similaor condiiions, except
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£ vas only reguired wken the tube vwas used as

eeding
~the catrode.
The results zre shown in figure Ez € () and are analagous
to those in figure VI € (a).

Further results were obtained with thig burner in order
_to investigate tre influerce exerted by the proportion of methane
in the comtustitle mixture on the rate of heat transfer, both with
and without electirical augmentation. The following conditions

were imposed:-

Yethane flow rate = 0.72 1 min™ |

Air flow rates -2 %0 11 1 min"
Cooling water flow rate = 26 e’ min
1.0 cm

0.24 2t 1 XV d.c.

Distance between burner anrnd tube

it

Electrical augmentation

Tre ceniral electrode of the burner was mede the cathode and
seeding was not required. Tze flame would not exist at less than
21 min-1 of air or at greazter than 11 1 min”‘I of air, i.e.

97, methane and €.4% methane respectively. The results are shown
in figure Ez 7 zs the rate of heazt transfer from the flame to

the tube against the percentage 0f methane in the total mixture.
The regimes A 1o C which are shown in the figure correspond to

the the following observations:-

A - flare wes.stabilized or central electrode,
B ~ flame was stabilized in trhe cormbucztion chamber ané heated
ihe central electrodc to orange heat (normal operation),
- ac for ¥ tut flazme Tecame noisy,
T - flame wes stabilized on the rim of the éombustion chamber
end had the appearance of a diffusion flame,
E - arc in flare was narrow and intensely vhite and a stationary

anode svot appeared on ithe water-cooled tube,

F ~ 2e Tor E tut {tke zrc appeared to be wider and less intense,
7 - ag for F but the anode spot moved continuouvsly over the lower
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tube.

when the methane content exceeded 207 .

was obtai this burner
Y-

rate anid the

ey Z]

D

effect of methan

the rate of heat from the
tube. A wide range of airflows
of a number of methane flow rates, the,

T

4
il

gshown in tabdle in order

Foma

P

A
-
o
s

flame in the combustion chambe or each

H

e

¥ethane Stavle airflows, 1 min
" flow Egte -
1 min °
Maximum Minimum
0.30 3.25 5.15
0.€0 4.75 6.50
0.90 7.25 9.20
1.06 8.4 10.4
1.16 a,6 11.2
1.45 12.3 12.3
1.57 13.4 12,4

The distance between the burner znd

mable VI 4

the tubevwas

4]
D

t at 1.0 cm
5

and the cooling water flow rate was maintained at 26 cm” min .
The rates of heat transfer are plotted in figure VI § againsi

percentage of

methane in the gas mixture for the various

nethane flow rates.

(b) Concentric calorimeters

These calorimeters are described in section ii 4 (b) and

section z 4 (b) and were used to determine the distribution

of heat flux from the small vortex-stabilized burner.

Preliminary

results were obtained in order to determine the

effect of cooling water flow rate on the rate of heat transfer

from the flame to each calorimeter in an analagous manner to the

(a).

VI 2

<

experiment described at the beginning of section zzz
‘b
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Figure fi 8 - Effect of methane flow rate and proportion of

methane on rate of heat transfer to tube

Typical results are given in figure ii 9 for the calorimeters
with diameters of 1.3, 5.0 and 13.0 cm. The unaugmented flame
vas used as the source of heat for the experiments carried out
with the 1.3 and 13.0 cm calorimeters but the 5.0 cm calorimeter
was tested with botﬂ the augmented and unaugmented flames.
Condensation was observed on the 13.0 cm calorimeter and on the
5.0 calorimeter when they were heated by the unaugmented flame.
In general, condensation did not occur if the temperature of

the outlet water from a calorimeter was in excess of 40°C. The
vater flow rate to the grard ring was also varied to determine
any effect this may have had on the rate of heat transfer from
the flame to the calorimeter. There was found to be no
noticeable change in rate of heat transfer due to change in water
flow rate to the guard ring. e.g. for the 5.0 cm calorimeter, the
watler flow to the guard ring wvas varied between 60 and 640 cmsmin-1
and the increase in temperature of the calorimeter water due to

heat transfer from the flame remzined at 19°C : 0.50C.

¥ _2(b)
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(i) Rate of heat transfer to a large water-cooled surface

The overall rate of heat transfer from the-sma}l
vortex-stabilized burner (with and without annular electrode,
with and without electrical augmentation) to a large water-
cooled surface was determined using the largest concentric
calorimeter (diameter 13 cm). The following operating

conditions were used:-
1

]

0.9 1 min~
6.9 to 12.7 1 min~
6.6 to 11.5)

215 cmomin” |

Methane flow rate
1

]

Air flow rates

(% methane in total gas flow

Cooling water flow rate
Distance between burner ahd calorimeter = 3.2 mm
Temperature increases in the cooling water weré measured at
a number of air flow rates for the %oilowing forms of the
small vortex-stabilized burner:-
A, Unaugnented - mno annular electrode.
B, Augmented -~ no annular electrode, earthed calorimeter
écting as an electrode for an a.c.‘supply
of 0.2 A at 1 XV,

C. - TUnaugmented with the annular electrode.

D. Augmented with the annular electrode, a.c. supply
' of 0.4 A at 1 kV. '
The rates of heat transfer to the calorimeter wvere calculated
from the measured temperature differences using equation ii 7,
and are shown in figure Ei 10 for cases A, B, C and D.

Further results were obtained for forms C and D of the
small vortex-~-stabilized burner when the distance between the
burner and the calorimeter was varied.from 1.6 mm to 76 mm.
These rates of heat transfer are shown in figure vI 11 (a)
and (b) for methane percentages of 6.6 and 10.7. Rates of heat
transfer are also shown at 11.5% methane for an augmented flame
only (case D) in figure VI 11 (a). ‘“his percentage of methane
was too high to allow an unaugmented flame to be stabilized in

the combustion chamber of the burner (see region D of figure Ei 7).
(ii) Distribution of heat flux at a water-cooled surface.

—
~Figure YI 12 shows schematically the distribution of heat

flux which might be expected from measurements taken with the

concentric calorimeters. Calorimeter no.1 has a radius Tys no.2

has a radius r2 and no.i has a radius ri. The overall rate of heat

T 2(v)
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transfer to no.1 is Q1 and to no.i is éi' Y'he mean heat flux

over the surface of no.l1 is given by
n (.11

94 = 2
1 1Tr1

The mean heat flux over the annulus by which calorimeter no.2 is

" larger than calorimeter no.1 is

X - i - 44
- Similarly é" _ 4= 45 4 ' ' i
1_(1"1) T (riz_ri—12) —_—

1"
vhere qi (i-1) is the mean value of the heat flux which occurs

over the annulus lying between T and Ty q° The heat flux éi-(i-1)
- may be considered to exist at some radius r which lies between

r, and r, ., such that 7T(r2—ri_12) = Tr(rig-rz), giving

1

- Table Ei 5 gives the radii of the various calorimeters used, the
11
area over which the heat fluxes qi-(i—1) were determined and the

radii r at which the heat fluxes qg_(i_1) were considered to exist.

A |

4 | ! j
| '
no. 3 I . 4' |
of ! l
calorimeter 2 | 2 4% : |
‘ |
1 /7 | :
! { | | i

*n : ' I
b | '
'" l l - l '
94 [ , |
heat | |

|
flux »u { | i
_p o~ =- | |

W oem |
n |
=/ e !

45
0 r, r2 r3 r4 T

radius, cm

Figure VI 12! .
VI 2(v)



Calorineter Celorimater ire%, emy Padius, cmn.
no., i radii, cm M, T, ) -

1 c.3 | 0.283 .21

1.04 0.51
2 0.65

: 3.58 1.00
3 1.25

: } 14.7 - 1.98

4 2.5 [ '

| 1.3 4.93

5 €.5

Table VI 5

Distributions of heat flux were determined at distances
between the burrner and each calorimetér in the range 3.2 nm
to 76 mm. he air flow ito the burner was variedéd from €.9 1 min-1
to 12.7 1 min-1 for a constant flow rate of methane of
0.9 l min-1; The annular electrode was attached to the burner
taroushout the investigation and the burner was operated both
with and without a.c.electrical augmentation. The temperature
differences which were measured bty the differential thermocouples
in each calorimeter are given in tables A1 to A5 of appendix 4.

Trhe rates of neat transfexr éi wvere celculated from the
temperature differerces and the water flow raies given in tables
A1 to AS using ecguation EI 7. The heat fluxes_q;_(i_1> vere
obtained from equation zi 9 and the radii at wkict these fluxes
occurred are given in table Ez 5. Table A6 in appendix A gives
examnples of these heat fluxes which have been calculated for

various distarces between the burner and the calorimeter a2t

selected percentages of methane. Some disiributions of heat
flux from augmented and uvraugmented flames have been obitained from

talile 46 ané have been plotted in firure VI 12. The effect of

the distance between th:e burner and the water-cooled surface on

the heat flux is showr in figure VI 13, values of the heat flux

o

1

1
naving teen plotted at the radii given in tedble VI 5.
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te celorimeter wazs used to deiernmine heat

fluxes from the lzrre vortev-siabilized Turner zndé is Cesciite

and ¥ 4 fc.

N

ors wrich were used to measure the

u

were calivrated in a water bath against 2 mercury-in-giass

t-

thermometer which could be read
fron eazch thermistor was redd on & digitzl wvolimetzr To an
_accuracy of

\ .
[

for all the thermistors is given in table E1 of appendix T and
f

i
a calitration curve for thermisticr no.1 is plotted in figure ¥

(i) Distrirzution of heat flux at 2 water-cooled surface

3

The output wag obizined from each thermistor whenr the spl
plate ®lorimeter was traversed in steps over the large vortex-

‘ 4 (c).

Pﬁl

lescrited in sectlo

[o])

tabilized turrer in the manrer
The following operatin; concéitions were employed:-
Methane and 2ir Tlovw rates as given in table VI 1 for

-

uraugmented and augmented flames. )
Blectrical augmenitation of CA, 1.24 and 3.08 a2t 1 kV,.
Furner-to~-plate distances of 1.0, 1.5, 2.0 ana 3.0 cm.
Step lensihs of 2.0 mm ané 2.8 mn.

: , e . .~
Tater flow rate to the calorimeter of 2.75 1 min .

The resulis are given in tables B2 to B11 in apperndix E
vhere thernistor outputs zre shoun for each step advanced by

the cazlorimeter, The methodé of czlculating the distribution
of heat flux a2t the waier-cooled surface from these rezults is
civen telow, uzing the results ir table B2 an an exanmple,

3 +

Teble F2 was chosen as it represents the least accuratle case,

being the lowest in this

o

measured vemperature differences
experiment tecause the flame was not augmented and was at the
rreztest distance (3.0 cm) from the plate.
The thermistor outputs are converted to degrees centigrad
using itre czlibration data givern in tatle 71 of appendix .
The increase in temperaiure A O for each plaie of t

is griven by:-

0. 1 £, The voltage output

1 nY., The calivration of voltage agzeinst temperat

it

the
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by thermis

Are,

ors 1,

n

4

are shown ploited sgainst step numter in figure VI 14.

Curves have been drawr through the experinenrntal poinis as

shown in figure VI 14, Tiese two curves sre symmetrical

about the horizontal and vertical lines drawn ihrough

BN

point of intersectiorn C because the heat flux 1s assun

N
ea

o
ne

ck

ne A8, are civen in iatle B 12 of appendix T and
/

distributed symmetrically about the burner axisz. The curve

4LC provided the values of (A®© \'1 to give {f7 (=) ] i
. 5

equaticen I3 17, page 39, i.e.:-

where
[f (x,-]i = (Ae‘-i xQxI’,.‘iSE/’c vatts

-1
= water flow rate cm5 Tec
4

Q
/9 = density of water g c=
¢ = specific neszt of water cz2l g ocC

-

Toxr tre c¢xarple chosen, s = 0.2¢ . cm, glving

(f(r)]. = 90 z c. . (A,
4 Jsyl ° i

in

=1

- VT 1
0rl33)

the
i=20
e85

‘o be
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Ztep Temperature
no increase
i (be), °c
-1 3.40
0 3.15
1 2.95
2 2.75
J 2.55
4 2.35
5 2.15
6 2.00
7 1.90
8 1.75
9 1.€5
10 1.55
11 1.45
12 1.35
13 1.30
14 1.20
15 1.10
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FACT OF A STE=I SLAB

chnigues involved in determining

heat transfer from the large vortex-stabilized

scribed in sections IV 5 {(a) and
were measured in the slab were

ution of heat flux accoxrding to

the method developed under "Pheory", chapier TIT
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f=de

aﬁd the followirg experimental conditions were employed:-

Slat velocities = 2.€2, 4.2 and 7.5 cn min

Distance tetween turner and surface of slat
= 0.5, 1.5 and 3.0 cn

T"he mV readirgs from ithe theriocouples were recorded on

paper tape 2t the rate of one reading per second oty the daila

logrer. 4 printed output was ottained from the paper tape and
ch Py

the mV readings were converted 1o degrees centigrade., Thece

ratures wvere Dplotted against distance a

o

ong ithe surface
of

e 1
of the slab and are shown in figures C1 1o C7 appendix C, the

details of the experimental con rditio g bheing given in table
VI B.for eazch run.
Pigure Auvgmentation Slab velocity Pistance between
. . =1 ’ 3 o
.no. cm.in burrer ancd sliab,em
ct 0 _ 2.€2 0.5
ce2 0 " ' 1.5
-C3 3A, 1%V " 0.5
04 1" " 4' 8 . "
C5 1 11 7-5 n
CKk n n L.8 . 1.5
° C"7 " 1 " 5 . O
Tarle VI 8

In obtaining the data showr in figures C1 and C2 it was

[}

possible to observe approximately vhen the insulated clement wa

directly over the turrer becazuse the flame was not augmen ted

and the Goor of the earthed cage could be lelt open (see section
17 2 (b)) 2llowing access to the burner, The cenire line of the
ed

insulated element wacs observed to be coincident with the axis

L.

of tie burrer tefore the output from the no.1 thermocouple reachked

a maxinur value. The slal was observed to travel another 5 to

10 mm before this marimum value was reached, This type ol ohservation

l

-
1~
W
N
3
e
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B

vas impossitle witih the auzmentied flame tecause the cage

door haé 1o be loclked.
(ii) ¥Tezt flures

Tiie method of determining the distribuition of heat flux
en

at the surface of a slab from the data given in figures C1 to C7

£
(2) and ()

in appendix C reguiree ilhe use of eguations IIT 3
whichk are ziven on page 65 The data of figure C1 will te used

illus*trate the metaod. The heat flux q can te expressed in
) 1"
terms of the meximum heat flux ¢ .. and the "spread" of the

'3

heat flux édistribution, "a", as in eguation 11 or page 64,

where
A
n o ! —_—
q = Q75 \.)2 - - }_T; 12
== 1 e {ax.
1+
On page 65
3 :keé' u ~
u = = —_— VI 13
a,, &« a
4L
giving
i e
g Ja = —_— YT U
M
Equation 111 3 {b) and figure I11-7 btoth show that
= % 3 *® r =
e /o == Ju = 152t L =o0.s VI 15
s . a —
£y
where eo = ( ).., the maximum value of the surface temperature
eS' The data of figure C1 can be extrapolated to give (98)"'
L
ag shown in figure YI 18; -
o s sas
(8.),. = 580"C - initial slab temperzture
LS I 2
c
= 5€60°C
The temperaivre e};is an arbitrary constant which will bte
chosen as itze austeritising temperature in order to relate this
analysis to flame hardening. Tigure II 28 indicates that an
a2ustenitising temperoivre of 825 reguires an austenitising

time of 2 few seconds which iz the length of time required by

the flame hardening

A

-1

p
© = a5
f%

to
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Sutstituling these valiues of (OM‘, and ©, in equation VI 15

I Y
Sives
ke -r
u = 2.%26 at £ = 0.4
. a
— ) Pl
and equation VI 13 shows thalt u is corsiant for 2ll values
of y.
4 flane-nardenable steel, Fn 8, was usged in all the
experiments. Valuecs of the physical .properiies Xk, and ¢

C
used to derive equation IIT 3 (2}, (b) and (c) assuned that k,
] a

H
o]
W
!
-y
o®

/) and ¢ remained independen b Temperatu

1
following values will be used in all further czlculations:-
1

k = 0.100 cal °C7! cn” 'sec” (value at 400%¢)
-2
2 =17.80 & cm a1 -1 ) o
¢ = 0,159 cal °C" ¢ (mean value from 20 C to 800°C)
. 1- . - - .
and o= — = 8.06 % 107° cm® sec”

ﬂC

In the example chosen, the slab velociity u = 0.0437 cn sec

-

Substituting these values of %, 9!, u, &€ and u in eguation

YI 14 gives

2
1] =<
qu\/a = 105 % c¢cm 2 FT 16
Tigure ¥I 18 shows that the surface temperature is approxirately
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no.1 tiermocouple at any selected values of ¥y in figure C1

vhere y is expressed in terms of 'f'a" U.Sil’!é equation VI 15, e.g.

at y = 0.4 2 ¢cn, ®_ = 560C and at
. .~ O- '}:. .
v = {0.4 5 - 1.0)cnm, Gc = 480°C. Values of ©_ and
s <. 12
conseguently es u can be calculated from es’ ueing
¥ es and *
e_ = o) u = 2,36
2 a
Fal
For ercr value of @ W there is a corresponding value of
¥ given in figzure III 7. 4 value for "a" can be calculated
by ecuating this value of ¥ to the appropriate valuec of ¥,
usings the relation .
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Tztle VT % - shows values of

corresponiing values of @

Fs
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Q

cm

0.42-4.0 20 0.112
0.4a-3.0 155 0. 11

0.42-2.0 290 ¢.380
0.4a-1.0 480 0.59%
0.4a E60 G.£95
0.42+1.0 &70 0.584
0.42+2.0 275 C.465
0.42+3. 320 c.397
0.42+4.0 | 205 | 0.3£6
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Table VI 9

Values of "a" syrere ottained

ziven i» figures C2 %o C7.
temperztuvres frorn the no.
Surface femperatures in. the
the temperatures mezzured b

a

d
. L]
cemplete set of values of
"

similar. manner from the data

Tisures C€ a2nd C7 do not shovw
failed

thermocouple beczucse it had

se cages were obtainrned by extrapolating

o

¥ the remaining trhermocouplces &

’ . - 3
ie given in table C2.

The value of §,. has been calculated from equation Ez 16,
using mean values o}'a‘at vy < 0.4z and y20.4z. The results
are summarised in tatle VI 10. TFigure Ei 12 shows the
experimentally cetermined surface terpersture for run Ci

compared witn the calceunlate

values of a2 riven in table VI 10,

“"discucsion" in

later uncex

a whicrh hazve teen obtained

Tre heat flux g can b
and the appropriate values
Figures VI 20, 21 and 22 =i

d zurface temperatures

For reasons vo be stated
chapter fzi, the mean values of
wnen ¥y & O.4a will be used in all
e calcﬂlatgf. using equation Ez 12
of'z and a,, from table T 10,
ow th ef’;;t: of auvgmentation,; slab
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(iii) Temperature profiles in the slab

Bguation 7, pare 64 , relates the temperature © at

n
a distance x in tie sla® to the keat flux ¢ and the penetration
distance § . The distarnce & carn be found from ecuation & on
pare 64 . enatling the temperature profile in the slab, ©
against x, to te determined. The penetration éistance s
can be readily ottained when y =0, -In this cezsg,equation 8
tecomes o
2 6 L
8 = N 9 dy I 17
. ug ‘
-

1] R . .
Substituting for ¢ from eguation VI 12 gives

]

R
=
39

5% -

n [J 2
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-

When y = 0. equation 7 beccmes

qll
- my (5-0° Y19

The slab temperature & at vy = 0 can be obtained from
"equation ii 19 for wvalues of:c"g, where & is given by
equation Ei 18.

These slab temperatures are given in table C3 of
appendix C for runs C1 to C7 and have been calculated
using the appropriate value of Q; obtained from table ii 10.
The measured slab temperatures were obtained from the data
given in figures C1 and C3 and are compared with the calculated

temperatures in figure ii 23.

(v) Tempefatures measured in a slab without an insulated element

These.slab temperatures were measured by a thermocouple
which was positioned near the surface as described in sections
if 5(a) and i 5. Unlike the set-up reguired to obtain the
results given in section VI 3(z2)(i) and shown in figures C1 to
CT7 of appendix C, the thermocouple was not placed in an insulated
element of the slab but was positioned in the mazin body of
the slab. 4

Figure ii 24 shows the temperature measured by a thermocouple
positioned at 0.7 mm from the surface of the slab and the
temperatures measured by the no.1.thermocoup1e in the inzulaved

element under identical experimental conditions, i.e.

Slab speed A = 2.62 cm.min”|
Methane flow rate = 7;5 1 min~ ]
Air flow Tate = 55 1 min |
Augmentation = 3f at 1 kV
Distance between burner X

and slab surface = 0.5 cm

The temperatures measured in the insulated element are also
given in figure C3. “he no.1 thermocouple was positioned at
0.4 mm frém the surface of the insulated element. |

A further test was carried out under the same expefimental
conditions except that the slab was equipped with three

thermocouples, 211 positioned within 1 mm of the surface of the slzab

VI 3 (b)
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and separated from each other by 5 cm measuied lengthwise
along the slab. The first of the three thermocouples was
situated at a distance of 20 cm from the leading end of the
slab. The temperature profiles which were obtained from the
three thermocouples all lay within + 1500 of one another

and within % 1500 of the temperature profile obtained from the

slab without the insulated element (see above).
4. QUENCHING THE SURFACES OF SLABS

The quench arrangements are described in section ii 5
and shown in figure iz 12 and plate ii 4. The following

experimental conditions were employed:-~

Distance between slab surface and burner = 0.5 cm

Electrical augmentation = 3.5 4 at 1 kV
Burner airflow =55 1 min )
" " methane flow = 7.5 1 min"

Slab speeds 1.45,2.62 anq

. 4.80 cm min~
Slab cross-sections = 50x12,25x12,12x12 mmg,

~ - the 12 mm wide surface being quenched.

Both of the nozzles described on page 92 were used at
various burner to nozzle distances and a range of water flow
rates. These nozzles will subsequently be referred to as the

slotted nozzle and the five hole nozzle.

(a) Slotted nozzle

Figures Yi 25, 26 and 27 show the effects of altering

1 Slab cross sectional area '

2 Water flow rate

3 Burner to quench distaﬁce
on the surface temperature of the slzb. These "surface temperature"
profiles were obtained from a thermocouple which was inserted in
each slab within 1 mm of the surface of the slab. The

experimental conditions are detailed on each figure.

VI 4 (a)
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(b) Five hole nozzle

Figure fi 28 shows the temperature profile which
was measured by a thermo-couple positioned within 1 mm
of the surface of a slab when the five hole nozzle was used
to queﬁch the slab. The flow rate of water to the nozzle was
maintained at the minimum value which allowed five separate
Jets of water to impinge on the slab without coalescing.

The experimental. conditions are detailed on the figure.

(c) Experimental observations

1 VWhen the quench water flow rate was high and/or the quench
was.placed very close to the burner, water tended to run

along the surface of the slab into the area where the arc-heated
gas impinged on the slab., )

2 All the results given'above were obtained when water from

the quench covered the entire width of the slab.

(d) Rate of quenching

The rate of gquenching can bg defined as the rate of cooling
of the surface of the slab in °C sec-1. Approximate values of
the rates of guenching occurring during the above experiments
can be obtained from figures VI 25 to 28. These rates of
quenching are approximately constant because the cooling curves
in figures VI 25 to 28 are linear over most of their length.
Hence, ’
rate of quenching (OC sec-1) = gradient of linear portion of

cooling curve (°C cm-1) x slab

speed (cm sec-i).

(e) GQuench heat flux

An approximate value of the quench heat flux can be
determined if the burner heat flux distribution and the rate
of quenching are known. The guench heat flux will be calculated
for a constant rate of quenching of 20°¢ sec_1 at a slab speed
of 2.62 cm min™ A
)  Assume that the burner heat flux distribution is identical
to that obtained from run C3. 'Table Ei10 on page150gives the

fellowing information:-

VI 4 (e)
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a = 1.09 om and §", = 165 W om™°

' *
The maximum surface temperature is obtained when y = 0.4

{see figure III 7on page68 ).

i.e. y =y.a = 0.44 cm

Pigure C3 of appendix C gives the maximum value of the
surface temperature as 740°C. Af a constant Quenching rate

of 20% sec-1 the time required to éuench the surface to

20% (ox 65 = 0) is

740 -~ 20

50 = 36 sec

and y . =% + ut

S
max

0.44 + 2.62 x 36

—

0

2.01 em

N
.
o
-
i
-
[@s)
A

- - *
giving ¥y =

9*=o
) S

-
(=]

Figure III 8 on page 70 gives quenching rates at various values

L ¥
of q" , where

gggﬁch heat flux

e
I

a1
97y

*
/ ¥
These quenching rates which are given as BS u against y ,

instead of in °C sec”]

, are approximately linear. A straight
¥ * * * * .
line drawn from es \/u = 1.65 at y .= 0.4 to Os /u =0

*
at y = 1.85 almost coincides with the quenching rate for

Q% = 1.0. In this case. a quenching rate of 20°¢ sec-1

at a slab speed of 2.62 cm min corresponds to
quench heat flux == Qﬂ

= 165 V cm-z

5 FPLANE HARDEHING THE SURFACES OF SLABS

Slabs of normalised En 8 were subjected tq tihhe process

of flame hardening as described in sections ii 5 (b) and z 6.

VI 5



«165-

Figures ii 9 and ii 10 show the arrangement of a slab over
the burner and figure ii 12 shows the slab, the burner and

the quench.

Quenching was carried out using either the slotted nozzle
or the five hole nozzle, both being positioned at 2.5 cm from

the burner axis. The water flow rates were maintained at

270'cm3 mirx"1 for thé slotted nozzle
and 100 om’ min~| for the five hole nozzle
The burner was operated at the same gas flows and

electrical augmentation as in section 4 above. Other conditions

vere:- .
Slab speeds of 1.45, 2.62 and 4.8 cm min—1.
Slab cross-sections of 50x12, 25x12 and 12x12 mm2

Distance between the burner and the slab = Q.5 cn

The results can be classified under three headings, as

follows s~

(a) Mo martensite formed

HMicrostiructures of the surface layers showed no evidence
of martensite formation and were similar to ﬁicrostructures
of the untreated steel, except that the pearlite and ferrite vere
in finer grains. The hardness of the surface iayers was tested
using both the Vickers hardness and the G.K.N. microhardness
machines. The hardness values within 1 mm of the treated
surface were found to be 200 - 250 V,.P.N. both with the Vickers
machine using a load of 1 kg and with the microhardness tester
using a load of 100 g. The untreated steel gave hardness values
of 150 - 200 V.P.N. under the same conditions.

This type of microstructure and the corresponding hardness

values were produced by any one of the following treatments:-

1 5lab cross-section = 50x12 mm2
Slab speed = 1.45 cm min~ 1

Augmented burner and slotted nozzle quench.

2 Slab cross-section = 25x12 mm?
Slab speed = 2.62 cm min_1

Augmented burner and slotted nozzle quench.

5 (a)

&
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12x12 mm2

3 Slab cross-section
Slab speed

Augmented burnér and slotted nozzle quench.

]

4,8 cm min-1

(b) Thin layer of martensite formed

_ A typical microstructure of a cross-section of a

hardened slab is shown in plate Ei 3. A thin layer of martensite
can be seen at the treated surface. The thickness of the layer is
about 40 microns. A hardness traverse using the microhardness
tester was made from the surface into the main body of the

slab and thie traverse is shown below plate zi 3. This
microstructure and hardness traverse was oftained with the

following conditions:-

i}

Slab cross-section 12x12 mm2
Slab speed

Augmented burner and slotted nozzle quench;

I

2.62 cm min-1

Similar microstructures and hardness traverses were obtained with

any of the following sets of conditions:-

1 Slab cross-section = 50x12 mm2
Slab speed = 1.45 cm. min” |
Augmented burner and five hole nozzle quench.
2 Slab cross-section = 2§x12 mmg
Slab speed = 1.45 cm min |

Augmented burner and slotted nozzle quench.

3 S1lab cross-section = 12x12 mm2
Slab speed

hugmented burner and five hole nozzle gquench.

4.8 cm min~

(¢) Thick layer of martensite formed

Plate Ei 4 shows a typical microstrucfure wvhere martensite
has been formed to a depth of about 2 mm from the treated surface.
The hardness traverse shown below the plate was obtained using
the microhardness tester. | '

A thick layer of martenéite was only formed when the two
pieces of steel which were on either side of the slab were removed.
(Figure iilo on page 91 shovs a slab surrounded b& these two

pieces of steel). The microstructure shown in plate Ei 4 and the

¥I 5 (c)
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corresponding hardness traverse were obtained in this way under

the following conditions:-

25x12 mm2

Slab cross-section
4.8 cm min~ ]

Slab speed

Augmented burner and five hole nozzle quench.

(8) Surface finish

The surface of any slab which was to be flame hardened.had
a ground finish, the direction of grinding being along the length

of the slab. The reason for grinding has been given in section

V6.

The ground surface was examined after flame hardening

and was found to be covered with a uniform distribution of

small marks, all considerably less than 1 mm in size, and spaced
about 1 mm apart. In order to assess the influence of these marks
on the surface finish, the surface was tested ﬁsihg a Tallysurf
machine. The results of the Tallysurf measurements for the

flame hardened surface are compared with those for the ground,
untreated surface in figure VI 29.

An experimental observation was made that could be
associated with surface finish; a large number of arc spots
could be seen on the surface of the slad when the distance
between the slab and the burner was 0.5 cm.

The surface of the slab showed no evidence of scale formation

except for a dark discolouration.

VI 5 (4)
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VII DISCUSSION

1. BURNER DESIGH

(2) Flame stability . .

Ench of the unseeded electrically augmented burners
described in sections E 1(b) to (d) requires thermionic emission
at its electrodes in order to initiate an electrical discharge.
The elcectrodes must be raised to a high temperature before
appreciable emission occurs, as described in section ii 4(2)
on page 30 , and high intensities of combustion are required
to achieve these temperatures. High combustion intensities are
obtained when the throughput of combustible mixture is relatively
large for the size of the burner, the limiting value of the
throughput being reached when the flame blows off the burner.
Blow-off is explained in section II 2(a)(ii). Suitable operating
conditions have been determined for the sudden enlargement burner
and for the two vértex-stabilized‘burners and can be compared
with the blow off limits of simple tube burners of eguivalent size.

The methane content of the combustible mixture is plotted
againat the flow rate at which this mixture blows off simple tube
burneys in figure VI 1 on page 111 . These blow-off limits include
those obtained during the present work for tubes of 7 mm and 8 mm .
diameter and those obtained by Lewis and von Elbe (15) for tubes
of 5.77 and 8.8 mm diameter. Blow—off occurs at lower flow rates for
the 7 mm and 8 mm tubes than would be expected from Lewis and
von Elbe's results. A probable explanation for this is that
Lewis and von Elbe used much longer burners which ensured that
the gas flow was fully developed vhen it reached the burner mouth.
This voint is also illustrated by figure Ei 2 where the methane
content of the mixture is plotted against the blow-off criterion
(see scetion II 2(2)(ii).). If the ranges of Reynolds number are
calculated from figure ii 1 for the blow-off limits of Lewis
and von Elbe's tubes then their flow regimes can be found. +these

regimes are given in table VII 1.
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Tube diameter - Reynolds Flow
mm nurber regime
5.77 240-1500 Laminar .
8.8 450-2700 Laminar,

transitional,

turbulent

Figure Ei 2 clearly shows the laminar flow regime for
the 5.77 mm'tube and the laminar, transitional and turbulent
_ regimes for the 8.8 mm tube. Figure ii 2 also indicates
that turbulent flow existed in the 7 mm and 8 mm tubes because these
results lie on approximately the same curve as those of the 8.8mm
tube in the turbulent regime.

Line BC in figure ii 1 reprgsents'stable operation
(not the blow-off limits) for the sudden enlargement burner
without electrical augmentation. . This line shows that the
sudden enlargement burner (throat diameter of 7 mm) was
consiaerably less prone to blow-off than a simple tube burner
of the same diameter. Similarly, point D in figure ii 1 represents
the usual operating point for the small vortex-stabilized burner
without electrical augmentation.. This burner with an effective
throat diameter of 7 mm (see section VI 1(a)(iii))can be seen
to be even less prone to blow-off than the sudden enlargement
burner. The vortex-stabilized burner would therefore be expected
to achieve higher combustion intensities thah the sudden enlargement
or simple tube burners and would be the most suitable design for
heating electrodes to emission temperatures.

The operating point during warm-up, A, and the corresponding
point during electrical augmentation, B,‘are shown relative to the
inflammability limits of methane in figure Ei 3 for both sizes
of vortex-stabilized burner. As expected, points A and B lie
within the inflammability limits, with point B (at 12% methane)
being closer to the rich 1imit than point A. Pdint B could not be
readily achieved without electrical augmentation because the flame
tended to siabilize itself on top of the annular electrode instead

of inside the combustion chamber. With a.c. and d.c. augmentation

the discharge would exist for appreciable lengths of time at
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methane contents of up to 100% of the pre-mix gas flow, as
observed in section i 1(c) on page 101. Soot was produced
once the rich limit was excceded and some of the methane was
burnt with secondary air on top of the annular electrode

in a diffusion flame,

(b) Electrodes

' Seeding was eliminated by designing a Burner wvhich could
operate at a sufficiently high combustion intensity to raise
the temperature of refractory electrodes to a value at which
appreciable thermionic emission would occur, as described in-
sections V 1(a) to (d).

Evidence in support of initiation by thermionic emission is
provided by plates VI 1(a) and (b) on page 116 Plate VI 1(a)
shows the voltage and currenf traces which were obtained when an
a.c. arc was struck between a hot central electrode of zirconia
and a water-cooled copper tube. The discharge is only initiafed
during the half-cycle when the zirconia electrode is the cathode,
"i.e, during the negative half-cycle. No discharge occurs vhen
the copper tube is negative. Plate Ei 1(b) shows that the
discharge is initiated in both positive and negative half-cycles
when both electrodes are zirconia and are heated by the combustion
products. |

" The current density that would be expected at the hot surface
of an electrode due to thermionic emission alone can be calculated
from the Dushman equation, equation ii5 on page 30 . Typical
values of current density for zirconia and tungsten at 2000°K
and 25000K are shdwn in table ii1on page 31 . These values
indicate that current densities due to thermionic emission alone
would be unlikely to exceed 0.5 A cm-2 if the electrodes were
raised to the temperature of a methane-air flame. Current
densities which occurred during augmentation of the large vortex-
stabilized burner were at least an order of magnitude higher
because the cross-sectional area of the central electrode was
about 0.75 cm2 yet currents of 4A could be passed between this
electrode and the annular electrode.'

The Schottky effect, represented by equation iiéS on page 31

could possidly account for these high current densities.

O

B
[
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The work function ¢ is modified by the Schottky effect to
. ¢ - JeE vwvhere

the electronic charge, e 1.6 x 1O~19 coulomb

4.8 x 10_10 e.s.u.

]

]

and the field strength, E voltage across the electrodes

distance between the electrodes

Tvpical values of azpplied voltage and electrode gap are 1000 V
and 0.5 cm, giving
2000 Vv cm-1 or 6.7 e.s.u.

=
n

5.7 x 10’5 e.s.u.
0.017 V

il

Hence el

it

This is a negligible modification of $ (values of ¢ are given
in table ii 1 on page 30°) and so the Schottky effect can be
ignored. .

A likely explanation of the high current density obtained
at the electrodes is that thermionic emission initiates the
diécharge which immediately contracts to a narrow arc channel.
This heats a spot on the electrode surface until vaporization
occurs when the current density can ‘“then increase.

The life-~time of each type of electrode is outlined in
section EI 1(d). The annular electrode of the large vortex-
stabilized burner would probably last longer if the lime-zirconia
powder was pressed around the carbon ring and was then sintered
instead of being cast around the ring. The improved method
would reduce the porosity of the zirconia which should lead to
a slover rate of oxidation of the carbon ring. The life of the
tungsten central electrode was probably very dependent on the
methane to air ratio because the tungstien was oxidised readily at
flame temperatures. A fuel-rich mixture was used during electrical
augmentation but during the warm-up period prior tc augmentation
a stoichiometric or even a slightly lean mixture was used which

probably caused relatively rapid oxidation.

2. THE NATURE OF THE DISCHARGE

(a) From observations on the small vortex-stabilized burner

The d.c. charatteristics of the discharge in this burner

————

Vi 2(a)

———
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are shown in figure Ei 4 on page 114. The discharge was passed
between the central electrode of hot zirconia (the cathode) 1o a
vwater-cooled copper tube siluated at 5 mm or 10 mm above the central_
electrode. The curves in figure Ei 4 are similar in shape to the
static characteristics of an arc discharge shown in figure Iz 18

on page 28 . The series resigtance vhich was required in order

to limit the current in the 5 mm arc to 0.4 A was calculated to be
4.0 to 4.5 kilonms in section Ez 1(b)(i) but the series resistance
vhich was actuzlly used to restrict fhe current to 0.4 A was about

6 kilohms. Large errors were-inherent in plotting the characteristics
shown in figure Ez 4 beczuse the measured arc voltages V also
included the voltage drops in the electrodes. _

Reference to plates VI 1(a) and (b) in section 1(b) of this
chapter shows that emission of electrons from a hot refractory
cathode initiatés the discharge in the small vprfex—stabilized burner.
In plates VI 1(2) to (d) each negative half-cycle corresponds to
the central electrode acting as the cathode and each positive half-
cycle corresponds to the other electrode, either the water-cooled
tube 6r the annular electrode, acting as the catﬁode. The electrode
. gaps and méthane to air ratios corresponding to each plate are given
in table ii 2 on page 115 Plate Ez 1(b) shows that the voltage~time
relationship in each positive half-cycle was diffefent from that
recorded in each negative half-cycle. This asymmetry could have
been caused by the burner geometry, the rate of flow of gas past
the electrodes and the composition of the gas. When the distance
between the electrodes was reduced to 2 mm (plate VI 1(c))or when
the air flow rate was reduced to zero (plate VI 1(d)), the voltage
traces became symmetrical about the time axis. In both cases the
arc voltage was'cénsiderably reduced. The distance between the
electrodes, the rate of flow of gas and the methsne to air ratio
probably all affect the-stability of the discharge. fThe significance
of the preﬁise shape of each trace has not been discussed because much
mbre data would be required but each half-cycle of plate VI 1(b)

bears some similarity to figure zi 18 on page 28.

(b) From observations on the lafge vortex~-stabilized burner

Sequences from high speed cine films are shown in negative in
plates ii 2(a) to (d) on page 117 and table Ei 3 gives the sequence,

the corresponding system and the arc current.
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Sequences (b), (c¢) and (d) which depict the burner operating
at 3.04 show that the discharge occurs for 10 or 17 frames
in each half-cycle, wvhere each half-cycle occupies 26 frames,
i.e. the discharge exists for about 40%'of the cycle. Sequence (a)
shows that the discharge only exists for 25 - 30% of a cycle when
the burner operates at 0.6A. It would appear from plates Ei 1(b)
to (d) on page 1716 that the discharge in the small burner exists for
considerably longer, say 60 - 80% of the cycle, depending on
_electrode gap and gas flow. A possible explanation is that the
work function of zirconia is lower than that of tungsten (see
table ii 1 on page %1 ). This would enable the discharge to
be initiated more readily from a zirconia electrode than from
a tungsten electrode.

As observed in section VI5(d) on page 169, part or all of
the arc was transferred to the surface of the steel slab
during flame hardening. This effect may well have been restricted
to the half-cyc¢le when the central electrode acted as the cathode.
The steel slab would not act as the cathode during the other
half-cycle because emission would not occur. This va.s not
checked by high-speed photography because of difficulfy in
sighting the camera when the slab was situated at only 0.5 cm

above the burner.

3. HEAT TRANSFER TO WATER-COOLED SURFACES

(2) Sudden enlargement burner

The overall rate of heat trénsfer from this burner to the
tube calorimeter is shown in figure VI 6(a) on page 122. The
relative positions of points A and B show that higher rates
of heat transfer were obtained when the flame was augmented by
d.c. power than by a.c. pover. This wés because the a.c. discharge
could not be initiated during the half-cycles when the tube

calorimeter formed the cathode, as pointed out in section VII 1(b).

(b) Small vortex-stabilized burner

(i) .VWithout the annular electrode

The overall rates of heat transfer from this burner to the
tube calorimeter are shown in figure Ei 6(b). These results are
anaigous to those shown in figure EI 6(a) and which are discussed
above for the sudden enlargement burner; the same explanatiéns

are valid,

VII 3(b)
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The effect of the'percentage of methane in the combustible
mixture on the overzll rate of heat transfer is shown in
figure zi 7, on page 124 . 'The regions A to G are described in
section VI 2(&)(11) or page 123 . The rates of heat transfer
from the unaugmented flame are only high for regions B and C,
i.e. 75 to 11% methane. 1In region D the rich limit of inflamm-
ability of methane is exceeded according to figure Ei 2 on
page 112 and so the pre-mixed flame which wvas stabilizéd in
the combustion chamber becomes a diffusion flame vhich is
stabilizéd on the burner rim. When this occurs there is a
considerable decrease in the rate of heat transfer. When d.c.
apgmentation is used, a high rate of heat transfer can be
maintained over a wider range .of methane contents. The rates of
heat transfer at methane contents which were less than 9%
vere lower than those obtained with methane contents which
exceeded 9%. About 9% methane is required for stoichiometry.
he higher rate of heat transfer obtained with a fuel-rich
mixture may be explained by the presence of dissociated hydrogen
- which will recombine at the cold surface of the tube feleasing
energy, as mentioned in section I1 5(a) on page 34.

. Figure fi 8 on page 126 is equivalenf to region B in
figure Ei 7 but has been plotted for a number of methane flow
rates. As the flow rate of methane increases, the range of
mqthane contents over which the flame remains inside the combustion
chamber becomes smaller until the flame can never be stabilized
there when the methane flow rate exceeds 1.6 litres per minute.
A reasonapble range of stability exists at a flow rate of about
1.0 litre per minute, together with a relatively high rate of
heat.transfer.' 'his compromise was therefore chosen for all further
work with the small vortex~stabilized bgrner and a similar
compromise was found for the larger version. In both cases the
methané content of the combustible mixture was varied when necessary
by adjusting the air flow only. Typicel values of these flow rates
are given in table Ez 1 on page 109.

The tube calorimeter, because of the simplicity of its design,
vas only used in the early developmenl of the vortex-stabilized
burner. The water-cooled flat plate which then replaced the tube
vas a more suitable means of assessing the rates of heaﬁ,transfér
from burners to metal surfaces. The overali rate of heat transfer

from the small vortex-stabiliized burner to a large water-cooled

VII 3(b)
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surface was measured using‘the water-cooled calorimeter of
diameter 13 ¢m. The results are described in section VI 2(b)(4)
and are shown in figure zi 10 on page129 . The burner wvas

operated in the following forms:-

A - unaugmented, no annular electrode. 4

B - augmented, no annular electrode but calorimeter
formed the other electrode.

C - unaugmented, witih annular electrode.

D - augmented, with annular electrode.

Figure ii 10 shows that heat transfer rates are similar for

forms A and C. Form B provides a small increase in rate of heat
transfer over forms A and C for lean mixtures, i.e. methane
content is less than 9%. TForm D gives a larger increase in

heat transfer rate over the entire range of methane contents,
particularly when the mixiture is rich, i.e. for a methane

content which exceeds 9%. These results show that higher rates
of heat transfer were achieved with a.c. discharges when an
annular electrode was incorporated in the burner than when the
arc wvas transferred directly to an external cold metal surface.

' The explanation for this has been discussed in section izi 1(b).
The highest rates of heat transfer were obtained with form D
when the mixture was fuel-rich. This is explained by the
recombination of dissociated hydrogen at the cold surface of the
calorimeter (see section II 5 (a) on page 34 ). These high rates
of heat transfer do not occur with form B when the mixture is

" rich because the fuel by-passes the arc and burns in a diffusion
flame outside the burner. All further work was carried out

with voftex—stabilized burners in which were incorporated annular

electrodes.

(ii) Vith the annular electrode

The effect of distance between the burner and the water-
cooled plate on the overall rate of heat transfer frqm forms'C and
D of the burner is shown in figures VI 11(a) and (b) on page 130.
The rate of heat transfer for any one methane content decreases
as the distance is increased and the rate of heat itransfer at

any distance decreases as the methane content is reduced.

—————

II 3(p)
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Figure Ei 12 on page 133 shows typical distributions of
the heat flux from the burner vhich were obtained at a water-
cooled surfazce using the concentric cazlorimeters. The method and
the results are given in section VI 2{b)(ii). In common with
the overall rates of heat transfer from the augmented flame
vhich vere discussed above, an increase in the methane content
of the combustible mixture provided an increase in the rate
of heat transfer. In particular, the maximum heat flux wvas
increased from 100 ¥ cn™° to 150 W cm-2 by increasing the
methane from 10.1% to 11.5%. These heat flux distributions

vere subject to three types of error:-

1 The difficulty of aligning the burner and calorimeters to
- form an axi-symmetric system,
"2 The terms (qi- g and (riQ- r, 12)

i-1)

1 .

introduce 2 large error in qi_ (i~1 in equation Ei 9 on page 131
3 Only four points vere obtained for each plot of the radial

distribution of heat flux.

Figure iz 13 shows the effect of the distance between the
burner and the calorimeters on the heat fluxes at a number of
radii. Only the heat fluxes lying on radii of less than 1 em
appear to besignificantly affected by distance. The jet of hot
combustion producis will entrain more and more cold air as the
distance increases. This will reduce the heat flux ét the
wvater-cooled surface. 'Ihe heat fluxes which lie on radii of
more than 1 cm are little affected by distance. An explanation
for this is that the unburnf methane is combusted as a diffusion
flame at radii- exceeding 1 cm and consequently heat flux from this
flame will be almost independent of distance, at least within

the range of distances considered in this work.

(¢) Large vortex-stabilized burner

Radial distributions of heat flux from this burner to a
water-cooled surface were determined using the split-plate
calorimeter. “dhis calorimeter was expected to overcome some of
the disadvantages associated with the concentric calorimeters,
particularly the problem of alignment. Also, a larger number
of experimental points could be obtained instead of the few.

points provided by the concentric calorimeters.

VIT 3(e)



-180~

The resulis are given in section Ei 2(c). TFigure iz 15
shows the heat flux distributions which were determined when the
distance between the burner and the surface of the calorimeter
was 2.0 cm. Electrical augmentation increased the maximum value
of the heat flux from 50 W cm"2 (unaugmented flame) to 170 W cm-2
(augmented with 34 ét 1 kV). Figure Ez 16 shows distributions
that were obtained at various burner-to-calorimeter distances.

At a distance of 1.5 cm or less., the computer progiamme used

to anazlyse the results became unstable and this is reflected in
the distributions shown in figure ii 16. In these cases, the
values of A®, and A92 did not follow the smooth curves which
are shown in figure VI 14, probably due to erratic movement of
the arc in the burner nozzle. The reduction in step length
which would probably have removed the instability was impractical
unless the equipment was extensively modified.

Nestor and Olsen(35) have éuggested that the water temperatures
should be measured to 3 sighificant figures and that about 20
steps should be taken when each plate of the calorimeter is
passed over the burner. These recommendations were followed
but a smailer step length would have been an advantage because
more experimental points could have been used to define the
steeper regions of the heat fiux distributions. A much shorter
step length could have been used if the chain drive and pin
wheel had been replaced by the type of screw mechanism used
to advance a lathe turret.

Table zi 4 on page/1 gives the results which have been
obtained‘by other workers using_tube‘and split plate calorimeters.
Anderson and Stresino obtained a maximum heat flux of 82 W cm—2
for an air-methane flame compared to the value of 50 V cm"2 given
in figure ii 15. There are no comparable values for augmented
flames because Davies' results were obtained using a tube calorimeter
and tube calorimeters appear to give highexr values than split-
plate calorimeters, as shown by Anderson and Stresino's work with
both types of calorimeter. Figure Ei 16 shows that the augmented
air-methane flame gives 2 maximum flux of 170 W cm-2. From table

ii 4, oxy-acetylene flames gave maximum fluxes of 290 to 400 VW cm-'2

vhilst a 200 4 d.c. arc gave a maximum flux of 7 kW cm'z, but
comparisons betveen the maximum fluxes obtained from these systems
are invalidated because different experimental conditions were

used.

YIT 3(c)
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4 HEAT TRAISFER TO THE SURFACE OF 4 STEEL SLAB

(a) lMethod of predicting the surface temperature of the slab

The integral profile method of solving the heat conduction
equation for a slab which moves over a given heat flux distribution
has been developed in chapter iii; The Jjustification for using
this method is discussed, the solutions obtained by the method
being compared with the appropriate exact solutions. This
comparison is most easily made if the predictions of the integral
method which was developed for a uniform heat flux (see "rectangular
distribution of heat flux"cn page 66 ) are compared with exact
solutions,

The temperature 68* at the surface of a slab moving with
velocity u¥ over a rectangular distribution of constant flux Q&
which exists for ~1 <y* <1 is given by equations IIT 5 a and ¢
on page 67 . These equations are plotted as GS* u% égainst yE

in figure VII 1 (curve 1).
(1) Exact solution - conduction of heat in the x-direction only

These exact solutions are given by equatiohs ii:26 and zi 27
in section II ¢ (b)(i). They describe the same system as

equations IIT 5 a and ¢ 1if the following transformations are made:=-

AU y+a 2a
*=0s Q5= GQp T=-m Toe T

Equation ii 26 becomes

24
(GS) _ M [ oxX{y+a) 7T 1 a
-a<y<a Kk Tu -
Equation EIQY becomes
(&) . 2ay ; 3 %
y>a — — [ (y+a)—~(y-a)
k T
VII 1 b

|

Equation VIL 1 a 2nd b can be expressed in terms of the

dimensionless variables
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y. o= 1 e*—fﬁ and u = o> ek
= ? - = . 1
a ) @, . «<a iy
to give
* 4 * %
() =[—— (r +1) i1
5 iz yet To" VII 2 a
: * % i * il .
e (eg)) -/ [ (v + 107 - v -1)2}
y¥E>1 Tu ,
VII 2 b

|

: *x [ %
Equations VII 2 a2 znd b are plotted as 98 u against

* —
vy to give curve 2 in figure VII 1.
The only difference between equations III 5 aiand ¢

'and equations VII 2 a and b is that the value of the numerical

constant changes from /3/2 to4/m , i.e.

* . . 3
es (integral solution) = \/'5 = 1.09
GS* (exact solution) : /QL—
Ll

%
The integral solution therefore gives values of GS which

are 9% high. Both solutions show that the maximum value of

* * %
eS occurs at y = 1. Aty =1,
6. (integral solution) = /—2—
5 gral solution) = m
u
*
and - eS (exact solution) = 2 2*
Tu

(ii) Exact solution -~ conduction of heat in the x and y

directions.

As described in section II 6 (b)(i), the exact solution
to the heat conduction equation (eguation iizm a on page 453 )
applied to a slab moving over an infinitely long heat .source
of known width and uniform flux is given by Carslaw zhd Jaeger,
Thé situation is analkgous to that described by equations izi 5 a
and ¢ and Eii 2 a2 and b, except that conduction of heat is also
occurring in the y direction. The data given in figure 34 on

page 270 of reference39 shows curves of

Vi1 4(a)
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: 3 *
Tresl‘ v against y , for values of B = 0.2, 0.5
1
2 oL ay 1, 2, 5 and 10,
: %
where B = ua . In order to plot this

20K
* S *
data as 98 u against y and compare it with curves 1

and 2 in figure VII 1, the ordinzte

TO, ku | V2 1
—_— rnust be multiplied by — « 5 -
204511"1 ' T \/B*
ey k u %
The data represented by —————— against y is shown
2 o(éM

replotted as 9.: \//Z;T against y* for B® = 1 in curve 3
of figure Eii 1. The shape of this curve depends on the value
of B*. For high values ofB*;curve 3 is approximately the same
as curve 2 but when B* ié small curve % becomes much flatter.

: ¥ * *
The maximum value of e»Sv/h is plotted against B in figure

VII 2.
2.0 T T T | S T T T T
Maximum 5 , ‘ -
2
value 2 3
16|t e e e —

of
e 'S’\/E“

0.4 F | | i

|

=4
\S)

Figure VI
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At high values of B, the maximum value of GS u
* *
approaches 2‘/_-;—2-‘_ which is the maximum value of '@S /u

given by curve 2 of figure VII 1.

(iii) Accuracy of surface temperatures predicted by the
integral profile method, assuming one dimensional

conduction occurs

Curves 1 and 2 in figure Eii 1 show that the integral
profile method predicts the slab surface temperature to be
a constant 9% higher than that given by the exact solution
for one dimensional conduction.

A quadratic temperature profile given by equation iz 32
oﬁ page4b was assumed during the development of the integral
rmethod. If equation Ii32 is replaced by a cubic temperature

proi:ile of the form

a t 1 t 2 ! 3
e = Ay + AX o+ AT ¢ A3x ViT 3
and the additional boundary equation
2
3 8 _—
S = 0 atx =9 Vil 4

is used, then equation II 35a can be derived. Equation I135a
gives values of GS which aré closer to those obtained from
the exact solution (equation E26 on page 44 ) then those

obtained from equation E 35 1=

. . ) 3
©4 ( integral method - quadratic profile ) \/5

= 57— =1.09
e ( exact solution ) \/1—\;
O. { integral method - cubic profile ) ‘/é-
S 3
=7 =1,02

O, (exact solution) T

Similarly, the numerical factor v/3/2 which appears on the
right hand side of equations III 3 a, b and ¢, III 4 a, b and c,
and III 5 a, b and ¢ becomes v'4/3 when the gquadratic temperature

YiI 4(a)
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profilé is replaced by a cubic.

(iv) Effect of replacing the quadratic temperature profile

by a cubic

———

Equations III % 2 and.-b, when derived for the cubic

temperature profile given by equation VII 3, become

(6 *) Z tam_.]y%‘T + ;T . —
s/ = = m ( e VII 5 a
y<o0 3u i 1+ y)
* 1 %

=

» :

bd oSt (0 E) -
SAhfs o0 © | 2 ¥4

S—

VII 5D

——

Equations IIT 3 a and b and VII 5 a and b are shown in

—_— % J %
figure VII 3 where they are plotted as es \/u against y*'

The heat flux distributions which were obtained in
section VI 3 (a)(ii) from the data given in figure C 1 of
appendix C can be recalculated using equations E 5 aand b
instead of equations _i:[—_l 3z a and b. Equations )I__f 12, 13 and

14 still apply but equation y—i 15 becomes

es/u .= 1.54 at y = 0.4 . — VII 6
. : * o * e
substituting for e =560C aty = 0.4 in equation VII 6
: S 805°C »
gives %
\/u = 2.21
substituting for k, GA, u, o and u  in equation VI 14
gives " - )
qM. \/':L = 113 W cm Vit 7

The values of‘a' which are shown in table E 9 and were obtained
for the quadratic temperature profile will remain unchanged. The

reason for this is that
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9* (quadratic profile) ‘/_’9:
9 2
3 g = —T = 1006,
s (cubic profile) vﬁg

i.e. the two curves shown in figure VII 3 bear a constant
relationship to each other. Substituting the mean values of

'a' given in table ii1() into equation VII 7 gives .

92 VW em™2

." ¥
gy fory < 0.4

145 W om~2

]

" x
QM for y > 0.4

The effect of using a cubic temperature profile on the

penetration distance $ will now be considered. Equation 7

1

on pageb3 becomes

9:—;518—:2(5-;:)3 at y =0 _'—‘—'——'——ﬁs

and equation 8 becomes

1204

-0

1t ——
substituting for @ from equation VI 12 gives

_ /GT&ka
gy=0 B u

Figure ii 23 shows both the quadratic and cubic forms of ‘the

|

<
H
H
oy
o

|

temperature profiles compared with the experimentally determined
temperatures from runs C1 and C3. The values of‘a’and é; which
are given in table VI 10 at y<0.4a were used to calculate the
temperature profiles from equations Ez 18 and 19 and equations
zii 8 and 10. It can be seen from figure fi 23 that the cubic
temperature profile predicts the actual temperature profile more
accurately than does the quadratic temperature profile.
The above comparison shows that the replacement of the

quadrztic profile by a cubic would:-

¥iT 4(a)
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1. Have no effect on a

2 Increase q:'l by 7%

3. Increase § by about 40%

4. Predict the actual temperature profile in the slab

more accurately.

(v) Effect of conduction occurring in the direction of

motion of the slab on the exact solutions.

Figure VII 1 shows that the maximum value of GS v,u

in curve 3 is considerably less than the maximum values in
curves 1 and 2 and that it occurs at y')<~ = 0.7 instead of y*=1.0
These differences are caused by conduction occurring in the y
direction as well as in the x direction.

Figure _\_-T_l_'f 2 shows that the maximum ::a.lue of e:/u*
in curve 3% is dependent on the value of B . Thus for a material
of constant thermal diffusivity &« and for a heat flux distribution
of constant widthla', the maximum value depends on fhe velocity u.
For B*> 10, conduction in the y direction is negligible. Tor
B*< 10, conduction in the y direction becomes significant and
the maximum value of 6; \/u% decreases rapidly when '-B*-< 1.
These observations can be related to the results given:in
section _'\_T_;[_ 3 as follox-}s:-
1. An approximate value of the slad speed u at which conduction

in the y direction is negligible can be found from

* ua
B = —é-;"">10

From page 147, of = 8.06 x ‘10-2cm2 se’c~1,

‘a'can be estimated to be about 1 cm if.the heat flux
distributions in figure -\-I____I_‘Z‘I are approximated to a rectangular

distribution. ‘rhese values of &« and 'a'give

u > 96 cm min~ !
this value of u is much higher than any of the slab speeds used.
2. A slab speed of 2.62 cm min-1, typical of the speéds used
in the experiments, gives B* = 0.27 which shows that the

effect of conduction in the y direction is considerable at
g \
" from 1.6 to 1.1 vhen the conduction in the y direction is

.x.
this slab speed. “he maximum value of €& u decreases

taken into account, a reduction of 31%. <his calculation
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applies sirictly to a rectangular'distribution of heat flux,
not to the normal distribution given by equation'§§:12.
However, the calculation does indicate that the method of
measuring temperatures in an'insulated element of the

slab was justified in order to reduce conduction in the

y direction. TFigure vI 24 also illustrates this point -
because the maximum slab temperature is reduced from 940°C,

to 700°C when the insulation is removed, a reduction of 26%.'
(vi) The assumptioné required by the integral profile method.

These assumptions are given on page 61 of chapter iii

and will be discussed separately below.

1. Conduction of heat occurs in the x-direction only.
his has already been discussed in (v) above.

2. A steady state temperature field exists in the slab

- relative to the burner.
Section iz 3 (b) gives the results obtained from three-
thermocouples positioned near the surface of a slab and
separated from each other by 10 cm. As the temperatures
measured by these thermocouples all lay within ka 1500,
then assumption 2 is justified.

3. The initial temperature of the slab is taken to be at.
the zero of the temperature scale.
Yhis assuﬁ;tion was made for convenience only and does not
affect the accuracy of the solution. ‘'he ambient temperature
was taken to be 20°C.

4. the physical properties of the slab do not vary with
temperature. )
he physical properties of En 8 are given in table C1 of
appendix C. The mean specific heat and the thermal
conductivity vary considerably with temperature but fhe
density can be assumed to remain fairly constant. Using
the data of figure C1, the thermal diffusivity varies
between
0.12 cm23e0-1 at SOOC and 0.081 cmzsec-1 ‘at 40000.
Despite the considerable variation with temperature of these
properties, the integral profile method is not severely affected

because all the solutions, e.g. equations VII 5 a and b, have

the form

VII 4(a)
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¥* * 3
6 S \/u = function of y
vhere
v/-* Tk G’A —_
u = \70—( . on E13
qu

it
| @
s =1
Wi
o3

‘/k/)c .

and k/}c remains reasonably constant, e.g.

at 50%c, Vk = 0.89 c.g.s units
at 500°cC, kpoc

4 mean temperature of 40000 was assumed for a2ll calculations.

0.93 c.g.s. units

There are two more assumptions inherent in the integral
profile method. One of these is the use of a polynomial to
represent the temperature profile in the slab and this has
already been discussed in-section (iv) above. The other
assumption is that any heats of transition are negligible. The

latenf heats of transition that occur are:-

1.22 Kcal g atom™ | at the Curie point & 0.156 Kcal g atom |
vhen férrite (oK) transforms to austenite ( 5)(56) over
the temperature range 720°C to.840°C for En 8 (see figure ii 26

"at 0.4% carbon).

The latent heat of transition at the Curie poinf is greater
than the o to ¥ latent heat of transition. The Curie point is
not readily available for En 8 but probably occurs somevhere
between 600°C and 700°C as indicated by the sudden increase
in the mean specific heat at these temperatures (see table C1
of appendix C). As there were no obvious discontinuities at 600°c
to 700°C in the temperature profiles which vere measured in the
slabs the effect of the transitions were ignored, e.g. the no.1
thermocouple readings given in figure C4 of appendix C show mno

discontinuities at these temperatures.

(b) Heat Flux distributions

(i) Shape of the distribution
Section iz B(a)(ii) describes how the heat flux distributions

viere obtained from the measured surface temperature. Appropriate

YIT 4(b)
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values of 'a' were chosen to fit the predicted surface temperature
curve to the measured surface temperature curve and figure ii 19
shows thatiwo values of'a‘were required to obtain a good fit. A
larger value was required at j*<: 0.4, i.,e. for a rising slab
temperature, than at y*> 0.4, i.e. during the cooling of the slab.
Table ii i0shows the two values of a’ obtained from all the runs,

C1 to C7. The fact that two values of a'were necessary éuggests
that the distribution of heat flux at the surface of a moving

slab wvas asymmetric, having lower values in the region of y* > 0

. * i i —_—
than in the region of y << 0 as shown in figure VII 4.

surface temperature

D .
direction of motion of slab

*

.
-
=
—>~:
———— mm— pmmn  ———n w— oo ol o— o o —— —

0 o.
4 v
asymmetric
heat flux
distribution
I D
O O. *
4 y

Figure VII 4

An explanation for the reduced heat flux at y*>- 0 is that
the surface temperature of the slab was generally higher in
this region than at y*¢= 0. The high surface temperature
would reduce the surface heat flux by the following means:-
1. by reducing the driving force for heat transfer between
the hot products of combustion and the surface of the slab, and
2. by reducing the heat flux due to the recombination of

dissociated species at the. surface of the slab (see section II 5(a)
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(ii) The effect of electrical augmentation on the heat
flux distribution and on the overail rate of heat

transfer to the surface.

Figure ii 20 on page'151 shows that electrical augmentation

doubled the value of the maximum heat flux that was obtained
at the surface df the slab but table iiﬁ()shows that this -
twofold increase was not obtained over all y because.a’was
decreased from 1.49 cm to 1.09 cm. Figure iz 20 shows that
the heat flux at y = 4 cm was barely influenced by electrical
augmentation.’ '

The effect of electrical augmentation on the overall
rate of heat transfer § from the burner to the surface of the
slab can be obtained from figure Ei 20. The net rate of heat

transfer § within a radius y is given by

y 1 ST
4 - QTrI' v ay —_—— VII 11
0]

" —_— )
Substituting for § from equation VI 12 on page 145 and

integrating gives
w ' 1T‘" .;):2
q f 9 1n 1 + (a)

" ‘
Both QM and % are higher when the flame is electrically

VII 12

augmented, giving rise to considerably increased values of ¢
as shown in figure VII 5a where q is plotted against y for runs

C1 (unaugmented) and C3 (auvgmented).

It is also of interest to assess the proportion of the
combustion and electrical energy supplied to the burner that is
transferred to the slab as heat. The total rate of release of
combustion energy in the flame was calculated to be 4 k V,
assuming that 7.5 1 min-1 of methane were burnt and that the

1 (54).

The total input of electrical power was 3 kY, assuming

calorific value of methane was 8 Kcal 1~
that 3.0 A at 1 kV were consumed 2t a power factor of unity.

This data, together with the data given in figure VII 5a, allows

the following ratios to be calculated at values of y up to 4 cm:-

VII 4(v)
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rate of heat

transfer
g k¥ augmenied,C3
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1.0 |~
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i ] L.

1 2 3 4

radius from burner axis, y cm

FIGURE VII 5 - RATES OF HEAT TRANSTFER AGAINST RADIUS

VIT 4(b)
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rate of heat transfer § from unaugmented flame to surface

R =
u total rate of release of combustion energy in the flame
rate of heat transfer § from augmentied flame to surface
R = .
a total rate of release of combustion energy + electrical
power inpuy
q augmented flame - q unaugmented flame
R = -
e

electrical power input to flame

These ratios are shown plotted against radius y in figure izi 5b.
Ratios Ra and Re, are greater than ratio Ru* showing that a
higher proportion of electrical energy than combustion energy

is used to heat the slab, in particular

Ze

R
u

= 1,5 for 0<y<4 cm

(iii) The effects of burner to slab distance and slab

speed on the heat filux distribution.

Figure Ez 20 shovs that the effect of increasing the
distance between the slab and the burner was to decrease the
maximum value of the heat flux.

Figure ii 21 shows that vhen the slab speed was reduced,
the maximum value of the heat flux decreased. Tigures C3,

C4 and C5 in appendix C showv that the surface temperature of

the slab would be increased by reducing the speed of the slab.
The maximum value of the heat flux would be expected to decrease
according to the explanation given in section (i) above (see

reasons 1 and 2).

(iv)  The heat flux distribution obtained at the surface of

a moving slab compared with that obtained a2t a water-cooled surface.

The heat flux distribution obtained from run C6 (see
table zi16)and figure iz 22 1is shown together with a comparable
heat flux distribution provided by the split plate calorimeter
(see figure VI 15) in figure VII 6. Both distributions were
obtained when the flame was augmented with 3.0 A at 1 kV but the
distance beiween the burner and the sladb was 1.5 cm whilst the

distance between the burner and the calorimeter was 2.0 cm.

VIT 4(v)



From the two curves it can be seen that there was some
justification for assuming that the heat flux distribution

at the surface of a slab would have the form

1" L} 1
.

WA

because the distribution of heat flux at a water-cooled

¥I 12

surface appears to obey the same equation with slightly different

1
values of QM and a.

(¢) Penetration distances

Equation ii 18 on page 154 expresses the penetration
distance & at y = 0 as a function of'a; u and X . Table Ei 10
on page 150 shoﬁs that greater values of a'wvere obtained for runs
€1 and €2 (unaugmented) than for runs C3 to C7 (augmented).
Substitution of these values of ‘2’ into equation Zi:18 gives
values of & which are greater for the unaugmented flame than

for the augmented flame, i.e.

fof run C1, S 51 mm

]

y=0

- for run C3, % = 44 mm

y=0 .
If the depth of the slab is less than the maximum value
of the penetration distance, then a'%eflectioh" of heat will
occur inside the slab at the surface opposite the heated surface.
The slab temperature will rise to higher wvalues than if the
'depth of the slab exceeds the penetration distance. This effect
probably occurs during runs C1 and C2 where § exceeded the slab depth
of 50 mm and then only to a small extent.
The maximum value of § can be shown to occur at the same
position as the maximum surface temperature by putting x = 0
i.e. the maximum value of & occurs

in equation 7 on pageé63

at y = 0.4 a.

(a) Temperature profiles inside a slab

The temperature profiles inside a slab at y = 0 zre
given in figure VI 23 and have been discussed in section VII 4(a)(iv)
above. Quadratic profiles at other values of y can be caiculated

from equation 7 on page 63 ., Similarly, cubic profiles can be
1

4. 3 -
L= = (§. - x) ——— VII 13
J 2 J

3k Sj

" calculated from

YIT 4(a)
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5. QUEKCHING

Section Ei 4 describes the conditions under which guenching
was carried out 2nd figures ii 25 to 28 give the temperature
profiles which were obtained under these ‘conditions. The
maximum surface temperatures obtained with quenching are lower
than those obtained without a quench (compare figure Ei 25,
curve C with figure VI 24). Conduction in the y direction

probably increases when the slab is quenched.

(a) Effect of slab size

As in all previous work, these experiments were conducted
with slabs of width 12 mm. Figure Ei 25 shows that the depth of
the slab influences both the surface temperature and the rate

of quenching.
(i) On surface temperature

The maximum surface temperature of a slab decreases as the

~ depth of the slab is increased, this effect being much greater

when the depth is increased from 12 mm to 25 mm than from éS mm to

50 mm. This effect can be explained by considering the

penetration distance calculated for a semi-infinite slab.

Section Eiz 4 (c) above discusses the effect of slab depth in

relation to penetration distance on the temperature of the slab,
Substituting u = 1.45 em min~ | and a = 1.0 cm

(approximate value obtained from table ii 10 on page 150 )

into equation ii 18 on page 154 , gives

Sy=0 = 56 mm

The maximum value of § occurs at y = 0.4 cm, i,e,.

8_y=0.4 em” 56 mm

£ slab depth of probably 60 mm or greater would be required in
order to obtain a surface temperature profile which was not
influenced by slab depth for a slab speed of 1.45 cm min-'1

Table ii 11 gives penetration distances at faster slab speeds.

(ii) On rate of quenching

The rates of quenching expressed as the rate of cooling
of the slab surface in °C sec-1 can be obtained from figure ii 25,

as ‘explained in seciion VI 4 (4d).

[ —

VII 5 (a)
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Slab depth Quenching rate
' o -1

mm C sec

12 7.5

25 4.0

50 ’ 3.3

Table VII 2

Table VII 2 shows that the quenching rates increase as the

slab depth is reduced.

(b) Variation of quench water flow rate

Figure'zz 26 shows that the water flow rate had little
effect on the rate of quenching which remained approximately
constant at 15°C sec” .

The water flow rate had considerable influence on the
surface temperature profile. The maximum temperature increased
vhen the water flow rate was reduced. The slotted nozzle was

3

limited to a minimum flow rate of 270 cm min-1 because further
reduction in the flow rate prevented the jet of water from

impinging on the surface of the slab. The nozzle design was changed
" 4o the five-hole nozzle which provided higher velocity jets at

lover water flow rates,

Figure ii 28 shows a surface témperature profile obtained
using the five-hole nozzle at a water flow rate of 100 cmamin-1.
This profile cannot be compared with those in figure ii 26 because
the conditions of the experiment were changed in order to prevent
the maximum surface temperature from exceeding 120000,
the maximum operating temperature of the thermocouple. This was
done by using a deeper slab at a faster.speed.

A heat balance on the slab allows the minimum water flow
rate Q to Be calculated, assuming that all the water is evaporated
at 100°c. Ixtrapolation of figure Ezi 5 a gives the approximate

rate of heat transfer to the slab as 2.5 kW over a radius of 6 cm.

The latent heat of evaporation of water is 539 cal g—1 (54).
Hence 2.5 x 60 _
' @ = 0.539 x 4.18 €& ™R
= 67 cmamin-‘1
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This value of @ is of the same oxrder as the minimum value used

in the experiments.

(¢c) Position of the quench

Figure iz 27 gives surface temperatures at quench to
burner distances of 2.5 cm and 4.0 cm. ‘“Ghere is a small decrease
" in the maximum surface temperature when the distance is reduced
from 4.0 cm to 2.5 cm but the rate of quenching .is increased

from about 15°C se-c_'1 to about 25°C sec-j.

(d) Speed of the slab

Insufficient data was obtained to draw .definite conclusions
about the effect of slab speed on the surface temperétures, or
on the rates of quenching. Table iii 3 was obtained from
figures zz 25 to 28 and provides some evidence that the rate of

guenching increases as the slab speed is increased,

Slab Slab Quench Vater Rate of
speed depth position flow quenching
. =1 3 . -1 o) -1
cm min cm cm cm min C sec
-1.45 25 8 1000 4
1.45 C 12 8 1000 7.5
2.62 12 4 270-1000 15
2.62 12 2.5 270 25
4.8 25 2.5 100 © 32

——

Table VII 3

An increase in slab speed would be expected to give a
higher rate of guenching because the heat content per unit length
of the slab would be reduced.

(e) OQuench heat flux

A value for the quench heat flux has been calculated
in section VI 4 (e ). ‘this value of 165 W en™® is in
agreement with the heat fluxes obtained for film boiling
(see section ii 7 (d), i.e. 35 VW cm-2 at 150°C to 315 W cm”
at 150000. these results for film boiling.show "that q"* falls

2

in the range of 0.5 to 2.0 whereas the calculated value of the
- IES
quench heat flux of 165 W cm 2 corresponds to q¢ = 1.0.

VI 5 (e)
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(f) Summary

The rate of quenching of a slab will be high if

1. +Jdhe slab depth is small.

2%. 'the gquench is positioned close to the burner.

A&, The slab speed is fast.

6. FLAME HARDENING

(a) Conditions required by the process

En 8, 0.4% carbon steel, can only be flame hardened when
certain conditions are fulfilled. hese conditions can be
deduced from information given in sections II 7 (2) and (b).

Figure zz 28 gives temperature-time curves for the beginniné
and the'eqd of the transformation to austenite in a 0.8%
carbon steel. The equilibrium diagram for plain carbon steels
which is shown in figure ii 26 indicates that 100% austenite
will not occur below 82500 in a steel containing 0.4% carbon.
However,'100% austenite will occur at 720°C or more in a steel
containing 0.8% carbon. On this basis, figure EI 28 can be
altered to represent a 0.4% carbon steel if the 99.5%
austenite transformation curve is shifted upwards by 10500.

The curve then approaches 82500 instead of-72000 after a long
time has elapsed. From the modified figure EI 28, about 10
seconds at 850°C would be required to obtain nearly complete
transformation to austenite in En 8 steel. The condition
for the start of austenite transformation in En 8 is the same as
that for all plain carbon steels, i.e. the temperature of the
steel should be raised to 720°C. _

Figures I1 30 and I1 31 can be combined to show that high

hardness values (corresponding to nearly complete martensite

transformation) are obtained for En8 if the rate of quenching is at

least 100°C sec"1 at 55000. The rates of cooling given in

(50)

figure ii 31 were calculated by applying FNewton's law of

cooling which states that the rate of cooling is proportional to

the temperature difference. This law does not necessarily hold itrue

during quenching as shown in figures ii 25, 26 and 27 where the

L and are zpproximately

. . 0 -
rates of cooling are expressed in C cm
linear over a wide range of slab temperztures; Newton's law

would predict a falling rate as the slab temperature decreased.

ViI 6 (2)
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The cooling rate required to produce martensite can also
be-estimated from the isothermal transformation diagram for
En 8 given in figure zi 29. trhis diagram indicates that a2
cooling rate of about 100%¢ sec~1 is required.between 82500
and 36500 in order to ensure transformation to martensite.
This value of 100°C sec-1 may be in considerable error
because an isothermal itransformation diagram does not
represent the cooling conditions experienced during
flame hardening. ‘'this, and other sources of error are explained
‘in section II 7 (a)(ii).

The following conditions for flame hardening are deduced

from the integral profile solution in section III 2:-
* % *
u<2.72; GS > 1.0; quench applied at y > 0.4

The maximum value for the slab spéed u at which flame hardening
Qill occur can be calculated from these conditions for any

4, = 165 W cm
and a = 1.09 cm (obtained durlng run C3 and given in table VI 10).

measured burner heat flux, e.g. for a heat flux where -2

Substltutlng these values of qf and a, and the values of k and
ol given on page 147 into equation ﬂ 13 on page 145 and

rearranging, gives

u = 3.46'cm min

The values of 'a'and q; were obtained at a slab speed of 2.62 cm min~
but values which were not widely different were obtained at

higher slab speeds (see¢ run C4 in table ii 10). The quench heat

flux required to transform the surface of the slab to martensite

can also be obtained from the above conditions. The severity

of guenching, Q"*, which is sufficient to give a quenching rate of
100°C sec-1 can be calculated using figure iii 8 on page 70

as follows:-

The temperature gradient %fL along the surface of the

slab during quenching is given by

a6 . 100 o -1
- — = 1740°C cm for all ©
o. ¥ *
But_es = QA = 825 - 20C at y = 0.4, vherey =y a
O
andsoes=0 , at y =0.4 2a + i——é
dy
= 0.44 + 0.46 cm
- k3 *' %
giving ©_.7 =0 at y = 0.90 = 0.82

5
a
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A strzight line drawn on figure IIT6 from

es*,/u* = 1,65 at y* = 0.4 to BS*‘/u* =0

" ¥* *
at y)L = 0.82 aproximates to the curve of eS‘ \/u

* 0wy . 113z .
against y vwhen q = 2.0. This value of ¢ gives
. S N
guench heat flux = q .+ Qy
= 330 W en™2

fhis value is zpproximately equal to the heat flux occurring
during film boiling at a surface temperature of 150000,
as given in secfion iz 7 (d). A heat flux of this value
could also be obtained at a lower surface temperature if
a high velocity water jet were used to disrupt the film of
vapour'which forms on the surface of the hot metal.

These values of the slab speed and the quench heat flux
vhich have been predicted by the integral profile method
using 2 measured distribution of burner heat flux are the
limiting values regquired to form a2 very thin layer of martensite
at the surface of a slab of En 8. The depth of the slab has
been aésumed to exceed the maximum value of the penetration
distance, estimated at 3 to 4 cm from section VI 3 (2) (1ii) and
conduction of heat inside the slab has been assumed to occur
in the x direction only. TFigure iii 2 on page 184 is a plot of
the maximum value of es* \/u* against B* for a rectangular heat
flux distribution when conduction occurs in both the x and y
directions. A slab speed of 3.5 cm min~ | gives B = 0.37 whiéh
shows that conduction in the y direction at this slab speed may
be expected to reduce the maximum surface temperature by about
20%. A 5% reduction in the maximum surface temperature would
be expected if u = 36 cm min_1 and B* = 3.7 but the maximum
heat flux would need to be about 500 W cm~2 in order to raise
the temperature of the surface to 82500;

The amount of martensite which was formed during the
experiments given in section Ei 5 will now be discussed in

relation to the conditions set out above.

T 6 (a)
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(i) Yo martensite formed.

Surface temperatures were not measured during the
experiments numbered 1. 2 and 3 in section Ei 5 (a) but
surface ltemperatures were obtained during experiments carried
out to investigate quenching under similar conditions. The
surface temperatures occurring during experiment 1 approximate
to curve C in figure Ei 25. The maximum surface temperature
of 680°C is below the temperature at which austenite
transformation begins. ''he surface temperatures occurring
during experiment 2 will be represented by a curve vhich reaches
a lower maximum temperature than curve B in figure Ei 25
because the slab speed used in experiment 2 was higher than
that used to obtain curve B. The meximum temperature of curve
B is 750°C and so the temperature attained during experimént 2
was unlikely to have been as high as 720°C,.the temperature

at which austenite transformation begins.

(ii) Thin layer of martensite formed

The experimental conditions under which the martensite
shovn in plate ii % was formed are given in section Ei 5 (b)
and the surface temperatures are shown as curve B, figure ii 27.
The maximum surface temperature was 98000 and the surface speht
45 seconds above 720°C and 35 seconds above 82500, ensuring
that the surface was nearly‘completely transformed to austenite
according to the éonditions given above. ‘ihe rate of quenching
is given in table Eii % as 2500 sech this being considerably
lower than the value of 100°C sec'.1 deduced above for
transformation to martensite. whe thermocouple which was used
to measure the surface temperature was positioned at about 0.5 mm
from the surface whereas the layer of martensite was only formed
to a depth of 0.04 mm. "he rates of quenching were, therefore,
probably higher than 25?0 sec-1 at the surface of the slab.
Experiments 1, 2 and 3 in section Ei 5 (b) also produéed
thin layvers of martensite and. it can be deduced that austenite
transformation at the surface was nearly complete in all cases.
The rate of quenching was limited to about BOOC sec“1 according

to the values given in table VII % for similar experiments.

TII 6 (a)
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The slab speed predicted Ey the integral profile method of
3.46 cm min-1 would be too great to produce any martensite

because conduction in the y direction is significant.

(iii) Thick layer of martensite formed

A thick layer of martensite could only be produced
when the two pieces of steel on either side of the slad were
removed., The effect of retaining these pieces of steel
vas probably to decrease the rate of quenching of the slab
because the large temperature difference which would exist
between these hot pieces of steel and that portion of the slab
which was being quenched probably caused some heat to be
transferred to the sides of the slab in the region of quenching .
despite the presence of insulation (see figure ii 10 on page 91 ).
- A secondary effect of removing the two pieces of steel would
be to incfease the ‘burner heat flux at the surface of the
slab because that part of the arc which was transferred to the
surrounding steel would be transferred to the slab instead. This
extra heat flux would enable a higher slab speed to be used
which would also increase the rate of quenching. A slab speed
as fast as 4.8 cm min | was used with a slab of depth 25 mm

whereas the slab speed was restricted to 2.62 cm min when

the two pieces of steel were in position.

(b) HMicrostructures and hardness values.

A detailed examination of the microstructures was not
carried out. Martensite was identified by its hardness and
appears as the grey phase in plate Ez_3 to a depth of 0.04 mm.
An indentation from the microhardness tester could be just
fitted into this layer and gave a hardness of about 600 V.P.N,

- The hardness traverse given under plate fi 3 shows that hardness
values of about 200 V,P.N. occurred beyond 0.04 mm, These values
correspond to a relatively fine-grained structure of ferrite
(white) and pearlite (dark). The fine grain was caused by rapid
cooling and gave hardness values which were a little higher than
those obtained from the normalized coarser structure of the

untreated steel.

VII 6 (b)
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-Plate Ez 4 shows the thicker layer of martensite. The
hardness traverse immediately below the photograph gives hardness
values vhich correspond to martensite for a distance of zbout
2 mm, the values which are greater than 400 V.P.H. being obtained
vhen the indentation coincided with a2 white area. The hardness
values expected when En 8 is flame hardened commercially are'giﬁen .
in section iz 7 (c)(i) and they are in agreement with those »

shown in the hardness traverse below plate ii 4.

(¢) Surface finish

The deterioration in surface finish is shown by the
Tallysurf{ measurements in figure ii 29. The charts show that .
the ground, untreated surface has a finish of about 2 = 10-'4
inch (5 x 10-3mm) measured over 0.25 inch (6 mm). "The
correspondﬁng measurement for the hardened steel is about
2 x ‘IO'-3 inch or 0.05 mm. This deterioration in surface
. finish was probably due to the small marks which appeared on the
surface and which are described in section ii 5 (d), The marks
vere probably caused by melting when the arc was transferred to
the surface of the slab. _

The absence of scale on the surface of the slab was
presumably the result of operating the burﬁer with a fuel-rich

mixture.

(d) TFurther work

The burner could well be further developed to give:-
(i) Higher heat fluxes. '
This would enable a faster slab speed to be used during flame
hardening. Besides increasing productivity, a faster slab speed
would probably give higher rates of guenching (see section iii 5(d)j
(ii) Longer electrode life.
This has been discussed in section iii 1(b).
(iii)Improved surface. finish 4 ‘ ,
The marks observed on the surface of the slab in section iz 5(a)
could be eliminated if the arc is restricted to striking

between the electrodes and is therefore not transferred to the

sléb_ The annular clectrode would need to be alitered.

Yii 6 (a)
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VIII COUCLUSIORS

Seeding the flame is unnecessary in the electrically

augmented burner developed in this work.

The rates of heat transfer from the burner to water-cooled
surfaces are highest vhen the burner is operated with a fuel-

rich mixture.

Distributions of heat flux from the burner to a water-
cooled surface have been determined and have been found to have
maximum values vwhich lie within the range of those reported by

34~37)

({ . s s
other workers:® using similar systems.

The distribution of burner heat flux at the surface of a
moving slab can be predicted using the integral profile method
to solve the heat conduction equation for the slab if the surface
temperature is measured and conduction in the direction of
motion of the slab can be ignored. Similarly, the surface
temperature of the slab can be predicted if the distribution

of heat flux is  -known.

The heat flux from the electrically augmented flame to a
vater-cooled surface or to the surface of a moving slab has a
maximum value which is at least twice the maximum value obtained

without electrical augmentation.

The ratio

electrical energy transferred to the slab as heat
total input of electrical energy to the burner

is greater than the ratio

chemical energy transferred to the slab as heat
total release of chemical energy in the burner

The integral profile method can be used to predict the slab
speed and the quench heat flux which afé required for flame
hardening if the burner heat flux is already known and is of a
sufficiently high value that conduction along the direction of

motion of the slab can be neglected.

T"he electrically augmented burner can be used to surface
harden an En 8 steel. Under certain conditions, the hardness
values and the thickness of the hardened layer gre comparable

to those obtained in industrial practice.
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APPEHDIX A

RESULTS OBTAINED FROI THE CONCENTRIC
CALORIMETERS



aAir Distance between burner and calorimeter, cm
flow 0.%2 0.64 1.27 2.54 5.1 7.6 %

1 min %] uoc| %] uOc| A% uoc| 4% | u%| % | uo¢ | 9 |U°C | A°C |methane
6.9 _I33.0]1 = |3C.0| - 31.0 29.0 - | 24.C - }19.¢l 11.5
7.5 20.0127.0[20.0({25.5[18.5 | 24.5 { 16.5 | 24.0 [16.5 | 22.G [ 10.5 | 16.5| 10.7
8.0 12.0126.C(19.0{24.€118.0 | 23.0 | 15.5| 22.0 {13.0 | 19.0 | 8.5{ 14.0] 10.1
9.1 1$.0(25.0]18.0}23.0]16.0 | 21.5 | 13.0 | 20.0 | 9.5 | 16.0| 7.0 12.0] 9.0

10.3 18.0]24.0]17.0|23.0|16.0 | 21.0 [ 13.0] 18.0 | 9.0 | 14.0 |} 9.0} lo0.G| 8.0

11.5 ~ |24.0] = |22.0]16.0 ]| 20.0|213.0)16.5 | 9.0]12.0} 7.5 9.0 7.3

12.7 19.5(24.0(18.5|23.0/16.0 { 19.0 | 13.0 | 16.5 | 9.5 | 11.06 | 9.5 9.0| 6.6

Water

cmmin™t 215 |215 |215 (215 {215 |215 | 215 {215 |215 |215 |215 | 215

TABLE Al - TEMPERATURE DIFFERENCES FOR 130

U=unaugmented, A=augmented

602~

MM CALORIMETER AT VARIOUS AIRFLOWS AND DISTANCES



Lir Distance between burner and calorimeter, cm
flowl 0,32 0.67 1.27 2.54 5.1 7.6 %
Lmin'™ yog | 4% | u% | 4% | u° | 4% | u% | £° | v°% % | U°C | 4°C| methane
6.9 ~ | 52.0 ~ | 46.5 ~ | 43.0 ~ | 43.0 - | 3.5 - 130.0] 11.5
9.5 |42.0 | 46.0 | 40.0 | 40.0 | 40.0 | 39.0 | 37,5 | 35.5 | 30.0 | 31.0|22.0 |28.5| 10.7
8.0 |41.5 | 40.0 | 40.0 | 37.5 | 36.0 | 34.0 | 35.0 | 31,0 | 27.5 | 24.5|18.0 |20.0} 10.1 |,
9.1 |38.5 | 37.0 | 38.5 | 35.5 | 33.0 | 30.0| 29.0 | 26,0 | 15.5 | 14.5|10.5 | 11.0 9.0 | 2
10.3 39.0 | 36.5 | 37.5 | 35.0 | 32.5 | 30.5 (| 25.5 | 24.5 | 15.0 | 14.0]10.0 | 10.0 8.0 |’
11.5 {40.0 | 37,0 | 38.0 | 35.0 | 34.0 | 31.0 | 27.5 | 24,5 | 15.5 | 14.0| 9.5 | 9.5 7.3
12.7 l41.5 | 37.0°| 40.0 | 35.0 | 36.0 | 31.5| 28.0 | 25.0 | 17.0 | 14.0[10.5 | 9.5 6.6
Water
cn’nin™t| 96 | 138 9 | 138 9 | 138 96 | 138 96 | 138 | 96 | 138

N

PABLE A2 — TEMPERATURE DIFFERENCES FOR 50 MM CALORIMETER AT VARIOUS AIRFLOWS AND DISTANCES



TABLE A%Z — TAMFERATURE DIFFERENCES FOR 25MM CALORIMETER AT VARIOUS AIRFLOWS AND DISTANCES

Air Distance between burner and calorimeter, cm
flow 0.%2 0.64 1.27 2.54 5.1 %
=1
1 min ™ yog | A% uc | 4% | u% | 4% | U | &% v | 4% | u% | 4°C |methane
6.9 - | 24.0 23%.0 - | 21.0 - 19.0 - | 36.0 - | 26.0 11.5
7.5 14.0 17.5 | 12.5 | 18.5 | 12.5 | 17.0 | 20.0 15.5 | 25.5 | 31.0 | 16.5 | 15.5 10,7
8.0 14.0 17.5 12.5 17.0 12.5 16.5 19.5 14.5 25.0 275 10.5 11.0 10.1
S.1 14.0 17.5 12.5 16.5 12.5 16.5 18.5 14,5 19.0 22.5 7.0 9.0 9.0
10.3 14,0 | 17.5 | 12.5 | 16.5 |- 12.5 | 16.5 | 18.0 | 13,5 | 13.5 | 18.5> 5.0 7.0 8.0
11.51 14,5 | 17,0 | 14.0 | 16.5 1%.0 | 15.5 18.0 12.5 13.0 14.5 4.5 7.5 7.3
12.7 14.5 | 17.5 | 14.0 | 17.5 | 1%.0 | 16.5 -~ 18.0C - 11.0 - 7.5 6.6
Water
cmPmin™t | 168 168 168 168 168 168 103 168 108 82 69 70
water=158 cmBmin—l , U=unaugmented, A=augmented

-Lig-



Air Distance between burner and calorimeter, cm

flOW l 0052 0.64 1027 2054 501 7‘6 %
e o |oa% | O | 4% | woe | 4% | woe | 4% | UG | 4% | 0°C | 29C |methane
6.9 - 5345 — 36.0 -~ 31.5 - 28,0 - 28.0 - 18.0 11.5
7.5 35.0 | 3.0 | 31.5 | 29.0 { 30.0 | 26.5 | 24.0 | 24,0 | 22.0 | 24.0 |19.0 | 21.5| 10.7
8.0 244+5 51.5 24.0 28.0 23.0 25.5 22.0 2245 18.0 23.0 7.5 16.0 10.1
9.1 25.0 21.5 24.0 28.0 23.0 24,5 22.0 22.5 15.5 20.5 4.5 10.0 9.0
10.3 2505 51.0 25.0 28.0 23.0 24.0 21.5 22,5 11.5 15.0 4,0 6.5 8.0
11.5 25.5 29,0 24,0 26.0 25.0 24.0 21.5 21.5 8.5 11.5 4.0 5.5 73
12.7 25.5 28,0 25.0 25.5 25.0 24,0 21.0 20,5 75 8.0 4,0 5.0 6.6

Water
em’min~t 42 56 42 56 42 56 42 56 42 42 42 42

U=unaugmented, A=augmented

TABLE A4 ~— TENMPERATURE DIFFERENCES FOR 13 MM CALORIMETER AT VARIOUS AIRFLOWS AND DISTANCES

~clz—=



Air Distance between burner and calorimeter, cm
£low 0.32 0.64 1.27 2,54 5.1 0.6 o
-1
1 min w0 | 4% | u% | s} u°%| 4% vuPc| | uPc| 4% | u° | 4°C|methane
6.9 - 16,0 - 12.0 ~ | 22.0 ~ | 16.5 ~ |14.0 - |6.5 11.5
7.5 16.0 | 10.5 | 15.5 7.5 | 14,5 | 16.0 | 14,0 | 14:0 | 11.0 |12.0 |[5.5 | 6.0 10.7
8.0 14,0 | 10.5 | 14.0 7.5 | 13.5 | 15.5 | 13.0 |13%.5 | 10.0 [11.0 |[3.0 5,0 10.1
9-1 1400 800 1400 7.0 15'5 15‘5 15.0 15.5 7-0 9-0 loo 2.0 9.0
10.3 13.5 | 7.51 14.0 7.0 | 13.0 | 15.5 | 12.0 | 13.0 5,0 6.5 |0.5 1.0 8.0
11.5 13.5 | 7.0 13.5 7.0 | 13.5 | 14.0 | 12,0 | 12.5 4.0 5.0 0.5 1.0 7.3
12.7 1%.5 7,0 | 13.5 7.0 | 13,5 | 14.0 | 12.5 | 12.0 3,0 4,0 0.5 1.0 6.6
Water
em’min™t | 18 35 | .18 35 18 18 18 18 18 18 18 18

U=vnaugmented, A=augmented

TABLE A5 — TEMPERATURE DIFFERENCES FOR 6MM CALORIMETER AT VARTIOUS AIRFLOWS AND DISTANCES

—QLZ‘



Radius Distance between burner and calorimeters , cm

T cm 0.32 0.64 1.27 2.54 5.10 7.60 0.32 0,32 0,32 0,32 0.32 0.32 0,32

0.21 | 138 1¢3 97 73 62 35 62 94 9 69 65 60 60
.51 105 107 92 85 61 43 54 92 99 99 92 92 56

1.00 37 36 34 32 35 21 26 25 21 23 23 24 27
1.98 15 12 122 13 10 11 8 12 16 10 10 11
4,93 0 0 0 0 0 0 0 0 o 0 0 0

%methane | 11.5 11,5 11.5 11.5 11.5 1.5 10.1 10.1 16,7 9.0 8.0 7.3 6.6

A or U A A A A A A U i A A A A A

L=augmented, U=unaugmented

TABLE A6 ~ HEAT PLUXES AT VARIOUS DISTANCES BETWEEN THE SMALL VORTEX~STABILIZED BURNER
AND THE CONCENTRIC CALORIMETERS (HEAT FLUXES IN WATTS/CM2).

~yie~
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-APPENDIX B

RESULTS OBTAINED FROM THE SPLIT-PLATE
CALORIMETER



Water bzth

temperature Thermistor output. ¥V X 104
°c 1 2 3 4
17.7 2600 26€5 2643 2637
18.3 27 282€ 2802 2795
19.0 2880 2941 2214 2206
20.0 70FE %127 3098 3091
20.8 %216 3274 3244 3237
22.0 3424 3483 3449 3445
22.7 3551 3610 3573 3560
24,1 %8210 3867 3826 3823
25.1 3979 4034 4,000 3997
2€.1 4118 £194 4144 4140
27.2 427¢€ 4350 4314 4317
28.4 4445 4514 4465 4463
29.5 4508 4650 4610 4611
50.9 4749 4505 4755 4764
2.0 4882 4946 4888 4893
33.8 5087 5151 5092 5093
34.3 5176 5224 5167 51€7
3€.0 5373 5397 5342 5342
75,1 5550 5606 5547 5552

TATTE - TEERVISTCR CAITTFATiO“
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ON
Q
4

a.

0.50 ) i
thermistor .

output //

Velts //°

0.40 ™ @/ . -~

/°
[C]
0.35 / -
/0
- '
0.30| /° | -
0 .
0/ R
/
0.25 1 2 2 1 1 2 3 1 1 t X
16 20 24 oo 32 35 £0

o}
tempergture, C

TICURE B & 0.1 TUTEMISTCR CALIZRATION
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Step Thernigtor output, V x 1’04
no, T
1 2 3 4
1 45£5 3806 3584 3754
2 £€12 2954 3612 ’ %833
3 4€5€ 4027 3672 3914
4 4683 4070 3699 3937
5 4695 4098 3708 3376
6 4724 4150 3744 4016
7 4733 4167 3759 £045
5 4742 4124 3770 4081
9 4746 4210 3794 4106
10 4767 4251 3817 4154
11 475% 4275 3814 4203
12 4747 4303 . 3813 4202
13 4754 4301 - -
14 4754 4341 3231 4269
15 | 4758 - 4398 3847 4298
16 4757 4416 3857 4341
17 4737 4418 3880 4380
18 4720 4459 3376 4421
19 A 4732 4498 3878 . 4441
20 . . 4747 4515 3872 £476
21 - 4767 | 4548 3871 4510
22 4756 4536 3869 4517
23 4764 4552 3908 4548
24 4774 4587 3896 4564
o5 | 4763 4607 3899 4570
26 4768 4590 3879 4574
27 4768 4629 3866 4579
28 3748 4618 ‘ %3878 4585
29 4749 4€45 3889 4608
30 4754 4642 3874 4618
Distance = 3.0 cmj; unsvsmented; lengih of step = 2.6 mm

TAELE B 2 - TEERRIISTOR RPADINGS.
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\'.
Step Thermistor output, ¥V x 104
no.
1 2 3
1 50CT 4007 3734 4004
2 4201 £0%4 3746 4020
3 5008 4047 2750 4043
4 5012 4070 3775 4063
5 5017 £0z22 3781 4075
6 5017 4098 3772 4096
7 5020 ARE! 3771 4ii2
8 5000 £133 3778 4121
9 5003 4146 2721 4161
10 5000 5151 379 4179
11 5006 4194 3789 4213
12 4925 4221 3794 4252
13 5010 4252 26804 4284
14 5007 4284 3811 4340
15 500¢ 4324 3813 4382
1€ 5001 4354 2208 441
17 5021 4391 3622 4475
18 5037 4459 7840 - 4528
19 5020 4517 3834 4579
20 4975 £530 3827 4616
21 5008 4570 3501 4655
22 501¢F L6112 2828 AGGE
23 5010 4C08 3840 4717
24 5008 4647 3822 4752
25 5017 4ET4 3822 4785
2 5020 2714 3840 4822
27 502% 4732 2840 4850
2e 5031 4760 2920 4864
29 5022 4757 3220 4875
50 5C27 4779 3841 4899
Distance = 2.0 cm angmentation = 1.2 A at
length of step = 2.4 nm.




cf

4

Ther=miztor outzut, V x 10

. g

1 2 3

1 5220 4193 3899

2 5290 4271 3Q2¢€

3 5290 4266 393

4 52£7 4255 3941

5 5281 4251 5933

€ £29¢ 423 3940

7 5281 43114 3272

8 5292 4329 3965

9 5288 4325 3985

10 5298 4371 3972
11 5289 4420 4004
12 5206 445 4014
13 5300 4405 4002
14 - 5255 4511 4032
15 5273 4566 4031
16 5279 4610 4033
17 5261 4636 4041
18 52€8 4707 4046
19 5203 4777 4043
5265 ° 4795 4042

5258 4863 4017

5220 4893 £040

5244 £9%1 4053

5263 4979 4050

5205 5017 4051

5271 5052 4044

5287 5075 4034

527% 5076 4027

5272 5003 4072

5244 5109 4056

= 2.0 cm;  avgmentation = 34 at 1 kv,
lensth of step = 2.€ am

TABLE B 4 - TUEENISTOR READINC

L
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Step Thermistor output, Vv x 104
1 2 3 4

1 4784 3261 3709 38€0
3 4824 4050 2775 5929
5 4782 4022 . 3767 2943
7 4793 - 4084 3764 3974
S £7795 4090 3784 3999
11 £799 4142 3797 4062
12 4801 4151 2002 4081
13 479% 4178 3808 4105
14 4783 4182 3799 4134
15 479€ 4268 3820 4198
16 4787 4220 3810 4258
17 | 4790 4319 3814 4295
18 4792 4371 3825 4338
19 1 4769 4206 2809 4372
20 4774 - 4452 3824 4412 §
21 4772 4474 3829 4455
22 4779 4408 3819 4490
23 4789 4507 3812 4487
24 4760 4518 3806 -
25 | 4782 4536 3809 4542
26 478€ 45017 3€0¢ 4552
27 4808 4578 3815 4576
28 | zei2 4509 3219 4587
29 47€8 4614 3818 4600
30 4794 . 4616 3518 4608
71 4803 4627 2808 4616
32 4726 4619 3804 4E14
34 4808 4€48 3799 4€22
36 £804 46E0 814 4637
58 £79€ 4672 %806 4€49

Distance = 2.0 cm; unaugnented; lensth of step = 2.6 mm

LANRT T TTIATITITOMAN TTELPTITG
AR R 5 - TIEEVISTCOR ZTADINGES

[
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Step [ Trerrictor output. V_x"lO4

ne. —— —

1 2 3 4

1 532¢ 4584 4248 4276
2 5323 4574 42€1 4280
3 5318 4€07 4267 4277
4 5320 T 4628 4295 4311
5 5356 4650 4285 4342
€ 532¢€ 4689 4309 4397
7 53€5 4706 ' 4300 4447
8 5349 4732 4297 4441
9 5349 473€ 4307  £500
10. : 5370 4205 4320 4548
11 5344 4808 - 4339 4582
12 5375 . 4862 4326 LE€41
13 5359 4917 4%€5 . 4704
14 . 5323 4987 4354 4728
15 5403 5065 . 4375 4614
16 5302 5072 4367 4831
17 5390 5019 43£6 4782
18 ' 5358 5017 4379 4802
19 5322 5039 . 4382 4815
20 5229 5074 4372 462
21 5299 5081 4359 4889
22 52179 5088 4343 4913
23 5254 5122 4365 4991
24 . 52€2 . 51%2 . 4357 4974
25 5255 5188 © 4360 4998
26 5274 5209, 4340 033
Distance ="2.0 cm; augmentatiorn = 1.24 at 1 kV;

length of step = 2.6 mm

TARLE B € - TEDECISTOR REATINCS
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Ctep Thermistor output, V X 104
no. e gt
1 2 ; 4
— " Sees T T hgon T aés T g2z
2 5540 4460 4184 4244
5 5535 4451 4198 4290
4 5588 454C 4255 4347
5 5609 LEO3 4270 4%02
6 5630 4EET 4318 4441
7 5635 4672 4356 4471
8 5€43 4ETT 4344 4494
2 5¢3¢8 4708 4386 4525
10 5652 AT45 4406 4561
11 5£54 47¢2 4447 4620
12 5656 4773 4449 LE4T
13 5679 4843 44€2 4678
14 5¢57 4851 4462 4721
15 56¢5 4887 4458 4762
16 5£68 4954 4476 4814
1T SETT 4950 4484 4863
18 5654 4972 4495 4910
19 5681 5056 4518 4979
20 5672 5080 4511 5029
21 5684 5133 4519 5103
22 5€67 5127 4507 5157
23 5€E3 5209 4514 5231
24 5670 5260 4527 5280
25 5637 5260 4496 5321
26 5654 5299 4506 57360
27 5¢49 5227 4515 5374
28 5667 5344 4475 5407
29 S€Z6 5372 4494 5436
30 5€80 5592 4518 54€4
istarce = 2.0 cn;  auvgmentation = 3 A at 1kV;

length of step = 2.6 =mm

TARLE B 7 - TUERVISTCR READIFGS
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Step Therristor output, V x 104
rio
[ 2 3 4

1 4ET0 Z728 3620 3EE4

2 4715 '“.3842 %661 3720

3 4744 3877 37%4 3794
4 4791 3941 3782 3740

5 48321 4023 3838 3916

6 4850 40F1 %2891 3927

7 48886 4097 3907 4018

8 429€ 4125 3928 405

9 4912 4150 3955 - 4098
10 4950 4191 - 3970 4136
11 4957 4226 4018 4174
12 4971 4257 4034 4209
13 4998 4284 4O4T 4225
14 5004 4318 4078 4293
15 5012 4357 - 4080 4330
16 502€ 479 4082 43266
17 5019 LLAE _4102 4412
18 5057 LASL 4157 4431
19 5045 45725 4138 4517
20 500 . 4562 4120 45€7
21 7G50 4609, £217 4€2%
22 5042 4£31 4157 LE42
23 5057 4E25 4156 4704
24 5072 £742 . 4174 4752
25 5092 £790 41390 £€10
26 © 5069 4797 41783 4832
27 5025 4831 4190 4879
28 5109 £875 4209 4907
29 5103 4879 4215 4949
%0 5120 4915 . 4213 4952

Nistance = 1.5cm; uraugmented; lengih of sitep = 2.€ mm

-  TUERTISTOE READINGS
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Step Thermisior output, V x 104
10 . 1 2 3 4
1 5474 4620 4458 4€04
5 5465 4703 4478 4E37
9 5484 4736 4476 463
11 5472 4755 44TE 4701
13 5€00 4771 4541 4603
15 5521 4774 4545 834
17 5612 4916 4526 4874
18 5612 49%6 4545 4917
19 5614 497 4557 4956
20 5614 5031 4555 £962
21 5615 5043 4553 50603
22 5589 5081 45£0 5028
23 5592 5071 4553 5072
24 5622 5163 4567 5108
25 5602 5153 4541 5135
26 592 5168 4535 51£8
27 5569 5198 4514 5205
28 5579 5209 4523 5235
29 55C6 52€5 4546 5283
30 £572 5257 4531 5302
31 55€7 5272 4502 5302
32 5596 5314 4525 5353
33 5558 5346 4535 5354
34 557¢ 53%4 4514 5359
35 55€0 5335 4513 5376
37 5578 5374 4520 5398
39 5620 5435 4564 5448
41 5621 5442 4530 5440
43 5605 5429 4549 5449
46 5565 5417 4478 5432
' Distarce = 1.5 cm; avgmeniztion = 1.2 4 at 1 XV,

lengt: of siep = 2.0 =m

. ceiamaas -
TATIE £ @ -~ MDTIRRVISDCR RUADIVES
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. . 2 AL
Triermistor ovtput, V x 107

Step
O. o
1 2 3 . 4
-~ Y
1 5273 40c8 3858 3954
5 5429 41€9 3949 4051
9 5495 4270 4090 4192
13 55€¢ £582 £158 4277
17 504 4492 4211 £39%
21 . 514 4601 4270 4479
24 5622 4431 £31¢ 4556
27 680 4740 4382 4658
30 5691 4832 4445 4755
52 5710 4898 4475 4844
34 5741 5000 4508 4951
36 5724 . 504¢ 4532 5030
37 5738 5114 4539 5101
- 38 5758 5178 4551 5164
29 5798 5254 4571 5237
40 5807 5313 4584 5293
41 5815 5355 4598 5529
42 5811 5329 4637 5414
43 5724 54€4 4669 5469
44 5723 5498 4704 5506
£5 5807 5567 4720 5541
47 5837 5610 4719 5558
49 5849 5652 4739 5657
Nistance 1.5 cmg augmentation = 3 A at 1 kV;
length of step = 2.0 mnm
TARIR B TEETEITSTOR RRADIXNGS
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Step | Thermistor output, V x 104
1 2 3 4
1 5445 43524 4113 4276
5 5458 4417 4183 4363
9 - 5509 4508 4239 4424
13 5527 4570 42739 4502
17 5534 4627 4330 4580
20 55€0 4693 4381 4653
23 5579 4753 4405 4720
-26 5616 4837 4426 4790
28 5648 4916 44€8 4879
30 " 5625 49€1 4477 4935
31 5659 5026 4492 5010
32 5681 5108 45%0 5069
33 5685 5115 4537 5094
L ‘ 5702 5175 4554 5144
35 5712 5164 4563 5124
36 5779 5215 4€0C0 5124
37 576C 5203 4608 51€1
78 5771 5216 4602 5187
39 5778 5286 4634 5253
40 5757 5228 4645 5279
41 5739 5366 4652 5384
42 5748 5400 4670 5412
43 | 5755 5461 4682 5422
L4 _ 5783 - 5501 4704 5473
46 . 5793 5534 4706 5521
48 5780 55€3 4741 5540
50 5742 5566 4712 5532
52 5757 5€00 4781 5620
54 57¢0 5608 - 4727 - 5¢15
57 5812 5¢53 4750 5650
Distance = 1.0cm; zugmentation = 3 A at 1 KV
length of step = 2.0 mm .
MARLE B 11 - DUERITISTCA READIVES
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Gtep Ther~ictor tempexrsivre, C ] ‘Plate temp.
0. - Ik etk
"1 2 3 4 ]
1 29.7%5 24.25 22.45 23.€5 5,10 1.20
2 29,70 | 24.€5 22.20 24.15 5.05 1.35
3 30.10 25.05 " 23.15 24.60 5.05 1.45
4 20.70 25.35 272.20 24.75 "4.95 1.45
5 30.45  25.50 25.55  25.00 4.95 1.65
€ 30.€5 25.¢25 23,60 25.20 4.80 1.60
7 30.75 £.00 23.70  25.40 £.75 1.70
& 30. 80 26.10 272.75 25,65 4,70 1
9 30.25 5¢.25 23.90 25,80 £.60 .90
10 31.00 2€.55 24.05 26.15 4.45 2,15
11 30.20 286.70 24.00 26.45 4.20 2.45
12 30.85  26.95 24.00  26.45 3.90 2.45
i3 30.90 26.90 - - 4.00 -
14 20.90 27.20 24.15 26,90 3.70 2.75
15 30.95 27.€0 24.20 27.10 %.35 2.90
16 30.95  27.70 2£.%0  27.45 3.25 3.15
17 30.75  27.75 24.40  27.70 3.00 3.
18 30.€0 22.00 24. 40 26.00 2.6C 3,
19 30,70 28.35 2440 28.15 2.35 3.
20 30, €5 28.45 24.3 28,40 2,40 4.05
21 31.00  28.70 24.35  28.70 2.30 4.
22 70.95  28.€0 24.%5  28.75 2.35 4.40
23 31.00 28.7 24.6€0 29.00 2.25 £.40
24 31.05 29.00 24 .50 29.15 2.05 4.€5
25 “21.00 29,20 24.50 29,20 1.80 4.
26 31.00 20.05 24,40 29,20 1.95 4.
27 31.00 29,35 24.45 29,25 1.65 4.
28 30.95 29.3%0 24, 29.3%0 1.55 4.90
29 30. 55 22.50 24,45 29.50 1.35 5.
30 30.90 29.50 24.L0 29.€0 1.40 5.
PARLE B 12 - OTUPEEATURRS TOR RISULTS
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Redius Heat fluxes, U cwﬂz, for data given in tables:-
3 —
i "2 ®3 D4/ .B5 BE BT BE B9 B0 B1
o 5179 83 48 124 172 52 T 4135 -
1 73 56 75 46 78 160 4T 95 135 -
2 25 49 €7 46 59 37 33 88 90 -
3 27 48 45 41 42 60 34 59 &2 -
4 24 31 35 31 39 43 26 46 98 -
5 15 29 31 27 35 42 24 34 85 -
6 15 29 ‘28 27 26 36 24 32 51 -
7 11 20 25 21 20 24 23 30 41 -
8 6 25 25 14 14 24 22 31 54 15
9 5 21 23 12 10 20 20 32 23 125
1d_ 4 18 21, 9 8 12 16 22 16 32
11 4 9 48 5 5 12 .16 18 1 26
12 5 7 15 5 4 13 17 14 12 24
13 i 8 9 4 5 12 14 12 10 18
14 A4 g 7 4 4 10 9 12 9 18
15 T T
16 - - - - - - - 8 95 8
i T T T
Step :
length | 2.6 2.6 2.6 2.€ 2.6 2.6 2.6 2.0 2.0 2.
mnm

TARLE £ 13 - EBAT FLUNES ORTAIVED FROII TI'B

EAFe A POIE

DATL CF TARLES P 2 to B 11



APPENDIX C

TEMPERATURBS IMEASURED IN SLABS,
PROPERTIES OF EN 8,
AND DERIVED RESULTS
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"ean specific heat, Z, Thnernal conﬁuctiﬁity,
rrom 20°C normzlized Fn 8)
to in

°c cal OC_1;1 °a cel on lsee
100 0.114 20 ) C.107
2¢0 .119 50 0.107
300 0.122 100 ©0.109
FASY C.127 200 0.105
5C0 0,132 200 C.102
€00 0.133 400 - 0.100
700 0.144 500 0.092
eC0 C.159 £00 0.0&4
200 0.155 700 5.075
1000 0.155 £00 0.068

_ s . . o)
Specific gravity is 7.82 to 7.85 at 20°C

Tatle C1 - Phyeical properties of Ern 8 obtsined fronm
J i
Yoolmanrn and ottram.

Troperties of the En s=teels, Vol.
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Veluers of a, cm

c2 3 04 5 g
.46 - - - -
1.24 1.15 1.2 - -
1.€0 .11 1.1 0.87 0.93
3,67 1.00 0.9 6.91  1.00
6.87  0.50 0.51 0.57 0.€1

0.57
0.71

0.5¢  ©.61
1.16 0.9

0.745

.21

[AS]

100

€2 - Values of a, (©

133
and @ ,.v a for cdat

in figure C1

to C7.

Czlculated temperatures inside slab

eguation VI 19

0

(e .., + 20)7¢
c2 5 C4 ce cT
48 425 3 €65 €27 577
252 334 (58 448 320 422 390
PSS 253 23 215 1ac 297 274
176 120 4 82 55 93 g2
akle 03 - Flab temperastvres calculaied 7

PN
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SYIBOLS

l,over case

5 0 0 oo o p

[y

H o H a0

N ¢ M 4 £ ¢ o+ o n

‘o 3B O o

spread of heat flux distribution
distance between quench and burner axis
specific heat

diameter or arc length

electronic charge

heat transfer coefficient or distance between

~. calorimeter and burner

integer

integer or current density

thermal conduvectivity or Boltzmann constant
scale of turbulence

burner dimensions

no. of layers

burner dimensions or pressure

rate of heat transfer

heat flux

radius

radius

step length

time

time

velocity

intensity of turbulence
velocity

co-ordinate

Unper case

=

H & @

el = B v e B

coefficient _. I -~ current

coefficient K - mobility.

thermionic emission constant ¥ - concentration

diffusivity €& =~ volumetric flow rate
field strength S <= velocity

mass velocity . T - absolute temperature
enthal py V - wvoltage

current
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Dimensionless groups

Greek

\; DD O m P> o> R

velocity R
mole fraction
. Re
Lewvis no.
Husselt no, ur
. y¥
mass fraction

severity of gquench

thermal diffusivity
angle of flame front to
penetration distance

difference

eddy kinematic viscosity

work function

heat flux poctential
density

temperature

dynamic viscosity

Subscripts

a - augmented
b - bulk
e -~ electron or electrical
i - integer
J = integer
- uniform
P - constant pressure
s - surface
u - unburnt or unaugmented
W - wvater
Superscripts
* - dimensionless

per unit time
per unit area

mean

dir

AN

Ch

=

M

ratio of rate of heat transfer
to rate of energy input to burner

Reynolds no.
velocity
distance

temperature

ection of flow. of unbufnt gas

- kinematic viscosity

- arc or austenitising
- anode

~ brezkdown

~ cathode

.~ enhancement

- final

- initial

- maximun

- %erminals or total
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