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SUMMARY

This thesis shows how a combination of physical and mathematical
modelling can be used to predict the thermal performance of
tangentially fired rapid billet hesting furnaces. The experimental work
involves the measurement of mass transfer coefficients in an isothermal
scale wodel of the furnace using a technique based on the measurement
of the limiting diffusion controlled current during the electrolysis
of an alkaline solution of potassinm ferri- and ferrocyanide.

Convective heat transfer coefficients are obtained from the mass
traunsier measurements via the Chilton-Colburn analogy. These
coefiicients are then combined with a suitable mathematical model of the
heat transfer processes in the furnace and the thermal performance
predicted.

The procedure has first been checked by calculating the heating
times to forging temperature of cylindrical copper and aluminium
billets and comparing these with results obtained in an actual prototype
furnace. Mathematical models are then used tc show that the performance
of the prototype furnace can be improved by modifications to its design and
to demonstrate the significant improvement in transient response of these
furnaces compared with traditional design. Finally both the mass
transfer measurements and the mathematical analysis are extended to deal
with eituations in which the heat flux to the load surface is not

uni form.
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INTRODUCTION

This thesis deals with the use of a mass transfer modelling technigue for
tﬁe evaluation of convective heat transfer coefficients in a furnace and
the predicticn of furnace performance from these results. In the context
of the thesis the furnace is taken as being a device for transferring
enthalny from the products of combustion of a hydrocarbon fuel to a load.
The *echniques described have application to most types of furnaces and
alsn tu other heat transfer equipment. However the thesis is concerned
only with furnaces for reheating metallic stock before rolling, extrusion or
forging and with only one particular design of this type of furnace.

This furnace is & gas fired 'single cell' rapid heating furnace designed
for reheating cylindrical billets.

The main requirements of any reheating furnace are that it shall
produce stock with acceptable temperature distribution and metallurgical
prcperiies at a cost as lcw as possible. The performance of such
furnaces are normally assessed in terms of thermal efficiency and in the
time taken to heat a billet under working conditions since this has a
direct effect on metallurgical properties. The tésk of the furnace
designer is to optimise the design so that the relative importance of
these criteria are takecn into account.

In order that the optimum design of a furnace shall be made it is
essential that the distribution of heat flux and temperature within
the furnace can be predicted. The interaction of heat transfer with
combustion and flow within the furnace chamber and their dependence on
burner and furnace design is complex and as yet no entirely
theoretical solution which is universally applicable is available.
Furnaces have therefore been designed by means of heat balance and

-simplé radiaticn calculations together with empirical information and

experience. This procedure is reasonably successful for scaling up
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ex.sting systems in which radiation is the principal mode of heat
transfer, However, it does not stimulate improvements in furnace design,
ner can it be used to design furnaces, such as rapid heating furnaces, in
which convection plays an important rcle. In these circumstances it is
essential that the effect of furnace design on convective heat transfer
coefficients be known and tc thies end model techniques have been
developed at the Midlands Research Station.

In conventional furnaces, tha processes of combustion and heat
transfer occur simultaneously within the furmace chamber and the heat
transfer is principally by radiation. TFor these processes to occur
efficiently, it is essential that a chamber of large volume is provided
and this requirement leads to certain disadvantages. The large physical
size results in high capital cost and high thermal inertia. The latier
in turn leads to long start up periods and difficulties in control of
output rate to meet fluctuating demand. In addition the metallurgical
benefits to be gained from short heating cycles cannot be achieved
without the use of high temperature heads, with the consequent risck of
overheating the stock in the event of a shutdown. However, these
disadventages can be largely overcome by the use of a class of gas fired
furnaces of much smaller size which have become known as 'rapid heating
furnaces'. In this type of furnace the gaseous fuel is burnt in high
intensity tunnel burners and the combustion is essentially completed
within the burner tunnel. The products of combustion issue at high
velocity from the burner and their momentum is used to provide high
convective heat transfer within a small aerodynamically desigred
furnace chamber. It is for the design of this type of furnace that the
work described in this thesis is most applicable. The particular

furnace considered is a single cell rapid heating furnace designed for

= e



heating cylindrical billets. Combustion productes are forced round the
circumferenée of the billet in a furnace chamber which is roughly
cylindrical and coaxial with the billet. The design and performance
of the furnace has been described hy Lawrence and Spittle! and also
by Francis and Oeppen?.

In any furnace, heat is transferved to the load by direct
radiation and convection from the flame and hot combustion products and
by indirect radiation via. reflection end reradiation from the refractory
roof and walls. When burning gascous fuels in conventional furnaces the
predominant heat transfer mechanism is non-luminous gas radiatiocn
whereas the flames from heavier fuel ocils coatain incandescent coot
particles and contribute Juminous radiation. Consequently thece modss of
heat transfer have received the greatest attention from those concerned
with furnace heat transfer. The non-luminous radiation is due almost
exclusively to the presence of water vapour and carbon dicxide and each
of these gases absorbs and radiates ir certain regions of the infra-red
spectrum. In this case radiation is dependent mainly on the temperature
and partial pressures of the radiating components and on the effective
thickness of the gas layer. This procecs has been studied chiefly by
Hottel and his co-workers at the Massachusetts Institute of Technology
and the results of their researches arc best summarised by Hottel and
Sarofim in a recently published text book?. Luminous flame radiation
is less completely understoood and is dependent mainly on the miving of
gir and fuel and consequertly on burner design. Work in this field has
been carried out at the University of Sheffield and also at the
International Flame Research Foundation at Ijmuiden in Holland and
again a recently published text book provides the best source of reference

to this work® In rapid heating furnaces the combustion of the fuel is



conplete and No carbon is formed so that radiaticn from the combustion
products is by non-luminous radiation only. This process is only
significant in chambers of large volume and in the type of rapid heating
furnace considered in this thesis contributes only up to 10-20% to the
total heat lost by the combustion products.

Convective heat transfer in canventiopal furnaces is, or at least
is generally considered tu be, negligible and consequently has received
little attention in the past. However, it should be emphasised that in
any furnace where re-radiation from the furnace walls is a significant
factor the controlling step mey well be that of convective acal transfer
to the walls. Convective heat transfer coefficients have been measured
by Sinnott and Siebert® for flat plates in a recirculating furmace and
by Genna, Nolan and Furczyk® for a cylinder in a rectangular box type
furnace. 1In these investigations the convective heat transfer was
obtained from the difference between the measured total heat transfer
and a calculated value for the radiation. Consequently all the errors
of experiments and calculations are included with the convection.
Hulse” measured convection to the walls of a cyclone type furnace
directly by replacing the combustion prcducts by air heated externally.
The well known linear equation given by Trinks® for convection to plane
surfaces in furnaces is in fact not based on measurements made in
furnace systems but on data for heat transfer from a heated plate to
air flowing parallel to the surface. Hulse and Sargent? have shown
that the Trinks equation agrees well with data for this case collected
Iby Fishenden and Saunders'V, but there appears to be no report in the
literature of a comparison between the Trinks eguaticn and an actual
furnace investigation.

In many rapid heating furnaces the design of the chamber is such



‘that convective data obteined from systems otheir than furnaces may be
directly applied. Thesc include such cases as flow over flat plates,
between parallel planes, through and over tubes and ducts of circular
and other cross section. In other cases, however, the design will be
such that no existing system is sufficiently close to allow data from
it to e used. Such a case is illustrated by the single cell furnace
considered in this thesis. The use of pilot plant to obtain the
regquired data may be extremely expensive especially if considerable
modifications are subsequently needed to achieve a specified
performance. In addition the acquisition of convective data in this
way may prove difficult and of limited accuracy, particularly if
radiative heat transfer is also significant. As a consequence it is
often best both from an economic and a technical point of view to obtain
ihe information from mass transfer experiments in small scale
isotnermal aerodynamic models. The mass transfer techniques also have
the advantage that local convective heat transfer coefficients can be
evaluated and these would be particularly difficult to obtained from
pilot plant measurements.

In the mass transfer modelling techniques the heat transfer surfaces
of the furnace are replaced by mass transfer surfacesin the model. The
keat transfer coefficientsare then derived from mass transfer measurements
under conditions of dynamic similarity using the Chilton-Colburn analogy
between heat and mass transfer. Two mass transfer techniques have been
developed at the Midlands Research Station for this purpcse. These are
the sublimation of naphthalene into air and an electrolytic technique
based on the measurement of the diffusion controlled limiting current to
a nickel electrode in an alkaline potassium ferri--ferrocyanide solution.

_ Both methods may be used to obtain coefficients to the entire load or wall



surface and also te small areas on these surfaces. The electirolytic
technique is particularly suited to the measurement of local

coefficients to the billet in the single cell furnace arnd the use of the
technique to obtain both average ard local coefficients in this casé is
described in detail in this thesis. Although the heat and mass transfer
analogy can be deduced theoretically for simple systems there is sufficient
uncertainty as to the precise formulation to have made it necessary to
confirm the validity in the case of the single cell furnace. To this end
smzll scale convective heat transfer experiments have also been carried
cut in the furnace models and these are described in the thesis.

The final process of heat transfer from the combustion products to
the load is conduction from the load surface to the interior. This
process is described by the transient heat conduction equation and many
analytical and numerical methods are available for its solution. For
furnace heat transfer calculations finite difference methods must normally
be used since the boundary conditions are complex and the thermal
conductivity and diffusivity of the load chenge with temperature.

The combined effects of radiation, convection and conduction and
their dependence on furnace design is complex. TFortunately in the case
of rapid heating furnaces several simplifications can be made. Firsély,
combustion is completed within the burner tunnel so that it can be ignored
in the heat transfer calculations. Secondly, essumptions concerning the
flow of combustion products can generally be made. In the case of the
billet heating furnace considered here the furnace is sufficiently well
stirred by the momentum of the burner jets that the assumption can be
made that at any time the temperature of the combustion products everywhere
within the furnace chamber is the same. This is the basis of the 'well
{ stirréd furnace' assumption.presented by Hottel in his Melchett Lecture

of 1960"'. Hottel's work allows the radiative interchange between the
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cembustion products, the lead and the refractory walls to be calculated
for this case. The analysis presented in this thesis is a refinement of
Hottel's in that = more realistic assessment is made of convection, also
transient conditions in the furrace system are taken intc account by
coupling the well stirred furnace equations with the transient heat
‘conduction equation for the load.

The thesis firstly reviews briefly the principles of furnace
modelling and their application to rapid heating furnaces. The heat and
mass trancsfer analogy and its limitations are discussed and this is
followed by practical details ot the experimental techniques. The
experiﬁental measurements are ithen presciited and discussed. The mass
transfer results are incorporated into & mathematical model from
which heating times to eXtrusion temperature oi cylindrical aluminium and
copper billets are predicted and compared with results previcusly
obtained in an actual proiotype furnace. Mathematical models are then
used to investigate certain aspects of furnace performance and finally
a method is outlined by which the local mass transfer coefficients can be

used to predict the detailed temperature distribution within a billet.
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NOMENCLATURE

surface area

annular gap (r, -r,)

concentration

gross calorific value of fuel

net calorific value of fuel
specific heat at constant pressure
recirculation ratio

diffusivity

diameter

electrode potential

fraction of top burner flow which passes

out of flue

radiative interchange factor
Faraday Constant

valency change in reaction

total fuel used

overall heat transfer coefficient
convective heat transfer coefficient
convective mass transfer coefficent
heat content

current

j factor for heat and mass transfer
characteristic length

latent heat of naphthalene

length

mass input rate

molecular weight of naphthalene

W

s

(m?)

(m)
(kg/m?)
(md/m?)
(J/m>(st))
(d/kg)
(m?/s)

(m)

(v)

(C/kg-equiv)

(J)

(W/m®K)
(W/m %K)
(m/s)
(d/m3(st))
(A)

(m)

(J/kg mole)
(m)

(kg/s)
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Nu

Pr

L2 O -

Kel=}

e

Re

Sc

Sh

mass flux (kg/m?s)
Nusselt number = hL/) -
number of burners in furnace -

volume cof combustion products per volume of

gas burnt
Prandtl number = Ea& =

?
vapour pressure (N/m?)
volume flow rate of combustion products @ >(st)/s)
volume flow rate of iuel (m?>(st)/e)
heat flux (W/m*)
gas constant (I/kg mol K)

volume of air per volume of gas burnt

Reynolds number = LUp

radius (m)

scale factor =

Schmidt number = &
oD,

Sherwood number = hDL =
D

specific gravity of fuel =
temperature (K)
temperature after time interval 6T (K)

number of circumferential elements in cylinder

velocity (m/s)
heat exchanger effectiveness (W/K)
volume (m?)
tangential velocity (m/s)

velocity ratio -
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subscripts

B
b

final

fluc

naphthalene weight loss
cortesian co-ordinates

thermal diffusivity = A
; ;ET_

P
time or position increment
concentration boundary layer thicknzss
temperature boundary layer thickness
emissivity

thermal conductivity

viscosity

density

Stefan- Boltzmann constant

time

angular position

thickness of refractory wall

heat transfer rate

air
burner

billet surface

furnace

combustion products at flame temperature

end of soak period

flue gases

combustion procducts in furnace chamber
model

mean

bulk

surface
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(kg/s)
(m)
(m?/s)

(m)

(m)
(W/mK)
(Ns/m?)
(kg/m?)
(W/m3K *)
(s)

(-)

(m)

(W)



soak

superscript

*

beginning of scak period

wall surface

dimensionless quantity

reference conditions



1. FURNACE MODELLING

The purpose of modelling is to permit conditiong inside existing or
projected equipment to be predicted by carrying out exveriments under more
controlled and favourable conditions. Such models are not limited to
small scale systems geometrically similar to the prototype but also include
analogues in which the physical and chemical processes are quite different
from those in the prototype. The success of modelling depends on
ensuring that there is similarity between the process investigated in the
model and in the prototype.

The application of models to the design and improvement of furnace
and combustion systems is well established and requires no extensive
discussion here. Similarity criteria on which furnace modelling is based
are therefore only briefly reviewed with reference to the single coll
billet heating furnace. The main part of the section will be concerned
with the less usual application ot the heat and mass transfer analcgy.

1.1 Similarity Criteria

The physical and chemical processes occuring within a system can be
described by a set of differential equationms. These will usually be
balance equations expressing conservation of mass, energy or momentum
or the balance of forces. Such equations are dimensionally uniform
and by dividing by a characteristic mass, energy or force they can be
transformed into relationships between dimensionless groups. The boundary
conditions of the egquations can also be expressed in dimensionless form
by a similar procedure. If all the dimensionless groups containing
only independent variables are the same in both prototype and model
then the other groups containing the dependent variables which define
performance will be the same in both systems. In most cases it is not
possible, or even desirable to ensure that every dimensionless group is
the same in both systems. The most important features of the prototype

may frequently bte adequately modelled if only onz or two of the groups
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are kept constant. These aspects have been reviewed by Beer.'’
In furnace modelling the most important dimensionless groups are
those which defire geometric, kinematic, dynamic and thermal similarity.

1.1.1 Geometric Similarity

This implies that every lincar dimension of the model bears the
same ratio to the corresponding dimension of the prototype. Although
geometric simijarity can be maintained for studies of non compressible
luid dyramics in isothermal systeme, it has to be abandoned when the
system is non-isothermal or when chemical reaction is significant. For
the single cell rapid heating furnace it will be shown below that
geometric similarity cannot be maintained when modelling the burner tunnel.

1.7.2 Kinematic Similarity

This implies that fluid particles follow geometrically similar
paths in corresponding intervals of time. In the single-cell furnace
the velocity distribution is controlled by the momentum exchange between
the burner jet and the cooler recirculating combustion products. The
momentum exchange must therefore be adequately modelled if kinematic
similarity is to be maintained. The furnace is fitted with high intensity
tunnel burners and the combustion is completed within the burner tunnel.
Under these conditions the discharge area of the burner in the model must
be reduced according to the equation.

Apy = Agp s

T

T'F

(1.71)

-

The burmer exits take the form of rectangular slots running the width

of the furnace. The height of the directly scaled burners in the model
= bl = mey 44

have therefore been reduced by the ratio TgF/TBF'

1.17.% Dynamic Similarity

Dynamic similarity requires that the force ratios causing
acceleration of masces in the corresponding systems are maintained constant.

These forces are inertial, viscous and buoyancy. In the single cell
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furnace the last of these is negligible due to the high velocity of the
burner. Dynamic similarity then requires only that the ratio of the inertia
to viscous forces, i.e. the Reynolds number, be the same in furnace and
model.

1.1.4 Thermal Similarity

Thermal similarity requires that the ratio of temperature differences
between any two points in the prototype and corresponding points in the
moael are maintained constant. In a furnace containing radiation
absorbing combustion products the combined processes of radiation, convection
end conduction cannot be modelled correctly and thermal similarity cannot
be ohtained. This is one of the reasons why the combination of
mathemotical and mass transfer medelling which is described later is

important.

1.2 The Heat and Mass Tranzfer Analogy

1.7.71 Derivation from Differential Equations

The basic differential equations governing the convective diffusion
of heat and macs are similar. In steady fiow and in the absence of

chemical reaction and internal generation of heat these simplify to the

following:
for heat transfer : Cppﬁ. VI = A VT PO - -
~ for mass transfer : H* 0= D Vi E Lt P

These equations may be made dimensionless by first defining arbitrary
reference quantities U° T° L and C’ and dimensionless variables

o - ﬂ/Uﬁ, ™ = T/T°, y* = y/L and C* = C/C°. Then for heat transfer :

vt mEk Ve *
G otle . vir = AR T RIS

L 5
and for ‘mass transfer :

+ -+ v >
.‘[-J.-O-U *. vc* e .I_),.Y.. VZC* ssssw (1.5)

L I

T |



c, pu® i

Dividing (1.4) by 27" and (1.5) by . we obtain :
L L
ﬁ* VT* = 1 T* CRC I (1.6)
& Re Pr
and
e v 1 *
I Vet o GG s G
1 A
where = ——
Ee Pr CppU L
and
1 D,
Re Sc % B°L

The solution of equations (1.6) and (1.7) will be identical
providing the dimensionless velocity distributions, the boundary conditions
and the Re Pr and Re Sc groups are the same in both cases. That is the
concentration and temperature profiles will be identical under conditions
>f geometric, kinematic and dynamic similarily providing the boundary
conditions are similar and the Schmidt and Prandtl numbers are equal.

In practice we are normally concerned with mass and heat transfer retes
to surfaces under conditions in which temperature and concentration
gradients at the surface are only significant in the normal direction.
The transfer rates are then usually defined through transfer coefficients
and a temperature or concentration difference evaluated between the

surface and some reference point, i.e.,

0 BT) 5

al == (-B?, =k (T, = 1,) | venss (1B
and

g o

N = =7 DY ('g';’)' = ho (CO ol CS) ssesss (1.9)
or in dimensioniess form:

- *

'-i (BT ‘\ o= (,I . TS*) cs s es (1010)

hL \oy®/,

= 15w



and

;TD;- (2;:) = (1-0¢*) s LHatT)

Then under conditions of similavity :

LN Vs
A D,

ceses (1.12)

i-e. N"zl ."—_ Sh cesee (1-13)

Equation (1.13) is the basis of the Reynolds analogy and is only
applicable in the case of equal Prandtl and Schmidt numbers. In

turoulent flow the transport properties in these groups are of course those
for turbulent exchange which are, moreover, approximately the same and
therefore the analogy is valid.. However in ary system there is always

a layer close to the wall which is in laminar flow and in this region

the equality of Schmidt and Prandtl numbers is not generally realised.

In this case whilst the solution of the differential equations are

not identical il is reascrable to assume that they will be similar ana

may ve given by the general polynomials

T* _ y* y* \2 ( DAY

e o R v i

3= T.* - 'Bh* ) + b (511* ) + € E’h* ) ' e R (1.']4)
and

Gh G a(_ﬁ) AL _ﬂf Rls (_.L")3 £ see K10715)
T =0 * 6" : 6, * 8 *

where 6, * is the Jimenusionless temperature boundary layer thickness which
is a function of Pr, Re and perhaps x* and z*, and 8, * ie the dimensionless
concentration boundary layer thickness which is similarily a function of

Sc, Re and perhaps x* and Z*. Difierentiating (1.14) and (1.15) we

obtain
" QT* all~ £5°) (acH a1 - G, *)

= i & ]d & = e Ty, “sssm (1n16)
(ay*) &, * ; A \ay“)c 5 *
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substituting into {1.1C) and (1.11) and eliminating a,

Ih &, * Lh, &8
i S el 4 euse L3:87)
A D,

dividing by the Reynolds number'onL/p

h .

Podits A S e T v simen 1 18)
s

pU"C, U

or
n = b

e, Pr.f(Pr, Re, x*, z2*) = T Sc.f(Sc, Re, x*, 2*) eec.. (1.19)

P

and under geometric and dynamic similarity

B et Py) = B NG (Re) sorsnl L1e20)
(=] -
oU°C, G
3
It will be shown in the next section that we may write f(Pr) = Pr
1
end £(3¢) = 8c ¥ then
h 2 hy 2 ; ,
Pry - _';‘ SC}- = J sesse k1.21)
FrU'"C-.p U

Equation (1.21) is also a statement of the empirical Chilton-Colburn
analogy between heat and mass transfer and is the basis of the mass
transfer model work described in this thesis. It is perhaps worth
summarising the conditions under which it is valid which have just been
deduced from theoretical considerations. These conditions are :

(1) geometric similarity

(2) kinematic similarity

(3) dynamic similarity

(4) similarity of boundary conditions

(5) a minus cne third power dependence of §,* and §,* on Pr and Sc.
The first three of these ccndiﬁions have already been discussed in the
: previ;us section. The fourth conditicn implies that the type of
' boundary condition, such as constant flux or concentration, is the same
in both cases and also that, in the case of mass transfer, the mass

transfer rates at the surface are small. The fifth condition ig
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discussed in the next section.

1.2.2 The Schmidt and Prandtl Number Functions in the j Factors

The correct function of Schmidt and Prandtl numbers to be included
in the j factors can only be detzrnined by solution of the relevant
differential equations. However analytical solution of these equations
is generally impossible and therefore other procedures must be used.
These procedures include both differential and integral methods and also
the application of analogies based on some physical insight into the
transfer mechanisms.

In laminar bourdary layer flow similarity solutions to the
differential equations can bé cbtained in some simple cases. The
procedure is based on recognicing that profiles of velocity, and 2lso
temperature and concentration, are geometrically similar at all positions
in the system. The partial differential equations of the boundary layer
can then be reduced to ordinary differential equations which can be
solved numerically. Details of the methods are given by Kays15 and
Schlichting'’ amongst others. As an example Kays gives the following
equation for laminar flow over a flat plate.

St Pr® = £ (Re) o eme (Ae28)

An alternative procedure which can be adopted for either laminar
or turbulent flow is the application of the boundary layer integral
equation together with an assumption concerning either the form of the
velocity and temperature profiles or relationships between various
integral properties of the boundary layer. For example for laminar
flow over a flat plate the assumption of parabolic velocity and temperature

profiles leads to:

2 1

St PI'j = 0.332 P,e -Z'. ) sssss (1023)
In the case of turbulent flow Deissler'® applies the boundary layer

integral method together with an assumption concerning the magnitude of the
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ecddy viscosity. The equations were solved numerically and Deissler
presents a graph of St versus Pr or Sc for a range of Reynolds numbers.
Plotted on a log-log basis the slope of the curve continually cteepens from
=0.5 to~0.75 as Pr or Sc increases. However the average slope over a wide

range of Reynolds numbers is - 5 so that we may write once again
2 :
St Prr = f (Re) esense (1-2“‘)

Turbulent boundary layers have also been analysed by application of
analogies based on some physicel insight into the transfer mechanisms.
The simplest of these is the Reynolds analogy which has already been
deduced theoretically. Hcowever this method assumes a turbulent boundary
layer right up to the wall which is not the case in practicze. Prandtl'®
and Taylor’ ° modified the analysic by taking into accouni a laminar
sublayer in which turbulent transfer is negligible. Von Karman® ?
recognised that there would be no sharp transition between these zones in
practice and therefore introduced a third, or buffer, zone in which molecular
and turbulent exchanges are of the same order. These analogies have
been applied to both flow over flat plates and fully developed pipe
flow and fhe details can be found in Kays and Schlichting amoﬂgst other
text books. For example for heat transfer to a flat plate the
Von Karman anélogy leads to

+ Re Pr C, '/ sesnn \1s25)

1+5./3% é;:- {(Pr-1) + 1In [ 1 F% (Pr-1] 1}

Nu =

This equation together with similar ones derived from othner analogies
have been plotted as Nu/Z Re Pr C,' ageinst Pr by Schlichting. The
curves can be approximated with good accuracy necar Pr = 1 by

Nu -2
= PI‘ 3
2 C¢ ! RePr

csene (1'26)
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At higher Prandtl numbers the slope of the curves becomes greater.

.The correct form of the Prandtl and Schmidt functions can not easily
be deduced from experimental data given in the literature since experiments
on any one system nave generally been confined to a fairly narrow range of
Schmidt and Prandtl numbers. Nevertheless by analysing the existing

data in 1934 Chilton and Colburn®® suggested that

2
St Pr3 - be Sc
T}Q

=
3

semne (120)
For this reason the heat and mass transfer analogy expressed in this
form is often referred to as the Chilton-Colburn analogy. [IExperimental
data since 1974 has mostly confirmed Chilton and Colburn's suggestion and
equation (1.28) appears to be generally accepted.

To summarise, the baiance of experimental and theoretical information
suggests that the Prandtl and Schmidt number functions in the mathematical
statement of the heat and mass transfer analogy (equation 1.20) are
complex but over a wide range of conditions the analogy can be expressed
by equation (1.28)« There is, however, enough uncertainty to make it
worthwhile to confirm the analogy sxperimentally in the case of the single
cell furnace. To this end small scale heat transfer experiments have
been carried out in the same model as that used for the mass transfer
measurenments. These experiments will be described fully in a following
section but it is worth noting at this stage that they confirm that the

correct exponent on the Schmidt and Prandtl numbers is 3.

1.2.3 The Effect of Varying Fluid Properties

The derivation of the hest and mass transfer analogy from the differential
equations given in section 1.2.1 was based on the assumption that the
physical properties of the fluid are constant everywhere in the

system. If this assumption is not made then additional dimensionless
groups involving ratios of actual properties to properties at some

\

reference poirt are introduced.  Similar solutions to the diiferential



equations for heat and mass transfer would then require that these new
dimensionless groups are the same in corresponding positions in both
systems. Since mass transfer systems are generally iscthermal and of
course heat transfer systems involve large temverature differences this
requirement is never fulfilled. However many empirical schemes have been
suggested in the literature to take account of varying physical properties.
Some of these schemes are based on more or less logical considerations but
the only real test of them is their ability to correlate the éxperimental
data. The calculations which are described later in this thesis use
viscosities and Prandtl numbers evaluated at the mean film temperature
IL_%_EL @nd the fluid specific heat evaiuated from

Gkl =80 = L <L)/, cesss (1.29)

1.2.4 Application of thé Heat and Mass Transfer Analcgy to Furnace Modelling

The heat and mass transfer analogy can be used to obtain convective heat
transfer coefficients in furnaces from cold isothermal model techniques.
In these techniques the heat transfer surfaces of the furnace are replaced
by mass transfer surfaces in the model and heat transfer coefficients
obtained from mass transfer measurements under conditions of kinematic
and dynamic similarity. Dynamic similarity demands equal Reynolds
numbers in the furnace chamber and model. However the Reynolds number
for a furnace, or any other complex heat transfer equipment is generally
difficuit to define since the correct velocity and length terms are
uncertain. Nevertheless, if kinematic similarity exists then these
quantities are eliminated when Reynolds numbers are equated to give a

relationship between the mass input rates of the form:

My ope
Mf = S'LM ERCRC (1-30)

similarily equating j factors in furnace and model gives

2
< g oLt
He e B we el

- 21 -



In some cases the furnace and model are such that the correct velocity and
length are known and therefore Reynolds numbers znd j factors can be
evaluated. These results may then be correlated over a range of variables
and used to predict conditions not actually covered by model tests. In
the case of the single cell furnace such a procedure was found toc be
possible and the method of correlaticn is described later.

There are many mass transfer systems that could be used for this
work and these may be divided into these in which the fluid is basically
water and those in which the fluid is air. Vater systems are‘characterised
by high Schmidt numbers whilst tlhe air systems have low Schmidt numbers.
The water flow systems can be further subdivided into those irvolving
solid dissolution and those involving an electrolytic reaction.

The main requirementc of a solid dissolution system are that the
dissolution is sufficiently large so that the mass transfer rate can be
measured by weight loss or profilomztric techniques or by measuring solid
concentration in the exit stream. At the same time the rate must not be
so large as to cause a significaunt change in the dimensions of the model.
Solids which meet these requirements are benzoic, cinnamic and salicyclic
acid amongst others.

The electrolytic techniques are based on the measurement of the
diffusion controlled limiting current at an electrode surface. Examples
of electrode reactions which have been used in this way are the reduction
of copper ions at a copper electrode, the reduction of ferricyanide ions
or the oxidation of ferrocyaride ions at a nickel electrode.

The systems in which air is usad are all solid sublimation techniques.
The requirements of these systems are similar to those for the dissolution
systems. The solids most suitable for furnace model work would appear to
be naphthalene and paradichiornbenzene.

At the Gas Council Midlands Research Station two macs transfer

technigues have been adopted for furnace model work. These are the



sublimation of naphthalene into air and the reduction of the ferricyanide
ion at a nickel electrode. This thesis is concerned with the second of
these methods. TFor the sake of completeness, however, the naphthzlene
technique is described briefly in the following section sincz the
discussion of the work must inevitably include rezults from both

techniques.

%



2. EXPERIMENTAL TECHNIQUES

2.1 Description of Models

L cross-section of the pro*otype single cell rapid billst lieating
furaace is shown in Figure 2.1 The furnace chamber is 76.2 cm long and
Z5.4t cm in diameter with refractory walls about 12.5 cm average thickness.
1t ie fired tangentially along the whole of its length with high intensity
tunnel burners, ths tunnels of which are supported every 12.5 cm. The
combustion procducts leave by four 5 cm x 11.4 cm flues along the top of
the furnece.

Models of the furnace were constructed from 0.64 cm thick perspex,
all dimengions being scaled by 0.%5 except the burrer slot height which
was further reduced te maintain kinematic similarity as described in
Section 1.1.2. The majority of the work described in this thesis concerns
experiments done using models of a section of the furnace
since this was more convenient experimentally. This was considered to be
valid since the flow along the length of the furnace was expected to be
uniform. Later, this procedure was confirmed using the naphthalene
technique in modzls of the complete furnace. Dimensions of the furmace and

of the models used are shown in Tzable 2.1.

- 2



FLUE
BURNER

/

é

ke AN
- vr’a\-

.1

ol\\

L
|

T
g
AN

I
/
4

o
/

BURNER BILLET

FIG. 2.1. SINGLE CELL BILLET HEATING FURNACE




Tabie 2.1

Dimensions of Models and Furnace

IDimensivn Electrolytic Naphthsiene Heated Eillet  Furnace
Section Model  Section Mode!  Full ﬁ;del Section Model‘
_diwne£er, cm 8.9 8.9 8.9 8.9 25.0
length, cm 7.6 7.6 26.7 7.6 6.2
burner slot
height, cm 0.47 0. 47 0. k47 0.47 1.59
burner length,
cm  6.35 €.%5 22.0 6.35 62.9
total flue area,
c® 8.1 : 8.1 28.3 8.1 232.3
billet dismeter
Se s - = 2.9 8.3
55 it 2 - 10.0
3.8 7.8 3.8 3.8 10.9
- Lohs - b 45 12.6
5.1 p 5.1 5.1 51 14.5
5.7 5.7 - - 16.3
v 6435 6.5 6.5 - 18.1
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2.2 Mass Transfer leasurements using the Electrolvtic Technioue
IE" e — a

The measurement of mass transfer coefficients using an electrolytic
technique has been used extensively. The method consists of measuring
ike current flowing through the external circuit.between a test electrode
end a second electrode under conditions in which the curvent is
controlicd by the rate at which reacting ions can diffuse to the surface
of the test electrode.

2.2.7 Theory of the Electrolytic Technique

In an aqueous solution ions move towards an electrode surface by
convective diffusior and as a result of the imposed electric field.
Eowever in the presence of a large concentration of an indifferent strong
electrolyte the electrical potential in the bulk of the fluid is
practicelly constant and therefore ion movement is due solely to
convective diffusion. Under these conditions the convective mass transfer

coefficient can be related to the current flowing by the equation:

i = AfF‘:ﬂD (CQ - C ) L R (2-1)

]
The surface concentration, C,, of reacting ion depends on the potential
applied to the electrode. If this potential is made sufficiently large
the surface concentration can be reduced to a negligible value compared
with the bulk concentration. The current which can flow therefore reaches
a limiting value which is given by

i = AfF h,C, ceves (2.2)

and the mass trensfer coefficient is therefore.

it
hD = m’:‘q sesss e (2-3)

The severzl ionic species present in an aqueous sclution compete for
reaction at the electrode surface. The electrode reaction chosen for the
mass transfer measurements must therefore reach limiting diffusion

controlled conditions at an electrode potential distinct from that at
Fs

= DB



which any other reasctions can occur. Several reactions fulfill these
conditions and have been applied to mass transfer measurerents. The
most widely used of these are the reduction of the ferricysnide ion?*
and the oxidation of the ferrocyanide ion?® both in alkaline solution
and the deposition of copper from acidic copper sulphate®s, amongst
others®”.

For the present work the reduction of the ferricyanide ion from
a soiution of potessium ferri- and ferrocyanide in sodium hydroxide has
been used. The standard electrode potentials for the likely cathode

reactions of this solution are

Fe (BNY ™ '+ &8 4 Fe (CH) B = 0.356 V coees (2.4)
' ¥ e = 3 H BO = 0,000V .eeew (2.5)

The concentrations of the solutions used has been 0.01N potassium
ferricyanide and 0.02N potassium ferrocyanide in 1N sodium hydroxide.

The reversible electrode potentials at the cathode are then

E, TRV (aeven (206)

1l
I

0.356 - 0.059 1-5(2}”0 2)

0 - 0.059 leq(ig-u)

The favoured electrode reaction is therefore the reduction of the

n, =EE WV sy . 12.7)

1

ferricyanide ion rather than the evolution of hydrogen.

Once a current begins to flow the electrode potential will alter
due to the changed ion concentration at the surface and also due to the
irreversibility of the chemical reaction (chemical or activation
polarisation). The effect of change in surface concentration can be
aemonstrated by calculating the polarisation when the concentration of
reacting ion has fallen to 1% of the bulk value. The electrode

potential is then:

: . 2.99 x 102 o-aVv
B, = 0.35 ~ 0.059 1.1(-0——/-—— ) = Guo® V ..... (2.8)

LS
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The chemical polarisation depends upon the reaction concerned, the
current flowing and the purity of the electrodes and the electrolyte. In
the case of hydrogen evolution the chemical polarisation has been found
to be about 0.21 V and therefores the electrode potential must be
- (0.83 + 0.21) V = - 1.04 V before the reaction supports a significant
current. However in the case of ferricyanide reduction, experience has
shown that providing sufficient care iz taken over electrode cleanliness
the chemical polarisation can be kept acceptably small. The current
therefore becomes controlled by the rate of diffusion of ferricyanide
ions well before hydrogen can be evolved.

The electrical circuit ic completed by a nickel anode at which
the iikely reactions are the oxidation of the ferrocyanide ion and the
evolution of oxygen. In this case the oxidaticn of ferrécyanide is
favoured. The net effect of the cathode and anode reactions is therefore
that the concentration of ferri- and ferrocyanide ions in the cell remain
unchanged.

It is essential to ensure that the polarisation at the anode is
small so that the current in the circuit is controlled only by diffusion
to the cathode. This is usually achieved by using an anode having a much
larger surface area than the cathode. However in the case of the furnace
model this is not possible and, therefore, cathode control has been
obtained by using twice the concentration of ferrocyanide ions than that
of ferricyanide ions. The validity of this can be demonstrated as
follows:

Equating the cathodic and anodic currents to each other and %o the

diffusion of the reacting ions

= 28 =



i = EBA B oy G=Cial) = B (C: - C 5) cesse (2.9)
where the subscripts 1 and 2 refer to the ferri- and ferrocyanide ions
respectively.

Under the experimental conditions concerned

Mper ~bhppe 5 A~ AL, Co = 2 Gy,

tl’len C - C$c1 = 2 001 - Cﬁaz e (2. 10)

ol
When the current is controlled by diffusion to the cathode C¢.y ~ O

al'ld CS .2 = 002

Thus there is always a large cqncentration of reacting ions at the
surface cf the anode and therefore the current is only cathodically
controlled.

In order to confirm this theoretical analysis, electrode potentials
at both anode and cathode have been measured for a typical case using a
null balance potentiomeler. The solution used was 0.01N in ferricyanide
ion, 0.02N in ferrocyanide ion and 1N in sodium hydroxide. The
polarisation curvesare shown in Figure 2.2 and it is clear that the
system is cathodically controlled.

It is interesting to calculate the concentration of the ions at

the electrode surfaces under these conditions. Rearranging equation

(2.9)
PR -y I covmun (2511)
3c 0? Ach;hoN

&Ild CSRE =t C l L (2-12)

y = m—
g Aanthnna

similarly for the product ions:

i
CE‘ = c & T —— s sss (2.13)
i : Acﬁuhbcz
. +
and G = G‘[ T e — " s e e (2.1}-})
sal 0 A TF hyoq

The liwiting diffusion controlled currents at the cathode and anode were

~. 28 =
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first measured and it was thus found that:

A fF.h ., = 8.0 A m’/kg-ion s x v (2:95]
and A f¥ hy ;. = 19.0 A m*/kg-ion cenee (2.76)
The mass transfer coefficienus for the ferrocyanide icn will not be equal
to these values because diffusivitics of the two ions are different. But
it is assumed that the mass transfer ; factors are the same, then for the

cathode:

hgc1 (SC1)2’ - hgcz (Sca)zb AR (?.‘]?)

D"E\!?JJ
Dy1 /

- s " e (2.183

-.' hbcz = hbcdl (

From the Nernst equation?®

D,z Bt - ' =i

o i - = _ ( ‘]
D‘.'.l k1 10,1 L L \,2- |9)
o Boaz = 106 By ' ceess (2.20)
and similarly hy,, = 1.06 h ,* conse (2:21)

Then substituting into equations (2.11) to (2.15)

Coer = 107% (1 - g%5) ke-ion/n’ voswe £2.22)
Ciye = 10°% (2 - E§TT> kg-ions/m> ST )
Cims = 1077 (2 - g%g) kg-ions/m? suvas Cowet)
Copg = 1070 (1 +T§%EQ kg-ions/m? bmaeiw) 22D

Equations (2.22) - (2.25) thus allow the concentration of the ions at

the electrode surfaces to be calculated from the measured current.
Calculated values for different arplied potentials are shown in Figure
(2.3). This shows that as soon as the potential is arplied the
concentration of the ferricyanide ion at the cathode rapidly drope, and
is accompanied by a corresponding rise in the ferrocyanide concentration.

At the anode the corresponding chsnges in ion corncentrations are much iess,

= Mre
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once again clearly showing the controlling effect of the cathode.

2.2.2 Physical Properties of the Electrolyte

In order to obtain convective heat transfer coefficients from
electrolytic mass transfer measurements it is essential to know the
density, viscosity and Schmidt numter of the electrolyte.

(a) Density

Providing there is no volume change cn mixing the density can be
obteined from the known weights of sodium hydroxide and potassium
ferricyanide and potassium ferrocyanide used to make up the solution.
At 25°C the density was calculated to ke 1.04 x 103 kg/m? and this
value was checked using an hydrometer.

(b) Viscosity

A Cannon-Fenske viscometer was used to deiermine the relative
viscosity of the solutior which was found to be 1.24 at 2500. It was
assumed that the relative viscosity would be constant over the small
range of temperatures and concentrations used in the experiments.

(c) Schmidt Number

The Schmidt number is obtained from the density, viscosity and
diffusivity of the solution. The diffusion coefficient of the
ferricyanide ion in a large concentration of indifferent electrolyte
has been measured or calculated by various means by several authors and
their results are shown in Table (2.2). The value of the function Dy /T
should be a constant according to Eyring's theory? .and values of this
function are shown in the last column of the table. For the work

described in this paper it has been assumed that

2%-‘1 = 2.52 x10°'* N/K
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Tabvle 2.2 = Comparison of values for DW/T for ferricyanide ion

cz

Ref. Tem. Viscosity Na OH conc k; Fe(CN)s conc Diffusivity of D/T ~ Method of
(°C) (cP) (kg=mols/m’ ) (kg=-mols/m’ Fe(CN)Z = ion (10 ** /oK) calculating diffusivity
(10 *° n®/s)

24 (k) 28.7 0.915 0.5 0.01 8.80 2.67 Nernst Equation (Ref 28)

2h (a) 25 1.537 2.0k 0.01891-0.0199  k.5k 2.3h « (Rf 33)

2b (a)  25.7 1.517 2.0k 0.0196 4.61 2.33 - (Rep 29)

15 25 1.419 2.03 0.0192 5.24 > Anderson and Saddington
(carillary method)

24 (a) 25 1436 2.0 0.0525 5.80 2.65 Stackelberg and Cottrell
(redox method)

24 (t) 25 1353 1.9 - 515 2.30 -

2k (t) 25 125 1.9 - 5.65 52 (Ref. 24 (a))

24 (q) 25 1.418 2.14 0.0111 511 2.43 -

2% (q) 25 1o 448 2.23 0.0122 522 2.59 -

2k (c) 18=25.7 1.522=1.7859 1.96L4=2.058 0.0102-.1930 4.19~5,.381 2.55 (Ref. 29)

30 25=141.8 0.717=-1.140 0.5 0.0009=0.0254 6.7 = 10.57 2.50 + 0.17 Levich Equation

30 25=25.5 1.109=1.195 1.0 0.0012-0.0486 6.3 = 5.84% 2.52 + 0.1 Levich Boquaticn

30 25-40.7 1.045-1.502 2.0 0.0004=0. 1005 5.03=7.63 2.54 + 0,13 Levich Equations

24 (m) 25 0.9785 0.5 0.025 2.0 2.70 (Ref.‘;a(m))




2.2.3 Experimental

(a) Measurement oi Averuge Mass Transfer Coefficients

The surfaces of the model corresponding to the heat transfer surfaces
of the furnace were first coated with nickel. This was done by either
electroplating or by bonding pure nickel sheet onto the perspex surfaces.
In theelectroplating process tinned copper leads were inserted through
holes in the PperspeX and smoothed flush with the surface., The perspex
surface was then softened with solvent and sprayed with silver paste.

Vhen the solvents had avaporated off a thin layer of silver remained which
acted as a2 base for subsequeni copper and nickel plating. More details
of this method are given in the Appendix. The final nickel surface was
polished with 'we* and dry' emery paper when either electroplating or
pure nickel shcet were used. Once the model had bLeen assembled each
surface was activated by using it as a cathode during electrolysis of
sodium hydroxide. To facilitate thies an additional electrode was plated
on the side wall of the model and used as the anode. Hydfogen was evolved
briskiy from each cathode surface for a period of a few minutes., After
activation the anode on the side wall was not used again during the rest
of the experiment.

The electrolyte was contained in a thermostatically controlled
stainless steel tank. The solution was made up using a known volume of
sodium hydroxide and potassium ferri- and ferrocyanide. The ferricyanide
corncentration of the final solution was checked by measuring the light
abscrption through a standard cell at a wave iength of 450um using a
colorimeter. This instrument was first calibrated using carefully
prepared standard solutions. The electrolyte is decomposed by oxygen
catalysed by light and therefore nitrogen was bubbled through the

solution and a positive nitrogen pressurz maintained in the tank. Light



was excluded from the rest of the flow circuit as far as was possible.
However, decomposition of the electrolyte still occurred over a period
and a fresh solution was prepared each time the inodel hzd to be
dismantled to change, for examuvle, the size of the billet.

The electrolyte was pumped frem the tank through a bank of
'Rotameters' to the model and returned to the tank. A diagram of the
flow and electrical circuits is shown in Figure 2.4, the current and
voltage being measured with 'Avometers'. When wass transfer to the
billet was being measured the billet was made the cathode and the walls
the anode of the circuit, the polarity being reversed when mass
transfer to the walls was investigated. The voltage applied acress the
cell was gradually increased znd the corresponding current notea until
the distinct plateau region of the polarisation curve was reached. A
typical set of polarisation curves obtained for a range of flow rates
through the model are shown in Figure 2.5. For each of the modelz the
limiting current to the billet and the walls was obtained for a range of
billet sizes and volume flow rates.

(b) Measurement of Local Mass Transfer Coefficients

Local mass transfer coefficients have been measured for the
billets for three billet sizes. A 2mm wide strip of nickel, the test
electrode, was plated along the length of the billet. This strip wes
separated by about Imm on each side from the nickel plating covering
the remainirg billet surface which formed a guard electrode. The test
and guard electrodes were each provided with their own electrical contacts
and it was checked that the two parts were insulated from each other.
Separate electrical circuite as shown in Figure 2.6 were used for the
twe billet elecirecdes end these were jeined at the model walls which thus
formed a common anode. Provision was made to allow the billet to be

rotated in the model so that the tesi electrode could be set in any
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position relative to the burners and flue.

The experimental procedure was similar to that for measurement of
average coefficients. The mass transfer coefficient at any point on the
billet surface was found by first rotating the billet until the test
electrcde was in thc desired positicn. The electrode potentials at
both the guard and test electrodes were increased until limiting
Giffusicn controlled conditions were'reached and then both currents were
measured. The billet was rotated watil the test electrode was in a new
position and the limiting currents remeasured. It was not necessary to
obtain the complete polarisation curve at each position of the test
electrods zince it was found that diftusion controlled conditions could
be maintained comparatively easily whilst the billet was rotated. A%
any position the local coefficient is obtained from the current to the
test electrode and the average coefficient for the whole billet obtained

from the current to the guard electrode.
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2.% Mass Transfer Measurements using the Naphthaiene Sublimation Technigue

A full description of this technique and its application to the
gingle cell furnacc has been given by Galsworthy?2?. For the sake of
completeness a brief summary of the important aspects of this method will,
nowever, be given here. In the technioue, surfaces of the model
correspunding to the heat transfer surfaces of the furnace are coated with
naphtlial ene and air passed through the model to simulate the flow of
combustion products in the furnace. The resulting weight losses from the
napiithelene surfaces are used to obtain the average mass transfer
coefficients for each surface using the equation:

wRT LR B (2.26)

h LR

N
The driving force, Ap which causes the naphthaiene tc sublime is the
difference between the vapour pressure at the surface and the partial
pressure of naphthalene in the circulating air stream.

The partial pressure of naphthalene in the air stream is calculated
from the total weight loss from all the surfaces and a mass balance which
includes any data which may be available concerning flow patterns and
mixing in the furnace. In the case of the single cell furnace the
partial pressure will not be constant throughout the model due to the
unsymmetrical positioning of the burners and flue. In addition flow
visualisation studies have shown that a large proportion of the flow
from the top burner passes directly cut of the flue. These factors can
easily be taken into accounf; in the mass balance and naphthalene partial
pressures in different parts of the model calculated.

The vapour pressure at the naphtholene surface is the saturated
vapour pressure which, according to Snerwood and Bryant® , is given by

the eguation:



2 -67?7?— i 8.&7 P

1l

10310 P,

The temperature, T,, in this equation is the surface temperature which
will be lower than the circulating air temperature because of the
latent heat of sublimation. The lowered surfacc temperature can te
calculated using the analogy betwecn heat and mass transfer if it is
assumed that the heat reguired for sukiimation ig obtained from the air

by convection through the houndary layer. Then a heat balance gives:

h /
E%{TII_—D- (ps - po) = h '\Tc - Il‘) R (2.28)
applying the analogy to eliminate the transfer coefficients
I fl’l‘\.z"(" - N
(TO - TS) o .(']:—Jgﬁ‘ k.\_:}} (p. - pb) sonnae (5.29)
from the Clapeyron Clausius equation
d In
LN = - R "-'-—(1—1-)\ -n .. (2.30)
A\%F)
then from equation (2.27)
L, = 6777 R1n 10 ceess (2.31)

finally substituting into (2.29)

6777 1n 10  /Pr\*

P ) o
iy = =5 C,PT, Sc/

(p, - p,) sices ko)

Taking the case when the partial pressure of naphthalene in the air
stream, p,, is negligible and at 20°C equation (2.32) gives a
temperature difference of 0.03500 which is generally not worth

correcting for.

2.4 Heat Transfer Measurements in the Model

The use of the heat and mass transfer analogy to predict
convective heat transfer coefficients in a furnace from mass transfer

measurements in a model depends on iwo main ascunptions:

- B7 -



i~ The existence of geometric, kinematic and dynamic

similarity between the furnace and model.

2a Under these conditions of similarity the dimensionless

J factors for heat and mass transfer are equzal.

The second of these assumptions has been tested by carrying out
heat transfer measurements in an identical model as that used for thes
naphthalene and electrolytic experiments. The model used was of a
21.7 cm long section of the furnace.

2.4.1 Experimental Technigue

Model billets of 2.9 cm, 3.8 cm, 4.45 cm and 5.1 cm diameter were
constructed by winding 35 s.w.g. enamelled wire closely round a hollow
perspex cylinder to form a singie covering of wire. The billet was
painted with clear varnish to maintain the wire in position and also to
provide a smooth surface.

Each billet was placed in a water bath and a current of
approximately 0.5 amp passed through the windings. The electriczl
resistance at several different water temperatures was then measured using
a millivolt potentiometer. It was assumed that the temperature of the wire
was that of the billet surface and also of the water and this was
confirmed by calibrating at different currents, all of which gave the same
resistance at the same water temperature.

After calibration the billet was mounted in the model furnace and
air passed through the model. The billet was heated by passing through
it a current of between 0.4 and 1.0 amp. Air inlet and outlet
temperatures were measured with mercury thermometers and the resistance
of the wire obtained from potentiometer readings. These measurements
were continued unfil steady values were obtained. A diagram of the

electrical circuit is shown in Figure 2.7.
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2.4.2 Calculation of Heat Transfer Coefficient

The heat transfer coefficient, h, is obtained from the heat balance:
Povwer dissipated = hA (T, - T ) ceson L2.23%)

where T, is the curface temperature of the billet obtained from the
recistance measurements T, is the average bulk temperature of the
circulating air. The estimation of the latter quantity can present some
difficulty since a significant proportion, e, of the cold air from the
top biarner passes straight out of the flue. The temperature T, is then
obtained from the inlet and outlet air temperatures using a heat balance,
which gives:

S R cosss (2.3H)

-] — oyt

2 - e

This procedure is analogous to that for calculating the average
cencentration of naphthalene in the circulating air stream when using
the naphthalene sublimation technique. In beth cases, however, the
temnerature or concentration driving force is fairly insensitive toc the
value of e. .

2.4.3 Analysis of Errors

Two main sources of error are likely in the heat transfer
experiments and these arise from heat losses from the outside of the
model and the effects of natural convection within the model. The errors
resulting would be expected to be greatest when the temperature difference
between the heated billet and the air is highest and at low air flow rates.
Experiments were carried out using a constant flow rate and various
temperature differences. Under such conditions egquation (2.33) indicates
that a plot of the temperature difference (T, - Tc) against the power
dissipated should be a straight line through the origin.
Experimental results for a 4.45 ¢m diameter billet with a Reynolds number
‘of 2800 are shown in Figure 2.8. This figure would appear to indicate little

error in the experiments under these conditions.
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5. CORREIATION OF RESULTS

Convective heat transfer coefficients can be derived directly from
mass transfer meacurements as described in section 1.2.4.  Generally heat
transfer coefficients in a2 furnace are required over a range of thermal
inputs and it is therefore necessary to carry out mass transfer experiments
over a correspondirpg range of volume flow rates to the model. The
experimental results can usually be correlated in a simple form allowing
interpolation for flow rates not covered by model tests. In many cases
heat transfer coefficients are required for a range of sizes of load in,
perhaps, furnaces of various size. In these cases empirical correlation
of model results can become cumbersome. However, in some instances the
system ies such that a simple exprescsion can be found that will correlate
all the resulls over a wide range of ilow rates and sizes. Such a case

is illustrated by the single cell furnace.

3.1 Solid Body Rotaticn

Preliminary examination of the mass transfer results indicated ghat
coefficients at the walls were higher than at the billets. t was suggested
that this might be explained if the fluid in the furnace and model rotated
about the billet axis as if it were a solid body. If the boundary layers

on the two surfaces are neglected the velocity distribution would then be

given by:
\’P = k‘:‘ (I“b <I‘<I‘w) R (3-’])
where
K | = T_)_zv”
I‘b = Ty s ee (3.2)
A :
1 b
and va? = s r : v .dI‘ LR (3-3)
v (.J.“ - I‘b x-r. {
W

Under conditions of solid body rotation it would seem reasonable

5

to characterise the flow near the billel by a Reynolds number in which

= H0=



the length term is taken as the billet radius and the velocity is that
obtained by substituting r, into equation (3.1). It was thus found
possible to correlate the mass transferresults reasonably well in the
form

8hi = a B 8.0 el RET T

which on rearrangement gives

i = a Re®-') elhew £3.5)

Mass transfer coefficients at the walls of the model could be correlated
in a similar maﬁner using the wall radius and the velocity close to the
wall.

The correlation of results on the basis of solid body r~tation was
not perfect and it was thought that it would be improved if more accurate
data were available on the velocities. This led to a re-examination of
the results of some earlier flow visualisation work by Francis, Moppett
and Read’’® and it was found that the velocities derived from this
enabled a better correlation to be obtained.

The rest of this Chapter is concerned with a description of the
flow visualisation studies and also of some additional measurements taken
using a pitot-static tube in a full size model. However, it is perhaps
first worthwhile emphasising that although velccities calculated from the
equations for solid body rotation have not been used for correlating any
of the mass transfer results in this thesis they have nevertheless proved
valuable in predicting the performance of other similar Turnaces for
which no detailed measurements were available. One example of this, which
will be described in Chapter 7, is the investigation of the effect of

size on the thermal response of furnaces.

3.2 Measurement of Velocity

In a single c@ll furnace high convective heat transfer coefficients

and uniform heat fluxes are achieved by promotion of high mass circulation

1 s



in the furnace chamber. When these furnaces were first being developed

it was recognised that the amount of circulation induced by the burner jets
and the nature of the circulaticn would largely determine the convection in the
system. As a consequence, in addition to the mass transfer experiments

a programme of flow visualisation was undertaken to obtain both qualitative
and quantitative information. Tater this work was backed up by a limited
number of measurements taken using a pitot tube in a full size model.

%.2.1 Flow Visualisation

The flow in the furnace model has been visualised using polystyrene beads
as tracer. The flow patterns were recorded on ciné film ot 7?50 To 2000
frames per second with a spark time morker for film speed measurement. By
projecting these films at low speed the flow can easily be followed and
the velocity of individual beads measured. The circulation within the
furnace was originally characterised only by a mean recirculation ratio,
e s defiﬁed by the ratio of the circulating mass flow through any cross
section of the furnace chamher to the total mass input rate to the

furnace. Then for a constant density fluid

Job Ve (g“ e R g ¢

This work was later extended to include measurement of velocity
profiles by taking velocities of particles travelling round narrow
annular sections in the model. These profiles can be expressed in
dimensionless form by a velocity ratio defined by
* Va

LI cnnne (567

Vav
The velocity ratio is a function of radial position and for solid pody

rotation becomes:

Vr* = ______21" : sseee (3.8)
(r'b + I'w)

Combining equations 3.6 and 3.7 the velocity at any point in the furnace

is given by:
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v, * ¢ Q

11:1. (I'.". - r\,)

Vr =

S

The flow in the single cell furnace is complicated by the single flue
wvhose position results in a greater mass flow round the side opposite
to the flue (designated side 2) than round the side including the flue
(side 1). In interpreting the flow visualisation results the mean
recirculation ratio has been taken as the average for both sides of the
furnace and the difference between the two sides is contained in the velocity
ratio. Different velocity ratios are therefore obtained for different
sides of the furnace.

The mass transfer measuremente wnich have already been described result
in mass iransfer ccefficients which are averaged over the entire billet
surface. In this case the coefficients must be correlated using average
velocity ratios: The Reynolds number and j factor for the model

experiments can then be defined as:

Re, = dy Q4 Pu Cp Vi cernid (5.90)
2 1y by My
and .
jb = hDh bf-ﬂlm Sc ¥ : =R (3.11)
vy Cn Qy

For the walls mass transfer measurements were taken for each wall
separately so that individual Reynolds numbers and j factors can be
defined as follows:

for wall 1 »
dw Q‘A‘I Pv Cy v\:i

R —4 s s 88 (‘.12)
= 2 1y by My ' €
o
T T
j'] ned ""ELLL'—""— ---a-‘(3-13)
U"-lcm Qq
for wall 2
de i pu Ca W2
Re, = cosse (314)

21y by b



2
T
. hy, by 1, Sc
s A P2 UM M el (3.15)
v:a Cp

Values of recirculation ratio and velocity ratio obtained from the
flow visualisation results are given in table 3.1. It is worth noting
that a simple mass balance leads to the conclusion that the velocity
ratios on each side of the furnace diifer by 0.5. The results given in
table 3.1 do not agree with this mass balance and this point will be
considered later.

Apart from measurements of velocity the flow visualisation has been
useful in revealing several aspects of the aerodynamics of the furnace which
were not immediately obvious. Firstly several areas of nearly stagnant
flow werc noted and these go some way towards explaining the local
variations of mass transfer. Secondly, and more important, it was found
that a large fraction, e, of the flow from the top burner passed straight
out of the flue without apparently mixing with the rest of the fluid in
the model. This factor must be taken into account in the calculation of the
naphthalene mass transfer results and also in the prediction of the
performance of the actual furnace. Measured values of the fraction e are
included in Table 3.1.

One of the advantages of the flow visualisation technique is that no
probes are introduced into the models and that the flow is undisturved by
measurement of its velocity. This is especially important in models of
the size which have been described up until now. Some work has however
been carried out using pitot-static tubes in a full size model of the
furnace.

%.2.2 Pitot tube measurements

Tangential velocities were mecasured for cold air flowing through a full
size model of the furnace ucing a 2 mm diameter pitot - static tube.
The measurements were taken at different, radial positions between the

billet and the walls at four stations round the circumfersnce and at two

it o



Table 5.1

Flow Visualisation Results for the Prototype Single Cell Furnace

Model Billet Diameter, cm Cq Vi V*a s e
3.80 1.41 0.532 1.36 1.54 0.75
IR 1.31 0.572 1.28 1.47 0.77
5.1 119 0.670 1.21 1.42 0.79
5.7 1.05 0.714 11> 1437 0.81
6.35 0.88 0.852 1.08 1436 0.83
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stations down the length of the model. For each velocity profile

measured across the annular gap the corresponding volume flow rate was
calculated assuming that the velocity profile remained unchanged down the
length of the furnace. Volume flow rates obtained in this way for an input
flow of 11.4 dr’ /s of air through each burner are shown in figures 3.1 and
BHe s In figure 3.1 the four measuring stations all lie on a line behind
the middle of one of the four flues whilst in 3.2 the measuring stations are
on the centre line between two flues.

The velocity measurements show, as did the flow visualisation, that a
large fraction of the fluid entering the model from the top burner passes
straight out of the flues. However this obviously occurs only for that
portion of the burner which is actually opposite the flues (0.6 of the burner
length - see Figure %.3). This results in the flow rate of the air directly
behind the flues being a lot less than that which passes between the flues.
As the air passes on round the furnace the lengthwise distribution of
the flow becomes gradually more uniform to the extent that it is almost
constant before the top burner is reached. Under these conditions it is
hardly surprising that flow visualisation of an illuminated section of a
model gave recirculation ratios on either side of the furnace which could
not be reconciled with a simple mass balance.

The three dimensional nature of the flow in the model suggests that
the velocity measurements should be taken using a five hole pitot tube
rather than with a simple pitot-static tube. Also a large number of
measurements would have to be made to obtain a complete description of the
flow conditions. This work has not been attempted but the results
described in this section at least give some indication of the flow

distribution.
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(4) RESULTS

In this chapter the results of the experimental measurements
described previously are présented. The average coefficients obtaired
from the electrolytic technique are given in the first section and
these are then compared with results obtained from the naphthalene and
heated billet experiments. Finally the local mass transfer coefficients

are given. All these results are discussed in the next chapter.

4.1 Average Coefficients obtained from the Electrolytic Technique

A typical set of experimental measurements for one billet size and several
flow rates are given in detail in Appendix 2 and the results for the other
billet sizes are summarised in Appendix 3. The mass transfer coefficients,
for two billet sizes, are shown in figure 4.1. These same results,

together with those for other billet sizes, are replotted in a dimensionless
form in figure 4.2 using Reynolds numbers and j-factors calculated in the
way which was described in chapter 3. Average coefficients at the walls
obtained for the same range of billet sizes are given in figure 4.3. In
this figure the results for the top and bottom walls of the model are

shown separately and no distinction is made between different billet sizes.

4.2 Comparison of Average Coefficients for the Billets Obtained

from the Three Model Techniques

In chapter 2 three experimental techniques were described; the
electrolytic technique, the naphthalene sublimation method and direct
heat transfer measurements. The results obtained from the electrolytic
technique have been presented in the previous section. Average
coefficients at the billet for various billet sizes using the other two
techniques are shown in figures 4.4 and 4.5. In the case of the
naphthalene results three separate sets of experiments are indicated

(a) those for a model of a complete furnace, (b) those for a model of a

0 A
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section of the furnace, (c) those for a model of a complete furnace
in which the billet alone was used as a transfer surface. These
measurements were made for three different billet sizes but for the
sake of clarity no distinction is made between them in this figure.

A comparison of the results obtained from the three methods
shown on the same graph is somewhat confusing since about 260
experimental points were obtained. However, in figures L2, 4.4, and

k.5 a common line is shown which represents the equation:

;I 0,207Re"0'38 desain (Hal)

This equation was originally fitted to some early electrolytic results
and was then incorporated into the mathematical model from which furnace
performance was predicted. When more results from all three techniques
became available their deviation from the original line did not

justify the confusion which would have resulted from fitting a

new correlation. In figures 4.2, 4.4 and 4.5,57% of all the experimental
results lie between + 10% of the line and 98% between + 25% of the

line. A cleérer comparison can be obtained if the results for one

billet size obtained from the three techniques are shown plotted

together as in figure L.6.

4.3 Local Coefficients obtained from the Electrolytic Technique

The measured local mass transfer coefficients obtained for one billet
size and three different flow rates are given in figure 4.7. This
figure is a polar diagrap, the distance of the curve from the billet
centre represents the mass transfer coefficient at any point. Results
for the three flow rates can be reduced almost to a single line as
shown in figure 4.8 by replotting as the rgtio of the local coefficients
to the average coefficient. Similar plots for other billets sizes are

shown in figures 4.9 and 4.10.
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Fig., 4.7 Local mass transfer coefficients for a 5.1 cm
diameter billet (1 cm radial dictance represznts

1.9 % 1072 M/S)
(1) TFlow rate 0.119 kg/s
(2) IMow xate 0.238 kg/s
(3) TFlow vate 0.358 kg/s
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Fig. 4.8  Relative mass transfer coefficients for a 5.1 cm
diameter biliet (the average coefficient is
represented by & radial distance of 6.25 cm)
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Fig. 4.10 Relative mass transfer ccefficients for = 6.35 cm
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5. DISCUSSION OF MASS TRANSFER MODEL WORK

The results given in the previous chapter show good agreement between the
three sets of experiments and fully confirm the validity of the
Chilton=Colburn heat and mass transfer analogy in the present case.
A comparison of the results for one billet size only, such as figure
4.6, tends to show larger differencesbetween the techniques. However,
similar comparisons for other billet sizes show that there is no
consistent ordering of the level of results according to the technique
used. The scatter of results probably reflects the limits of accuracy
of some of the experiments rather than indicating any inadequacies
in the analogy.

In the case of the electrolytic technique the scatter of the
results is less than that of the solid sublimation experiments. This
arises from the fact that for any one billet size a large number of
experimental results for the electrolytic technique can be obtained using
the same billet and the same fluid at a constant temperature. This
means that the surface condition of the billet and the phyeical
properties of the solution are fixed and consequently the results show
very little scatter. Duplicate runs using a freshly prepared nickel surface
in each case and solutions of slightly different properties were
found to produce results which were consistent within earh run but
which differed by 2 or %% between runs. On the other hand, the solid
sublimation experiments have to be carried out using a billet whose
surface is continually changing as the solid is removed and the air
temperature is difficult to keep constant during a run. Consequently
the scatter of the solid sublimation results tends to be somewhat.
larger than that which occurs with the electrolytic techniques.

The wire wound billet technique is similar to the electrolytic
experiments in that a large number of experiments can be carried out

using the same billet. However, the accuracy of the method is limited
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by uncertdn conduction losses and by the difficulty of obtaining
steady state conditions. Both of tﬁese difficulties are of course
absent from the mass transfer systems.

Coefficients for mass transfer at the wall measured using the
electrolytic technique are shown in figure 4.3. The agreement between
these and equivalent results obtained from solid sublimation is again
fairly good. The strength of the méthod used for correlating the
billet and wall results is confirmed by the closeness of the resulting
j factors. The coefficients at the walls are much higher than those
at the billet for the same input to the model but the calculated j
factors for equal Reynolds numbers at the billet and wall are very
close. The j factors are slightly higher for the walls than for the
billet and this may result from the boundary layer on the concave walls
being less stable than that on the convex billet. Despite the lower
mass flow (see table 3.1) the j factors for the wall which includes
the flue, wall 1, are higher than those for the other wall. This is
probably due to the break up of the boundary layer and the general
disturbance p;oduced by the flue.

Chilton and Colburn derived their analogy between heat and mass
transfer from empirical evidence taken from a number of different systems.
From time to time there has been debate concerning the best exponent
on the Schmidt and Prandtl numbers. The present work has been carried
out on a novel system and gives further support to the Chilton=Colburn
exponent of ?/5;. This is particularly significant since the range of
Prandtl and Schmidt numbers investigated (0.7 for the wire wound billet,
2.46 for the solid sublimation and about 1600 for the electrolytic
system) is large. The analogy can be deduced theoretically from the
similarity of the differential equations describing heat and mass

transfer across the boundary layer providing the boundary conditions are
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similar. The similarity of boundary conditions can be important in
some cases such as fully developed laminar flow in a pipe where quite
different transfer coefficients are obtained for the two extreme cases
of constant flux and constant surface temperature or concentration.
The two mass transfer model techniques used are both constant surface
concentration systems; any local variations in the mass transfer
coefficient resulting in local differences in flux. The heat

transfer experiments are carried out near to constant flux conditions so
that any variations of coefficient lead to local surface temperature
differences. It is important to note that under these conditions the
analogy has still been found to be valid.

Local coefficients at the billet measured using the electrolytic
technique were presented in Chapter 4. There is obviously considerable
variation of the coefficient around the circumference of the billet and
this can be explained to some extent by the nature of the fluid flow.
In figure 5.1 a typical coefficient distribution is shown togetﬁér with
arrows indicating the observed flow patterns which were obtained by
the flow visualisation method described in chapter 3. The highest
coefficients are obtained at the point marked A in figure 5.1 and this
corresponds roughly to the region in which the flow is increased to
its maximum rate by addition of fluid from the bottom burner. From
Points A to B the coefficient gradually decreases since,; although the
mass flow rate remains constant, the boundary layer on the billet
thickens. The lowest coefficient is reached at point B before it
rises to C due to flow separation from the billet surface. The flow in the
region of the top burner and the flue is complex and the resulting
changes in the coefficient aretherefore difficult to explain. The
gradual drop from E to F though is probably due to the thickening
boundary layer again. Flow separation and the consequent rise in

coefficient occurs somewhere around F. Any more detailed correlation
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between the local flow conditions and coefficients is difficult to
make since the flow is unstable in the regions of separation and

the interpretation of the flow patterns from visual observation is
somewhat subjective. These flow patterns, do however, seem to be
independent of the flow rate over the range covered by the experiments
and this is supported by the way that the coefficient distribution

for different flow rates reduce to a single line when plotted in a
dimensionless form as in figures 4.8 to 4.10.

Of the two mass transfer methods the solid sublimation is perhaps
the most simple and versatile. A simple model may be constructed from
‘perspex or any other suitable material and the surfaces to which the
convective heat transfer coefficients are to be measured, painted with
molten naphthalene. A smooth surface to the solidified naphthalene is
easily obtained, and Perspex, aluminium or tinned sheet have been
used to form the initial shape of the surfaces onto which the naphthalene
is painted. Modifications to the design may be easily made and their
effect quickly assessed in the model. Other subliming solids apart from
naphthalene may be used, for example, para-dichlorobenzene has a vapour
pressure ten times higher than naphthalene and may profitably be used
to limit the duration of an experiment when mass transfer rates are
low.

The electrolytic technique is more difficult to perform experimentally
than the solid sublimation method and it is less convenient to make
design changes to the model. However, once the model and apparatus are
assembled a large number of results for the chosen design may be
obtained very quickly. The reproducibility of the results is greater
than the solid sublimation experiments and the scatter is reduced.

Both methods are capable of extension to the measurement of local
coefficients, by the use of small electrodes in the electrolytic
technique and by profilometry in the case of the solid sublimation
method. The electrolytic technique is particularly suited to local

-



measurements on cylinders since in this case only a single test
electrode need be made which can then be rotated to any chosen position.
For local measurements on a flat surface the electrolytic method
would probably be difficult to apply since a large number of small
electrodes would be required. In this situation the solid sublimation

method would be more suitable although the large number of surface
measurements involved are laborious.

So far in the thesis only the application of, and the results

obtained from, small scale isothermal models have been considered.
The implication of this work in connection with the design and
performance of rapid heating furnaces can only be deduced once the
corresponding heat fluxes and temperatures in the furnace are calculated.
This information can be obtained by incorporating the model data
into suitable mathematical models, which describe the heat transfer
processes in the furnace. These mathematical models are described

in the following three chapters.
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6. CALCULATION OF FURNACE PERFORMANCE

The performance of the furnace can be calculated by combining
the results obtained from the physical models described in the previous
sections with a mathematical model describing the heat transfer processes.
Three mathematical models have been developed for this purpose and are
described in the next three sections. These three models are basically
very similar but provide increasingly more information concerning the
furnace behaviour as certain assumptions are relaxed and the models
become more complex.

The simplest model of heat transfer in a furnace is formed by two
sets of simultaneous equations which describe the heat transfer from the
furnace environment to the load surface and the conduction within the
load. The heat transfer from the furnace environment provides the
boundary conditions for the partial differential equation describing the
transient conduction within the load. The solution of these equations
gives the heat fluxes and temperatures at any position in the furnace

system at any time.

6.1 The Heat Transfer Eguations

The equations for the heat transfer from the furnace environment
to the load surface are obtained by making three simple heat balances.
On the furnace system

Heat transferred to billet heat loss by combustion products

1}

- wall losses cesanenkBeT)
On the billet

Heat transferred to billet convection to billet + net radiation from

walls to billet
+ net radiation from combustion products to

billet v D)

S5k 4



On the walls
Convection to walls + net radiation from combustion products to walls
= net radiation from walls to billet + wall losses
shaest 46 5)
Each term in these equations is strictly formed from an area or
volume integral. By making the assumptions of a well stirred furnace
and uniform convective coefficients and radiation factors, position may

be removed as a variable from each term to give the following equations:-

& = (I, - I,)Q - wall losses caess Batk)
%, = hyh, (Ts =By + By by o (T,Y = I\%) Foghy © (Tgn - .,*)
seowe. L)
Ak (T -T2 + BF. o (T% 200 = AT, o (B - T.M) '
+ wall losses sesan  kGub)

Equation (6.4) may be rewritten more conveniently in terms of gas
input rate as follows:-

B 0T (%n_ I,) - wall losses oees. (B2

For near to stoichiometric combustion of town gas

P = R, + 0.7 eeees (6.8)

Similarly for methane and North Sea natural gas

P = R + 1.0 ceeee (6.9)

The assumptions on which equations (6.4) to (6.6) have been based and
their consequence in the case of single cell rapid heating furnaces are
discussed below:-

(a) The combustion products temperature is uniform

Uniform combustion products temperature is promoted by high
circulation of products within the furnace space. This is essentially
the 'well stirred fnrnace'assumption'. It allows the use of a single gas

temperature, T,, in equations (6.5) and (6.6) and the use of the heat
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content of the recirculating combustion products, 1,, for the heat
content of the flue gases, I;,,,, in equation (6.4).

In the single cell furnace non-uniformity of combustion products
temperature may occur in the circumferential, radial and axial directions.
In the circumferential direction the possibility of temperature
equalisation is bounded by two limiting conditions, plug flow and perfect
mixing. No heat is tramsferred in plug heat flow by physical mixing,
conduction or radiation in the direction of flow. The products of
combustion circulating in the furnace annulus change in temperature as
they either lose heat by convection or gain heat by entrainment with
burner jets. These temperature differences are minimised by high
recirculation and therefore the assumption of uniform temperature is more
likely to be valid for the single cell furnaces with the highest
recirculation ratios.

In the absence of radiation it would be logical to assume that,
according to Reynolds analogy, there ‘would be a radial temperature
distribution in the combustion products following the radial velocity
diétribution. However intra-gas radiation tends to reduce any temperature
differences; it has therefore been assumed in the calculations that these
are negligible.

If the circumferential combustion products flow is constant along
the length of the furnace then, in the absence of significant end effects,
it is reasonable to assume that the temperature is uniform in the axial
direction. The furnace doors will influence the fluid flow near them,
but it is felt that the effect of this on the temperature distribution
will be negligible for the single cell furnaces considered in this thesis.

(b) The convective heat transfer coefficients are uniform

Local variations of convective heat transfer coefficient result from

local variations in fluid velocities and turbulence. Uniform convective
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coefficients are therefore more likely to be obtained in furnaces cf
simple shape. Furthermore this assumption will introduce no serious
error for conventional furnaces in which the contribution of convection
to the total heat transfer from the combustion products is low.

The single cell furnace was designed to promote uniform convective
heat transfer, although mass transfer studies of the original design
have shown some circumferential variation of convective coefficient
round the billet. However, for heating aluminium and copper stock, for
which the furnace was designed, any non-uniformity in convective
coefficients will have negligible effect on the furnace performance
since the high conductivity of the stock eliminates any effects due to
local heating. In the various modifications to the original design,
higher recirculation and more uniform flow, and consequently more uniform
coefficients, were obtained.

(¢c) The radiation factors are uniform

This assumption implies that thé emissivities of the combustion
products, the load surface and the wall surface are each uniform. For
this to be possible the combustion must be complete in the burnmer tunnel,
and the surfaces of the walls and load must each be homogeneous.

(d) The surface temperatures of the load and furnace wall are uniform

This assumption follows directly from the preceeding three since
local temperature variations can only be caused by local variations in
the combustion products temperature and heat transfer coefficients.

(e) The thermal inertia of the combustion products in the furnace

chamber is zero

This assumption allows that term to be omitted from the first heat
transfer equation which accounts for the increase of heat content of the

combustion products within the furnace chamber. This assumption is

g



applicable to almost every furnace since the thermal capacity of the
combustion products actually in the furnace at any time is low compared

to that of the load.

6.2 Transient Heat Conduction Equation

The assumptions made in the heat transfer equations imply that the
heat flux to the load is uniform over the load surface at any time. For
cylindrical billets, therefore, only the radial heat conduction equation
need to be considered, which isi-

ar e S gk

aT - a aI"d + r ar LI (6-10)

and at the surface of the cylinder

& = Ayl (g% SO s ko
Ty

Many analytical and numerical methods are available for the
solution of these equations. The heat transfer within a furnace load
must usually be calculated using numerical methods since the boundary
conditions are non-linear and the thermal diffusivity and conductivity
of the load vary with temperature. Using these methods the differential
equations are replaced by a group of simultaneous finite difference
equations each representing a heat balance on a small element of the load
for a small increment of time. The elements and time increments must be
so small that the boundary conditions, temperatures and physical properties
can be considered constant‘for each step, the full solution comprising a
number of successive steps.

In the case of uniform heat flux to cylindrical billets the elements
into which the billet cross-section is considered to be divided are annuli.
If the cross-section is divided into six eiements as shown in Figure 6.1

all three finite difference forms give a series of six simultaneous

i SR



DIRECTION OF HEAT FLOW

Te /

LT T Sl e TR T S e s

Fig. 6.1 Method of division of the cross-section of a cylindrical billet for

the finite difference sclution of the transient heat conduction equation.



equations which contain the surface heat flux and six unknown
temperatures one of which ié the surface temperature.

There are three generally accepted forms of finite difference
substitutioné, which were first presented by Schmidt®®, Liebmann®’ aud
Crank-Nicolson*®. The Schmidt method is explicit in form and consequently
a small amount of computation is involved but the method is unsuitable
because very small time intervals are needed to keep the solution stable.
The Liebmann and Crank-Nicolson formulations are implicit in form and
unconditionally stable. Larger time intervals can be used that is possible
with the Schmidt method, although the penalg; for very large time intervals
is a loss in accuracy due to truncation error. For engineering purposes
there is probably little to choose between the implicit forms and for the

work described in this section the Crank-Nicolson method has been used.

Using this form the finite difference equation for a typical annular ring,

J, is:i=
=T, _ g {(TJ“ ~2T 4Ty, )+ (D7, -2 417, )}
&t e or”
4 — 1 { (Tn+1 _Tn—" ) (T'n-ﬁ -T ’n—‘l ) }
(n-1) ér 26r

I ey

A heat balance on the outer element b gives:

F }L = A 1
Vi A T=Tp \ % byb=1 b, b R
. ( =) = & S5 (Tb—Tb_1 + T b-Tb_,)

e 6, 15)

A heat balance on the central cylindrical element gives:

V1 11 T’1 —T1) i1 ?\.1 2A1 2 ( o ") seeEe (6-14)
- - = Auttre (ppapler,
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For small highly conducting billets such as aluminium or copper
it may be assumed that the temperature of the billet is uniform throughout
at any time. A heat balance on the billet then gives:

dT
§b =2 prb CP TTh- ccees (6.15)

The group of finite difference equations then reduces to the single

finite difference equation:

IR ST
& = VRS, ('32;—1) sisve LB, 16)

6.3 Method of Solution

Before the equations described in the preceding two sections can
be solved for a chosen load size and gas input rate the following
parameters must be known : the convective heat transfer coefficients the
radiation factors and the wall losses, together with the relevant physical
properties of the combustion products and load. It must be emphasised that
as the temperature of the load surface changes-so does that of the
combustion products and the wall surface and consequently the heat flux
to the load alters.

The initial temperature distribution in the load must be specified
before the equations can be solved. For a cold billet this will be uniform
ambient temperature, but any initial temperature distribution can be used,
such as that resulting from an initial heating period in a soaking furnace.
The specified surface tempcrature is put into the heat transfer equations
to provide the corresponding combustion products temperature, wall surface
temperature and heat flux to the surface of the load. The heat flux is
used with the finite difference equations (6.12) to (6.14) or (6.16) to
provide a new temperature distribution in the load after a chosen time
interval, 6T. The calculated surface tempeéature then provides a new

combustion products temperature, wall surface temperature, surface heat
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flux and subsequently a new temperature distribution in the load after a
second time interval. Repeated solutions made in this manner will yield
these temperatures at any time during the heating cycle. The mathematical
operations include the iterative solution of non linear simultaneous
equations at each time step and are best carried out on a computer.

The stepwise method of solution just described allows the convective
heat transfer coefficients, radiation factors and wall losses to be
re-calculated at each step so that the variation of these quantities and
the thermal properties of the billet material may be taken into account
as the temperatures in the system change.

The choice of a suitable time interval needs some comment.

Firstly the main advantage of an implicit method in solving the

transient heat conduction equation is that the solution is stable for any
time interval, whereas the simpler Schmidt method becomes unstable if too
large a time interval is used. Obviously the shorter the time interval
chosen the more accurate is the solution of botﬂ-the heat transfer and
transient heat conduction equations. The penalty for increased accuracy
is longer computation time and therefore higher computer costs. In
calculations described in this chapter the computer programme has been
written so that the time interval is adjusted to keep the difference in

billet surface temperature between successive time increments within the

range of 11°C to 5500.

6.4 Data Required for Solution

6.4.1. Convective Heat Transfer Coefficients

The evaluation of convective heat transfer coefficients in a furnace

formed the main part of the preceding chapters of this thesis.
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6.4.2 The Radiation Factors

In gas fired rapid heating furnaces the combustion is essentially
complete in the burner tunnel and the resulting combustion products are
non-luminous. The problem of radiation, between surfaces separated by a
non-luminous gas, and between a non-luminous gas and a surface, has been
considered in some detail by Hottel and Sarofim®. A rapid heating furnace
ﬁan be considered to be a system composed of a non-grey gas entirely
enclosed by two grey sinks, i.e. the billet and walls. Applying the

condition that the load cannot 'see' itself, it follows that:-

— my
F'b — ege'b ("I iy e“) fih_ o+ -1- " 58 ee (6-1?)
E y A" 7z J
F o €€y (1 Ne ) i\_:_ o+ 1 - i (6.18)
YE b
¥y A, z
X 1—-}[ - seww (6.19}
Fb" = ebeﬂ .}T + yg 1
where
2
x = ._eﬂ_.
265-E25 LI (6.20)
= [1- e 100 < eds] $E%2 - (g (6.21)
y - S" eb Au Z -6“ - e s e .21
Z = 1 - Es— " a8 e (6.22)
v
€2, = gas emissivity evaluated for twice the beam length

The radiation factors change with temperature due to the temperature
dependence of the emissivities of the combustion products and solid
surfaces. This may readily be taken into account in the stepwise method

of solution. The effect of temperature on the emissivity of combustion
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products can be found in Gas Council Special Report No. %*'. However
there is very little similar information concerning the surface
emissivities of solids.

6.4.3 The Wall Losses

The evaluation of the wall loss term in the heat transfer equations
should strictly require the solution of the transient heat conduction
equation for the furnace structure to be carried out simultaneously with
that for the load. However the problem may be simplified by neglecting
any changes in the heat stored in the walls. This is valid for
continuous furnaces and a reasonable assumption for batch furnaces which
are fully warmed. In the latter case the wall surface temperature will
fall at the start of the heating cycle, due to radiation to the billet,
and rise as the billet is heated. The heat stored in the furnace walls
will follow these surface temperature changes. The main effect of this
will be to distort the heating profile by increasing the heat flux to the
load at the start of the cycle, when the furnace walls are giving up
stored heat, and reducing-the heat flux towards the end of the cycle,
when the walls are absorbing heat. When the furnace is fully warmed it
may be assumed that the net heat lost and absorbed by the walls during a
heating cycle is zero. The evaluation of the wall losses then reduces to
a problem of heat conduction only.

The heat conduction through furnace walls is given by an equation

of the form:
Wall losses = &LEL. (T, - T"g) cesss K6, 23)
w

where ), is a mean conductivity for the refractory materials forming
the furnaces wall, @ is the average thickness of the furnace wall and
A, is a mean area normal to the direction of heat flow. Schemes for

evaluating the mean area terms for simple shapes are suggested by

McAdams “2.
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In the calculations which follew the wall losses have been
evaluated as
wall lOSSES = 5 (T" - LJ'ZLI') .8 e 8 (6-2"‘!’)

6.4.4 Physical Properties

The physical properties required for the combustion products are
the heat content, emissivity, thermal conductivity, and viscosity. This
data is given graphically for both towns gas and natural gas in Gas
Council Sepcial Reports Nos 2**, 3*' and 6**. For the calculations
described in this thesis polynomial expressions fitting this graphical
data have been used.

For the billets the physical properties were taken from Spiers*®
and the surface emissivities assumed to be 0.15 for aluminium,0.6 for

copper and 0.8 for mild steel.

6.5 Comparison of Calculated and Experimental Heating Times

The procedure outlined in the previous section has been tested by
predicting the time taken to heat various aluminium and copper billets to
their forging temperature in a single cell billet heating furnace, and
comparing these with the actual heating times obtained in the furnace. A
diagram of the furnace in which measurements were made is shown in Fig.
2.1 and has already been described in section 2.1.

Town gas of gross calorific value 18.1 MJ/m*(st) was used in the
furnace, and it was burnt with an air:gas ratio as near as possible to

stoichiometric. The revelant properties of the fuel being:

Boe i 422
5 . ) 52
G = 16.3 MJ/m>(st)



6.5.1 Model Work

The model work on this furnace has been described in detail in the
previous sections. Summarising these results as far as the calculation
of furnace performance is concerned, it was found that convective heat
transfer coefficients to the billet could be given by the equation:

4 = 0,207 Rey O cwsne (BoEH)
and similarly for the walls
Jon= 0.276 . Be, V2P susss VOLER)

When these correlations from the model experiments are applied to

the furnace the Reynolds numbers for the furnace are:

Q, (R, +5) p dyCuVy* Re Q, (R ,+8) p d,c,v,*
? Wi
(4,-3, Jphp 1y (4, =y Jppp  1p

€y

dewen, W27

and the j factors are:

o hb(d"_d*)F ¥ _pres
L ZCPQE(Rk+s)p°cmv5*

hotd ~d ) 3. 2/3
=g W (w b)F i . Pr
2 st R,+8)p,CpV,

¥

LR (6.2{(
For this particular furnace flow visualisation showed that a

considerable fraction, e, of the hot combustion products entering from
the top burner pass straight out of the flue without losing heat to the
cooler combustion products circulating in the furnace space. Account
must be taken of this in the first heat transfer equation which then

becomes: (for town gas)

ol C e
V. S = (R+0.?)(sl ._) R
e Q. (R, R07 L)€ 2) wall losses
ceeen L6.7a)
The fraction e is given for different billet diameters in Table 6.
(arrangement 1) together with the mean recirculation ratios and the

. . * *
velocity ratios v, * and v, 7.

- 65 -



TABLE 6.1

Flow Visualisation Besults for Various

Modifications of 8ingle Cell Furnace

i
Single Cell Furnace d ’
Tybes cg Cp ‘ v, 1 v, e
(1) Ssingle Top Flue, 8.90 | 1:52 ! 0-492 ! 152 0:73
Fired Tangentially 9.5 1-49 i 0-505 | 1:49 0-7h
to Walls 124 134 | 0:560 | 137 077
Ieep | LeEl ¢ 0eDTR | 180T | G:TH
15-9 1.08- | 0:655 | 1+26 0-81
17-8 0-87 | 0-860 | 1-27 0-825 .
|
1 ] l l
(2) Twin Flue, Firing 9.5 | 2:6 | 0:323 | 1-79 O e
Tangentizl to 15-G 1-95 | 0:543 | 1.25 0
Walls 19:0 | 1:7 | 0-941 1.18 0.
| i
S | |
(3) Twin Flue |
(a2) burner inclined 9+5 2.81 | 0-314 | 1.8 0
st 9P 15+9 1-95 | 0:763 | 1:10 | 0
(b) burnsr inclined g+> 2.72 | 0:382 | 130 | ©
at 10° 15:9 1-94 | 0-G48 | 0-548 0
(c) burner inclined 9.5 26 0-485 | 1.6 0
- at 15° 159 1.8 1-11 | 0:834 § . O
|
& Fitted with Self 9.5 3.58 | 0-302 | 1+37 0
Recuperative 15-9 2+5 0-8L0 | 1-15 0
Burners firing 19:0 2.14 | 0-66% | 0-87 0
Tanzentially to
Walls
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6.5.2 Predicted Performance

The performance of the furnace was predicted using the method
described previously together with the information outlined above. It
was assumed that the temperature of the billets was uniform throughout
at any time. The times taken to heat aluminium and copper billets of
various diameters to 55000 and 90000 respectively with several gas input
rates were calculated. The predicted heating times are shown as solid
lines and the experimental results aé dashed lines in Figs. 6.2 and 6.3
The calculations were done on an ICT 1907 computer, the computation time
for all the theoretical results shown in Fig. 6.2 being about 4 minutes.
The agreement between experiment and theory is reasonable except for the
12.7 cm dizmeter copper billet. Generally the theoretical results are
closest to the experimental at high heating rates and this is normally
the region in which the furnace would be operated. =

The theoretical results are based on assumed values for emissivities
and a simplified wall loss term. There is also some doubt as to whether
the convective heat transfer coefficients should be evaluated using the
mean film or bulk temperatures; The effect of these uncertainties on the
predicted heating times was therefore investigated, firstly to determine
whether they could explain the discrepancies between theoretical and
practical results, and secondly to determine whether the calculation was
unduly sensitive to the choice of emissivity and wall loss data.

. The value assumed for the emissivity of the aluminium billets heated
in the furnace was 0.15. However recent measurements suggest that the
true value may lie between 0.15 and 0.3 and therefore the heating times
have been calculated using the extremes of this range. The results for
the 8.9 cm and 17.8 cm diameter billets are shown in Figs. 6.4 and 6.5.
In both cases the practical results generally lie close to the range of

heating times predicted using the two emissivities.
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The value assumed for the emissivity of copper billets was 0.6.
However there is much uncertainty concerning this parameter since it is
strongly dependent on temperature of the billet and on the combustion
products. The heating times have therefore been calculated using
emissivities of 0.3 and 0.5 as well as 0.6. The results are shown in
Figs. 6.6 and 6.7 for the 12.7 cm and 17.8 cm diameters respectively.

The practical results for the 17.8 cm diameter lie within the range of
predicted heating times. However the practical and theoretical results
for the 12.7 cm diameter still do not agree.

The assumption that the net heat content of the furnace walls
during a heating cycle does not change limits the validity of the
predicted results to furnaces which are fully warmed. It is likely that
some of the practical results, especially those for copper, were obta%ned
before the furnace had reached this state and this would considerably
increase the wall losses. Also the conduction losses given by the
simplified exppression, equation (6.24), may either over or under estimate
the true conduction losses. Heating times have therefore been
recalculated using both twice and half the wall losses given by equation
(6.24) and assuming an emissivity of 0.15 for aluminium and 0.3 for copper.
The results are included in Figs. 6.4, 6.5, 6.6 and 6.7. Once again the
practical results generally lie within the range of predicted heating
times except for the 12.7 cm copper billet.

The effect of evaluating convective coefficients using the mean
film or bulk temperature has been investigated by calculating heating times
using coefficients based on both temperatures. The heating times using
the mean film temperature were 5% to 10% higher than the times obtained
using the bulk temperature, the greatest differences obviously occurring
where the direct convection to the billet becomes a significant mode of

heat transfer.
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It can be concluded from these investigations that the method is
capable of predicting the performance of the single cell billet heating
furnace accurately enough for practical purposes. The accuracy is
limited chiefly by knowledge of the emissivity of the stock and by the
estimation of the heat lost through the furnace structure.

The discrepancy between thepractical results and predicted heating
times for the 12.7 cm diameter copper billet is difficult to explain unless
it is due to excessively high wall losses in the experiments The practical
and predicted heating times for the nearest size aluminium billet, i.e. 12.4% cm
diameter, agree well. It would therefore appear that there are no

significant errors in the heat transfer coefficients.

6.6 The Role of Conduction in the Rapid Heating of Steel

Rapid heating leads to temperature gradients within the stock. /These
are generally negligible with highly conductive metals such as copper and
aluminium, but with ferrous stock they can be appreciable. In order that
a valid comparison can be made between heating times achieved under
different conditions, the final temperature profile in the load must be as
nearly as possible the same in every case. It is impossible to obtain
jdentical final temperature profiles under different conditions since the
profile depends on the heating history of the load. However the final
temperature profile may be conveniently specified by a final surface
temperature and a maximum allowable temperature differcuce from surface to
centre. Such a specification should be reasonably consistent with normal
forging procedure, although the precise values will depend very much on
the type of fbrging operation and the individual judgment of the forge
operators. The total heating times for mild steel quoted in this paper
are all for a final surface temperature of 1288°C (2350°F) and a maximum

surface to centre temperature difference of 56°C (100°F).
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At high heating rates, when the surface first reaches 1288°¢,
the surface to centre temperature difference is often greater than 56°C.
The heat flux to the billet surface must then be reduced to maintain the
surface at temperature until sufficient heat has been conducted into the
billet to achieve the specified temperature uniformity. At this.stage
in the procedure the temperature profile is calculated solely from the
-transient heat conduction equation and no data on heat transfer from the
furnace environment are used. This part of the calculation also gives
the surface heat flux needed to maintain the surface temperature constant
and this heat flux can be used to evaluate the equivalent heat input to the
furnace and hence the furnace efficiency. In practice the condition of
reduced heat flux may be obtained by holding the billet in the furnace

with reduced heat input. However, if the period of reduced heat flux is

short, acceptable temperature uniformity would probably be obtained
during the removal of the billet from the furnace and subsequent handling.
In addition the predicted values of the heat flux to the billet near the
end of the cycle will be overestimated since in the simplified model used
for the wall losses no account is taken &f the increase in heat content
of the walls. In practice, therefore, the condition of reduced heat flux
to tbe billet may be produced naturally without the necessaity of turning
down the furnace.

During the 'soak' period the heat input to the furnace can be
calculated from the heat flux needed to maintain the surface temperature
constant by using the heat transfer equations. However this problem
may be simplified by assuming that the combustion products temperature
and wall losses remain constant during the soak period at their values
immediately prior to turn down. The gas used in the soak period is

then calculated from the equation:
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G P (-EL - IS) = (Ib) g (Ib) fiwall lesoen (Tf inal _Tsonk)
f inal soak

L (6.29)
Any error in the assumptions on which this equation is based will
have little effect on the calculated values of the total gas used and hence
o

on the efficiency, provided that the soak is not too long.

6.7 Comparison of the Predicted Performance of Modified Single Cell

Furnaces

It has already been shown that the prediction of furnace performance
from model work can be carried out with reasonable accuracy. The main
value of the technique lies in the ability to investigate and compare
alternative furnace designs without the necessity of building expensive
prototypes of each design. To this end the performances of 25.4 cm |
diameter single cell furnaces, fired with natural gas, with various
burner and flue arrangements have been predicted and compared. Heating
times were calculated for aluminium, copper and mild steel billets at
55000, 90000 and 125000 respectively for the following arrangements:
M Single top flue, fired tangentially to walls, as described

previously.
2, Twin flue, fired tangentially to the walls.
3, Twin flue, burner inclined at (a) 5°, (b) 10° and (c) 15°.
k4, Fitted with self recuperative burners firing tangentially to

the walls.
Line diagrams of these arrangements are shown in Fig.6.8.

The self recuperative burners shown in arrangement 4 were developed
at the Midlands Research Station as a means of improving furnace

efficiency by recuperating heat from the combustion products leaving the
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Fig. 6.8 LINE OIAGRAMS OF MODEL_ SECTIONS SHOWING DIFFERENT BURNER AND ELUE ARRANGEMENTS

(1) Single top flue, tangentially fired

(2) Twin flue, tangentially fired

(3) Twin flue, burner inclined at various angles
(4) Self recuperative burners

Burners are denoted by B, and in arrangement (3) the angle at which the
burner is inclined is denoted by B.



furnace chamber. The heat exchanger section of these burners consists of
three concentric tubes. The unburnt gas passes up the centre tube, the
air passes up the adjacent annulus and the two streams mix and burn at the
burner nozzle. The combustion products from the furnace chamber pass down
the outer annulus counterflow to the air and gas streams. Typical
dimensions for a burner rated at 10 > m’/s of natural gas would be 7.5 cm
overall dismeter and total length 40 cm.

6.7.1 Information from Model Work

The naphthalene sublimafion technique was used to measure mass
transfer coefficients in furnace models with burner and flue arrangements
Numbers 1, 3(c) and 4 in the list above. Flow visualisation studies
have enabled the mass transfer coefficients for the billet for these
arrangements to be correlated by the equation: \
4 = 0.525 Re, 'V sanies ! (Bs30)

Similarly the mass transfer coefficients at the walls wvere
correlated by the equation :

SR 1A Re (vt sosss kGs31)

In these equations the Reynolds numbers and j factors are defined
as in Section 6.5.1.

The equations (6.30) and (6.31) should be valid for all furnaces
which are essentially cylindrical in shape and which are fired
tangentially or near to tangentially. These equations have therefore
been used to evaluate the convective heat transfer coefficients in
furnaces with the other burner and flue arrangements. The necessary
values of recirculation ratios and velocity ratios were obtained from
flow visualisation studies. These values are shown in Table 6.1.

In order to predict the performance of the furnace fitted with

self recuperative burners the heat transfer equation (6.7) must be
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modified to take account of the heat reccuperated in the exchanger

section. Equation (6.7) then becomes:

C
8, = QP (53 g 1’1“9) - wall losses youss KGs2)

A theoretical analysis of the heat exchanger section of a self
recuperative burner*® has shown that its performance can be described

by the simplified equation:

QP (I, - Luea)= 'O (Te1ue - 288) cesne (B.58)
where
A = 1.36 x 10° ¢ ngﬁzifl + 1.59 x 1074 ] t, +0.372 W/K

L,72 n

Ronion 0 O
and n is the number of burners in the furnace, which has been taken as.
10 for this theoretical comparison.
Equation 6.33 and 6.34 represent for a total natural gas input

to the furnace of 10 2 m?/s an air preheat of about 470°C depending

on the temperature of the combustion products in the furnace chamber.
During the soak period the gas used can be calculated by modifying

equation (6.32) to the form:

C ¢
G P (ﬁl - Itlue) 3 (Ib) - (Ih) 7 Wall 105595 \Tf 1!1].1 -5 Ts Oﬂk)
¢inpl soak

venss $6s35)
In using this equation it has been assumed that the heat content of
the flue gases remain constant at their value immediately prior to turn
down

6.7.2 Other Data

The radiation factors, emissivities and wall losses were taken to
be the same as given previously. The performances of the furnaces were

calculated when fired with North Sea natural gas at the stoichiometric
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air/gas ratio. The relevant properties of this fuel are:

C, = 37.8 MI/m* (st)
C, = 344 MI/m* (st)
R, = 9.72
s = 0.586

6.7.3 Predicted Performance

The heating times for aluminium, copper and mild steel billets of
9.5, 15.9 and 19.0 cm diameter in the various modifications of the
single cell furnace have been predicted. The results for the 15.9 cm
diameter aluminum and copper billets are shown in Figs. 6.9 and 6.10.
The mild steel results for all three diameters are shown in Figs. 6.11
6.12 and 6.1%. For the mild steel results the chain dotted curves
indicate the time needed for the billet surface to reach 1288°C and the
solid lines indicate the time needed for the centre to reach 123200.
The shaded portion between these curves indicate the period for which #
reduced heat flux is necessary. The results for the 15.9 cm diameter
mild steel billet have been replotted as efficiencies in Figs. 6.14 and
an extract from a typical computer print out is shown in Table 6.2.

(a) Furnace No. 1

This is the furnace with which the thesis has been concerned so
far. The flow visualisation model work described in Chapter 4 has
shown that up to 80% of the combustion products flow from the top burner
pass straight out of the furnace without apparently losing heat or
momentum to the combustion products circulating in the furnace chamber.
Consequently this furnace has the lowest recirculation ratios and longest

heating times of the four arrangements investigated.
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Table 6.2

Extract from a typical computer print-out; single-cell furnuce, twin flue, fired Ltangentially

to walls.

{(No. 2 of fipure 6.8).

Billet diameter = 19.0 cm; billet material: mild steel; heat input = 0.5 MW/m. length.

time Temperatures °C hy hy Wall ¢,
Losses

min. sec.) T, T L T, ) T, Ty |w/o? K w/mK KW/m k¥/m 1cnfstf
0 0 15 15 15 15 15 15 147k 1010 [50.7 150 10.9  12h.6
0 5 15 15 15 15 18 k2 1475 1010 (51.1 150 0.9 124.4 1
0 10 15 15 15 17 2l 62 1476 1011 {51.% 150 10.9 24,2
o a5 15 15 16 19 by 27 W6 1012 51_.5 150 10.9 124.0
0 20 15 16 1 22 39 90 1hv? 1012 [15.8 150 10.9 123.8
0 25 16 16 18 25 h? 101 1478 1012 [52.2 150 10.9  123.6
0 %0 16 17 19 29 B5 111 148 1015 2.4 150 10:9 1254
0o ko 18 19 2l 38 71 129 2479 1013 2.5 150 1009 IRF2
0 50 2l 22 30 Lg 85 17 1480 1014 [52.7 150 10.9 123.0
26 10 102% 1033 1061 1107 1167 124y 368k 1355 [72.0 172 s b U
26 50 1047 1056 1083 1127 1186 1258 1660 1367 [72.8 173 15.h 70.4
2T % 1069 1078 1105 1147 1204 1273 1664 1377 [73.1 173 15.5 63.9
28 10 1092 1100 1126 1166 1222 1288 1669 1387 [73.6 174 156 S350
28 %0 1113 1122 114y 1185 1226 1288 = = = = - e
29, 30 1134 1143 1165 1202 1244 1288 - - e - ¥
300 10 1155 1164 1181 1213 1250 1288 - - L s =
0 5 11720 1185 1196 1224 1256 1288 - = =R 3 5
5 0 1187 1192 1208 1232 1261 1288 = - 2 = = S
32 10 1200 1205 1219 12ho 1204 1288 - - 5 = .
X2 50 1212 1216 1228 1247 1267 1288 - - SR - %
33 0 1222 1226 1237 1252 1270 1288 = ;! L - .
34 10 1231 123k 12b7 1257 1273 1288 - - =i - =




(b) Furnace No. 2

In this arrangement the single top flue has been replaced by two
flues so positioned that they eliminate any losses due to the combustion
products passing straight out of an adjacent flue. This simple
aerodynamic modification has resulted in an increase of recirculation
ratio and a reduction in heating times of the order of 25%.

(¢c) Furnace No. 3

This burner and flue arrangement, with a variable burner angle, was
suggested as a means of increasing direct convection to the billet. As
the angle of firing is increased the velocity near to the billet
increases and that near to the wall decreases as indicated by the values
of the velocity ratio given in Table 6.1. This results in an increase
in convection to the billet but a decrease in convection to the walls.
Aluminium has a low emissivity and therefore a large proportion of the
total heat transfer is by direct convection and only a small proportion
by re-radiation from the furnace walls. In this case an increase of
direct convection produced by increasing the angic of firing gave a
significant reduction in heating times. However copper and miid steel
have a high emissivity and a larger proportion of the heat transfer is by
re-radiation. Consequently increasing direct convection to the billet
at the expense of convection to the walls has very little effect on the
heating times. In addition increasing the angle of firing limits the
maximum size of ferrous billet that can be heated without impingement on
the billet surface and the consequent risk of local overheating. It is
interesting to note that the predicted wall surface temperatures were not
appreciably lower than the tangentially fired furnaces. However these
conclusions do not necessarily apply to the 19 cm billeés or for angles

of firing greater than 15° for the other two sizes, since, in these cases,
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flow visualisation showed significant impingement of the combustion

products on the billet surface. In this situation equations (6.30)

and (6.%1) do not apply and the assumption of uniform heat flux is no longer
valid.

(d) Furnace No. 4

The single cell furnace fitted with self recuperative burners
combines the aerodynamic advantages of the twin flue arrangement with the
benefits to be gained by recovering heat from the flue gases. The
predicted performance for this arrangement was the best of all the four
cases investigated. The heating times in comparison with Lhe single top
flue design have been reduced by 50% to 60% for aluminium and copper and
by 45% to 55% for mild steel depending on the gas input rate. In the case
of steel the reduction in heating times that can be obtained are limited
by the necessity of holding the billet at temperature to obtain acceptable
temperature uniformity. In this case the improvements in design are best
assesseé by comparing efficiencies. For a heating time of 30 minutes for
the 15.9 em mild steel billet the single top flue single cell furnace is
capable of an efficiency of only 1%%. The twin flue gives 30% efficiency
and the single cell fitted with self recuperative burners gives
efficiency for the same heating times.

A 20 cm diameter prototype single cell furnace fitted with self
recuperative burners has been built at the Midlands Research Station.

The practical aspects, such as the refractory materials, are still being

developed but preliminary runs have shown that the performance is of the

order expected from the theoretical analysis.

6.8 The oot of Preheating the Combustion Air

One way of increasing furnace efficiency is to preheat the
combustion air. Conventionally this has been achieved for large

furnaces by using a regenerative system or an external heat exchanger.
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The same benefits can conveniently be obtained by using self
recuperative burners, which, because they are compact can also be used
with advantage for small furnaces.

The performance of the single cell furnace fitted with self
recuperative burners has been predicted assuming that the recuperators
produce various degrees of preheat which remain constant during the
heating cycle. The same results are then applicable to the tangentially fired
twin flue furnace with external regeneration or heat exchange. The

heat transfer equation (6.7) for this case must be modified to:

G R
& = 4 F (FL + FL I, - Ig) - wall losses PSR &y

and the gas used in the soak period of mild steel billets is calculated

from the equation :

ap @3 + '11'-3"" I, - L) = e iaar = @)yeuy + vall losses
O ik 8t onls ssese (6.37)

The predicted heating times for the 15.9 cm mild steel billet when
the air is preheated by 400°C, 600°C, 1000°C and 1200°C are shown in
Fig. 6.15. The same results are plotted as efficiencies in Fig. 6.16.
These figures show, for example, that using a gas input of 0.335 MW/m
length and an air preheat of 400°C the heating time is 24 minutes at an
efficiency of 28%. If an air preheat of 1200°C is obtained then the same
heating time can be achieved at an efficiency of 48% using a gas input

of 0.201 MW/m length, alternatively the heating time may be reduced to

18.5 minutes if the heat input is kept at 0.335 MW/m length.

6.9 Minimum Heating Times

The predicted heating times for the various furnace designs can

be put into perspective by comparing them with the theoretical minimum
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heating time necessary to obtain the specified temperature uniformity
for each billet size. The minimum could be reached when the initial
heat flux to the surface is infinite mo that the surface temperature
reaches its specified value instantaneously whilst the centre is still
¢old. The heating time is then controlled only by the rate at which
heat can be conducted from the surface into the interior of the stock.
The asymptotic approaches to the minimum heating times for different
billet diameters are shown in Fig. 6.17. This graph has been prepared
by simplifying the heat transfer equations, giving the heat flux to the
billet, to the form:
hoe HE (To0) weens (6,38)
It was assumed that the overall heat transfer coefficient, H in this
equation was constant, until the billet surface reached its specified
temperature of 1288°C, and that it was then progressively reduced to
give the heating rate necessary to maintain the surface at temperature.
It was further assumed that the gas temperature remained constant at
1650°C. The ordinate in Fig. 6.17 is the constant overall heat transfer
coefficient used to calculate the heat flux in the initial stages of the
heating cycle. The important thing to note in this figure is the limiting
heating times for the different billet diameters. These are independent
of the heat transfer characteristics of the furnace environment and
consequently independent of the simplified heat flux relationship given
by equation (6.3%8). The minimum heating times are the shortest times it
is possible to heat a billet to the stated temperature profile in any
furnace.

The closeness to which the minimum heating times are approached
in the rapid heating furnaces considered in this paper are also

indicated in Fig. 6.17. The numbered arrows in this figure show the
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heating times predicted for a heat input of 0.5 MW/m length in furnaces
with the various burner and flue arrangements corresponding to the
number indicated. These results show that if the overall heat transfer
coefficient in the single cell furnace fitted with self recuperative
burners could in some way be doubled then the heating time of the

15.9 cm billet would be reduced by only 30%. A further doubling of the
coefficient would reduce the heating times by only about another 15%.
The furnace therefore operates in a region in which conduction
significantly limits the redvction in heating times which could be
obtained by improving thermal aspects of furnace design.

One of the advantages of rapid heating over conventional heating
methods is that the time for which the billet is above the temperature at which
detrimental metallurgical effects can take place is minimised. The
temperature above which these effects become significant is usually taken
to be 800°C. For the sizes of billet shown in Fig., 6.17 i.e. up to 30 cm,
the time for which the billet surface is above 800°C is always reduced as
the heat transfer rate is increased. However this is not necessarily true
for large billet sizes. In addition as the heating rate is increased the
surface must be held at 1288°C for progressively longer periods. As
oxidation and decarburisation increase with temperature as well as
time it is possible that surface deterioration will not necessarily be

minimised at the minimum heating times.
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7. THE TRANSIENT THERMAL RESPONSE OF A RAPID

HEATING CELL

Two main assumptions were made in the mathematical model used in
the last chapter. These were that the furnace was well stirred and
that the thermal inertia of the furnace wallswas negligible and therefore
no héat was lost or gained in the furnace structure during a heating
cycle. In the mathematical model described in this chapter the second
of these assumptions is relaxed. This allows certain transieﬁt aspects
of the furnace performance to be investigated.

All the calculations in this section are made for furnace No. 2 of
figure 6.8,the walls of which were assumed to be cylindrical. A diagram

of the furnace is shown in figure 7.1.

7.1 The Mathematical Model

The mathematical model described in chapter 6 represented the heat
transfer in a furnace by two sets of simultaneous equations which
describe the heat transfer from the furnace environment to the load surface
and the conduction within the load. The present médel includes an
additional set of equations which deal with conduction within the furnace
wall. The solution of the three sets of equations provides the
temperature distributions in the load and furnace wall, ané the combustion

products temperature at any time during the heating cycle.

7.1.1 Heat Transfer from the Furnace ¥nvironment

The equations for the transfer of heat from the furnace environment to
the load surface are obtained by making simple heat balances on the

combustion products in the furnace, on thé billet and on the furnace'
walls. By making the assumptions that the combustion products within
the furnace are well stirred (.e.at constant temperature) and that the

convective heat transfer coefficients and radiation factors are uniform

the following equations may be derived
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(a) On the combustion products
& = (I, - I,)Q - &, IS
(b) On the billet
F = W AR e ) B AT ) SR aa(n .
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“(¢) On the walls
5, = by (T, < T,) + Fy by (T% = BY) = By byol(D, = T*)
casia (e 3)

7.1.2 The Heat Conduction Eguations

In this chapter we are concerned with a cylindrical billet heated in
a cylindrical furnace with uniform surface heat fluxes, so that the

transient heat conduction equation for this case then reduces to:

oT T 1, OF
i ke sxnee (7oH)

The solution of this equation has already been discussed in section
6.2 and it was concluded that finite difference techniquesmust be used.
In the present instance the Liebmann’® substitution has been adopted. The
‘first and second order space derivatives in equation (7.4) are then

replaced by

BT) .

) P o et Lo B

o ST saln dos el
FT p! gt g el oy

(a.?- =— J+1 6r4 d J LR RN (7.6)

The resulting set of equations can be solved either exactly
using Gaussian elimination or by an iterative technique. The method
chosen was the Gauss - Siedel*® iteration because of its simplicity and
suitabiiity to a fast digital computer. Its accuracy was tested by
comparing calculated temperatures with an analytical solution for the

same boundary conditions. Percentage differences were small and
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decreased towards the end of the heating cycle. It was therefore
assumed that equally accurate solutions would be obtained in cases where
there was no analytical solution.

The solution of the transient heat conduction equation for the billet
and for the furnace walls requires the specification of two boundary
conditions in each case. For the billet these are the surface heat flux
(8, /Ay ) and the fact that at the centre of the billet the temperature
gradient is zero [(g%)o = O]. In the case of the walls the inside
boundary condition is the heat flux for the furnace environment (é;/m;) and
at the outside the boundary condition is obtained by considering naturai
convection and radiation losses to the surroundings which can be given
in the form:

at r = I‘“a l'g—i' = l'ln (T“a. - Ta) seensw (?-7)

7.1.% Method of Solution

Before the equations described in the preceeding sections can be
solved for a given load size, furnace size and gas input rate, the
following parameters must be known: the convective heat transfer
coefficients, the radiation factors and the relevant physical properties
of the combustion products, load and refractory. These factors are
discussed in the following sections. The solution of the equations
requires, first of all the specification of the initial temperature
distributions in the load and wall. The load surface temperature and
the temperature of the inside surface of the wall are then used in
the heat transfer équations to provide the corresponding combustion
products temperature and heat fluxes to the surface of the load and
refractory. These fluxes are then used as the boundary conditions
of the transient heat conduction equations to give new temperature
distributions in the load and wall after a chosen time interval. Using
the current values of the calculated billet and wall surface temperatures

the solution is repeated for the next and subsequent time intervals.
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The step-wise method of solution allows the convective heat transfer
coefficients, radiation factors and physical properties to be recalculated
at each step so that the variation with temperature of these quantities
can be taken into account.

The size of the time interval was chosen to obtain a reasonable
balance between accuracy and computing costs. For the calculations
described in this chapter the computer programme was written so that the
time interval was adjusted to keep the difference in temperature between
successive time increments within the range 10°C to 20°C and 12°C to 24°C
for the billet and wall surfaces respectively.

7.1.4 Other Data

The radiation factors and physical properties of the combustion products
were evaluated as described in section 6.4. The convective heat transfer
coefficients were obtained from the correlation given in section 6.7.1
180,

0.525 Rey " ' sxcan-£7:8)

Jb

125880 % b aite 27T

i

3
These equations were obtained from mass transfer measurements on models
of 25 cm diameter furnaces. In order that they may be used for furnaces
of larger diameter fluid velocities close to the wall andbillet surfaces
must be available. These have been evaluated by assuming that the fluid
is in solid body rotiation (as discussed in Chapter %) and Sy assuming
that the mean recirculation ratio depends only on the ratio of the

billet to furnace diameter.

7.2 The Effect of Furnace Size on Heating Times

Before dealing with the transient aspects of furnace operation it
is first worthwhile considering the effect that furnace size has on
heating times and consequently efficiency. The times taken to heat
a 15.9 cm diameter mild steel billet to forging temperature in furnaces

of the design of figure (7.71) have been calculated for a range of furnace
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sizes at a fixed thermal input. These results are shown in figure (7.2)
and are all based on the assumption that the furnace structure has become
fully warmed so that heating times for succeeding billets will be constént.
These results show that, for example, a heating time of 23 mins can be
achieved in a furnace of either 17.2 cm diameter or in a furnace of 76 cm
diameter. In the first case 39% of the heat gained by the billet is by
convection, 2% by gas radiation and 58% by reradiation from the furnace
walls, while in the second only 5.5% of the heat gained by the billet is
by convection, 24% by gas radiation and 70.5% by reradiation from the walls.

In practice it is found that a furnace diameter of 17 cm, is too small
since it becomes impossible to locate a billet centrally in a furnace of
this size without damaging the walls. A furnace of diameter about 20-25 cm
vould therefore be used which leads to an increase in heating time and a
drop in efficiency compared to the much larger furnace. However it will
be shown in following sections that the modest loss in efficiency in the
small furnace can be offset against a more rapid start up and better
transient response than can be achieved in a larger furnace.

The calculations in this section have demonstrated the advantages to
be gained from the use of very small gaps between billet and walls.
Whilst these may not be achievable in the particular type of furnaces
considered here they can easily be used in other types of rapid heating

furnace such as those for strip and bar end heating.

7.% Start-up

If a billet is charged to the furnace as soon as the burners are 1lit
then both the billet and furnace structure must be heated simultaneously
and consequently the time taken for the billet to reach the forging
temperature will be longer than if the furnace had been in operation for
some time. The performance of the furnace shown in Figure (7.1) has

been calculated for the heating of a succession of billets to forging
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temperature starting with a cold billet in a cold furnace. The results

in Figure (7.3) show the time required to heat 15.9 cm. diameter mild steel
billets in this manner to 1250°“C in a furnace of 25 cm. diameter. As
expected the billet heating times decrease progressively and reach a
minimum when the refractory has become fully warmed. After the passage

of only % or 4 billets the heating times are quite close to the minimum
despite the fact that the oulside temperature of the wall continues to rise
even after 20 billets have been heated.

Also shown in Figure (7.3) are heating times calculated using a more
simple mathematical model as described in Chapter 6. This model applies
only to furnaces in which the walls have become fully warmed and it being
thus assumed that the heat stored in the walls did not change during a
heating cycle. It can be seen that the two mathematical models predict
almost the same heating time once the furnace has become fully warmed.

The effect of furnace size on the time taken to heat the first few
billets after start up has been investigated and the results are summarised
in Table 7.7. If the heating times for the furnaces of 17.8 cm and 76.2 cm
diameter with wall thicknesses of 12.7 cm are compared with each other it
is seen that the heating time in a fully warmed furnace is slightly less
for the larger size at the the same heat input.

The smaller furnace warms up much more quickly however, and, for
example, the total time taken to heat the first five billets is 11% less
than for the larger furnace. For the 25 cm diameter furnace the minimum
billet heating time is 17% longer than in the 76cm furnace but, nevertheless,
the first three billets are heated just aslquickly in both furnaces.

A wall thickness of 12.7 cm is realistic for the smaller furnace sizes
but its mechanical strength in a larger furnace is probably insufficient.
The calculation for the 76 cm furnace have therefore been repeated using a

wall thickness of 50 cm and the results shown in the last column of
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Table7.1 : Billet heating times during furnace start-up, min-s

rnace diameter, cm
Wall thickness,

Heat input, MW/m

Billet No.

o \n = W

17.8 25.4 76.2 76.2

12.7 12.7 127 50.8

0.5 0.5 (5 0.5
Heating Cumulative Heating Cumulative Heating Cumulative Heating Cumulative
time time time time time time time
28-15 28-15 34-30 34-30 39-15 39-15 L3-20 L3-20
25-20 53-55 29-00 63-30 26-5% 66-10 26-25 69-45
24-50 78-25 28-20 91-50 25-30 91-40 25-25 95-20
24-30 102-55 27-55 119-45 2b-45 116-25 24-50 120-10
2Lk-30 126-25 | 27-40 147-25 24-10 140-35 24-L0 144-50
24-10 27-20 23-45 24-25
2k-5 27-10 23-30 2L-00
2k-5 27-10 2%-25 235-45
24-5 26-55 23-15 23-45
2l-5 26-55 2%-15 23-45
2L-5 26-45 22-55 23-15
24-5 26-45 22-55 22-55




table 7.1. Here, with such a large mass of refractory to be heated, the
first billet takes 51% longer than in the smallest furnace considered.
Even after 20 billets have been heated the structure is not fully warmed
and the heating times for each successive billet is still slowly becoming
less. Finally it is worth noting that the firing density of the largest
of the furnaces considered in this section is 0.23% MW/n’ and this is
about twice that in many conventional reheating furnaces. Conventional
furnaces are also very much larger and the time to warm the furnace
structure is of the order of a few hours rather than a few minutes as in

rapid heating cells.

7.4 Purnace Response

In this section the response of the furnace to changes in the heat
input rate is considered. Two cases are dealt with, that of an increase
in the heat input rate to meet a demand for an increase in work output
and the shutting down of the furnace due to a mill stoppage.

7.4.1 Increase in Output

It is predicted that a 17.8 cm diameter furnace will heat 15.9 cm
mild steel billets to forging temperature at a steady rate of 41 min 55 secs
per billet for a thermal input of 0.2 MW/m length of furnace. On
increasing the heat input to 0.5 MW/m length the next billet is heated in
24 min 5 secs which is the same as the heating time achieved under steady
conditions using the same heat input. The response of the furnace is
thus very fast and its control to meet output demands is very simple.

In the case of a 76.2 cm furnace heating the same billet, a steady
rate of 41 min - 10 sec. for each billet can be obtained using 0.2 MW/m
length of furnace. An increase in heat input to 0.5 MW/m length results
in the next billet being heated in 23 min 40 sec. which is 3.3% longer

than that achieved under steady conditions.
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7.4 .2 Purnace Shutdown

When there is a temporary stoppage in the production line the heat
input to the furnace must be reduced or completely shut off to prevent
overheating or melting of the stock in the furnace. If the stoppage occurs
when the billet surface is approaching its forging temperature then even
if the heat input is completely cut off the surface %emperature may still
continue to rise as the walls radiate stored heat. This process has
been investigated for a range of sizes of furnaces heating a 15.9 cm

mild steel billet and the results are shown in Fig.7.4. 7t has been

assumed throughout that the furnace is shut down when surface temperature
of the billet first reaches 1288°C.

When the furnace is first shut down the hot walls radiate heat to
the billet surface and the wall surface cools until its temperature becomes
equal to that of the billet surface. This takes about 1 min. for the
17.8 cm furnace, 3 min for the 76 cm furnace with 12.7 cm thick walls
and 7% min. in the 76 cm furnace with 50 cm walls. During this period
the surface temperature of the billet may either rise or fall depending
on the temperature distribution within the billet and the amount of heat
received from the wall. In all the cases shown in Figure 7.4 the billet
surface temperature falls immediately since all the heat received can be
conducted into the interior. However if, for example, a 15.9 cm aluminium
billet heated in a 25 cm diameter furnace to an extrusion temperature of
550°C is considered, then, due to the low emissivity of aluminium, the
temperature difference between the billet and walls will be larger than
for steel. Also the high thermal conductivity of aluminium results
in a nearly uniform temperature throughout the billet. In this
particular case the billet temperature will continue to rise when the
furnace is shutdown and the surface would probably melt.

After the load and wall surface temperatures have equalised the

direction of heat transmission is reversed. The walls become cooler
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than the billet and therefore the net radiation between them is towards
the walls. The rate of heat transfer is dependent on the wall surface
temperature and therefore on the rate at which heat can be conducted
through the wall.

The calculated results show that the 76 em furnace with 12.7 cm
thick wails is able to accept and conduct away the heat received from the
from the billet more readily than can the 17.8 cm furnace having the
same wall thickness. The billet temperature therefore falls more
rapidly in the former case so that eventually it will be at a lower
temperature than it would be in the smaller furnace at the same time.
In the case of the 76 cm furnace with 50 cm walls the heat is conducted

away slowly so that the billet temperature falls slowly.

7.5 Transient Conditions within the Wall

In the preceeding sections the influence of furnace size on the
heating times and temperatures of the billet under transient operating
conditions has been considered. This section and that following are
concerned with transient variations of temperature within the furnace wall.
Only one furnace size is considered, that of 25 cm. diameter heating a
15.9 cm. billet to a forging temperature of 1250"C.

Wall and billet surface temperature profiles during a heating cycle
for a furnace which has reached steady operating conditions are shown in
figure (7.5). When the cold charge is put into the furnace the hot walls
radiate to the billet, and its temperature rises rapidly whilst the
wall surface temperature drops. During the rest of the heating cycle
both wall and billet temperatures rise, the rate of rise of billet
temperature diminishing as the temperature difference between it and the
wall decreases. Towards the end of the cycle the surface temperature
is held constant by reducing the heat input to the furnace in order to
achieve acceptable temperature uniformity for forging. This is

accompanied by a fall in the wall surface temperature to the same value
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that it was at the beginning of the heating cycle. This cycle is
repeated during the heating of each billet causing the temperatures inside
the wall to be fluctuating continuously.

Also shown in figure (7.5) are the billet and wall surface temperatures
predicted using the simpler mathematical model of chapter 6 which does
not take into account the changing heat content of the walls during the
heating cycle. In the first part of the heating cycle the walls radiate
stored heat to the billet and the calculated wall temperatures are
therefore considerably in error. However, because of the low conductivity
of the refractory, the temperature changes within the wall are
significant only over a comparatively short distance as shown in figure (7.6).
Hence over the greater part of the heating cycle the heat content of the
walls only changes slowly and temperatures calculated from the simple
model are close to those predicted from the present work. It is
interesting to note that the temperature changes within the wall are

out of phase with those at the surface.

7.6 Composite Wall

The fluctuations of temperature and change of temperature gradient
within the furnace wall lead to changes in the stress pattern within the
refractory. By the use of a composite wall made up of a dense cast
inner refractory and an insulating brick these fluctuations may be
confined to the dense face and any damage that they may produce is
minimised.

The properties of the refractories in the wall were taken to be as

follows:
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Dense Face Insulating Brick

Main constituents Al, O, 53% 61%
Si0; 41.5% 36.3%
Density (Kg/m’) 2460 880
Specific heat (J/Kg°C) 960 1130
Thermal conductivity (W/m°C) 1.48 0.29

In order to calculate the temperature at the interface between the
two refractories the finite difference form of the transient heat
conduction equation contained in the mathematical model must be rewritten.
If the interface, i, is between element j and (j+1) as shown in
figure (7.7) then the temperature gradient in the first material at
the interface can be expressed as Z(T; - Tf)/5r1, and in the second
material as 2(T{ - T;+1)/§Ié- The finite difference equations for the

elements j and (j+1) are then:

Kehy_q g (T4 - Ty )6T Ay g4y

’ - ’
Vspa O (27 = Ty) = o o (T - T{)6T

2k A

23 ¥

Vigq P2 Cp2 (T;-M" Ty4a) = iy (T; - T;-H )6T

ke, A

341 §+2
T (T;+1 - TJ.,.a) &t

Temperature fluctuations within a composite wall have been
calculated for different thicknesses of dense face and insulating brick.
The results are shown in Fig. (7.8) for three walls each of total thickness
12.7 cm but with a dense face thickness of 2.54 cm, 3.81 cm and 5.08 cm.
Temperature variations at the interface are reduced from 83”C with 2.54 cm
of dense face refractory to only 16°C when 5.08 cm are used. The
latter thickness seems to reduce thermal shock in the insulating brick

to a negligible amount.
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The use of a dense hot face refractory slows the transient response
of the furnace since the heat content of the entire structure is increased
significantly by the comparatively large mass of dense material at high
temperature. If a 76 cm diameter furnace with walls of 12.7 cm thickness
including 5.08 cm of dense.face is taken as an example then the heating
time for the first billet is 45 min 30 secs compared with 39 mins 15 secs
in a furnace with a bubble alumina wall using a heat input of 0.5 MW/m length
of furnace. On shutting off the burners with a billet at forging
temperature left in the furnace the billet surface temperature falls to
1225°C in 25 mins whilst in a furnace with bubble alumina walls it falls

to 1106”C in the same time.
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8. CALCULATION OF TEMPERATURE DISTRIBUTION IN THE BILLET

USING THE LOCAL MASS TRANSFER COEFFICIENTS

The experimental measurements of losal convective coefficents
clearly showed that the distribution of convective heat transfer over the
billet surface is not uniform. This may result in significant temperature
differences around the circumference of the billet which may in turn
affect the quality of the final product formed from the billet. It is
therefore important to be able to predict the local temperature distribution

and a method is described in this chapter which enables this to be achieved.

8.1 The Mathematical Model

The mathematical models which were described in the preceeding two
Chapters are both based on the assumption that the heat flux to the billet
was uniform over the surface and therefore only contained the one
dimensional radial heat conduction equation. The method described in this
Chapter assumes that the furnace is fully warmed and is therefore similar
to that in Chapter 6 except that it contains the two dimensional heat
conduction equation for a cylinder. The model is built up from two
sets of simultaneous equations describing heat transfer from the furnace
environment and conduction within the load.

8.1.1 Heat Transfer from the Furnace Environment

Tt is assumed Lhat the temperature of the combustion products and the
furnace wall are uniform at any instant in time and also that the
convective heat transfer coefficients to the wall and the radiation factors
are uniform. The only spatial variations taken into account are the
convective heat transfer coefficient and temperature at the surface of
the billet. The following heat balances'can then be derived:

(a) On the combustion products
4 ey o 0 = 0, Tsnse £8.1)
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(b) On the billet
2

% J g Tv b ab Sideas A8 2)
o

where qg = by g (T, - Tyg) + By, 0 (T," - Ty ')

Ry, 0 @B <00 RS ¢ B
(c) On the walls
. Ak,

g, = %, ST =Ty, R .

goie B W LOR) vg B AL (BY S )
2
— J‘ 0- Fb“ (Tw# _— T'D e‘l.) rb 1‘: de LRI (8.5)
0
Since the transient heat conduction part of the mathematical model
requires a finite difference solution it is logical to rewrite the
integral terms of (8.2) and (8.5) as sums of finite elements. If the

billet surface is divided into t, equal elements in the circumferential

direction equations (8.2) and (8.5) become:

t A
2
gb = §=1 t L (8.6)

where qy = hy (T, = Ty,) + By, o (T, = Tyy*)
* By @ (0, = Byt) sanen (830
gnd e i (RO LY e A S et

t :
p— E 0' F‘O'H' A‘bl (Twh = Tb’k) ERC ) (8-8)
3=1

These heat balance equations are similar to those of sections 6.1 and
7.1. For example, equation (8.8) differs from (6.6) and (7.3) only in

that the term:

L L
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The solution of the mathematical model proceeds from one time level
to the next by calculating the combustion products and wall temperatures
and the heat flux to the billet from the known billet surface temperatures.
Under these conditions we can write (8.9) in the form
t
L o B, A (0 B lt) = o B, AP N0 B esans (8.10)

i=i

Similarly equations (6.6) and (7.3) can be written:

R, & (B -2y o o > & 1% 268 &k Sue s (BLa1)

Equation (8.8) therefore differs from (6.6) and (7.5) only in the value
of the known constants ki and k . Similarly it can be shown that the
equation (8.6) reduces to the same form as (6.5) and (7.2).

8.1.2 The Heat Conduction Equation

The differential equation for transient conduction in a cylinder with

non-uniform heat flux in the circumferential direction is:
ot ~ 0 r or ?aez

The solution of this equation for the boundary conditions obtained from the

equations of the furnace environment must be made by finite difference methods.

Most previous work on finite difference solutions of two dimensional heat
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conduction problems has been limited to systems which can be described by
rectangular co-ordinates. For these applications it has been found that
explicit solutiéns require very small time intervals to prevent the
solution becoming unstable and these intervals are much less than those
necessary for one dimensional problems. Implicit or Crank-Nicolson
formulations appear not to be used since the necessary algorithm for
their solution is extremely complex. The technique which is most
widely used is therefore a combination of explicit and implicit
formulations which is known as the Peaceman-Rachford “or alternating
direction implicit (A.D.I.) method. With this scheme the solution
proceeds from one time level to the next through two stages in each

of which the finite difference formulation is explicit in one direction
and implicit in the other. The time interval for each stage is half the
full time interval and the direction in which the implicit formulation

is made alternates from one stage to the next. The equations for each
stage then reduce to a similar form to those for one dimeﬁsional
conduction and can therefore be solved by the standard algorithm.

Little work appears to have been done in applying the A.D.I. method
to systems involving cylindrical co-ordinates and non uniform circumferential
heat flux. In this case the closed nature of the solution in the
circumferential direction causes difficulty in handling the matrix of
coefficients. Some degree of iteration seems to be inevitable and in
calculating the results presented in this thesis an entirely iterative
technique has been used.

The finite difference equations have been set up so that a half
radial element is obtained at the billet centre and surface. If the
calculated temperatures are taken to repfesent the temperature of
finite elements of the billet then the corresponding physical subdivision

is shown in figure 8.1. This results in a large number of small

elements near to the billet centre all of which might be expected to have

S



Tig. €.1 Division of billet into 61 elements.






very similar temperatures. There is therefore a large number of
unnecessary calculations but this may be reduced by grouping some of
the elements together as shown in figure 8.2. The number of
temperatures to be calculated at each half stage has thus been reduced
from 61 to L6.

8.1.3 Method of Solution

The method of solving the equations forming the mathematical model
is similar to that described in chapter 6 and therefore will not be
explained again here.

8.1.4 Other Data

The readiation interchange factors between the billet and the wall
were taken to be the same for every element of the billet surface.
Similarly the interchange factors between the combustion products and
the billet surface were assumed to be uniform. These two sets of
factors are therefore identical to those for the whole billet surface and
can hence be evaluated from the equations in section 6.4.2.

The average convective heat transfer coefficients were obtained from
the correlations given in section 6.7.1 i.e.,

0.525 Reb"u *5

1

Jv

I}

i 1% Bo, "
The local coefficients for each part of the billet surface were obtained
from the average coefficient and the coefficient distributions given in
figures (4.8) to (4.10).

Calculations in this chapter were made for natural gas and the

properties of this fuel and its combustion products are given in

section 6.7.2.

8.2 Overall Performance

The time taken to heat various mild steel billets to forging

temperature in the single top flue furnace have been calculated using
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the method described in this chapter. These values are shown in

table (8.1) and ineach case the heating time is that until the highest
temperature at the surface reaches 1300"C and no soak time is incinded.
Also shown in the table are heating times calculated assuming uniform
convective heat transfer coefficient distribution but still using the two
dimensional programme. It is apparent that heating times are not
affected significantly by the variation in coefficients. Thus if only
overall performance is required to be predicted then measurement of
average coefficients and the use of a one dimensional heat conduction

programme are sufficient for this particular furnace.

8.3 Calculated Temperature Distributions

Calculated temperature distributions for three different billet
sizes are shown in figures (8.3) to (8.5). In each case local
temperatures are shown at the centre and surface of the billet and at the
third ring in from the surface at two different times after the start of
the heating cycle. The surface temperatures follow closely the variation
in convective coefficients buf the temperature differences are fairly
small. It is worth noting that the temperature differences at the
third ring in are much less than at the surface and thus the method used
for subdividing the billet near to its centre (Figure 8.2) would seem to

be valid.
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TABLE 8.1

Heating Times Calculated from the Two Dimensional Conduction Model

Billet Diameter | Heat Input Heating Time min-sec
cm " '| MW/m length | Uniform Coefficients [Varying Coefficients
10.9 0.28 | 23.22 2%.22
10.9 0.466 15.54 15.54
14.5 0.28 38.18 38.20
14.5 0.466 25.54 25.56
18.1 0.28 57.42 571k
18.1 0.466 38.20 38.22
l
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9. GENERAL DISCUSSION OF MATHEMATICAL MODELS

The development of mathematical models of furnaces, or any other
heating processes, serves two main purposes; firstly to allow the
thermal performance of new plant or the effect of changes in the
operating conditions of existing plant to be predicted, and secondly
to obtain a better appreciation of the heat transfer mechanism so
that more rational design and operational decisions can be made. Of
" the three models which have been described in the thesis the simplest
is that of Chapter 6 but this nevertheless fulfulls most of the
requirements of a predictive model. It is true that it can only be
applied once the furnace has been in operation long enough for the
structure to become fully warmed bult since this state is reached
comparatively quickly in rapid heating furnaces this is not a
significant limitation to the method. This model has in fact formed
the basis of many others which have been applied to a range of gas fired
processes.

The method described in Chapter (7) allows the transient response
of a furnace to be investigated. Its main use is to analyse in detail
the characteristics of one particular furnace or furnace type rather
than to serve asa predictive model and the whole ofChapter (7) is
concerned with this type of investigation.

The last of the methods is the most complex and requires detailed
input information in the form of local convective heat transfer
coefficients. Its use is again thué restricted to fairly lengthy
investigations of furnace types or heating methods. The main application
would be to situations in which there are severe differences in local
coefficients, suwch as are produced when a burner is fired directly at
the load surface, and the principal reason for developing the method
was that it should subsequently be applied to this type of system.

The basis of all three methods is the assumption of the 'well stirred'
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furnace, which for the furnaces gnd loads dealt with in this thesis
has been shown to be adequate. However, in other cases this may not be so
due to significant temperature variations in the furnace space. This
problem has been considered by many workers and two main approaches
have been evolved. The first is that of Hottel et al? °? and this
involves setting up heat balances on small finite elements of the
furnace chamber. This gives a series of simultaneous equations which
can in principal be solved to obtain the distribution of both the
temperature within the furnace space and the heat flux to the load.
The method, however, requires a large amount of input data including
the flow patterns within the furnace and the local convective heat
transfer coefficients. In some circumstances these data may be
available from the literature or from other theoretical work, but
usually they must be obtained from detailed experimental measurements
made either in the actual furnace or in an isothermal model.

The alternative method for dealing with furnaces that cannot be
treated as 'well stirred' is that of Spalding °* et al. This involves
the numerical integration of the basic differential equations
describing the transport of mass, momentum and energy. Apart from the
computational difficulties the principal disadvantage of the mcthod
is that it does not yet contain a mechanistic model for the turbulent
rroperties of the flow. Instead these properties are obtained from
fitting simplified models to experimental data. Once, however,
this limitation is removed the method would be extremely useful since
it could eliminate the need for any experimental measurements and thus
provide the required information more quickly and cheaply than can

present techniques.
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10. CONCLUSIONS

This thesis has shown how a combination of physical and mathematical
modelling has been used to predict and analyse the thermal performance
of tangentially fired rapid billet heating furnaces. The experimental
work has demonstrated that the results from two different mass
transfer and one heat transfer experiment can be correlated by the
Chilton-Colburn analogy. It has further been shown that when these
results are included in a mathematical model of the heat transfer
processes in the furnace then the thermal performance can be predicted
fairly accurately. The mathematical models have been used to
demonstrate that improvements in the performance of the original
prototype furnace can be made and they have also illustrated the
significantly better transient response of these furnaces compared
with more traditional designs. TFinally, both the mass transfer
measurements and mathematical models have been extended to deal with
situations in which there is significant non-uniformity in the heat
transfer rate to the surface of the stock.

Although this thesis has been concerned with the prediction of the
performance of one particular type of furnace the experimental and

theoretical methods can be, and have been, applied to other plant.
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APPENDIX 1

Electroplating Nickel onto Perspex

A suitable method of coating the surface was difficult to find
since the model walls were quite complex surfaces, including varying concave
curvature and two rectangular holes for the flues. Also the nickel
coating had to stay adhered when a large flow of a very caustic
solution was pumped through the model. The method set out below was

found to be satisfactory for these conditions.

Method

(1) Fix a piece of tinned copper wire through the perspex, so that the
end is flush with the surface to be plated, to form an electrical
contacte.

(2) Clean the perspex surface. Silver paste from a previous plating
may be removed with ethyl acetate.

(3) Liberally paint the surface with chloroform.

(4) After allowing the surface to soften for 30 to 60 seconds, spray
with silver paste to get a thin uniform silver layer completely
covering the surface. The silver paste used was JMC air-drying
preparation FSP 51 produced by Johnson, Matthey and Co., Limited.

(5) Leave for 1 hour to allow solvents to evaporate off.

(6) Copper plate in a copper sulphate bath at room temperature (70°F)
for % hour at a current density of between 20 and 50 amps/ft? .
The copper anode must be kept in a filter bag to prevent anode
slime reaching the surface being plated. The solution should be
agitated by bubbling air through it. The recommended composition

of the solution is as follows:=

Copper sulphate. Cu SO, 5H, 0 225 g/1
Sulphuric Acid 63 g/1
U.B.A.C. No. 1 Additive 3 ml/1

& 05 %



(7) Nickel plate in a nickel sulphate bath at 45 to 55°C for
approximately 10 minutes at a current density of between 20 and 40
amps/ft®* . An anode filter bag and air agitation are again

required. The recommended composition for this bath isi-

Nickel Sulphate NiSo, 7H,O 300 g/1
Nickel Chloride NiCl, 6H,0 55 g/1
Boric Acid Hy BO, b5 g/1
Nickel Gleam N.S.22 Additive 50 ml/1
Nickel Gleam LNW Additive 2.5 m/1

The two additives are supplied by M.L. Alkan Ltd. The pH of the

solution should be controlled at 3.5 to 4.0 by addition of dilute

sulphuric acid.

(8) Wash surface with dilute sodium hydroxide and distilled water
before use.

The thickness of the copper is about .001" and the nickel a third
of this. The electroplating process gives a good uniform nickel
surface which is free from impurities. The use of chloroform on the
perspex surface results in good adhesion, although for simple surfaces

such as cylinders it is not always necessary.
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APPENDIX 2

Example of Experimental Measurement for One Billet Size

Billet size = 5.1 cm
Electrolyte concentration : 0.0103 N Potassium Ferricyanide
0.02 N Potassium Ferrocyanide

1 N Sodium Hydroxide

11

Solution Temperature 24.5°C

1049 kg/m’

Solution Density

I

Solution Viscosity 1.1209 x 10 > Ns/m?

L3

Ferricyanide Ton Diffusivity = 0.6688 x 10 '° n? /s

Schmidt Number for Ferricyanide ion = 1598

(a) Current/Voltage Measurements

235 g.p.h. 310 gepehe
v I(mA) v I (mA)

0.006 10 0.014 13

0.025 5745 0.0%5 78
0.16 140 0.045 100
0.36 1k 0.080 139
0.9 143 0.095 150
1.2 143 0.125 160
1.35 145 0.18 169
1.43 156 0.2 169
1.5 188 0.38 170
1.58 275 0.48 170
0.56 170
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(b) Calculated Mass Transfer Results

Flow Rate Limiting
Current
(g.p.h.) (kg/s) (mA) hy, pm/s Re 45

20 0.026 205 2.52 310 0.0265
30 0.040 h 2.82 L6k 0.0197
50 0.066 58 L.31 774 0.0181
70 0.093 60 k.96 1085 0.0148
90 0.119 71 5.89 1395 0.0138
110 0. 146 78 6.51 1705 0.0125
130 0.172 90 7. 47 2010 0.0120
150 0.198 100 8.29 2320 0.0116
180 0.238 113 9.37 2790 0.0109
210 0.278 130 10.80 3250 0.0108
235 0.311 141 11.70 3640 0.0105
260 0. 344 150 12.45 4070 0.0101
285 0. 377 ¢ 160 15.25 4410 0.0098
%10 0.410 170 14,05 4800 0.0095
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APPENDTX 3%

1. Average Coefficients for Billets

(a) Billet diameter = 3.5 cm

Ferricysnide concentration = 0.00984 N

Flow rate Solution Limiting hy
g.p.h. temperature °C | Current mA . pm/s
20 25.3 15.6 1.99
26 255 17.0 2.16
31 25.3 18.3 2.33
36 25.5 20.4 2.59
4o 25.5 23.0 2.92
45 25.5 25.0 3.18
51 295 28.0 3.56
58. 25.3 304 3.87
63 25.3 33.0 4.19
70 25.5 36.5 L, 64
81 25.8 L0.1 511
90 25.8 Ll 2 5.62
98 25.8 47.5 6.0%
115 26.0 54.3 6.90
141 26.0 61.3 7.79
160 26.0 69.8 8.87
179 26.0 72.8 9.25
200 26.0 77.0 9.79
225 26.0 8. L 10.7
251 26.3% 96.5 12.3
278 26.3 103 13.1
295 26.3 107 15.6
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(b)

(e)

Billet diameter = 3.8 cm

Ferricyanide concentration = 0.1025 N

Flow rate Solution Limiting hy
gePohe temperature °C |Current mA pm/s
26 2h.5 25 2.79
45 25 30 %.36
57 2k.5 35 3.92
67 2h.5 38 4,26
80 2.5 L2 4.69
100 2h.5 515 5.77
120 24,5 60.5 6.77
140 2k.5 66.5 7.43
160 2k.5 7545 8.45
179 24.5 81 9.05
198 2k.5 89 9.95
220 2k.5 93 10.4
230 2h.5 9k 10.5
245 2h.5 95 10.6
270 24.5 103 11.5
208 24.5 112 12.5
305 2.5 115 12.9
Billet diameter = 5.1 cm

See Appendix 2
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(a)

Billet diameter = 5.7 cm

Ferricyanide concentration = 0.0100 N

Flow rate Solution Limiting h,
gep.h. temperature ©°C | Current mA um/s
20 2k.0 30 2.29
30 2k.5 43 3.26
Lo 24.0 50 3.84
55 2k.0 61 L.70
67 2h.5 Vi 5.42
77 2k.0 76 5.82
99 2k.0 90 6.88
121 4.0 102 7.80
153 24 .0 120 9.18
166 2.1 127 9.70
182 24 .1 133 10.2
198 2.1 139 10.6
223 2h.1 151 1155
245 2k.25 162 12.4
265 24.25 171 151
281 2425 177 1%.5
309 24.25 187 14.3

- 109 =




(e)

Billet diameter = 6.35 cnm

Ferricyanide concentration = 0.1074 N

Flow rate 1 Solution | Limiténg hy

gapah. temperature °C Current mA pm/s

18 23.5 39 2.50

26 23,5 ) 2.88

35 235 53 3.40

L3 235 60 285

50 23.75 67 4.30

59 23.75 E 72 4.61

66 23.75 79 5.07

76 23.75 | 85 5.4k

83 23.75 L9 5.84

92 23.75 | o7 6.21

E 100 23.75 {101 6.47

115 23,5 110 7.05
132 2%.5 _ 119 7.61

152 ; 23.5 131 8.39

170 i 23.75 t 140 8.97

190 | 23.75 151 9.68

| 204 | 23475 155 9.94
217 | 23.75 163 10.5
237 f 23.9 | 175 11.2
253 v g ! 189 12.1
266 % 23.9 19 12.5
283 i 2%.9 203 13.0
296 | 2%.9 210 155
308 } 2%.9 216 13.8
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2. Average Coefficients for Wall 1

(a) Billet diameter = 3.5 cm

Ferricyanide concentration = 0.00984% N

Limiting |

Flow rate Solution hy

g.p.h. temperature ©C |Current mA ' pm/s
22 26.25 Ll L 54
%) 26.25 57 59
L6 26.25 72 745
58 26.25 8l 8.70
68 26.25 ol 9.75
85 26.25 108 Tl
100 26.5 119 12.3
127 26.5 140 b
153 26,5 163 16.8
180 26.5 183 16.9
201 26.8 199 20.5
225 26.8 213 212
258 26.8 239 _ 2k
275 26.8 252 1 258
299 26.8 268 -

(b) Billet diameter = 3.8 cm
(1) Ferricyanide concentration = 0.700 N

Flow rate Solution Limiting hy
g.p.h. temperature ©C| Current mA! um/s
210 25.5 172 19:4
225 25.0 179 oo £ 47,8
240 25.0 184 f 18.2
253 25.0 . 190 l 18.9
270 2k.5 5 197 ; 19.6
285 24.5 ? 206 ‘ 20.3
300 2.5 217 R

H |
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(ii) TFerricyanide concentration = 0.01025 N

Flow rate Solution Limiting hy
B Palie temperature ©C | Current mA pm/s
180 24.5 145 15.1
200 2h.5 160 16.7
230 24.5 {7178 18.6
[
261 24.5 197 20.6
301 2k.5 | 219 22.9
|
(¢) Billet diameter = 5.1 cm
(i) Ferricyanide concentration = 0.0103 N
Flow rate Solution Limiting hy
g.p.he temperature ©C | Current mA wm/s
143 24.5 130 13.1
200 24.5 165 16.7
250 . 24.5 185 18.7
300 24.5 210 21.2
|
(ii) Ferricyanide concentration = 0.0108 N
Flow rate Solution i Limiting h,
g.p.h. temperature °C | Current mA /s
250 27.0 211 20.1
280 27.C 224 21.3
300 27.25 235 22.4

W




(a)

Billet diameter = 5.7 cm

Ferricyanide concentration = 0.0100 N

Flow rate Solution Limiting hy
g.p.h. temperature °C| Current mA pm/s
Sh 2k.9 76 7.66
81 2k.9 99 9.97
110 24.9 120 12.1
130 25.0 130 131
166 25.0 149 15.0
190 25.0 163 16.5
229 25.0 188 19.0
268 25.0 208 20.9
296 25.0 223 22.5
301 25.0 228 23.0
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(e)

Billet diameter = 6.35 cm

Ferricyanide concentration = 0.01074 N

Flow rate Solution Limiting h,
g+p.h. temperature °C| Current mA pm/s
50 2375 7k 6.98
58 23.75 82 7.23
67 23.9 90 8.4%
78 23.9 100 9.38
90 23.9 108 1041
101 23.9 116 10.9
110 23.9 121 1M1b
120 23.9 128 12.0
120 23.9 135 1257
140 23%.9 14 13.3
152 23.9 151 14,2
160 2%.9 157 14.8
175 2%.9 161 151
181 23.9 166 15.6
190 23.9 1“7 196 16.0
200 23.9 179 16.8
220 23.9 190 17.9
2h2 23.9 203 19.1
260 2349 216 20.3
278 2%.9 224 21
302 23.9 236 22.2
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N

Average Coefficients for Wall 2

(a) Billet diameter = 3.5 cm

Ferricyanide concentration = 0.00984 N

Flow rate Solution Limiting ‘ hy
g.p.h. temperature ©C |Current mA | pm/s
23 26.5 51 4.80
33 26.5 66 6.26
L5 26.5 81 7.28
61 26.8 100 j 9.50
71 26.8 1109 ; 10.3
85 26.8 120 ; 1.4
104 26.8 1%3 i 197
124 27.0 149 | 1.1
150 27.0 171 ! 16.2
175 27.0 192 18.3
203 27.0 217 20.6
229 27:0 232 | 22.1
2573 27.0 250 | 23.8
283 27.0 272 {0 25,0
305 27.0 285 | 26.6
(b) Billet diameter = 3.8 cm
(i) PFerricyanide concentration = 0.0100 N
Flow rate Solution Limiting ! h
g.p.he. temperature °C, Current mAi um?s
210 27.0 172 . 15.6
225 27.0 178 [ 16.2
240 26.5 181 ; 16.5
255 26.0 188 s
270 26.0 193 } 17.6
285 26.0 200 : 18.2
300 26.0 213 19.4

L




(ii)

(c)
(i)

(ii)

Ferricyanide concentration = 0.01025 N

Flow rate Solution Limiting hy
. BePahe temperature °C | Current mA um/s
148 2.5 134 1255
180 24.5 152 14.0
200 2h.5 159 14.6
230 2h.5 | 16k 15.0
268 2.5 | 173 15.9
201 2.5 185 17.0
Billet diameter = 5.1 cm
Ferricyanide concentration = 0.0103 N
Flow rate Solution | Limiting hy
g.P.he. temperature OCE Current mA pm/ s
160 24.5 | 137 12,4
205 2.5 | 152 13.8
250 24,5 | 172 15.6
|
300 2h.5 | 188 121
Ferricyanide concentration = 0.0108 N
Flow rate Solution Limiting | h,
geP.h. temperature °C ' Current mA, pm/s
' |
250 k.75 196 | 16.9
|
280 2k.75 | 210 17.9
302 25.0 230 19.6
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(d) Billet diameter = 5.7 cm

Ferricyanide concentration = 0.0100 N

Flow rate Solution Limiting hy
g.p.h. temperature °C | Current mA pm/s
S5 25.0 67 6.26
78 25.0 86 8.0k
104 25.0 108 10.1
132 = 25,0 125 1.7
170 25.1 153 4.3
190 25.1 170 15.9 ,
232 25.1 190 17.8 E
27k 251 219 20.5 E
290 25.1 232 216
300 25.1 240 22.5 ’

B



(e)

Billet diameter = 6.3%5 cm

Ferricyanide concentration = 0.01074 N

Flow rate Solution Limiting hp
. gepahe temperature °C| Current mA wm/s
L6 23.9 63 5.50
60 23.9 78 6.80
70 23.9 88 7.66
80 2%.9 111 9.67
9k 2%.9 115 10.0
103 2349 119 10.3
111 2%.9 124 1142
119 23.9 134 117
130 23.9 150 13.0
141 23.9 159 13.8
150 23%.9 165 144
162 23.9 170 14.8
172 24.0 179 15.6
181 24.0 186 16.2
190 2.0 190 16.5
200 2k.0 199 173
222 2.0 212 18.4
2h2 24 .1 227 19.8
263 24 .1 240 20.9
282 241 2Ly 215
303 2k .1 259 22.5
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4, Tocal Coefficients for Billets

In the results which follow the position of the test electrode is
given as the angular displacement (irn degrees) measured in a clockwise

direction from a position directly under the centre of the flue.

(a) Billet diameter = 3.8 cm
Run number (i) - [l
Flow rate g.p.h. 90 180
Ferricyanide
concentration N 0.01103 0.01103
Solution temp. °c , 26 26
|
Average mass transfer ‘
coefficient - pum/s i L, 74 j 7.70
Area of test
electrode ot 2.08 et | 2.08 crf
Position | Limiting current mA Position | Limiting current mA
(1) (ii) (i) (ii)
0 0.780 1.35 190 1.300 2.075
10 0.785 1.325 200 1.200 2.10
20 0.865 1.325 210 1.075 1.825
20 0.880 1.375 220 1.025 1.70
Lo 0.915 1.60 230 1.000 1.60
50 1.025 1.625 2Lo 1.000 1.60
60 1.050 1.70 250 0.973 1.60
70 1.050 1.65 260 0.950 1.60
8o 1.050 1.70 270 0.925 1.50
90 1.075 1.60 280 0.875 1.475
100 1.050 1.675 290 0.925 1.425
110 1.075 1.75 300 1.000 1.55
120 1.100 1.875 310 1.050 1.60
130 1.250 2.00 320 1.100 1.575
140 1.250 2.10 330 1.100 1.65
150 1.300 2.10 340 1.100 1.65
160 1.400 2.20 350 0.950 1.50
170 1.500 2.35 355 0.825 1.425
180 1.425 2:55 360 0.780 1435
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(b) Billet diameter = 5.1 cm
Run number (i) (idi) (iidi)
low rate 90 | 180 270
Ferricyanide concentration N 0.0091% | 0.00913% | 0.00991
Solution temperature ©C 25.0 25.0 | 24,5
Average mass transfer '
coefficient pm/s 5.67 10.32 | th.6
Area of test electrode crf 2.22 2el2 2.22
| |
Position | Limiting current mA Position | Limiting current mA
(i) (3i) = i) (i) 00 S E N
0 0.85 1.60 @ 2:05 190 1:55 245 3.90
10 0.95 1.70 2.45 200 | 135 2415 355
20 .35 2.40 3.70 | 210 [ 1.10. 1.96: 3.05
30 1.45 2.60 3.25 ? | 220 1.075 1.85 3.00
4o 1.55 2.60 3.5 || 230 | 1.075 1.80 2.95
50 1.65 2.65 3.50 || 2bo 1,10 . 1.70 2.90
60 1.60 2.70 3.45 5 250 || 0.95  1.65 2.90
70 150 2:50 3.0 || 260 | 0.875 1.45 2.45
80 1.20 2.25 . 3.00 Z 270 | 0.70 1.15 2.05
90 1.10  1.95 2.85 i 280 | 0.60 1.25 1.95
100 1s00 1.95 2.80 } 290 i G250 Teho 22
110 1.025 1.95 2.90 i 300 | 1.00  1.95 2.55
120 1405 ~ 2.00 2.95. | | 310 | 115 2.05 . 2.75
130 le2h - 2:20 3.0 320 [ 14925 2.40 32,50
140 135 245 3.40 330 | 1.55 2.65 3.55
150 1.525 2.90 3.9 | 340 f 1.50 2.45 3.20
160 1,720 3.25 4.40 1, 350 ; 3,05  1.65 2,25
170 1.70  3.20 h.75 | 360 | 0.85 1.60 2,05
180 160 « 3,00 4,35
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(¢) Billet diameter = 6.35 cm

Run number (i) (ii) (iii)
Flow rate g.p.h. 90 | 180 270
Ferricyanide concentration N 0.010%5 | 0.01018 | 0.01018
Solution temperature ue 25 [ 295 25
Average mass transfer :
coefficient pm/s N2 9.5 16.5
Area of test electrode cm? 2.14 2.19 2.19
Position| Limiting current mA Position Limiting current mA
(i) (£  (iid) (i) (1) - (484)
0 1325 2,00 ' 3.85 190 2300 525 8.70
10 1.60 2.45 4.20 200 1.925 2.90 4.85
20 1.975 2.90 4.80 210 1.775 2.45 = 4.30
30 1.90 2.65 L4.bo 220 175 235 420
Lo 1.875 '2.65 4.25 230 175 2400 4.70
50 1.80 2.40 L4.00 2ko | 1.70 2.40 L5
60 1.75. 52,25 55 250 ! 1.575 2.40 4.35
70 1.55 2.10 3.45 260 4 140 1.95 3.45
80 1.425 2.00 3.25 270 | .88l 138 2015
90 1.325 1.7 .2.970 280 f Q.80 425 - .2.70
100 1.20 .60 2.55 290 } 0:890  “A.85° 310
110 120 160 - 2.50 300 : 0.875 1.60 « 3.70
120 115 1.55  2.45 310 | .45 2.20 higD
130 1.20 75 2.80 320 ! 175 3.05 h.80
140 1.425 1.90 3.25 320 | 2.30 3.55 6.45
150 1.75 2.79 4.50 340 ; 2.35 3.70 6.9
160 2.10 340 5,70 350 b .40 2.50 495
170 2.40 3.60 6.25 360 i 1325 280 3.65
180 2.425 3,55 6.20 =
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