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This thesis shows how a combination of physical ané@ mathematical 

modelling can be used to predict the thermal performance of 

tangentially fired rapid billet heating furnaces. The experimental work 

involves the measurement of mass transfer coefficients in an isothermal 

scele wodel of the furnace using a technique based on the measurement 

of the Limiting diffusion controlled current during the electrolysis 

of en alkaline solution of potassiwn ferri- and ferrocyanide. 

Convective heat transfer coefficients are obtained from the mass 

transfer measurements via the Chilton-Colburn analogy. These 

coefficients 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 ito forging temperature of cylindrical copper and aluminiwn 

billets and comparing these with results obtained in an actual prototype 

furnace. Mathematical models are then used to 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 situations in which the heat flux to the load surface is not 

uniform.
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INTRODUCTION 

This thesis deals with the use of a mass transfer modelling technique for 

the evaluation of convective heat transfer coefficients in a furnace and 

the prediction of furnace performance from these results. In the context 

of the thesis the furnace is taken as being a device for transferring 

enthalpy from the products of combustion of a hydrocarbon fuel to a load. 

The techniques described have application to most types of furnaces and 

also 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 a 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 

preperties at a cost as lew 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 task of the furnace 

designer is to optimise the design so that the relative importance of 

these criteria are taken 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 

simple radiation 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 role. In these circumstances it is 

essential that the effect of furnace design on convective heat transfer 

coefficients be known and te this end inodel techniques have been 

developed at the Midlands Research Station. 

In conventional furnaces, the processes of combustion and heat 

transfer occur simultaneously within the furnace chamber and tne heat 

transfer is principally by radiation. For 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 risk of 

overheating the stock in the event of a shutdowm. However, these 

disadvantages 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 designed 

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 
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heating cylindrical billets. Combustion products are forced round the 

circumference of the billet in a furnace chamber which is roughly 

cylindrical and coaxial with the billet. The design and perfoimance 

of the furnace has been described hy Lawrence and Spittle’ and also 

by Francis and Oeppen*. 

In any furnace, heat is transferred to the load by direct 

radiation and convection from the flame and hot combustion products and 

by indirect radiation via. reflection and reradiation from the refractory 

roof and walls. When burning gascous fuels in conventional furnaces the 

predominant heat transfer mechanism is non-luminous gas radiation 

whereas the flames from heavier fuel oils contain incandescent soot 

particles and contribute luminous radiation. Consequently these modes 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 dioxide and each 

of these gases absorbs and radiates in 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 process has been studied chiefly by 

Hottel and his co-workers at the Massachusetts Institute of Technology 

and the results of their researches are 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 miying of 

air and fuel and consequently 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 js



complete and No carbon is formed so that radiuticn 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 conventional 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 2 rectangular box type 

furnace. In 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 products 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 

by Fishenden and Saunders*®, but there appears to be no report in the 

literature of a comparison between the Trinks equation and an actual 

furnace investigation. 

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



that convective deta obtained from systems other than furnaces may be 

directly applied. These 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 be used. Such a case is illustrated by the single cell furnace 

considered in this thesis. The use of pilot plant to obtain the 

required 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 1: 

  

ited 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 

the information from mass transfer experiments in small scale 

isothermal 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 

heat transfer coefficients are 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 purpose. These are 

the sublimation of naphthalene intc 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 to small areas on these surfaces. The electrolytic 

technique is particularly suited to the measurement of local 

coefficients to the billet in the single cell furnace and the use of the 

technique to obtain both average ard local coefficients in this case is 

described in detail in this thesis. Although the heat end 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 

small scale convective heat transfer experiments have also been carried 

out 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 change with temperature. 

The combined effects of radiation, convection and conduction and 

their dependence on furnace design is complex. Fortunately in the case 

of rapid heating furnaces several simplifications can be made. Firstly, 

combustion is completed within the burner tunnel so that it can be ignored 

in the heat transfer calculations. Secondly, assumptions 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 

3 stirred furnace’ assumption presented by Hottel in his Melchett Lecture 

of 1960''. Hottel's work allows the radiative interchange between the 
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eenbustion products, the load and the refractory walls to be calculated 

for this case. The analysis presented in this thesis is a refinement of 

Hottel's in that a more realistic assessment is made of convection, also 

transient conditions in the furnace system are taken into 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 transfer analogy and its limitations are discussed and this is 

followed by practical details of the experimental techniques. The 

experimental measurements are ihen preseited and discussed. The mass 

transfer results are incorporated into a mathematical model from 

which heating times to extrusion temperature of cylinérival aluminium and 

copper billets are predicted and compared with results previously 

obtained in an actual prototype 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 

mess input rate 

molecular weight of naphthalene 

a Ole 

(m*) 

(m) 

(kg/m?) 

(md/m?) 

(S/m?(st)) 

(J/kg) 

(m/s) 

(m) 

(v) 

(C/kg-equiv) 

(3) 

(W/m *K) 

(i/m ?K) 

(m/s) 

(J/m?(st)) 

(A) 

(m) 

(J/kg mole) 

(m) 

(kg/s)
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a 
w 

Sc 

Sh 

mass flux (kg/m?s) 

Nusselt number = hL/) as 

number of burners in furnace ~ 

volume of combustion products per volume of 
gas burnt 

Prandtl number = Cow = 

} 

vapour pressure (N/m *) 

volume flow rate of combustion products @ 4(st)/s) 

volume flow rate of iuel] (m?(st)/s) 

heat flux (W/m?) 

gas constant (d/kg mol K) 

volume of air per volume of gas burnt 

Reynolds number = Lp 

w 

radius (m) 

scale factor es 

  

  

Schmidt number = yw 2 

pb, 

Sherwood number = h,L = 

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 =



w = naphthalene weight loss (ke/s) 

Xs = cortesian co-ordinates (m) 

a = thermal diffusivity = _A_ (m?/s) 

9c, 

6 = time or position increment 

o5 = concentration boundary layer thickness (m) 

6, = temperature boundary layer thickness (m) 

€ = emissivity - 

Xr = thermal conductivity (W/mK ) 

u = viscosity ‘ (Ns/m?) 

° = density (kg/m?) 

o = Stefan-Boltzmann constant (W/m 2K *) 

T = time (s) 

8 = angular position (-) 

wo = thickness of refractory wall (m) 

gb = heat transfer rate (Ww) 

A ce ecu 

3B c burner 
> = billet surface 

F = furnace 

t = combustion products at flame temperature 

einer = end of soak period 

Vise = flue gases 

- = combustion products in furnace chamber 

” = model 

a = mean 

A = bulk 

= surface 
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soak 

superscript 

* 

beginning of scak period 

wall surface 

dimensionless quantity 

reference conditions



1. FURNACE MODELLING 

The purpose of modelling is to permit conditions inside existing or 

projected equipment to be predicted by carrying out experiments 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 of 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 equations. 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 equations 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 groun is 

the same in both systems. The most important features of the prototype 

may frequently be adequately modelled if only one 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 define geometric, kinematic, dynamic and thermal similarity. 

   
1.1.1 Geometric Similarity 

This implies that every linear dimension of the model bears the 

same ratio to the corresponding dimension of the prototype. Although 

geometric similarity can be maintained for studies of non compressible 

luid dynamics in isothermal systems, 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. 

1.1.2 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. 

Any = App © 
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ae 
(4.1) ls 

F 

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

of the furnace. The height of the directly scaled burners in the model 

have therefore been reduced by the ratio Tp Tape 

1.1.3 Dynamic Similarity 

Dynamic similarity requires that the force ratios causing 

acceleration of masses 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 

model are maintained constant. In a furnace containing radiation 

absorbing combustion products the combined processes of radiation, convection 

and conduction cannot be modelled correctly and thermal similarity cannot 

be obtained. This is one of the reasons why the combination of 

mathemetical and mass transfer modelling which is described later is 

important. 

4.2 The Heat and Mass Transfer Analogy 

  

  

1.2.1 Derivation from Differential Equations 

The basic differential equations governing the convective diffusion 

of heat and macs are similar. In steady flow and in the absence of 

chemical reaction and internal generation of heat these simplify to the 

following: 

for heat transfer : G, pt. VI=\A VT oeeme WC4e2) 

_ for mass transfer : dove a Dy VC siswee (105) 

These equations may be made dimensioniess by first defining arbitrary 

reference quantities U° 1° L and C’ and dimensionless variables 

te tw, T* = T/P’, y* = y/L and C* = C/C°. Then for heat transfer : 

vibe ies Ve me 
oot i eas As z eeeee (1.4) 

and for mass transfer : 

ot : Cnbgee Lemar Dh gece weese (105) 
L 

aA



G, pu" v° 

  

  

    

Dividing (1.4) by 2f ana (1.5) by _ we obtain : 
L L 

t+. ve - vr passa (its6) 
>. Re Pr. 

and 

etiVeea eS) * Us sce ey c Wiessns Cs2) 

41 a 
where See 

Re Pr a 

and 

4 2G 
Re Sc ss UL 

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 

of geometric, kinematic and dynamic similarity 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., 

  

  

9 or “9 3 Bae -»(%) = h (@, - 7) es eB) 

and 

Nexeea (3) oor eG, scone (1.9) 

or in dimensionless form: 

pa =) = (1 -%,*) coeee (1.10) 
nL \dy*/, 
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and 

  

Dy es a ee setae (aeait) 
hob \oy*) 

Then under conditions of similarity : 

  hE _ hol Dene enced) 
d Dy : 

ise. Na = Sh cease 1e1>)   

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 vatid.. However in any 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 it is reasonable to assume that they will be similar ar 

may be given by the general polynomials 

  

  

ge 1 * oe y* yz (5 Y eee ae i or a (ee) ay) Ga) + 0 ae ’ eee ten (jets) 

and 

oS ea (2) PSD ea) ee a) arene acd 5) 

where 6,* is the dimensionless temperature boundary iayer thickness which 

is a function of Pr, Re and perhaps x* and 2, and 6, * is the dimensionless 

concentration boundary layer thickness which is similarily a function of 

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

obtain, 

  

+ OT* a(1 - 7, *) (act a(i - ¢,*) = and (=z) = : (*) Gey eee *) oF 

  
~ 6 -



substituting into (1.10) and (1.11) and eliminating a, 

Ih 6,* Ih, 87 (ae a Seren (4207) 
x Dy 

  

dividing by the Reynolds number pU°L/y 

  

h Somers 8. dbo. 8s e+ (1.18) 
pu°’c, U 

or 

h = 
neo, Prif(Pr, Re, x*, 2*) = yr Scef(Sc, Re, x*, 2*) -.--- (1.19) 

Pp 

and under geometric and dynamic similarity 

h Pr.f(Pr) as Sc.f (Sc) moceecdern) 
3 a pU°C, u 

4 

It will be shown in the next section that we may write f(Pr) = Pr 

  

4 
and f(Sc) = S¢c* then 

h 2 By 2 . ¢ 
Pr? = — &*% =j woene (leet) 2 

pu"C, 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 one third power dependence of §,* and 6,* on Pr and Sc. 

The first three of these conditions have already been discussed in the 

: er ee section. The fourth condition implies that the type of 

i 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 is 

ie =



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 nunibers to be included 

in the j factors can only be detemained 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 om some physical insight into the 

transfer mechanisms. 

In laminar bourdary layer flow similarity solutions to the 

differential equations can be obtained in some simple cases. The 

procedure is based on recognising that profiles of velocity, and also 

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 Kays’® and 

Schlichting'’ amongst others. As an example Kays gives the following 

equation for laminar flow over a flat plate. 

st Pr? = £ (Re) cocee (1.22) 

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 4 

St Pr® = 0.332 Re * wewsen 52>) 

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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eddy viscosity. The equations were solved numevically 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 steepens from 

-0.5 to-0.75 as Pr or Sc increases. However the average slope over a wide 

range of Reynolds numbers is - } so that we may write once again 

2 

St Pr* = f (Re) soose (1.24) 

Turbulent boundary layers have also been analysed by application of 

analogies based on some physical insight into the transfer mechanisms. 

The simplest of these is the Reynolds analogy which has already been 

deduced theoretically. However this method assumes a turbulent boundary 

layer right up to the wall which is not the case in practice. Prandtl’? 

and Taylor ° modified the analysis by taking into account a laminar 

sublayer in which turbulent transfer is negligible. Von Karman? 1 

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 ‘the details can be found in Kays and Schlichting enon eet other 

text books. For example for heat transfer to a flat plate the 

Von Karman analogy leads to 

aus 3 Re Pr ©,’ sense: (1.25) 

145 JG! {(Pr-1) +In [1 te (Pr-1)] } 

This equation together with simiiar ones derived from other analogies 

have been plotted as Nu/# Re Pr C,’ against Pr by Schlichting. The 

curves can be approximated with good accuracy near Pr = 1 by 

Nu 

3,’ RePr 

2 
5   = Pr soawer4s20) 

2 
or StPr? ‘ 

u ne
s 

fg
 . peewee (1627) 
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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 have 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 2 
St roe hp Se 3 

ye 
sawee (128) 

or this reason the heat and mass transfer analogy expressed in this 

form is often referred to as the Chilton-Colburn analogy. Experimental 

data since 1934 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 i 

worthwhile to confirm the analogy.2xperimentally 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 

measurements. 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 heat 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 point are introduced. Similar solutions to the differential



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 isothermal and of 

course heat transfer systems involve large temverature differences this 

requirement is never fulfillea@. 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 experimental 

data. The calculations which are described later in this thesis use 

viscosities and Prandtl numbers evaluated at the mean film temperature 

De tet 
== 8nd the fluid specific heat evaluated from 

Catt 0) Sa =) /6, seeee (4.29) 

1.2.4 Application of the Heat and Mass Transfer Analogy 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 

difficult 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: 

uy oe hr Sin swiss (16.50) 

similarily equating j factors in furnace and model gives 

2 

Le es ' hoe 6 Sc \ 
uy = } Pm S Bp reves (1.31) 
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In some cases the furnace and model are such that the correct velocity and 

length are known and therefore Reynolds numbers end 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 procedvre was found to be 

possible and the method of correlation 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. Water systems are chanetterined 

by high Schmidt numbers whilst the air systems have low Schnuidt numbers. 

The water flow systems can be further subdivided into those involving 

solid dissolution and those involving an electrolytic reaction. 

The main requirements of a solid dissolution system are that the 

dissolution is sufficiently large so that the mass transfer rate can be 

measured by weight ioss or profilometric 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 significant 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 ferrocyanide ions at a nickel electrode. 

The systems in which air is used 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 paradichlorobenzene. 

At the Gas Council Midlands Research Station two maces transfer 

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



sublimation of naphthalene into air and the reduction of the ferricyanide 

jon at a nickel electrode. This thesis is concerned with the second of 

these methods. For the sake of completeness, however, the naphthalene 

technique is described briefly in the following section since the 

discussion of the work must inevitably include results from both 

techniques. 

oe



2. EXPERIMENTAL TECHNIQUES 

2.1 Description of Models 

& cross-section of the prototype single cell rapid billet heating 

furnace is shown in Figure 2.1 The furnace chamber is 76.2 cm long and 

25.4 com in diameter with refractory walls about 12.5 cm average thickness. 

It is fired tangentially along the whole of its length with high intensity 

tunnel burners, the tunnels of which are supported every 12.5 cm. The 

combustion products leave by four 5 cm x 11.4 cm flues along the top of 

the furnace. 

Models of the furnace were constructed from 0.64 cm thick perspex, 

all dimensions being scaled by 9.35 except the turner slot height which 

was further reduced to 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 models of the complete furnace. Dimensions of the furnace and 

of the models used are shown in Table 2.1. 
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FIG. 2.1. SINGLE CELL BILLET HEATING FURNACE 

 



fable 2.1 

Dimensions of Models and Furna ee ee Se ae:     

  

  

Dimension Electrolytic Naphthalene Heated Billet Furnace 

Section Model ‘Seetion Model Fal. Yodel Section Model 

Peicnetert cm 8.9 8.9 8.9 8.9 25.4 

length, cm 7.6 2.6 26.7 7.6 16.2 

burner slot 
height, cm 0.47 0.47 0.47 0.47 1.59 

burner length, 

em = 6.35 6.35 22.0 6.35 62.9 

total flue area, 

cn? 8.4 8.4 28.3 8.1 232.3 

billet diameter 

Ce a _ 5 2.9 8.3 

3.5 - - - 10.9 

3.8 3.8 3.8 3.8 10.9 

- WANS - 4 hs 12.6 

5-1 Seb 5-1 5-1 44.5 

5-7 5-7 = "3 16.3 

46.35 6.35 6.35 2 18.4 
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2.2 Mass Transfer Measurements using the Electrolytic Technigue 
  

The measurement of mass transfer coefficients using an electrolytic 

technique has been used extensively. The method consists of measuring 

the current flowing through the external circuit between a test electrode 

end a second electrode under conditions in which the current is 

controlied by the rate at which reacting ions can diffuse to the surface 

of the test electrode. 

2.2.1 ‘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. 

However in the presence of a large concentration of an indifferent strong 

electrolyte the electrical potential in the buik of the fluid is 

practically 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 = Afrin, (c, - ¢,) seeee (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 conzentration 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 pC, soees (2.2) 

and the mass trensfer coefficient is therefore. 

a [es eos) 
avo 

The several ionic species present in an aqueous solution 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 

mi Pb i=



which any other reactions can occur. Several reactions fulfill these 

conditions and have been applied to mass transfer measurenents. The 

most widely used of these are the reduction of the ferricyanide ion?* 

and the oxidation of the ferrocyanide ion®’ both in alkaline solution 

and the deposition of copper from acidic copper sulphate®® , amongst 

others®”. 

For the present work the reduction of the ferricyanide ion from 

  

a solution of potassium ferri- and ferrocyanide in sodium hydroxide has 

been used, The standard electrode potentials for the likely cathode 

reactions of this solution are 

Fe (CN,?" + e 4 Fe (CN,) HP = 0.356 V ..... (2.4) 

ut +e + 2H. B,o = 0.000V ..... (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 

2; 

EB, = 9101350 =. 01059 109 (SE) ZT Ogee Veet.) (216) 

iB 1 
fe ae ter een? 19q(7>« ) = AOrSsny meee (2.2) 

The favoured electrode reaction is therefore the reduction of the 

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 

demonstrated by calculating the polarisation when the concentration of 

reacting ion has fallen to 1% of the bulk value. The electrode 

potential is then: 

ieee o2v 
By = 0.356 - 0.059 tgg(S:37 2-0-7) . cage V . (218) 
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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 therefore 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 is 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 is 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 oxidation 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 to the 

diffusion of the reacting ions 

= 20 =



doe Pooks Cola) = Be Ue, = C2) seeee (2.9) 

where the subscripts 1 and 2 refer to the ferri~ and ferrocyanide ions 

respectively. 

Under the experimental conditions concerned 

oer = Myye 1 Ap we Al y Cyn = 2 Og 

then Cy, - Cyr = 2 Cy, ~ Cie seeee (2.10) 

When the current is controlled by diffusion to the cathode Coa 20 

and C,,2 = Ope 

Thus there is always a large concentration 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 potentiometer. 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) 

Ce veern(e. 11) 3ct 
ayer 

i oe 
of AEE ae 

  

and Cy. = © secee (2.12) 

similarly for the product ions: 

i Cope = Oya ‘irae wosse) (2.15) 

i 
end Coe = Sor ay eepene eet) 

The liwiting diffusion controlled currents at the cathode and anode were 
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first measured and it was thus found that: 

A, fF hyo, = 8.0 A m?/kg-ion +. c pies)   

and A,f¥ h,,, = 19.0 A m?/kg-ion oeeee (2.16) 

The mass transfer coefficients for the ferrocyanide ion will not be equal 

to these values because diffusivities of the two ions are different. But 

it is assumed that the mass transfer j factors are the same, then for the 

    

cathode: 

hoes ((Sc,)*? = yoo (See) (2.17) 

. Dyo \ #4 8) Penh = eS Veews | (2s10) pe = yet Dy / 

From the Nernst equation*® 

Dye he 110 
a = —_— = — Ca % Dy 1G Tot wecne (2019) 

ss Byee = 106 bys ceees (2,20) 

and similarly hh,2 = 1.06 h,,* seese (2.21) 

Then substituting into equations (2.11) to (2.15 

Gey = 10% (1-355) ke-don/n? eeeen(2. 28) 

= Q el , Cig = 108" (2 = oa kg-ions/mn? esas (C225) 

Cee = 10% (24 ghz) keg-ions/n® (2.24) 

Cran ae (1 +15°9) kg-ions/m? (2.25) 

  

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 applied 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 drops, and 

is accompanied by a corresponding rise in the ferrocyanide concentration. 

At the anode the corresponding changes in ion concentrations are much iess, 
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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 number of the electrolyte. 

(a)_Density 

Providing there is no volume change on 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 te 1.04 x 10? kg/m? and this 

value was checked using an hydrometer. 

(b)_ Viscosity 

A Cannon-Fenske viscometer was used to determine the relative 

viscosity of the solution which was found to be 1.24 at 25°C. 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 Kyring'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 

Dye “a =) 2-b2 x 10°77 N/K 

ot



Table 2.2 - Comparison of values for Dp/T for ferricyanide ion 

  

  

Ref. Tem. Viscosity Na OH conc ky Fe(CN),¢ conc Diffusivity of DWT Method of 
(°C) (cP) (kg-mols/m ) (kg~mols/m* Fe(CN)Z = ion (10 7 n/°K) calculating diffusivity 

(10 *° ne 7s) 

24 (k) 2867 0.915 O25 0.01 8.80 2.67 Nernst Equation (Ref 28) 

2h (a) 25 1.537 2.04 0.01891-0.0199 4.54 2.34 « CR 2a) 

2k (a) 25.7 4.517 2.04 0.0196 4.64 2.33 - (Reb 29) 
15 29 1.419 2.03 0.0192 52k 2.50 Anderson and Saddington 

(capillary method) 

24 (a) 25 1,36 20 0.0525 5.80 2.65 Stackelberg and Cottrell 
(redox method) 

: 24 (t) 25 1653 1.9 - 5-15 2.30 - 

24 (t) 25 1.35 1.9 - 5.65 .52 (Ref. 24 (a)) 

24 (q) 25 4.418 2.14 0.0111 Sed 2.43 - 

24 (q) 25 10448 2.25 0.0122 5.22 2.59 - 

2k (c) 18-25.7 10522=127859 1.964—2.058 0.0102=.1930 419-5381 2.55 (Ref. 29) 

30 25-418 02717-14740 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 - 6.84 2.52 + 0.1 Levich Equation 

30 25-40.7 12045-1502 2.0 0.0004—0. 1005 503-7263 2.54 + 0.13 Levich Equations 

24 (m) 25 0.9735 O25 0.025 70 2.30 (nee fin)) 

 



2.2.3 Experimental 

(a) Measurement of Average 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 perspex and smoothed flush with the surface. The perspex 

surface was then softened with solvent and sprayed with silver paste. 

When the solvents had avaporated off a thin layer of silver remained which 

acted as a 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 been assembled each 

surface was activated by using it as a cathode during electrolysis of 

sodium hyéroxide. To facilitate this an additional electrode was plated 

on the side wall of the model and used as the anode. Hydrogen 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 

concentration of the final solution was checked by measuring the light 

absorption through a standard cell at a wave length 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 pressure maintained in the tank. Light 

moos



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 itodel hed to be 

dismantled to change, for example, 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 mass transfer to the 

billet was being measured the billet was made the cathode and the walis 

the anode of the circuit, the polarity being reversed when mass 

transfer to the walls was investigated. The voltage applied across the 

cell was gradually increased end the corresponding current noted 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 models the 

limiting current to the billet aud 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 was 

separated by about 1mm on each side from the nickel plating covering 

the remaining 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 circuits as shown in Figure 2.6 were used for the 

two billet electrodes and these were joined 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 test electrode could be set in any 

SB.
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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 

electrode was in the desired position. The electrode potentials at 

both the guard and test electrodes were increased until limiting 

diffusicn controlled conditions were reached and then both currents were 

measured. The billet was rotated matil 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 

electrode since it was found that diffusion controlled conditions could 

be maintained comparatively easily whilst the billet was rotated. At 

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. 

BD



2.3 Mass Transfer Measurements using the Naphthalene Sublimation Technique 
  

A full description of this technique and its application to the 

single cell furnace has been given by Galsworthy**. For the sake of 

completeness a brief summary of the important aspects of this method will, 

jowever, be given here. In the techniaue, surfaces of the model 

corresponding to the heat transfer surfaces of the furnace are coated with 

naphthalene and air passed through the model to simulate the flow of 

combustion products in the furnace. The resulting weight losses from the 

naphthelene surfaces are used to obtain the average mass transfer 

coefficients for each surface using the equation: 

= nce (BBS) 
> = Ap NA h 

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 

wsymmetrical 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 account in the mass balance and naphthalene partial 

pressures in different parts of the model calculated. 

The vapour pressure at the naphthulene surface is the saturated 

vapour pressure which, according to Sherwood and Bryant”, is given by 

the equation:



Logag BP, = = Sere + 8.67 eae Cane) 

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 be 

calculated using the analogy between heat and mass transfer if it is 

assumed that the heat required for sublimation is obtained from the air 

by convection through the »oundary layer. Ther a heat balance gives: 

a a) = BMD, =) pis tees) 5 

applying the analogy to eliminate the transfer coefficients 

Dey % é 
je) (p, - 2) vaeen 2207 F d= 

. Cl pk 
  @, -2 

& 

from the Clapeyron Clausius equation 

din p ly = - R eo eer eee emO)) 

7 / 

then from equation (2.27) 

ly = 6777 R In 10 coos (2051) 

finally substituting into (2.29) 

6777 In 10 (Pr\?? 
(t C, pT, Se / -1,) = (p, - P,) ssees (2552) ° 

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 0.035°C 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 two main assumptions: 

<7 a



te The existence of geometric, kinematic and dynamic 

similarity between the furnace and model. 

2. Under these conditions of similarity the dimensionless 

j factors for heat and mass transfer are equal. 

The second of these assumptions has been tested by carrying out 

heat transfer measurements in an identical model as that used for the 

naphthalene and electrolytic experiments. The model used was of a 

21.7 cm long section of the furnace. 

2.4.1 Experimental Technique 

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 tne 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 electrical 

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 until 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: 

Power dissipated = hA (T, - T,) eocomceesa)   

where T, is the surface temperature of the billet obtained from the 

resistance 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 burner 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: 

f= 2 — ely wes (eco) 
2-e 

This procedure is analogous to that for calculating the average 

concentration of naphthalene in the circulating air stream when using 

the naphthalene sublimation technique. In beth cases, however, the 

temperature or concentration driving force is fairly insensitive to 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 equation (2.33) indicates 

that a plot of the temperature difference (T, - T,) against the power 

dissipated should be a straight line through the origin. 

Experimental results for a 4.45 em 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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ELATION OF RESULTS 

Convective heat transfer coefficients can be derived directly from 

mass transfer measurenents as described in section 1.2.4. Generally heat 

transfer coefficients in a furnace are required over a range of thermal 

inputs and it is therefore necessary to carry out mass transfer experiments 

over 8 sorrespondir.g 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 is such that a simple expression can be found that will correlate 

all the results over a wide range of flow 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 that 

coefficients at the walls were higher than at the billets. % 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: 

vy, = ke (y <2 < x) cooee (3.1) 

where 

iclgie= qotin 
7 Gene wesc. (Fae) 

vy 4 »’ 

and Vay = (ue) f v,-ar ate hee! 

Ty 

Under conditions of solid body rotation it would seem reasonable 

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

AO



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 

Sh = a Re” go°"?3 Beeson) 

which on rearrangement gives 

j 3 a ReCO) eter C5e5) 

Mass transfer coefficients at the walls of the model could be correlated 

in a similar manner using the wall radius and the velocity close to the 

wall. 

The correlation of results on the basis of solid body tion 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 velocities 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 furnaces 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 cell furnace high convective heat transfer coefficients 

and uniform heat fluxes are achieved by promotion of high mass cirezlation 
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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 circulation would largely determine the convection in the 

system. As a consequence, in addition to the mass transfer experiments 

@ programme of flow visualisation was undertaken to obtain both qualitative 

and quantitative information. later this work was backed up by a limited 

number of measurements taken using a vitot tube in a full size model. 

3.2.1 Flow ualisation 

The flow in the furnace model has been visualised using polystyrene beads 

  

as tracer. The flow patterns were recorded on ciné film set 750 to 2000 

frames per second with a spark time marker 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, 

C,, defined by the ratio of the circulating mass flow through any cross 

section of the furnace chamber to the total mass input rate to the 

furnace. Then for a constant density fluid 

Vawter Ty yl 
2 wees (3.6) Cre 

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 

v, "= i eeecen (San) 

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

rotation becomes: 

UV. * = mec rece GeO) 
(ry + xy) 

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

is given by: 
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The flow in the single cell furnace is complicated by the single flue 

whose 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 measuremn¢ 

  

ts which have already been described result 

in mass transfer 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, a, Q py cn vet Sara (a1) 
2 1y by by 

and 5 : byl, Se > fe obec eee Cana) 
VE ce 

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 

E dy Qi Pe Cn Vet G ) 
fe, = ewan, on aN 4 eeeee (3212. 

hy, Dyly So 
b es = sete (3.13) 

Vit Cn & 

" 

for wall 2 

aq & Pu Cn We 
=. h Re, 21, by by oocee (3.14)



2 
= 

5. h, 3 ae pe by In Sc 
teens (3.45) 

Vy 2 Cn Ge 

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 differ 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. Firstiy several areas of nearly stagnant 

flow were 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 undisturbed 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. 

3.2.2 Pitot tube measurements 

Tangential velocities were measured for cold air flowing through a full 

size model of the furnace tine a 2mm diameter pitot - static tube. 

The measurements were taken at different, radial positions between the 

billet and the walls at four stations round the circumference and at two 
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Table 3.1 

Flow Visualisation Results for the Prototype Single Cell Furnace 

  

  

Model Billet Diameter, cm Cy Vt Ve V¥ yo e 

3.80 4044 0.532 1.36 1.54 0.75 

44S 1.31 0.572 1.28 4.47 0.77 

oot 4219 0.630 1624 4.42 0.79 

Be. 4505 0.714 145) 1.37 0.81 

6.35 0.88 0.852 1.08 4.36 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 am /s of air through each burner are shown in figures 3.1 and 

S22. 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 3.3). 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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Fig. 3.1 Pikot tube measurements (in line with flue) 

  
Fig. 3.2 Pitot tube measurements (between flues)
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In this chapter the results of the experimental measurements 

described previously are presented. The average coefficients obtained 

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 

a 4?
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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 4.2, 4.4, and 

4.5 a common line is shown which represents the equation: 

j= 0.207Re7038 cnt EAD) 

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 clearer comparison can be obtained if the results for one 

billet size obtained from the three techniques are shown plotted 

together as in figure 4.6. 

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 diagram, 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 rece 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 em radial distance represents 

1.9 x 10°” W/s) 
(1) Flow rate = 0.119 kg/s 

(2) = 0.238 kg/s 

(3) Flow cate = 0.358 xg/s 

 



  
Fig. 4.8 Relative mass transfer coefficients for a 5.1 cm 

diameter billet (the average coefficient is 
represented by a radial distance of 6.25 em) 

(1) Flow rate = 0.119 kg/s 

(2) Flow rate = 0.238 kg/s 

(3) Flow rate = 0.358 kg/s
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Fig. 4.9 Relative mass trausfer coefficients for a 3.8 cm 

diameter billet (the sverage coefficient is represented 

by a racial distance of 7.3 cm).



  
Fig. 4.10 Relative mass transfer ccefficients for a 6.35 cm 

diameter billet (the average coefficient is 

  represented by a radial distance of 7.3 cm).



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 physical 

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 earch run but 

which differed by 2 or 39 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 technique. 

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 uncertain conduction losses and by the difficulty of obtaining 

steady state conditions. Both of these 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 method 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 neoaieea 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 ?/,. 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 together 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 

St



  

 



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 ina 

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 

eececee 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 

aia



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 

eyeten at any time. 

6.1 The Heat Transfer Equations 

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 W 

- wall losses ace sem cOstl) 

On the billet 

Heat transferred to billet convection to billet + net radiation from 

walls to billet 

+ net radiation from combustion products to 

billet sare KOee) 

SE



On the walls 

Convection to walls + net radiation from combustion products to walls 

= net radiation from walls to billet + wall losses 

sseeas (665) 

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:- 

a (I, - I,) Q - wall losses eee cbet) 

% 

" 

bly eet) +P Ao (Tt = eR io (Ts ant *) 

Screen Os) 

Ayby (2, = Ty) + AFyy o UY = 8) = AyFay 0 (BY = 14) 
+ wall losses esse G5) 

Equation (6.4) may be rewritten more conveniently in terms of gas 

input rate as follows:- 

B= QP (=- 1.) - wall losses meee) 

For near to stoichiometric combustion of town gas 

P = R, +0.7 coose (6.8) 

Similarly for methane and North Sea natural gas 

Dues eky eta) Berea 679) 

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 furnace 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, I,, 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 transferred 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 

distribution. 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 the 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 burner tunnel, 

and the surfaces of the walls and load must each be homogeneous. 

(a) 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 
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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 is:- 

2 Sd [a + + =| meee iGs 10) 

and at the surface of the cylinder 

a= Aa, (2 Peace) 
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 glenentn as shown in Figure 6.1 

all three finite difference forms give a series of six simultaneous 

Git



DIRECTION OF HEAT FLOW 

  

  

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

the finite difference solution of the transient heat conduction equation.



equations which contain the surface heat flux and six unknown 

temperatures one of which is the surface temperature. 

There are three generally accepted forms of finite difference 

substitutions, which were first presented by Schmidt?*, Liebmann’® and 

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 Reis 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:- 

Dat ae (eee te GS PR eon in 
6T 2 &* 

4 { (Boys Buen) + (Pa -T as) } 
ned or 26r 

  

A heat balance on the outer element b gives: 

- Ae yv-t Ae, v1 Vi ie pts es ree, 
Oty ( fi) be 26r (2-2 oon ) 

Deeiie Gs do)! 

A heat balance on the central cylindrical element gives: 

‘reir ee en eb gee pre en 
on oT ) = 265 (tere et) 

a 596



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: 

at, & = V,Pr o, a pisses (bs 15) 

The group of finite difference equations then reduces to the single 

finite difference equation: 

TS ol 

% Oe 

  

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 temperature 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, 61. The calculated surface Penserenits 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 both 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 55°C. 

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 

can 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:- 

  

  

  

Fi. = &&> Cte) soe ie 4 <esee (G17) 
x A, 

FPF = fe& Ct neeie E ge see (Oste) 
we > 

y A, z 

1-x weween (Gag) Pee x —s_ bw by ey y Tea 

where 

ae Ses8set@.20) 

= [1- |[;-G- ) | Pepe (net (6.21) Oe ew ep ie 1-6,) sieees (6.21 

Deere Ren: Berra Gy22) 
x 

€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. 341, 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: 

Well losses = dats (7 1.) emcee) 
w 

where ), is a mean conductivity for the refractory materials forming 

the furnaces wall, w 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 **. 
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In the calculations which follow the wall losses have been 

evaluated as 

Wall losses = 5 (T, - 424) seees (6.24) 

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*7, 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 Md/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: 

Ree eee 

Ss = 0552 

Cc, = 16.3 Md/m?(st)



6.5. 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: 

jp = 0.207 Re, ~ 03? nese Ose) 

and similarly for the walls 

jy = 0-276 Re, 0-° wedee (6086) 

When these correlations from the model experiments are applied to 

the furnace the Reynolds numbers for the furnace are: 

aie! Q, (R,+S) p. dyn Vp * : Re, 7s Bat 8) Cnty Caw 

(4,-4, pip lp (a=, pip lp 

dew se Gea?) 

and the j factors are: 

F h, (4,-4, ) ss h, (d,-d,), Lp pr 2/3 
di, = < ee + dye = EL r 

20,, (R,+5) pon Vp 20,Q, (R,+5) p,ca Vy (6a 

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) 

Sie c e y%, a = Q (R, +0.7) (est-7 a7 7 1) Ga - oy) - wall losses 

Sees (0078) 

The fraction e is given for different billet diameters in Table 6.1 

(arrangement 1) together with the mean recirculation ratios and the 

; ; * * velocity ratios v,* and v,*. 
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Flow Visualisation Results for Various 

Modifications of Sinsle Cell Furnace 
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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 550°C and 900° respectively with several gas input 

rates were calculated. The predicted heating times are shown as solid 

lines and the experimental results as 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 diameter 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. 

= OTs



30 

N
 w 

rx)
 

° 

HE
AT
IN
G 

TI
ME
 

TO
 
55
0°
C 

(1
02
2°
F)
 

(m
in
.)
 

3 
wa

   
   

    

17.8 cm 

12.4 om    
  ' ' ' ° 0.2 0.2 0.3 Ou 0.5 

HEAT INPUT Cu ‘m. length ) 
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fhe 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 om 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 obtained 

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 om 

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 

identical 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 difference 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 forging 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°C, 

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 éf the increase in heat content 

of the walls. In practice, therefore, the condition of reduced heat flux 

to the 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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GP e- 1,) = (z,) = (z,) + wall losses (T,.,4) mt pou 

finel soak 

Sacer eae), 

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 
‘ 

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 nen 

prototypes of each design. To this end the performances of 25.4 om 

diameter single cell furnaces, fired with natural gas, with various 

purner and flue arrangements have been predicted and compared. Heating 

times were calculated for aluminium, copper and mild steel billets at 

550°C, 900°C and 1250°C respectively for the following arrangements: 

4. Single top flue, fired tangentially to walls, as described 

previously. 

Ze Twin flue, fired tangentially to the walls. 

3, Twin flue, burner inclined at (a) 5°, (b) 10° ana (c) 15°. 

4, 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 

ease
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(1) Single top flue, tangentially fired 

(2) win 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 diameter and total length 40 cm. 

6.7.1 Information from Model Work 

The naphthalene sublimation 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: \ 

jpue Ocb2bm Raya? soves (6.30) 

Similarly the mass transfer coefficients at the walls were 

correlated by the equation : 

dome cles aa Reyeeee case cetOso1) 

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 recuperated in the exchanger 

section. Equation (6.7) then becomes: 

C. 
% = @P = 3 Tries) - wall losses ones (6.52) 

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: 

& P (1, -Trwe)= UAT (Trine - 288) coves (6.33) 

where 

rat = | 4.36 x 1078 StS) 4 1.59 x 1074] +, + 0.372 WK 
472 n 

wees: (Ont) 

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°? 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: 

¢, ‘ Go P @- Trive) = (1,) ~ (1,) + wall losses (Tyy241 - Tyoar) 
final soak 

swses (6555) 

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 MJ/m? (st) 

C, = 3he4 Md/m? (st) 

RR, = 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 6.13. 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 4232 05 

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 

to walls. 

  

(No. 2 of figure 6.8). 

er print-out; single-cell furnace, twin flue, fired tangentially 

Billet diometer = 19.0 cm; billet material: mild stecl; heat input = 0.5 MW/m. length. 
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(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 angle of firing gave a 

significant reduction in heating times. However copper and mild 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 billets 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 (6.31) do not apply and the assumption of uniform heat flux is no longer 

valid. 

(da) 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 the 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 

asetesd by comparing efficiencies. For a heating time of 30 minutes for 

the 15.9 cm mild steel billet the single top flue single cell furnace is 

capable of an efficiency of only 13%. The twin flue gives 30% efficiency 
and the single cell fitted with self recuperative burners gives 40% 
efficiency for the same heating times. 

A 30 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 stil being 

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

order expected from the theoretical analysis. 

6.8 The Estoct 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: 

c R m= QGP ( +e, =n) - wall losses peter bEs6) 

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

from the equation : 

cP eS + = fe i) = (ly )rraat - Te )yoae + wall losses 

Koegac tenes: esse (6.57) 

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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6.15 Theoretical heating times for a 15.9 cm diameter mild steel billet 

in a 25.4 cm single cell furance when the combustion air is preheated 

by various amounts.
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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 so that the surface temperature 

reaches its specified value instantaneously whilst the centre is still 

cold. 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 

pillet 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: 

Re HA, OL Te) wiearsieu (O50) 

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 (6.38). 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 redyction 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 wili 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 heat 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 transient 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 model 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, aaa the combustion 

products temperature at any time during the heating cycle. 

7.1.1 Heat Transfer from the Furnace Environment 

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 the billet and on the furnace : 

walls. By making the assumptions that the combustion products within 

the furnace are well stirred (i.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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7.1.2 The Heat Conduction Ryuations 

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: 

or ot 1 or 
Ries GP er re mise Cet) 

The solution of this equation has already been discussed in section 

6.2 and it was concluded that finite difference techniques must be used. 

In the present instance the Liebmanr’’ substitution has been adopted. ‘The 

‘first and second order space derivatives in equation (7.4) are then 

replaced by 

) tie 
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The resulting set of equations can be solved either exactly 

using Gaussian elimination or by an iterative techniquee The method 

chosen was the Gauss - Siedel**® iteration because of its simplicity and 

puitatility 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 

(3,/A,) and the fact that at the centre of the billet the temperature 

gradient is zero [(), = ol. In the case of the walls the inside 

boundary condition is the heat flux for the furnace environment (8 /Ay) and 

at the outside the boundary condition is obtained by considering naturel 

convection and radiation losses to the surroundings which can be given 

in the form: 

ab =o hye a = TH, ATs BoD) Beresr er), 

7.1.3 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 ener 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 alec 

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 

eos 

0.525 Re, °” Seles (760) 

O05 

dp 

41.13 Rey See neo) Jy 

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 rotation (as discussed in Chapter 3) and ihe 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 (7.1) 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 constant. 

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, 3% 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 

would 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. 

7.3 Start-up 

If a billet is charged to the furnace as soon as the burners are lit 

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 3 or 4 billets the heating times are quite close to the minimum 

despite the fact that the outside 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 7.1. 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 as quickly 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 

Soot
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rnace diameter, cm 17-8 25-' 76.2 76.2 

Wall thickness, om 12.7 12.7 12.7 ; 50.8 

Heat input, MW/m 0.5 0.5 0.5 0.5 

Heating Cumulative Heating Cumulative Heating Cumulative Heating Cumulative 

Billet No. time time time time time time time 

4 28-15 28-15 34-30 34-30 39-15 39-15 43-20 43-20 

2 25-20 53-55 29-00 63-30 26-55 66-10 26-25 69-45 

5 24-50 78-25 28-20 91-50 25-30 91-40 25-25 95-20 

4 24-30 402-55 , 27-55 119-45 24h5 116-25 24-50 420-10 

5 24-30 126-25 27-40 447-25 24-10 440-35 24-40 444-50 

6 é 24-10 27-20 23-45 24-25 

} i : 24-5 27-10 23-30 24-00 

8 2h-5 ; 27-10 23-25 23-45 

2 ah-5 26-55 23-15 23-45 

10 24-5 26-55 23-15 23-45 

5 2-5 26-45 2eeo2 ees 

20 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 61% 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/m 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 Furnace 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 om 

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/n 

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. 

pou



7.4.2 Furnace 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 

iff the heat input is completely cut off the surface temperature 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 

mila steel billet and the results are shown in Fig. 7.4. Jt 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 om furnace with 12.7 cm thick walls 

and ves 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 

pillet 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 cm furnace with 12.7 cm 

thick walls 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, 0; 53% 61% 

Si, 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 ary - tf )/sr, , and in the second 

material as a(T{ - Ned )/ér,- The finite difference equations for the 

elements j and (j+1) are then: 

Wy Ayan y@fen = BET _ key gaa 
Vyp,0,, (ff - 2,) = ———— er (Tent are 
Td 8 4 4 br, 6x4 ‘ 

ak A 
2 3 Se 

Vyar Pe Cpe (Bi44- Tyaa) = ana (By = Tye, 87 

ko A gat ste 
Shia aac a (Biya = Tye) 8 

Temperature fluctuations within a composite wal! 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 om diameter furnace with walls of 12.7 cm thickness 

including 5.08 om 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 

pillet 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 

It is assumed that 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 
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(b) On the billet 
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(c) On the walls 
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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: 
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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: 
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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 
Bo Fy, Apt = Wy = oF, Ay Tio Pye eeses (0.10) 

her 

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

oF, 4, (t," = 3°} = e382,” A” - 6 Ae even (Oot) 

Equation (8.8) therefore differs from (6.6) and (7.5) only in the value 

of the known constants k, and ke. 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: 

Polat ae 
ot on 3 23 5 

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 Loins 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 dimensional 

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 represent 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 
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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 46. 

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 radiation 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 Re, °* " dp 

" dy. 41.13 Re, °~ 

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 included. 

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 but 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 25.22 

10.9 0.466 15.54 15.54 

14.5 0.28 38.18 38.20 

44.5 0.466 25.54 25.56 

18.1 0.28 57-42 57.44 

18.1 0.466 38.20 38.22 
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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 but 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 thus 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, such 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 dnd 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 method 

is that it does not yet contain a mechanistic model for the turbulent 

properties 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. Finally, 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 11 

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 

(4) 

(2) 

(3) 

(4) 

(5) 

(6) 

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 

contact. 

Clean the perspex surface. Silver paste from a previous plating 

may be removed with ethyl acetate. 

Liberally paint the surface with chloroform. 

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. 

Leave for 1 hour to allow solvents to evaporate off. 

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,0O 225 g/l 

Sulphuric Acid 63 g/l 

U.B.A.C. No. 1 Additive 3 m/L 

SiGe



(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 is:- 

Nickel Sulphate NiSo, 7H2.0 300 g/L 

Nickel Chloride NiCl, 6H,O 55 g/l 

Boric Acid H; BO; 45 g/L 

Nickel Gleam N.S.22 Additive 50 m/l 

Nickel Gleam LNW Additive 2.5 m/l 

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. 

a Oe



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 

Solution Temperature = 24.5°C 

Solution Density 4049 kg/m? 

1 Solution Viscosity 4.1209 x 10? Ns/n* 

Ferricyanide Ion Diffusivity = 0.6688 x 107° nf /s 

Schmidt Number for Ferricyanide ion = 1598 

(a) Current/Voltage Measurements 

  

  

  

235 gepehe 310 g.p-h. 

v I(mA) v I (mA) 

0.006 410 0.014 13 

0.025 57.5 0.035 78 

0.16 440 0.045 400 

0.36 ahh 0.080 139 

0.9 443 0.095 150 

162 143 0.125 460 

pleas 445 0.18 169 

41.43 156 0.2 169 

1654 188 0.38 170 

1.58) 275 0.48 170 

0.56 170 

  

S105 =



(b) Calculated Mass Transfer Results 

  

  

Flow Rate Limiting 
Current 

(g.p.h.) (ke/s) (mA) hy pm/s Re ae 

20 0.026 20-5 Pope 310 0.0265 

30 0.040 ah 2.82 HO 0.0197 

50 0.066 58 431 774 0.0181 

70 0.093 60 4.96 1085 0.0148 

90 0.119 71 5.89 1395 0.0138 

110 0.146 78 6.5) 1705 0.0125 

130 0.172 90 2.47 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 0.311 444 11.70 3640 0.0105 

260 0. 344 150 12.45 4030 0.0101 

285 0.977 160 13.25 440 0.0098: 

310 0.410 170 44.05 4800 0.0095 
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APPENDIX 3 

Summary of Experimental Measurements for all Billet Sizes 

1. Average Coefficients for Billets 

(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 

20 2563 15.6 1.99 

26 25.3 AZO 2.16 

31 25.3 18.3 2255 

36 ES 20.4 2.59 

4O De? 23.0 2.92 

45) 25.5 25.0 3.18 

51 25.5 28.0 2256 

58. ed 30.4 3.87 

63 en.) 33.0 4g 

70 25-3 36.5 464 

81 25.8 4.1 5.14 

90 25.8 42 5.62 

98 25.8 42.5 6.03 

115 26.0 543 6.90 

444 26.0 61.3 7.79 

160 26.0 69.8 8.87 

179 i 26.0 72.8 9.25 

200 26.0 77.0 9.79 

225 26.0 844 AO. 

251 26.3 96.5 12—>) 

278 26.3 103 13.1 

295 26.5. 107 13.6           
  

~ 407 =



(b) 

(c) 

Billet diameter = 3.8 cm 

Ferricyanide concentration = 0.1025 N 

  

  

        
  

Flow rate Solution Limiting hy 
g-p.h. temperature °C |Current mA pm/s 

36 24.05 25 2.79 

4s 2465 30 3.36 

57 24.5 35 3.92 
67 24.5 38 4.26 

80 24.5 ha 4.69 

100 24.5 5125 5.97 

120 24.5 60.5 6.77 

140 24.5 66.5 743 

160 24.5 7525 8.45 

179 24.5 81 9.05 

198 24.5 89 9.95 

220 24.5 93 10.4 

230 24.5 94 10.5 

245 24.5 95 10.6 

270 24.5 103 eo) 

208 24.5 112 42.5 

305 24.5 115 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 hy 
G-peh. temperature °C Current mA um/s 

20 24.0 30 2.29 

30 24.5 43 3.26 

4o 24.0 50 3.84 

Oo 24.0 61 4.70 

67 24.5 vA 5.42 

77 24.0 76 5.82 

99 24.0 90 6.88 

121 24.0 102 7.80 

153 24.0 120 9.18 

166 24.4 127 | 9.70 

182 2k. 133 | 10.2 

198 24.1 139 | 10.6 

223 24.41 151 415 

245 24.25 162 | 25h 

265 24.25 ae | 1301 

281 24.25 177 os 4s) 

309 24.25 187 | 14.3   
  

me A0G = 

 



(e) Billet diameter = 6.35 cm 

  

  

  

Ferricyanide concentration = 0.1074 N 

Flow rate | Solution Limiténg hy 
@-peh. temperature °C Current mA m/s 

18 25.5 ieso 2.50 

26 23.5 | 45 2.88 

35 23.5 53 3.40 

43 23.5 60 3.85 
50 23.75 67 4.30 

oo) 25679 | ve 4.64 

66 23.75 79 5.07 
76 23-75 85 5 ehh 

83 23.75 n 5-84 
92 23.75 97 6.21 

100 23.75 101 6.47 

| 115 | 2505 | 110 7.05 

| 132 | 23.5 | 119 7.61 
152 | 23.5 | 131 8.39 

170 | 23.75 ; 140 8.97 

| 190 23.75 | 454 9.68 
| 204 23.75 | 155 9.94 

eile | 23.95 | 163 10.5 
237 23.9 | 1975 41.2 

253 i 23.9 | 189 12.1 

266 23.9 | 196 12.5 
283 23.9 203 13.0 

296 \ 23.9 210 13555 

308 | 23.9 216 13.8     
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2. Average Coefficients for Wall 1 

(a) Billet diameter = 3.5 cm 

(b) 

(i) 

Ferricyanide concentration = 0.00984 N 

  

  

    
  

  

  

  

    

Flow rate Solution Limiting | hy 

Gepeh. temperature °C |Current mA po/s 

22 26.25 Ah 4 ok 

BD 26.25 57 59 

46 26.25 22 7.45 

58 26.25 8h 8.70 

68 26.25 | 94 9.75 

85 26.25 | 108 | tea 

100 26.5 | 1419 ig Rie. 
127 26.5 140 | TA 

153 | 26.5 163 | 16.8 

180 | 26.5 183 16.9 | 

201 26.8 199 20.5 
225 26.8 213 ate2 

258 26.8 239 2h ek | 

275 26.8 252 25.8 | 

299 26.8 | 268 ars 

Billet diameter = 3.8 cm 

Ferricyanide concentration = 0.100 N 

Flow rate Solution Limiting i 
@-p-h. temperature °C} Current mA pm/s 

| 

210 25.5 172 4724 

225 25.0 179 jack Aza8, 

240 25.0 184 18.2 

253 25.0 | 190 | 18.9 
270 24.5 | 197 |  A9u6 

285 24.5 206 | 20.3 | 
300 24.5 br at? 21.6   

ie



(ii) 

(c) 

(i) 

(ii) 

Ferricyanide concentration = 0.01025 N 

  

  

  

    
  

  

  
  

  

      

Flow rate Solution Limiting hy 
Gepeh. temperature °C | Current mA pn/s 

180 alt.5 145 | 15.1 
200 24.5 | 160 | 16.7 

230 2l.5 | 178 | 18.6 
| 

264 24.5 197 | 20.6 

301 2k.5 219 (ae 2239 
| | 

Billet diameter = 5.1 cm 

Ferricyanide concentration = 0.0103 N 

Flow rate Solution Limiting hy 
@-p-h. temperature °C | Current mA m/s 

143. 24.5 130 13.1 

200 BHD 165 16.7 

250 24.5 185 18.7 

300 24.5 210 | 21.2 

1 | 

Ferricyanide concentration = 0.0108 N 

T T 
Flow rate Solution | Limiting | hy 
Sepeh. temperature °C | Current mA | pm/s 

| 

250 27.0 au ls20u 
280 27.0 224 21.3 

300 27225 235 22.4 

|     

aie 

  

 



(a) Billet diameter = 5.7 cm 

Ferricyanide concentration = 0.0100 N 

  

  

      

Flow rate Solution Limiting ae 

Gepeh. temperature °C] Current mA pn/s 

5k 24.9 76 7.66 

81 24.9 99 9.97 

110 24.9 120 12.1 

130 25.0 130 13.4 

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 

  

= tore 

 



(e) 

  

  

  

Billet diameter = 6.35 om 

Ferricyanide concentration = 0.01074 N 

[ row rate Solution Limiting hy 
S-peh. temperature °c| current mA pm/s 

50 235579 74, 6.98 

58 23.75 82 7225, 

67 23.9 90 8.43 

28 23.9 100 9.38 

90 23.9 108 10.1 

101 23.9 116 10.9 

110 23.9 121 1104 

120 23.9 | 128 12.0 

130 23.9 135 12.7 

140 23.9 peed 1565 

152 23.9 | 454 th.2 

160 23.9 | 157 14.8 
125 23.9 | 161 ioe 

181 23.9 166 15.6 
190 23.9 fe ao 16.0 

200 23.9 179 16.8 
220 23.9 ; 190 17.9 

2he 23.9 203 19.1 

260 23.9 216 20.3 

278 23.9 224 214 

302 23.9 236 22.2         
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3. Average Coefficients for Wall 2 

(a) Billet diameter = 3.5 cm 

Ferricyanide concentration = 0.00984 N 

  

  

    
  
  

  

  

Flow rate Solution Limiting | hy 
&-p-h. temperature °C | Current mA pm/s 

23 26.5 51 4.80 

33 26.5 66 6.26 

4S 26.5 81 7228 

61 26.8 100 | 9.50 

71 26.8 1109 10.3 

85 26.8 120 | 11.64 

104 26.8 133 lee? 
124 27.0 149 | 14.4 
150 27.0 «ke 16.2 

175 27.0 | 192 18.3 

203 27.0 1. BI? 20.6 
229 27:0 232 22.1 

253 27.0 250 23.8 

283 27.0 272 lig BEY) 

305 27.0 285 | 26.6 

(bv) Billet diameter = 3.8 cm 

(i)  Ferricyanide concentration = 0.0100 N 

Flow rate| Solution | Limiting hy 
&epeh. temperature . Current mu um/s 

210 | 27.0 172 15.6 

225 27.0 178 | 16.2 

240 26.5 181 1665) 

255 26.0 188 i 4704 
270 26.0 193 ieee a7te 
285 26.0 | 200 18.2 

300 26.0 213 19.4 

  

arises 

  

 



(ii) 

(c) 

(i) 

(ii) 

Ferricyanide concentration = 0.01025 N 

  

  

        
  

  

  

    
  

  

  
  

  

Flow rate Solution Limiting By 
@-p-h. temperature °C | Current mA pm/s 

148 24.5 134 1205 

180 24.5 152 14.0 

200 24.5 159 14.6 

230 24.5 164 A566 

268 24.5 | 173 15.9 
301 2h.5 | 185 17.0 

Billet diameter = 5.1 cm 

Ferricyanide concentration = 0.0103 N 

Flow rate | Solution | Limiting hy 

&-peh. | temperature °C | Current mA m/s 

160 | 24.5 | 437 12.4 

205 | 24.5 | 152 13.8 

250 24.5 | 472 15.6 
| } 

300 | 24.5 | 188 Age 

Ferricyanide concentration = 0.0108 N 

Flow rate Solution Limiting | hy 
g-p-h. temperature ~C Current mA| pm/s 

| 

250 24.75 196 We Tec 
| 

280 24.75 210, 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 
gepeh. temperature °C | Current mA um/s 

5S, 25.0 67 6.26 

78 25.0 86 8.04 

104 25.0 408 10.1 

132 = a) 125 ae7 

170 25-1 153 14.3 

190 eae 170 15.9 | 

232 25.1 190 17.8 
27k 25.1 219 20.5 
290 25.1 232 216 

300 25.1 240 22.5   
  

aaa tif are



(e) Billet diameter = 6.35 cm 

Ferricyanide concentration = 0.01074 N 

  

  

  

Flow rate Solution Limiting fp 
- Gpshe temperature °C] Current mA pn/s 

46 23-9 63 5.50 

60 23.9 78 6.80 

70 23.9 88 7-66 

80 23.9 111 9.67 

9h 23.9 145 10.0 

103 23.9 119 10.3 

111 23.9 124 tee 

119 23.9 134 11.7 

130 23.9 150 13.0 

144 23.9. 159 13.8 

150 23.9 165 144 

162 235.9 170 14.8 

172 24.0 129 15.6 

181 24.0 186 16.2 

190 24.0 190 16.5 

200 24.0 199 17.3 

222 24.0 212 18.4 

aha 24.1 227 19.8 

263 24.1 24o 20.9 

282 24.4 2k? 21.5 

303 24.1 259 22.5         
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4 Local Coefficients for Billets 

In the results which follow the position of the test electrode is 

given as the angular displacement (in 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) (ii) 

Flow rate @-peh. 90 180 

Ferri cyanide } 
concentration N 0.01103 0.01103 

Solution temp. eo | 26 26 

| 
Average mass transfer | 

coefficient - um/s | 47h 7-70 

Area of test | 
electrode ont 2.08 cn? | 2.08 cnt 

Position | Limiting current mA Position | Limiting current mA 

(3) (ii) (i) (ii) 

oO 0.780 1.35 190 1.300 2.075 

10 0.785 4.3525 200 1.200 2.10 

20 0.865 4.325 210 1.075 1.825 

30 0.880 4.395 220 1.025 1.70 

40 0.915 1.60 2350" mele 2000 1.60 
50 1.025 1.625 240 1.000 1.60 

60 1.050 1.70 250 0.973 1.60 

70 1.050 4265; 260 0.950 1.60 

80 1.050 1.70 270 0.925 1.50 

90 1.075 1.60 280 0.875 1.495 

100 1.050 1.675 290 0.925 1.425 

110 1.075 eS 300 7.000 4.55 

120 1.100 1.875 310 1.050 1.60 

130 1.250 2.00 320 1.100 4.575 

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 2055 360 0.780 1655             
oS ae



  

(b) 

  

  

  

Billet diameter = 5.1 cm 

Run number (i) (ii) (iii) 

Flow rate 90 _ | 180 270 

Ferricyanide concentration N 0.00913 | 0.00913 0.00991) 

Solution temperature °C 25.0 25.0 | 24.5, 
| 

Average mass transfer | i 
coefficient pm/s 5.67, 10.32 44.6 

Area of test electrode cn? 2.22 202     
  

2.22 

| 
  

  

  

  

Position] Limiting current mA Position | Limiting current mA 

(i) aa) Gas) (i) Cis) Pen Gat) 

0 O5G5 160) Bae 0 190 55 aet5 - 5.90 

10 0.95 1.70 2.45 200 | 4.35 «92595 «5.55 

20 1535 2.2.40" 3.10) «| | 210 | TefO 912905, 5.05) 

30 45 92.60 5.25 | 220 e079 e855 00 

4o 155 2560 5.45 || 230 | 4.075 1.80 2.95 

50 4665. 2.65 3.50 | 240 | 1.10 1.70 2.90 

60 1.60 2.70 3.45 | 250 | 0.95 1.65 2.90 

70 1.40 2:50 3.10 | 260 0.875 1.45 2.45 

80 \ecor eas 5-00ne | oD | 0-70 1.15 2.05 

90 Wet 14295 22585 | 280 0560) 1225 1.95 

100 1e00 E1595" 2.60 290 0595 140 2.20 

110 1.025 1.95 2.90 300 | N's001 9 -11.95° © 2.55) 

120 1508 2.005 2-958 15) 510 Agibeere.05 52.75 

130 Teed 22203500 | 320 | 12475 2.40 3.50 

140 4.35 2.45 3.40 330 «| 1.55 2.65 3.55 

150 1.525 2.90 3.90 | 3hO 1250 2.45 3.20 

160 1.70 3.25 4.40 350 | AOD) eGo 2525 

170 e702 ee0u i Hogo. 360 | 0.85 1.60 2.05 

180 je COn te SeU0 ee ap, | |     
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(c) Billet diameter 6.35 cm 

  

  

Run number 

Flow rate g.p.h. 

Solution temperature °¢ 

Average mass transfer 
coefficient ym/s 

Area of test electrode cm* 

Ferricyanide concentration N 

(i) 

2a 

0.01035 

2D 

72 

2.14   

(ai) | (aaa) 

180 270 

0.01018 | 0.01018 

| 25 Ce 

925) 16.5 

2.19 2.19 

  

  

  

      

  

Position| Limiting current mA Position | Limiting current mA 
(i) (Gane (Gis) (i) Ga)” (iia) 

° 46325, 92.00 5:05 190 Ee) | Ae 5372) 

10 1.60 2.45 4.20 200 1.925 2.90 4.85 

20 1.975 2.90 4.80 210 10775 2.45 . 4.30 

30 1.90 2.65 4.40 | 220 Veigd tes So meee) 

4o 1.875 2s65 = 4.25 =| 230 1.751 BHO 4.50 

50 12807240" 74.300 240 =| 1.70 2.40 4.45 

60 VeP5e eee 5675 250 10575 2040 4.35 

70 1255. 2210 3e45 260 | 4040) 1595 3.45 

80 1.425 2.00 3.25 270 | Ae2O\ 2358 2615 

90 16525) 1270) 2070 280) | KO-80i9 1-25 2 2.70 

100 4.208) 1. 60e= 2655 | 290 0.90 1.55 3.10 

110 7.20 31260-2250 || 300 0.875. 1.60 3.70 

120 et meieon 2.45) 310 1.15. 2.20 4.90 

130 ie 20) anita 2.80 320 175) 95205) a. 80 

140 40425 4.90 3.25 BaO ee|es SO e55 no 45) 

150 4.75) 25 75e 4250 340 | 25D 60 Oe) 

160 BelOr 5.0) 15570 350 | 1.40 2.50 4.95 

170 O50 5.60 16.25) 360 | e525 Pe CONES 205 

180 2s425. S55 620, |     
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