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ABSTRACT 

The prediction of heat transfer rates from fuel-oxygen flames 

  

to solid surfaces is complicated by the wide variations in physical 

  

properties encountered in the gas ph and by the energy transfer 

which results from the diffusion and recombination of dissociated 

species. Consequently the conventional methods for the assessment 

of heat fluxes are found ts be inedequate when applied to combustion 

systems. 

A research programme was ‘herefore initiated to carry out 

extensive experimental and theoretical studies of heat transfer 

from high temperature combustion vroducts. Convective heat transfer 

coefficients have been measured at the stagnation point of an axially 

symmetrical blunt body immersed in the flames of a number of common 

fuel gases burning with pure oxygen. Theoretical predictions have 

been made for the full range Of conditions covered experimentally. 

A numerical solution of the appropriate boundary layer conservation 

equations has been obtained and a method for the modification of the 

established relationship for heat transfer at low temperature levels 

has been proposed. Both approaches enable the extreme property 

variations and the diffusion-recombination effects to be taken into 

account when estimating the heat flux. Good agreement between 

experiment and the two prediction methods has been achieved in most 

cases. 

Because of its potential value in design calculations the 

suggested empirical method has been tested over a wider range of 

conditions. Heat transfer from stoichiometric flames to small sphe 

  

has been measured at surface temperatures renging to 1600K. It has 

been found that the proposed prediction method provides e acceptable 

  

agreement with the experimental data.
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1. INTRODUCTION 

1.1 Historical Backzround to the Project 
  

At its inception ia 1967, the primary objective of this work was to 

study the problem of heat transfer from high temperature fiames to 

cooler surfaces. The need for research into this topic becunme 

apparent with the development of an expanding market for cxygen 

particularly within the steelmaking industry. The adoption of refining 

processes based on the direct oxidation of impurities had led to the 

construction of progressively larger liquefaction plants for the 

production of oxygen. The economies effected on running expenses and 

overheads associated with the increased scale of operation secured a 

progressive decline in the cost of this commodity. 

Previously oxygen had been comparatively expensive so that its vse 

in combustion was economically viable in only a limited number of 

applications where high flame temperatures were essential. These 

included the technologically important fields of glassworking and the 

cutting and welding of metals but the smll scale of each individual 

operation did not justify an extensive scientific study of the heat 

transfer process. This state of affairs was abruptly changed by the 

availability of oxygen at significantly lower prices which opened up new 

possibilities for the use of fuel-oxygen flames in industry. 

One application which appeared to be feasible was the preheating and 

assisted melting of steel scrap in electric arc furnaces. it was proposed 

that large capacity fuel-oxygen bummers be used to supplement the electrical 

power input and permit high metal throughputs without endangering the 

maximum demand restrictions agreed with the electricity suppliers. In 

addition it was found that gas burners operating with an excess of oxygen 

were capable of refining the molten steel witho 

  

quantities of red oxide fume generated by conventional oxygen-lancins. oo 

t=



  

Other spheres of activity involved the possibility ef providing for 

supplementary firing in open hearth installations and ror oxygen 

enrichment in the reverberatory furnaces used for melting and refining 

certain non-ferrous metals. Limited trials of the "Fuel-Oxygen-Scrap" 

process for steelmaking were also carried out in which oxygen-oil 

burners provided the sole source of heat input to the refining furnace. 

Consequently a number of the major fuel and oxygen suppliers became 

interested in the subject of heat transfer from high temperature systems 

and in methods for its prediction. The research project instigated at 

the Gas Council Midlands Research Station was designed to study the 

problem in detail and the work carried out forms the basis of this 

report. During the course of the investigation, it became apparent 

that the problems encountered with fuel-oxygen flames were but one aspect 

of the more general field of heat transfer with large temperature and 

property gradients. For this reason the natural gas-air system was 

included in the studies, a move which was particularly appropriate 

following the exploitation of the reserves discovered beneath the North 

Sea. The extension of the original programme was also demanded by the 

need for comparison with conventional systems in order to assess the 

potential benefits to be gained by employing oxygen. 

1.2 Objectives 

It is evident that the ability to make reliable predictions of the heat 

transfer from flames would be a valuable asset, particularly in the design 

and evaluation of possible new processes and the optimisation of existing 

operations. It is frequently desirable that the heat flux obtained with 

a combustion appliance should be known. This may be necessary to check 

that.the performance of the equipment will meet the required specification, 

or to ensure that the materials of construction will be adequate for the 

purpose and not adversely affected by cverheating.



At the present time, however, it is clear thet the design and 

operation of gas-fired heat transfer equipment is based very largely on 

accumulated practical experience rather than on established scientific 

principles. This is an inevitable consequence of the dearth of 

experimental data applicable to high temperature systems, particularly in 

the fields of natural and forced convective heat transfer, and to the 

lack of accurate prediction methods for use in such environments. 

This situation is in etrixing contrast to that observed under the 

relatively low temperature conditions which characterise traditional 

chemical engineering processes. or these, very extensive practical. 

investigations have been carried ovt and a jarge number of reliable 

empirical relationships established. These facilitate the confident 

prediction of heat and mass transfer rates for many common geometrical 

and fluid combinations and, as such, are invaluable for Gesign 

purposes. The difficulties which prevent the extension of these 

relationships to the high temperature conditions in flames, apart from 

the shortage of experimental data, stem from the large variations in 

physical properties which are frequently characteristic of heat transfer 

from combustion products, These variations hinder the use of empirical 

equations in their usual forms by introducing difficulties in the 

definition of the appropriate conditions for the evaluation of fluid 

properties, a problem particularly acute where large temperature 

gradients are present. 

An additional complicating factor arises when considering the heat 

transfer from the higher temperature flames which result from the use of 

oxygen enrichment. At the temperature levels found in these flames 

dissociated material forms an appreciable proportion of the combustion 

product mixture. This creates further difficulties toth in the 

evaluation of thermophysical properties and in the prediction of the heat 

ss



transfer rates obtained from the flames in practice. 

Clearly, one important objective of heat transfer theory lies in 

the development of sound vases for predictions under conditions where the 

  

precise experimental information is not available. in principle estimates 

may be achieved by taking one of two distinctly separate approaches. The 

first of these takes advantage of the established theory of boundary 

layers. The appropriate conservation equations may be solved, usually 

by machine computation, for virtually any desired conditions provided that 

all the requisite input parameters can be both identified and quantified. 

However, since each problem must be treated independently it is evident 

that the rate of advancement wiil necessarily be restricted. 

On the other hand progress may be made more swiftly with the 

generalisation of existing data into compact working relationships. In 

many cases the important variables may be readily identified and 

incorporated into dimensionless grcurs with immediate simplificaticns to 

the problem of data correlaticn. Extrapolation by such practices is 

however, potentially hazardous since unsuspected peculiarities may 

exist in the unfamiliar system, and a serious loss of accuracy may 

result. Some compromise inevitably results whereby the concepts developed 

in the theoretical approaches complement the empiricism of the 

practical methods while the latter provide stimuli for further 

theoretical advancement. 

Consequently, the purpose of this research project has been to study 

the process of forced convective heat transfer between flames and solid 

surfaces from both experimental and theoretical standpoints. An attempt 

has been made to provide a practical method enabling the numerous 

correlation equations established for low temperature situations to be 

extended to combustion systems.



2. CALCULATION OF THERMO) 

  

  

The desire to predict the magnitude of heat transfer from high temperature 

gas streams immediately introduces a demand for sound data on the gas-phase 

thermodynamic and transport properties. The quantities represented by the 

shear viscosity, the thermal conductivity and the diffusion coefficients 

are closely associated with all interphase convective heat transfer processes 

and their accurate determination becomes an essential pre-requisite for 

the application of a reliable heat transfer theory. 

At low temperature levels (up to 1200 K) this demand has been largely 

satisfied by the careful measurements of numerous investigators. The 

wide range of fluids and temperatures encountered in the industrial, 

military and commercial fields has resulted in the generation of a 

correspondingly large volume of literature reporting the exverimental work. 

This is constantly surveyed by the Thermophysical Properties Research 

Centre at Purdue University which correlates and cross references the 

data, and from time to time issues recommended values for general use. 

Unfortunately, the available methods for direct measurement of ga: a 
properties are in many cases totally unsuited for measurements at 

elevated temperatures. Recourse to a theoretical approach then has to 

be made. The monumental work of Hirschfelder, Curtiss and Bird (1) 

provides the basis for much of present day transport property theory 

although further advancements have since been made, particularly at the 

higher temperature levels. However, experimental measurement of the 

physical properties of the various components in combustion product 

  

systems remains as an important check on the validity of theoretical 

arguments. It is clear that, to be entirely satisfactory, the theory 

of high temperature thermophysical properties must reduce to the familiar 

as well as predict the unfamiliar. This theory is inevitably rather 

complex so that only a broad outline of the procedure used in practical 
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calculations can be given. The data obtained for use in the present 

Studies has been tabulated and the information is presented for 

the whole range of fuel-oxidant combinations in Appendix 1. 

2.1 Equilibrium commosition of the flame cases 

The calculation of equilibrium combustion product compositions is an 

essential step in the prediction of the thermodynamic and transport 

properties of the mixture. The equilibria of greatest importance in 

stoichiometric hydrocarbon flames may be represented by the following 

expressions: 

co # CO +4 hm # ge + 90, 2 NO 

RO# & +2 O% # 20 

RO # 3% + OH mh # aw 

Tt can be seen that a total of 11 species may be present in the 

gas mixture. The mole fractions of each component may be obtained by a 

simultaneous solution of the seven equations derived from the equilibria 

listed with those from overall mass balances on each of the four elemental 

species present. Appropriate equilibrium constants have been listed 

in the JANAF thermcchemical tables (2) for a wide range of temperatures. 

As the presence of non-linear equations preciudes any direct solution 

the use of an iterative approach is necessary. The application of the 

Newton-Raphson method has been fully described by Francis and Toth (3) 

and found to be entirely satisfactory for the mixtures studied in this work. 

The equilibrium constants available permit the evaluation of gas 

compositions for temperatures between 400 and 4000K at 200K intervals. 

2.2 Enthalpy and heat content 

The enthalpy of the combustion product mixture at any specified 

temperature level can be evaluated from a simple summation of the 

A contributions from each individual species. A convenient table of the 

enthalpy values for the components of most combustion systems has been 
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Published in reference (3) using a common base temperature of 288K. 

Although these were used in the early stages of this work certain minor 

revisions have since been made and the appropriate data is listed in 

Appendix 1. 

In many practical combustion calculations the use of enthalpy data 

in this form may be somewhat inconvenient. Many calculations are carried 

out on a volume rather than a mass basis so that the use of heat content 

data referred to a unit volume of combustion products under STP conditions 

may be preferred. Since the mean molecular weight of the mixture is 

affected by dissociation reactions the information is usually based on the 

"undissociated' volume. This is the volume applicable to temperatures 

below 1400 K where the only components are , CQ and HO. The volume 

reduced to standard conditions is then constant for any given fuel-oxidant 

  

mixture and being independent of temperature greatly simplifies many 

calculations. 

2.3 Flame temperature 

The adiabatic flame temperature of a particular fuel-oxidant combination 

may be obtained from a straightforward heat balance over the combustion 

process. The net calorific value of the fuel gas is imparted to the 

combustion products so that, in the absence of any losses, the heat 

content at flame temperature, (Ijnai,), may be calculated from 

Tunats = G/P 

C, is the net calorific value of the fuel and P is the volume of 

cold combustion products resulting from the combustion of a mit volume 

of cold fuel. The required information may then be read directly from a 

plot of the 'undissociated' heat content against temperature. 

2.4 Specific heat 

The equilibrium concentrations of dissociated species in flame gases 

exhibit a strong temperature dependence. This can be seen by reference 
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FIG 1 EQUILIBRIUM CONCENTRATIONS OF DISSOCIATED SPECIES IN STOICHIOMETRIC METHANE- OXYGEN COMBUSTION PRODUCTS, 

to Fig. 1 which shows the variations predicted for the combustion products 

of a stoichiometric mixture of methane and oxygen. As a result of the high 

dissociation energies involved the rate of change of enthalpy with 

temperature is by no means linear. In consequence, two distinct specific 

heats can be defined depending on whether equilibrium is maintained or a 

frozen composition is assumed. 

2.4.1 Frozen specific heat 

For this case a summation of the contributions from each of the constituent 

species is all that is required. For a multicomponent mixture this will 

be given by 

Gos y Oy x, MAM, 
i 

2.4.2 Equilibrium specific heat 

The specific heat of a fluid for equilibrium conditions is defined as 

where c; is the concentration of species i 

the gradient of the enthalpy curve (=) . With the machine 
P 
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computation of thermophysical properties this may conveniently be 

achieved either by numerical differentiation using Stirling's formula or 

from a polynomial fit to the enthalpy data. 

2.5 Density 

The density of the flame gases at any desired temperature may be 

determined from the appropriate value of the mean molecular weight 

assuming ideal gas behaviour. 

2.6 The Viscosity of Comoustion Product Mixtures 
  

The calculation of the therzcdynamic properties mentioned so far is a 

relatively straightforward process with a well established theoretical 

background to which only trivial modifications are likely in the future. 

The close correspondence between the measured and predicted flame 

temperatures after taking into account radiative and conductive losses is 

indicative of the accuracy expected. The theoretical values end the 

calculated compositions are closely inter-related so that the agreement of 

predicted flame temperatures with experiment inspires confidence in the 

remaining predictions. On the other hand, the situation with regard 

to viscosity and thermal conductivity is much less satisfactory and needs 

to be examined more fully. In order to bring out the approximations 

involved, the estimation of the viscosity of pure components as well as 

of mixtures will be described in some detail. 

A number of empirical relationships of varying degrees of scphistication 

have been proposed for the interpolation and extrapolation of the existing 

experimental data for viscosity. Many of these may be satisfactory under 

certain circumstances but for the most part the Chapman-Enskog theory for 

dilute gases has been used with the greatest success. This theory has 

been expounded in great detail in a multitude of publications, the 

principal one being that of Hirschfelder, Curtiss and Bird referred to 

earlier. In its strictest form only molecules undergoing elastic (rigid 

arg):



Sphere) collisions and having spherically symmetrical force fields governing 

the attraction and repulsion effects are considered. It is therefore of 

greatest relevance for monatomic gases but in most cases suitable 

modifications can be made so that polar molecules and inelastic collisions 

can be included. The stipulation of dilute gases can in some circumstances 

remain as an important restriction although it is usually complied with in 

combustion systems employing flames at atmospheric pressure. 

2.6.1 Calculation of viscosity for pure nonvolar gases 

The Chapman-Enskog theory gives the viscosity of a pure non-polar gas at 

a particular temperature in terms of the molecular weight of the gas and 

some temperature dependent parameters governing the molecular interactions. 

2.6693x10°° (ur)? 7 ees OT) oe Qe 

Bb 

where p is the viscosity (Ns/n ) 

M is the molecular weight 

T is the temperature (K) 

© is the collision diameter a) 

a@?s is a collision integral. 

The quantity ae? is a temperature dependent function which 

incorporates the interaction potentials of the colliding molecules. The 

asterisk (*) indicates that its value is taken relative to that obtained 

assuming a rigid sphere collision. Values of this function can be 

calculated in only a few restricted cases since the interaction parameters 

are not readily obtained. For practical purposes reference is made to 

experimental data and a proposed form of the potential function assumed. 

The adjustable parameters in this function are then manipulated to give a 

Teasonadle fit to any experimental data available and subsequently used 

for extrapolation purposes. One of six potential functions have been 

used in the majority of transport property calculations. These range 

considerably in their complexity with the simplest versions giving the 
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least realistic picture of the intermolecular forces. 

The simplest model is that which considers the colliding molecules to 

be rigid non-interacting spheres having an effective collision diameter of 

Oo. The potential energy is thereby considered to be zero for r >o and 

infinite for r<o. This model is clearly unrealistic and for accurate 

work has been discarded. 

The next two spherically symmetrical interaction functions are 

those which take into account the purely repulsive forces between molecules 

which are associated with their electron clouds and ignore the gravitational 

and electrostatic attractions. These are the inverse power potential: 

g(r) = afr? 
and the exponential repulsive rotential: 

iGo ane ges? 

Here v represents the distance between the two nuclei while d, A, & and p 

are constants for a given pair cf molecules. The omission of the 

attractive forces naturally introduces errors, although these will become 

less significant at high temperature levels. The increased energy of the 

species then results in more penetrating collisions and correspondingly 

higher repulsive forces. The value of 6 is a measure of the resistance of 

the molecule to distortion during a collision, a value of 6 = @ reducing 

the inverse power potential to the rigid sphere model. For most molecules 

the value of § lies between 9 and 15 depending on this resistance. 

A further variation, the Sutherland modei, represents the molecules 

as rigid spheres but in addition includes an attractive potential 

inversely proportional to the separation of the two electron clouds 

g (r) 

g (r) 

oe forr<o 

-s(o/r)Y for r>o 

Evaluation of collision integrals using this model can prove to be 

inordinately complex. However, the exclusion of high powers of ¢ from 

the strict treatment enables a good approximation te be obtained which 

t=



eventually gives the viscosity as 

Rete De ae Chat 8) 

brs is the viscosity calculated from the rigid sphere model while Sy is 

a quantity which depends on the exact value of Y used, the necessary data 

having been calculated by Kotari (4). 

The simpler potential functions described above are useful in the 

prediction of transport property data especially for interpolation 

procedures. For extrapolation purposes the more complex Lennard Jones 

(6-12) or Modiried Buckingham (Exp-6) potentials have been found most 

valuable, and of these the former has gained the wider acceptance. This 

takes the form 

g(2) = lop - wry] - teres OD 
The adjustable parameters here are €, which represents the depth of 

the potential well (or the maximum energy of attraction) and o which 

represents the value of r for which g¢ becomes zero. This is illustrated by 

Fig. 2. ‘The calculation of the requisite collision integrals based on this 

own 

  

  
  

FIGURE 2. REPRESENTATION OF TilE LENNARD JONES (6~i2) POTENTIAL 
FUNCTION USED IM TRANSPORT PROPERTY CALCULATIONS 
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expression have been obtained independently by several workers and a close 

correspondence between the various sources has been obtained, Tabulated 

values of Q(@:9* have been given in reference (1) in terms of the reduced 

temperature k?/e. The two data fitting functions ¢/k and o have been 

obtained for many common gases snd recommended values are also listed. 

Although widely used in practice, the Lennard Jones (6-12) function 

suffers from an overestimation of the repulsive forces represented by the 

(o/r)'* term. This drawback is partislly overcome by the Modified 

Buckingham version, which is a three parameter expression given by 

6) = [e/1-6/0)} {(6/e) exp [a(t-n/2,)] - Ge /r)*} 
m 

This allows superior date fitting but in mest cases the experimental 

information is not, in itself, of sufficiently nigh accuracy to warrant the 

additional expenditure of effort. However collision integrals for this 

function have been computed by Mason (5) and are available if needed. 

In view of its widespread acceptance elsewhere and the greater 

availability of the required input data, the Lennard Jones (6-12) potential 

has been used throughout for the calculations needed in this work. The 

appropriate modifications enabling polar molecules to be included have been 

made as described below. 

2.6.2 Calculation of viscosity for pure polar gases 

The Lennard-Jones function describing molecular interactions is found to 

break down when the data for polar gases and for long chain molecules such 

as n-octane are examined. This is not unexpected since in neither case 

do the force fields approximate to the spherically symmetrical conditions 

assumed in the theory. The numerical evaluation of the desired collision 

integrals for use with Equation (1) then becomes exceedingly difficult 

owing to the introduction of angular dependent effects. Monchick and 

Mason (6) have described a method whereby this difficulty may be 

circumvented by the inclusion of a term which takes into account the dipole 

45 —



Moments and non-symmetrical force fields. More generally kmown as the 

modified Stockmayer potential this takes the form 

Ble) = he [Co/r)*. (o/c)? | - CR /P IE 

Monchick and Mason hold the value of the angular dependent quantity C 

fixed so that, provided 11 be mown, the required integrals can be obtained 

and averaged for all values of ¢. 

2.6.3 The viscosity of gas mixtures 

The thermophysical and transport properties of various combusticn product 

mixtures have been computed by several major organisations althouch in 

many cases the results have not been published. As stated previously, the 

thermodynamic data can in most cases, be taken to be quite reliable, 

although doubts arise when one considers the accuracy of the transport 

properties represented by thermal conductivity and viscosity. The 

calculation of both of these quantities can be achieved using purely 

theoretical arguments but the complexity of the procedure required renders 

it unsuitable for practical use, except where monatomic gases are 

conceraed. 

Consequently, recourse to certain simplified relationships is 

necessary. An approximate formula for the viscosity of a gas mixture was 

originally presented by Sutherland (7) and later modified by Wassiljewa (8) 

i . 

y be 

nix = ep ea ae 
daN Vek hygy/ey 

j=1 

jA 

Originally developed in 1904, this expression is still widely used 

in present day calculations although the form of the function Bry (the 

so-called Wassiljewa coefficient) has been modified by various authors. 

Wilke (9), Buddenberg and Wilke (10), and later Francis (11) have obtained 

expressions for this coefficient which incorporate empirical correction 

terms . Using the Lennard-Jones function these generally provide quite 

See



Satisfactory agreement with the available experimental information the 

version suggested by Francis proving to be especially good in this 

respect. The quantity ¢,, is given by 

Ca, on CL 
{ ——) 

My +4; 
= Susy OX 

Bs ¢ i) a) AS 

On the other hand, Brokaw (12 has recently attempted to improve the 

‘theoretical approach by the development of new formulae based on the 

rigorous Chapman-Enskog kinetic theory. Because of the very limited 

number of approximations introduced in Brokaw's approach, the values of 

viscosity calculated from these formulae agree closely with predictions 

obtained from truly rigorous theory. However, it seems that the 

accuracy is less good when experimental data is considered and the use of 

the simple expression developed by Francis may be preferable from a 

practical point of view. 

This has been shown by Davies (13) in a critical comparison of the two 

methods. While it appears that the use of Brokaw's approach may give 

marginally better predictions where binary mixtures of polar molecules are 

concerned, the equation proposed by Francis proves to be slightly superior 

for most polar/non-polar binary and polar ternary mixtures. It is therefore 

of particular value when combustion product viscosities are required 

since the calculation invariably involve both classes of molecules. Its 

comparative simplicity is, however, the main attraction and this encourages 

its continued use for the viscosity calculations needed in this work. 

2.7 Thermal conductivity of gases 

2.7.1 Pure components 

The classical theory put forward by Hirschfelder, Curtiss and Bird has 

been found adequate in the prediction of thermal conductivity data for 

pure monatomic gases. Rigorous kinetic theory gives a first approximation 

= 15—
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In this expression C, represents the specific heat of the gas under 

constant volume conditions while M is the atomic weight and ae?) a 

collision integral. As for the case of viscosity the latter is closely 

associated with the potential energy of interaction and a similar series 

of potential functions may be used in its evaluation. In the majority 

of cases the adjustable fitting parameters are best obtained from 

experimental viscosity data. This arises from the practical difficulties 

encountered with the measurement of thermal conductivity, particularly 

at higher temperature levels. 

Although satisfactory for pure monatomic gases the classical theory 

proves to be inadequate when polyatomic gases and their mixtures are 

involved. A number of workers have endeavoured to extend the range over 

which the simple theory will suffice by taking into account the exchange 

between translational energy and the various internal degrees of freedom. 

These effects were first considered by Bucken (14) end later by Chapman 

and Cowling (15), Shafar (16) and Meixner (17). A correction to the 

monatomic conductivity was proposed whereby the influence of a temperature 

gradient on the internal energies of the molecules could be included. 

The local temperatures are associated with corresponding equilibrium 

internal energy states and a form of concentration gradient establisned. 

Eucken proposed a prediction method into which the resulting self 

diffusion process could be incorporated. Unfortunately the values 

obtained from the Hirschfelder Eucken theory have invariably been found to 

be significantly higher than experimental measurements. 

In an attempt to improve the basis for the prediction of thermal 

conductivity Mason and Monchick (18) have recently derived expressions 

applicable to both polar and non polar gases. This appears to be a 
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noteworthy improvement on the earlier methods although at the present time 

the data required is not always available. For the components present 

in hydrocarbon combustion products, most of the information needed has been 

published and predictions using this method can te made for most cases of 

industrial interest. Mason and Monchick's treatment takes the thermal 

conductivity determined from the Hirschfelder - Bucken theory to be a first 

approximation to the true value. A second approximation is then made by 

including the effects of resonant exchanges of energy in polar molecules 

and of finite relaxation times in other polyatomic species. The method 

proposed has proved to be very useful in transport property calculations 

for pure components where a high degree of accuracy is required. Its 

complexity precludes a fuller description here since it has been discussed 

in detail in the reference quoted above. 

   22 tures of Gases 

like that for viscosity, the theoretical treatment for the thermal 

conductivity of gas mixtures is inordinately complicated. At modest 

temperature levels a rigorous solution for mixtures of monatomic gases is 

tractable, but is too involved for general use. The situation with 

polyatomic gases becomes correspondingly worse and although a rigorous 

theory has been developed its use can hardly be contemplated at the present 

time. In consequence developments have parallelled those for viscosity 

calculations and a number of approximate methods have been suggested. 

Of these, the one proposed by Hirshfelder has most frequently been 

used. This assumes a full equilibration between the internal end 

translational degrees of freedom and takes the form 

_ Ome) CG y) 
  

z (X)/D,,) 

° 
Here i, tx represents the translational thermal conductivity of the 

mixture and is calculated from the overall composition, various properties 
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of the individual components and the diffusion coefficients. The 

quantities involved in the second part of the expression can also be 

evaluated entirely from theory but are more usually obtained by way of 

experimental measurements of diffusion coefficients or viscosities. 

It has been found that the relationship outlined above is capable 

of realistic estimates of mixture conductivities for simple binary and 

ternary mixtures where ferce constants derived from experimental work are 

available. Where such information has not been obtained or where complex 

mixtures are involved, the predictions are found to be rather less reliable. 

For such cases a number semi-empirical relationships have been proposed 

which are generally modified fcrms of the Sutherland-Wassiljewa equation: 

Bea) ae ea) 
t Dx ory 

4 

The predictions resuiting from the use of the variations proposed by 

Francis (3), Lindsay and Bromley (19), and Brokaw (20) have been studied 

in detail by Davies (13). Davies found that the formula put forward 

by Francis proved to be at least as effective as the other, more 

complicated, versions in predicting the available information for both 

polar and non-polar mixtures. It can be seen that the equation for the 

Wassiljewa coefficient in this case, 

049 5 
— | eee) 

aM Po 
| : 

M, + My~ * Q,, 9 

e 
eel | | See bry e, L: 

takes a similar form to the expression for viscosity calculations, the 

only difference being in the exponent to the term involving molecular 

weights. 

Unfortunately Eqs. (2) and (3) above cannot be applied directly to 

calculations for high temperature combustion products. This is because 

flames, particularly those burning with oxygen, contain appreciable 

concentrations of dissociated material. Under equilibrium conditions 

- 18 -



calculations indicate that the species H, OH and O constitute upwards of 

15% by volume of stoichiometric methane-oxygen combustion products at the 

calculated adiabatic flame temperature of 3050K. As a result of the 

high dissociation energies involved, it is clear that an appreciable 

proportion of the total energy cf the system is incorporated in the heats 

of dissociation for the radicals present. Since the equilibrium 

concentrations of such species are strongly dependent on temperature, the 

presence of a cooler surface creates steep concentration gradients within 

the boundary layer. A diffusion of dissociated species ensues and 

subsequent recombination, sither in cooler regions of the boundary layer 

or at the wall, releases the heat of dissociation. The heat transfer is 

thereby increased and the phenomenon can be looked upon as an 

enhancement of the thermal conductivity of the mixture beyond that expected 

from the usual intermolecular collision processes. 

A first approximation to the effective equilibrium thermal 

conductivity of a chemically active mixture may be estimated from data 

for the frozen and equilibrium specific heats. It can be shown that the 

frozen and equilibrium conductivities of a mixture having a unity Lewis 

number are related by the equation 

Cp eas ene leace, 

The simple formula quoted above can be quite valuable where rapid 

order of magnitude estimates are required, but suffers from the 

restrictions imposed on Lewis numbers. Because of these limitations a 

more sophisticated approach is necessary for accurate work on combustion 

product mixtures since very much higher Lewis numbers are encountered. 

In this respect the calculation method devised by Brokaw (21) would seem 

to be most appropriate. In this the effective total conductivity is 

determined from the sum of two parts. The value arising from the normal 

conduction process, \,, is supplemented by an additional quantity called 

eso) =



the reacting conductivity, \,, which accounts for heat transfer by diffusion 

and recombination. 

deg = Ae te eq 

The frozen thermal conductivity, 4,, may be calculated from the 

formulae given in Eqs. (2) and (3) above while the second term, hg, may be 

determined by using the original method described by Brokaw in reference (21). 

The concept of a reacting thermal conductivity is especially 

valuable in calculations for combustion systems. At high temperature 

levels the contributions to heat transfer arising from the diffusion 

and recombination of species cther then hydrogen atoms can be considerable. 

These are included when Brokaw's method is employed and should lead to 

more accurate values for the transport property in question. 

Reacting gonductivities have been determined for all the six fuel 

oxidant combinations of interest, excellent agreement with the independent 

calculations of Svehla (22) having been obtained in the case of stoichiometric 

hydrogen-oxygen combustion. However, it is noticeable that the values 

for the total thermal conductivity, \,,, diverge from those quoted by 

Svehla at the lower temperature levels. This arises from the use of 

rather different input data for these conditions. For the purposes of 

this work the availability of exoerimental data for steam was recognised 

and curve fitting procedures were available to allow this information to 

be included in the calculations for temperatures below 2000K. On the 

other hand, the calculations carried out by Svehla were based entirely 

on theoretical considerations with no reference to measured data. The 

values and sources of the force constants used in the present calculations 

are tabulated in Appendix 1. 
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3. THEORY OF HEAT TRANSFER WITH VARIABLE FLUID PROPERTIES   

  

3-1__Previous Work 

The heat transfer occurring between gas streams and solid surfaces is 

a field which has attracted an enormous amount of attention over the 

years. The process is of such rractical importance that a vast and 

detailed literature exists cn the subject. Many aspects of the 

problem have been resolved, but it is notable that the theory of heat 

transfer under the severe temperature conditions encountered in 

combustion systems has escaped intensive study for many years. This 

has arisen from a lack of real industrial interest which has only 

recently been dispelled by an increased awareness that a solution to 

the problem would be of direct practical value. 

In order to survey the relevant work which has been published, it 

is convenient to divide the subject of variable property heat transfer 

into three sections. The first of these encompasses the lower 

temperature ranges where dissociation is absent, the second includes 

the effects of dissociation while the third covers the limited amount 

of work involving combustion product mixtures. 

3.1.1 Systems without dissociation 

Numerous studies of heat transfer have been carried out at modest 

temperature levels and two general methods for correlating experimental 

data seem to have gained auite wide acceptance. In the first of these 

a reference temperature is selected and used in the evaluation of the 

dimensionless groups so frequently encountered in heat transfer 

calculations. Although this reference temverature is sometimes taken 

to be that of the wali or of the free stream, it is more usually 

defined as the pvidimetie mean of these values. Thermophysical 

properties evaluated at this temperature are then said to represent 
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the mean film conditions. 

The second method requires that the results obtained from a purely 

constant property solution be modified by a term which accounts for the 

variations across the boundary layer. The constant property relationship 

may need to be evaluated at any of the usual temperatures vut free stream 

conditions are generally favoured. The effects of property variations 

are then accommodated by taking the ratio of some physical quantity at 

the surface temperature to the value appropriate to either the mean film 

temperature or that of the free stream. For the majority of correlations 

applicable to gases, the appropriate physical property is assumed to be 

the shear viscosity, |, or the density-viscosity product, py. The ratio 

can frequently be reduced to a simple function of temperature by making 

use of the power law dependence of these quantities on the absolute 

temperature. The general form of correlation equation may then be 

represented by 

Nu = ARe*Pr’ (7, /?, )” 

These approaches have proved to be quite successful for heat transfer 

problems involving both laminar and turbulent flow of gases through 

tubes. Similar methods have been used to correlate experimental data 

obtained for the impingement of gas streams on solid surfaces. 

For the case of flow inside tubes an enormous volume of material 

has been published but only a very small proportion of this is relevant 

te systems which involve large temperature gradients. One of the 

more comprehensive works dealing with tube flow is that of Perkins and 

Worsoe-Schmidt (23). These authors have reported detailed experimental 

measurements of friction factors and heat transfer coefficients under 

quasi steady state conditions. Precooled nitrogen in turbulent flow 

was passed through a heated tube where the ratio of the absolute 

temperatures at the wall and in the free stream ranged from 1.25 to 7.54. 

The results were correlated using the second of the two methods 
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outlined above, that incorporating a correction factor based on the 

temperature ratio. In order to allow for entry effects, the two 

forms of correiation equation included a multiplying factor 

{1 + (L/))"°*’ (2, /, )°*’ } which successfully coped with all of the 

experimental data. The expressions proposed were 

Nu, =\0.02hRel Pr, °S™ Cn (T°? [1 4G) °° (a fn 7) 

and 

Na, =Ol02%ee, Pro [14 + (yp)? "? (fe?) 

for bulk and wall conditions respectively. Here the wall Reynolds 

number was defined in terms of the total mass flow, w, and the temperature 

ratio: 

Re, = (4w/nDp, )(T, /2, ) 

In fully developed flow (large L/D) the quantity represented by the 

expression in curly brackets reduces to unity, the temperature ratio 

term remaining then being associated with vowers of -0.7 and -0.8 

respectively. 

Similar work by Humble, Lowdermilk and Desmon using air as the 

heat transfer medium indicated a slighly higher valued exponent of 

-0.55 for the heating case, although the range of temperatures covered 

was not nearly as extensive. (2k). 

On the other hand, the analytical results of McEligot, Smith and 

Bankston (25) for strong heating of gases in turbulent flow through 

tubes seem to indicate that the exponent does not remain constant. From 

a comparison of their results with those of Perkins and Worsoe-Schmidt it 

appears that a dependence on the magnitude of the temperature ratio 

exists. At comparatively modest temperature levels this may 

conveniently be ignored and yet still enable good agreement to be 

obtained with experiment. A possible explanation of this behaviour 

may lie in a slight departure from the simple power law relationship 

used in the theoretical work to describe the variation of viscosity with 
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temperature. In the case of nitrogen or air, such a relationship proves 

to be reasonably satisfactory but with high temperature combustion 

products the situation is very much altered by the effects of dissociation. 

The increase of viscosity with temperature is attenuated or even reversed 

by the formation of low molecular weight species. These have viscosities 

appreciably lower than those of the remaining components and their 

formation tends to mask the effect of increasing temperature. This 

constitutes an important difference between the two systems so that the 

simpl2 approaches which prove successful at low temperature levels might 

break down if applied to flames. 

A second difference lies in the mechanism of heat transfer. The 

highest temperature encountered in the studies with nitrogen was about 

1200K whereas combustion product mixtures frequently involve values in 

excess of 3000K. Furthermore, in the downstream region where corrections 

for entry effects become smaller, the highest temperatures recorded by 

Worsoe-Schmidt were very much reduced. Thus an appreciable proportion 

of the heat flux may be carried by dissociated species in a combustion 

system but this could not occur in the studies using nitrogen since the 

temperatures involved were far too low. 

Taylor (26 and 27) has examined the heating of pure components inside 

circular tubes at rather higher temperature levels. These were 

sufficient to cause appreciable dissociation of molecular species 

adjacent to the wall, but the close similarities with the work described 

above makes it most convenient to discuss the two papers at this stage. 

In both cases hydrogen and helium were used as the fluid media but these 

were precooled in a liquid nitrogen bath for the second set of 

measurements. 

The earlier paper was concerned with the measurement of local values 

of heat transfer coefficients applicable to flow of the gases through 

an electrically heated tungsten tube having a length to diameter ratio 
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Of 77. In this study the local Reynolds number varied between 7,600 and 

39,500 indicating that turbulent flow conditions would prevail throughout. 

A maximum surface temperature of just over 3100K was recorded. 

From these studies Taylor concluded that the most satisfactory 

correlation was provided by the expression 

Nuts 10.021 (Re*)° Ch free (pr*)?** 

where * designates film values. 

The corresponding low temperature relationship for the Reynolds number 

range in question is that proposed by Colburn, 

Ng, = 0.029 (he*)* (Pp, )°?? 

For the Prandtl number range applicable to hydrogen and helium (~0.7) this 

expression bears an obvious similarity to that put forward by Taylor. 

The difference in the numerical constant is accounted for by the slight 

variation in the exponent to the Prandtl number term. Taylor's approach 

appears to permit the use of the low temperature equation in situations 

where large temperature differentials exist. This is achieved by employing 

film values throughout and attaching a modifying factor, T,/I*, directly 

to the Reynolds number. 

In his later paper Taylor has obtained a somewhat improved 

correlation of similar heat transfer data measured in virtually the same 

test facility as before. The equation used to describe the heat transfer 

introduced a wall to free stream temperature ratio raised to a power 

which was dependent on the axial position of the point in question. 

Nu, = 0-021 Re,°* Pro°* (2/2, ylewzstercorst oJ 

. For flow through hexagonal tubes a similar form of equation, but with 

different constants in the exponential term was found to be satisfactory 

to within about 20% by Slaby and Mattson (28). However, McHligot and 

Smith (29) are of the opinion that the correlation of data by this 

method is unnecessarily complex except for the special case of a 

developing flow so that this approach has not been given more than a 

cursory examination. 

es



For the laminar flow condition, both theoretical and experimental 

data have been produced. The first analytical approach was made by 

Deissler (30) but his results did not correspond to available experimental 

data chiefly because of the assumed velocity and temperature profiles. 

Under variable property conditions it is clear that the changing gas 

temperatures lead to radial velocity components so that a fully developed 

flow situation is never reached. Worsoe-Schmidt (31) has improved 

the analysis by allowing for this and has indicated that the influence 

of temperature ratio should be very small but act in the same direction 

as for turbulent flow. This conclusion has been verified experimentally, 

principally by Kays and Nicoll in their much quoted work on air flowing 

through circular tubes (32). 

The position regarding stagnation point situations and external 

boundary layers in laminar flow has been summarised quite neatly by 

Kays (33). Drawing on the analytical solutions by Cohen and Reshotko (3!) 

he has concluded that the cases of heating and cooling must be treated 

separately and recommends the use of exponents to the temperature ratio 

given in the table below. 

Table 4 

Recommended Values of the Exponent to the Temperature Ratio (T,/T,) for 
  

Gases in Laminar External Boundary Layers   

  

  

Flow Situation e754 Pato 4 

Uso = constant - 0.01 0 

Stagnation Pt. 0.1 0.07 
  

The important point to notice here is that the dependence on 

temperature ratio seems to be much stronger in the case of stagnation 

point heat transfer than for situations which involve the flow of gases 

over a surface. Furthermore it can be seen that the correction factors 
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tend to operate in opposite directions for the two geometrical arrangements. 

Because of this, heat transfer to a stagnation point must be considered 

Separately since correlations proposed for other systems are unlikely to 

hold for this particular case. 

-1.2. Systems involving dissociation 
  

It has already been mentioned that the theory of heat transfer from 

dissociated combustion products has been developed to only a limited 

extent. On the other hand the related problem with dissociated air has 

been the subject of considerable attention for more than a decade, 

chiefly in connection with the various space exploration programmes. 

This arises from the need to control or minimise the heating effects 

encountered during the re-entry of space vehicles to the earth's atmosphere. 

The rapid conversion of kinetic energy to heat as the accompanying shock 

wave passes through the gases may cause appreciable dissociation and 

ionisation of the boundary layer, with the attendant effects of high heat 

transfer rates and severe property gradients. 

In the course of the research effort a number of papers dealing 

with these topics have emerged. Some of these papers are directly 

relevant to the present work and their main features and limitations are 

outlined below. 

Since the greatest rates of heat transfer to an object travelling 

at hypersonic speeds may be expected in the neighbourhood of the forward 

stagnation point, the majority of authors have concerned themselves with 

this restricted case. Two distinctly separate lines of approach appear 

to have predominated. 

The first of these has been concerned with the adaption of 

relationships originally designed for heat transfer under comparatively 

low temperature conditions and modest temperature differentials. A 

large number of such relationships have been produced, cevering a wide 
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range of geometrical and fluid combinations. Although the majority have 

resulted from the correlation of experimental data, a limited number have 

been obtained from purely theoretical considerations. In view of their 

widespread acceptance for low temperature situations, the development of 

suitable modifications permitting their use at higher temperature levels 

is clearly an attractive prospect. 

The formulae referred to above usually take the form Nu = f(Gr, Pr) 

or Nu = f(Re, Pr) depending on whether natural or forced convection 

processes dominate the heat transfer. Sibulkin (35) has obtained a 

theoretical expression for the particular case of forced convective heat 

transfer at the forward stagnation point of a sphere. 

Applicable to constant proverty incompressible flow conditions, this takes 

the form 

Nu = 1.32Pr°"* Re°? esos Cha) 

or St = 1.32Pr °°® Re °” wes (4b) 

The corresponding expressions for the heat flux being 

@ = 1.32Pr°** Re°? AAT/D, ce) 

@nds dG] dpserr --* (Res GAT sees (50) 

The extension of equations such as that put forward by Sibulkin was 

first considered by Rosner (36). Using Rosner's approach the stagnation 

point heat flux for equilibrium conditions becomes 

q = 1.32Pr °"* Re ° GAH [14 (lg, - 1)AHygen/AH]°™* 5... (6) 

In this expression some allowance for property variations within the 

boundary layer has been made. In effect a mean specific heat has been 

introduced by the separate enthalpy term since Gar = AH. In addition 

the term in parentheses involving Lewis numbers and dissociation 

enthalpies acts as a correction to thermal conductivity used in the 

Prandtl number and provides for the energy transfer which occurs by the 

diffusion and recombination of active species. 
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An interesting point arises from Eq (6) for the case of unit Lewis 

numbers when diffusion-recombination heat transfer occurs at the same rate 

as the usual conduction processes, (Le, = D/CA/po, J De Under these 

conditions the heat flux can ce seen to be directly proportional to the 

overall enthalpy difference. In such a case the driving force for heat 

transfer would best be represented by the overall enthalpy difference 

rather than by the temperature difference. For non-unity Lewis numbers 

a similar conclusion may be drawn provided that an equilibrium Prandtl 

number be defined as 

Preq = Pry[1 + (Le, - 1)Aipye /AH) 

Equation (6) can then be written as 

Qierqeses Pry.” Re, n°" SGAR 

Rosner has pointed out that in many systems the major part of the heat 

flux attributed to dissociated species is carried by hydrogen atoms because 

of their high diffusion coefficients. As a result it may be possible to 

introduce further approximations into the equations listed above by 

defining Lewis numbers on the basis of hydrogen atom diffusion only and 

restricting the term AH,,¢, to these species alone. The heat transfer 

rate can then be estimated from 

@ 2 1egePr °°* Re“? (GAH {1/4 Che, — 1) Bley gy W/DHIO wees (7) 

All of the expressions listed above embody certain simplifying assumptions 

concerning the transport properties of the fluid which, although quite 

reasonable for heat transfer from dissociated air, may be invalid for high 

temperature combustion products. Particularly important in this context 

are the effects, arising from the multicomponent diffusion of the various 

active species, of variable Lewis and Prandtl numbers. In the case of 

heat transfer from dissociated air streams to cold surfaces, the use of 

constant frozen Lewis and Prandtl numbers of 1.4 and 0.71 respectively may 

be a useful approximation. However, it has been shown by Davies and 

Toth (37) that the frozen Prandtl and H-atom Lewis numbers for fuel-oxygen 
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combustion products can vary substantially between adiabatic flame 

temperature and the sink temperature of 4OOK. Consequently, the 

application of such formulae must ve made with utmost caution. 

  

The second, and possibly more itful approach to the problem has 

made use of numerical solution methods. The pioneering work in this 

field was carried out by Lees (38) with the application of numerical methods 

to the solution of the appropriate laminar boundary layer conservation 

equations. lees considered the simplified case where physical property 

variations through the boundary layer were such that a constant, near 

unity Prandtl number could be assumed together with a Lewis number of 

unity and a constant value of the product of density and viscosity. In 

addition implicit within the derivation are the assumptions that chemical 

equilibrium prevails throughout and that the ratio of free stream to wall 

temperature is large. 

A similar treatment incorporating certain worthwhile refinements was 

made by Fay ana Riddell (39) who, by removing the restrictions of unit 

lewis number and of a constant density-viscosity product, produced results 

which were more nearly representative of heat transfer from dissociated 

air. The equation fitted to their numerical results for equilibrium 

conditions takes a similar form to that proposed by Rosner. 

? Neue 
§ = 1.32Pr, vr (Batts) Re," GAH [1+ (le°** 2-7) AR. ~-++ C8) hs 

The predictions obtained from this solution have been tested against 

experimental shock tube studies by Rose and Stark (40) and in general good 

agreement seems to have been obtained for air. Unfortunately the 

restriction of constant Prandtl and Lewis numbers remains as an unwelcome 

requirement when combustion product mixtures are to be considered. 

Furthermore, a simplification similar to that introduced by Fay and Riddell's 

‘assumption that the air stream consisted of two species only, air ‘atoms! 

and air 'molecules' is probably inadmissable in this case. 

A final point concerns the validity of the method by which density 

and viscosity variations in the boundary layer are accommodated. In the 

=o



case of heat transfer from dissociated air it was found that the effective 

value of the density-viscosity product was related to the wall and free 

stream conditions. Fay and Riddell found that the expression 

o05 yo "4 
(ou = (Pstls (py thw /Pa He 1° 

was adequate for this purpose and included it in the derivation of 

Eq (8). However, it is evident from sample calculations on combustion 

product mixtures that such a manoeuvre is unsuitable when heat transfer 

from flames is to be predicted. This is shown by Table 2 which compares 

the values of (p)°” calculated directly from thermophysical property 

data with those generated hy the expression quoted above 

Table 2: A survey of the error introduced by using Fay and Riddell's 

approximation in combustion systems 

Stoichiometric Methane-Oxygen Flame at 3000K 

  

  

T, Gus (opus)? Coytty/Peld, )°°* 

400 3.073 2.882 

800 3. 14k 2.901 

1200 3.208 2.919 

1600 3.273 2.942 

2000 3.338 2.960 

  

321.3 Previous Experimental Work 

On the practical side it appears that useful experimental results are 

at a premium. Numerous studies of heat transfer from flames have been 

reported, but the majority of these have been concerned with specific 

engineering aspects of the problem rather than with the development of 

a heat transfer theory. Asa result, the detailed information needed 

for a more basic understanding of the subject has not often been collected 

although their vaiue in helping to solve practical problems cannot be 

denied. However, the lack of data frequently means that the results of 
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Such investigaticis are difficult to interpret from a theoretical point 

of view. 

The conversion of appliances to natural gas firing, both in this 

country and overseas, has formed the primary stimulus for a large 

proportion of the experimental work. Comparative assessments of performance 

before and after conversion has formed a large part of this, with the 

very nature of the topic precluding much in the way of theoretical studies. 

A typical example of the work carried out is provided in the paper 

published by Gronegress and Rosser (41). This reports industrial 

experience with various burner designs used in the flame hardening processes 

common to the fabrication of many engineering components. The 

performance of natural and townas' gas versions of each of four burner types 

were compared so that their suitability for industrial use could be 

assessed. Component feed rates and the depth of heat penetration 

into the metal were studied and, although these were naturally dependent 

on the prevailing heat transfer rates, only qualitative information can 

be extracted. 

Parallel difficulties arise in the interpretation of experimental 

studies concerned with the relative Merits of different fuels in given 

heating applications. Fay (42) has examined the distribution of heat 

flux when propane, acetylene and MAPP* flames impinge normally on a flat 

surface. This geometrical arrangement is not amenable to theoretical 

treatment as the effects of differing flame shapes prevent nore than a 

superficial examination of the data. Similar aerodynamic complications 

exist in the practical studies performed by Reed (43) and Ivernel (44) 

on hydrogen-oxygen and natural gas-oxygen flames respectively. Likewise 

_the papers by Davies (45) and by Harker (46) dealing with heat transfer 

  

* MAPP is a registered trade mark of the Dow Chemical Company.



from electrically augmented flames also involve complex flow situations 

because of the inherent non-uniformity of the gas streams generated by 

these burners. 

A comparatively small amount of work has been carried out for the 

express purpose of improving the current heat transfer theory. In this 

context the investigations by Kilham (47) and by Dunham (48) must be 

mentioned. The first of these was concerned with the possible mechanisms 

of energy transfer from flame gases. The rates of heat transfer to 

refractory cylinders were estimated and it was shown that with carbon 

monoxide-air flames the bulk of this occurred by radiation and forced 

convection. However, in hydrogen-air flames it appeared that up to 2h% 

of the energy transfer was contributed by the recombination of atoms and 

radicals within the boundary layer. The work carried out by Dunham 

was of a somewhat similar nature again using hydrogen and carbon monoxide 

burning with air. In this case a stagnation point geometry was used 

and the results reinforced the conclusions reached by Kilham. 

Investigations with higher temperature combustion products have been 

carried out using various fuel gases, notably hydrogen, methane, propane 

and acetylene. Stoichiometric combustion with oxygen has generally 

been favoured. However, Giedt, Cobb and Russ (49) have concerned themselves 

with the heat transfer resulting from the passage of the combustion prodcts 

of a rich acetylene-oxygen flame over the surface of a flat plate 

mounted parallel to the flow direction. This work was followed by a 

further report by Giedt and Woodruff (50) using a similar test facility but 

one which permitted surface temperatures to reach 2000K. 

Unfortunately the similarity of the two experimental rigs does 

introduce a certain amount of confusion since, for the earlier work, the 

boundary layer was assumed to be turbulent from its point of inception. 

This is at variance with the statement in the later paper that a 

laminar flow regime could be assumed. A private communication failed tc 
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resolve this matter and although further experimental information was 

supplied little could be done to clarify the issue. 

Another paper which seemed pertinent to the present research effort 

was the early publication by Anderson and Stresino (51). This 

covered measurements of the heat transfer from flames impinging on flat 

and cylindrical surfaces using various methane, propane and hydrogen 

oxygen mixtures together with a limited number using methane-air. The 

distribution of heat flux was obtained by a mathematical inversion of data 

gathered from both a simpie tube probe and a segmented flat plate. It 

was admitted that the methca used for the processing of the results would 

necessarily accentuate any errors in the data but the values presented 

represent one of the few sources in which actual fluxes are listed. 

With one of the flames of interest the quoted gas velocity must be 

questioned. This arises in the hydrogen-oxygen case where experimental 

difficulties demanded the calculation of this quantity. The velocity 

was deduced from the flow rates of the fuel and oxygen using the diameter 

of the burner exit to define the flow area. The appropriate figures 

were 12.11 x 10° m/s , 6.06x 10° m/s and 9.525 mm respectively. 

If a flame temperature of 3040K be assumed (adiabatic ~3073K) then asimple 

calculation can be made since the mixture density is then 60.87 x 107 ke/ur 

The total input rate corresponds to 9.74 x 10° kg of mixture each 

second and this necessitates an exit velocity of 2245 m/s, This differs 

markedly from the figure of 1402m/s quoted in the paper and cannot be 

explained by the flame temperature being lower than the assumed 3040K. 

To account for the exit velocity given, a temperature of about 2300K would 

be required. This is far too low to be more than a remote possibility 

for a stoichiometric hydrogen-oxygen mixture. Even if this temperature 

were correct, the quoted heat fluxes would then appear to be much too 

high for such a flame when compared with the other mixtures reported 
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in the same paper. 

One of the most recent experimental studies was that performed by 

Brim and Eustis (52). This was designed specifically to study the 

effects of property variations on heat transfer. Measurements of heat 

flux were obtained at a number of stations along a thick walled copper tube 

through which combustion products were passed. These were generated by 

an ethanol-oxygen burner which initially fired into a plenum chamber 

lined with refractory brick. This acted as a calming section and 

ensured that the products entering the instrumented tube would be in 

equilibrium. Nitrogen dilution was used to control the temperature of 

the inlet gas, a maximum of 2515K being attained. Turbulent flow was 

assumed throughout and most of the data were correlated within + 6% by 

the expression 

Nu, = 0.021 Re,’ Pr,’** 

Although this does not acknowiedge any dependence on the ratio of wall 

and free stream temperatures it is clear from the paper that such an 

influence begins to appear at the highest ratios of T, /T,. Under these 

conditions the discrepancy between the measured data and the correlation 

equation rises to nearer 15% probably reflecting the onset of dissociation. 

The final work of interest was published by Kilham and Purvis (53) 

shortly after the completion of the first draft of this thesis. 

Measurements of heat transfer were reported for methane and propane flames 

burning with various proportions of oxygen. Heat fluxes were determined 

at the forward stagnation point of a hemispherically ended blunt body 

using a similar transient technique to that employed in the corresponding 

part of this work. Seven mixture compositions were taken and a single 

mass velocity used in each case. Three data points were obtained for 

the fuel rich flames of both propane and methane while the remaining run 

was carried out with a slightly lean methane flame. 
\ 

In order to correlate the experimental results, a procedure based 
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the 
on Fay and Riddell's modification to,method of Rosner was used. The 

expression quoted was equivalent to 

. . J-22 (2utty\ 066 r wets q Denes \asue/ (Be)7 [1+ Ge - 15 pet) an 

The predictions obtained from this relationship were then compared with 

the experimental results. It was concluded that the true heat transfer 

rate lay intermediate to the values obtained for unit Lewis numbers and 

those taking Lewis numbers based on the diffusion of hydrogen atoms only. 

Further discussion of this paper has been deferred until Section 10 where 

a comparison of experimental results has been made. 

3.2.1 Proposed Modifications of Low Temperature Relationships 

In view of the differences between the problems encountered in heat 

transfer from dissociated air ani from high temperature combustion products 

it is clear that somewhat modified approaches are likely to be necessary. 

In the present studies both numerical and semi-empirical methods have 

been used and in each case modifications have been made which should enable 

more realistic account to be taken of the thermophysical property 

variations involved. The relevant theory can be greatly simplified by 

confining the investigations to a stagnation point situation, at least for 

the initial stages of the work. This largely eliminates aerodynamic 

complications and enables differences in heat transfer arising from the 

use of various fuels to be identified more easily. 

When attempting to extend the range of existing heat transfer 

relationships it is first suggested that a value of equilibrium Prandtl 

number be used which incorporates the effects of non-unity Lewis numbers 

which vary with temperature. In this respect it would seem that the 

evaluation of Prandtl numbers using equilibrium thermal conductivities 

calculated by Brokaw's nets would be appropriate. In order to provide 

for the wide variations in Prandtl number and other thermophysical 
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properties it is felt that some form of averaging is necessary. Since 

the variation over the range between flame and sink temperatures is 

non-linear, a weighted average based on the numerical integration of the 

property with respect to temperature could well be a suitable choice. 

Thus for any property a 

r, 
7 es f a at Taian (9) 

r 
7 =n, 

W 

The majority of expressions available for the prediction of heat 

transfer at low temperature levels are based on correlations involving 

dimensionless groups of variables. For situations where forced convection 

predominates the equations are frequently in the form of simple relationships 

for the Nusselt or Stanton numbers. When expressions involving the 

latter are to be modified for application to high temperature problems it 

seems reasonable to define the effective value of this group in terms 

of an averaged specific heat, the prevailing heat transfer coefficient 

and the mass velocity of the approach stream. In this way the general 

procedure suggested by previous workers is followed and the simplification 

6 = AH/AT can again be introduced. This maintains a similarity with the 

proposals of both Rosner and Fay and Riddell shown in Eqs. (7) and (8). 

The use of averaged conductivity values defined by Eq. (9) forms the 

corresponding simplification for relationships expressed in Nusselt 

number form. 

Three general methods for correlating measurements in high 

temperature combustion systems are proposed. The first of these bases 

the required physical property data on the average conditions in the 

boundary layer, and leads to equations which for stagnation point heat 

transfer takes the form 

St = 1.32 Pro“ Reo? 

and Nu= 1.32 Pr °* Re °* f 
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The second considers that the flow pattern around the heated 

object is determined largely by the free stream Reynolds number. This 

is retained but the remaining quantities are averaged in the manner 

suggested above. 

Ste voeatesauPr. 9 °* Re, 20" 

Nu = 1.32 Pr °** Re, °° 

The final suggestion again takes averages of the physical properties of 

the combustion products but includes a modified Reynolds number 

Se = 1.52 Prot*® (efi, Re, °? 

Nu = 1.32 Pr°** (w/w, Re, °” 

The predictions from each of these forms of equation have been assessed 

in order to ascertain which leads to the most satisfactory correlation of 

experimental results. In practice it is found that the third of these 

methods proves to be the most successful. 

522.2. Proposed numerical solutions 

The important features of the numerical solutions for combustion systems 

  

may be seen by reference to the boundary layer equations for flow over 

an axially symmetrical blunt nosed body. For thin boundary layers, that 

is where the boundary layer thickness is very much smaller than the 

characteristic dimension of the heated object, these equations are as 

follows: 

global continuity for 6 <r, is defined by 

3 
& (pur) + ae (pvr) = 0 

conservation of momentum by 

du ou oP) 28 du 
ma t PV ay = B Seay boy 

and x = 0 

conservation of energy, neglecting thermal diffusion, by 

= 36 =



or st, 3 ful, ov) ° = 1 
Baise Ving + y At +) oy J = {eon TS ee 

av " where I H se 

and H = Boy (H, - H,”) 

In the above 4, is the frozen thermal conductivity of the mixture while 

the summation term represents the diffusion - recombination effects 

mentioned previously. In the case of heat transfer from combustion 

products considered here, the energy equation may be modified to avoid 

the explicit appearance of diffusicn terms. This may be accomplished 

with the use of cquilibrium conductivities incorporating the chemical 

reaction term. 

or 
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There is in the general case, no intrinsic advantage to be obtained from 

this substitution since 4,, is still dependent on the species diffusivities, 

and the local concentration gradients. In the present case since values 

for \,q had already been calculated some saving in computing time could 

be achieved. 

The boundary layer equations presented above are a set of non 

linear partial differential equations. As such they are not easily 

solved except in restricted circumstances where conditions permit the 

elimination of certain terms and enable ordinary differential equations 

to be produced. Such a situation exists close to a stagnation point 

where, from symmetry considerations, the thermophysical properties 

must be functions of the displacement from the surface only, and largely 

independent of x. An approximate solution can then be obtained, provided 

that a co-ordinate transformation can be found such that the velocity 

and enthalpy profiles remain similar to themselves over distances 

corresponding to several boundary layer thicknesses. This implies that



changes occurring in the x direction are small compared with those in 

the y direction. In such a system it then becomes possible to separate 

the dependent variables so that ordinary rather than partial differential 

equations are produced. Thus a transformation from (x, y) to (x, 7) 

co-ordinates is required such that 

u (x, 1) = u (x) £" () 

and i I, g (M) 

The derivation of the necessary transformations,which follows the 

procedure outlined by Fay and Riddell, Lees, Dorrance (54) and others 

shown in Appendix 3, leads to the transformed equations: 

gg) t= foes en (L ) Sas ee Ge Cee pe) Ta ae oR 

and 

(cen)! + £2" + Hote {Pe - cer¥} eo 
ads (ke 

where C = 4 — ang ' denotes differentiation with respect to 7. 
Pelle 

These equations may then be solved by finite difference methods over 

small increments of 1 taking various initial guesses for f" (0) and g' (0) 

until the conditions at the boundary layer edge are satisfied: 

£'(o) = 1, gl) =1 and gif) = 0 

The necessary thermodynamic and transport property values were fed into 

the computer program in the form of polynomial fits to the data calculated 

earlier. These polynomials were obtained with the aid of a library 

program of General Electric Information Services Ltd and included up to 

44" order terms to ensure smooth and accurate fitting. 

It is most important to note that the derivation of the set of 

equations given above has required that chemical equilibrium should prevail 

throughout the system. For the free stream this should be a very good 

Baceormation since Penperature gradients caused by heat losses to the 

environment should be very smail. Coupled with the fact that equilibration 

in fuel oxygen flames is very rapid because of the high temperature levels 

this should mean that departures from equilibrium will be restricted 
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to the immediate neighbourhood of the visible reaction zones. This 

behaviour has been confirmed by Baxendale et al. (55) in work on 

hydrocarbon oxygen flames. The behaviour of the boundary layer itself 

is not so readily predicted end the accuracy of the numerical solutions 

should provide the best indication of whether or not such an assumption 

can be justified. An invariant elemental composition across the layer 

is also implicitly assumed when equilibrium thermal conductivities are 

specified. 

The solution procedure outlined above permits local enthalpy and 

velocity profiles to be evaluated in the vicinity of the stagnation point 

of an axisymmetric body exposed to a particular gas stream. These 

profiles are initially determined for values of 1] across the boundary 

layer and because 'similarity' is assumed in this region they will be 

virtually independent of x. For the data cbtained to have a more 

practical significance it becomes necessary to introduce the inverse 

transformation. 

ea ae 
PeTUe o P 

Using this relationship and the values of enthalpy and velocity applicable 

to the boundary layer edge it is then possible to obtain the variation of 

these quantities with position. Provided the assumption that chemical 

equilibrium prevails is valid, the thermodynamic state of the boundary 

layer is then defined and with it the variation of temperature and of 

all other thermophysical properties. 

The heat flux received by the surface may be determined from the 

following expression 

¥ 

and the related heat transfer coefficients deduced from a knowledge of 

flame and wail temperatures. 
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4. INITIAL EXPER 

  

4.4 Burners 

In order to provide reliable data for the development of prediction 

methods it is essential that any experimental equipment used should 

be well designed and adequate for the tasks demanded of it. In the case 

of heat transfer from high temperature flames it is evident that the 

use of a uniform combustion product stream would greatly simplify 

theoretical arguments. As a result the first stage in the experimental 

programme was the provision of such a stream. 

After an extensive survey of available burner designs it was 

thought that a surface mixing type would prove to be most useful. 

Premixed versions were discarded because of instability with respect 

to lightback, particularly in the case of hydrogen-oxygen combustion. 

Tunnel burners were rejected on the grounds of excessive refractory wear 

at the high temperature levels, and because of the inherently non-vniform 

velocity profile produced. 

A number of attempts were made to design a burner suitable for the 

range of fuels in question. It was found that the mixing of the fuel 

and oxygen presented difficulties and rather long, non-uniform flames 

resulted. After numerous enquiries of burner manufacturers, a 

commercial glassworking burner produced by the Carlisle Burner 

Corporation was suggested. This consisted of a tightly packed bundle 

of steel capillary tubes through which oxygen was supplied, surrounded 

by a close fitting jacket for the fuel gas. There was also provision 

for a small premixed flame at the centre of the burner. A schematic 

diagram is shown in Fig. 3 and a typical flame in the photograph 

  

  

facing this page. Tt can be seen that excellent combustiou quality was 

obtained, with the small reaction zones resembling the flame cones of 
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FIG.3 BURNER (SCHEMATIC DIAGRAM) 

premixed burners. The flame was exceptionally quiet and took on a 

laminar appearance being some 300mm high and about 30mm in maximum 

width. The burner was always fired vertically upwards so that flame 

buoyancy effects would have as little effect as possible on the 

experimental results. The experimental work with natural gas and 

air was carried out using a simple design of burner where the flame 

was stabilised on a steel plate 40mm in diameter in which a large 

number of closely spaced 1.6mm diameter holes had been drilled. 

Significant variations in throughput, giving rise to Reynolds 

numbers of from 50-500, were possible for all fuels. In the case of 

carbon monoxide, however, a marked tendency to lift had to be countered 

by the provision of a small annular diffusion flame at the outer 

* edge of the main flame.



4.2 Gas Metering System 

In order to reduce to a minimum the uncertainties which might arise from 

fluctuations in fuel quality, particular attention was paid to the 

purity of the gases supplied to the test rig. Propane, ethylene and 

carbon monoxide were conveniently obtained from high pressure cylinders 

using the 'CP' grade throughout. Supplied by Air Products Ltd these 

had the minimum purity levels specified in Table 3. The use of 

Table 3 - Purity of gases supplied to experimental rig. 

  

  

Fuel Minimum Max. Levels of Impurities 
Gas Purity % ppm by volume 

CH, 99.1 CO. , 3500; Hs 2000; 

traces of 2, GK, & 
  

Gi 99.4 CuHy , 5500; C;He, 500, 
  

C. Hy 99.8 CH, , 1500; Ce Hs , 50; 

Nz, 50; CO, 30; 

Gi, 10; ®, 10. 
  

  

co 99.5 CO, , 200; &, 20; 

N72, 

Ie >99-9 OQ, 13 CO + CO, 13 

O2 99.8 N,, 2000. 
  

similar cylinders of hydrogen proved to be impracticable in view 

of the higher flowrates required with this fuel. Instead a supply 

was drawn from the high pressure laboratory system which was fed 

in turn from a bank of 20 cylinders each containing 60 standard 

cubic metres of the gas. 

The greatest difficulties were experienced with the provision 
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of a suitable natural gas supply. The laboratory services were 

fed from a storage tank containing liquefied Algerian natural gas 

which was periodically replenished by a road tanker delivering from the 

Gas Council's Canvey Island Terminal. As delivered, this fuel contained 

appreciable proportions of higher hydrocarbons in addition to methane. 

The tendency of the lighter fractions to boil off preferentially from 

the storage facility resulted in a corresponding enrichment of the 

liquid with the higher homologues. Consequently the composition of the 

gas circulated to the laboratories varied with time and this had 

pronounced effects on the stoichiometric air requirements of the fuel. 

These effects were especially noticeable when the liquid level in the 

storage tank was low, and it was decided to restrict operation on natural 

gas to the period when the tank was virtually full. t a later date 

CP methane was used on the fuel oxygen studies but the natural ae supply 

was retained for the fuel-air work in view of the higher throughputs 

demanded by the relevant burner. 

Oxygen and air were drawn from the fixed laboratory supply mains. 

The air was taken from the high pressure circuit to avoid the 

pulsations in pressure which are invariably present in the low pressure 

system. The supply was governed down to 30kN/m using Hale Hamilton 

equipment consisting of a regulator in series with two RL7M controllers. 

The latter had the characteristic that a fall in the inlet pressure 

resulted in a rise at the outlet while an increased inlet pressure 

produced no change at the outlet. Thus the two controllers arranged 

in series effectively isolated the rig from disturbances generated by 

other equipment operating off tne same line. 

All supplies originating from nigh pressure cylinders were 

governed down to 20kKN/m using standard regulators. The natural gas 

was reduced from 900kN/m to a pressure corresponding to a few



centimetres of water using a Fisher S201 unit in conjunction with a 

non-return valve. It was found that very precise control of the 

supplies derived from cylinders was afforded by the use of a Hale 

Hamilton 1158 regulator, again with a RL1M controller. ‘The gases 

were then fed to a bank of rotameters which provided for accurate 

metering of the fuel and oxidant fed to the burners. 

Flow rates were adjusted by fine-control needle valves mounted 

before the metering tubes. It was found from experience that valves 

of the diaphragm type were generally unsatisfactory because the 

coarseness of control and the relaxation of the diaphragms made precise 

setting of flowrates more difficult. 

Calibration of the rotameters was carried out by comparison with wet 

gas meters which had previously been tested at the Gas Standards Branch 

of the Ministry of Technology. It was reported that the meters used 

were accurate to within 0.8% after the usual corrections for ambient 

conditions had been applied. In spite of the large reduction in pressure 

between the various supply mains and the test rig, it was found that the 

gases were invariably metered at ambient temperature which remained 

virtually constant. This convenient state of affairs arose by virtue 

of the lengthy pipe runs involved and the fact that the laboratory 

concerned was acoustically, and hence thermally, insulated. No 

warming coils were required and temperature corrections to the indicated 

flowrates were included in the scales attached to the metering tubes. 

The range of supply rates covered was determined primarily by 

considerations of burner stability and combustion quality and varied 

from fuel to fuel. In the case of hydrogen - oxygen combustion a 

considerable range of throughputs was possible with fuel rates between 

5 and 100 litres/minute being accommodated without difficulty. With 
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carbon monoxide and methane the range was rather more restricted being 

from 3 to 12 litres/minute for the latter. 

4.3 Equipment for Temperature Measurement 

Conventional line reversal equipment was employed for all measurements 

of flame temperature. A number of background sources were used in the 

course of the experimental programme and either sodium or lithium was 

introduced to provide the spectral line for reversal. Initially 

a carbon arc lamp was chosen for the measurements on fuel-oxygen flames 

using the red lithium line at 670.7nm. The effective temperature of the 

continuous spectrum was adjusted by the rotation of a continuously 

variable neutral density wedge placed between the lamp and the flame 

(Fig. 4). This filter was driven by a small reversible electric motor 

operating at 10 revolutions per hour and controlled by potentiometers 

mounted near to the spectroscope. A calibration of effective 

temperature against angular displacement was then obtained using a high 

range 'Optix' pyrometer. 

The use of lithium as the reversing species was dictated by the 

presence of appreciable quantities of sodium in the standard grade of 

lamp carbons. High purity electrodes were tried but considerable 

wandering of the anode crater made accurate measurement exceedingly 

difficult. Doping the rods with potassium salts was suggested but 

proved to be ineffective. Difficulties arising from the insensitivity 

of the human eye in the red region of the spectrum at high light 

_ levels were encountered throughout and correspondingly low accuracy 

was expected. It was thought that the errors and uncertainties 

involved probably amounted to + 100K. An error of this magnitude 

would be completely unacceptable in view of the strong temperature 

dependence of calculated radical concentrations. The great influence 
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FIGURE 4. EQUIPMENT FOR TEMPERATURE MEASUREMENT BY LINE REVERSAL 
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FIGURE 5. PARTICLE TRACK EQUIPMENT



which dissociated species exert on the overall heat transfer process 

demands that their concentration be known with confidence. For this 

reason attempts were made to improve the temperature measuring system. 

Fortunately a new design of tungsten filament lamp became 

available at the appropriate time. Designed by Quinn and Barber (56) 

for precise pyrometry up to 3000K, this lamp was manufactured at the 

Hirst Research Centre of the General Electric Company Ltd. The new 

design overcame many of the difficulties inherent in the use of 

traditional strip filament lamps as a high temperature standard. The 

problems of emissivity changes over a period of time and of temperature 

gradients across the strips were virtually eliminated by the use of a 

tubular filament 2mm in diameter and 45 mm long. A bundle of fine 

tungsten wires was situated at the centre of this tube to act as the 

radiating surface. By the inclusion of a restricting aperture 0.75mm in 

diameter at the end of the filament, substantially black body radiation 

was produced. 

Quinn and Barber have shown the stability of the lamp to be better 

than + 0.1K making it highly suitable as a reference source. A 

current/temperature calibration was carried out by the National Physical 

laboratory, reproducing the International Practical Scale of Temperature 

to within 0.2% The inherent calibration error is therefore + 6K 

at the operating level of around 3000K. The calibration was made through 

the appropriate lens from the line reversal system in order to obviate 

the need for any transmissivity measurements. 

Current was supplied by a 10V, 100A Hewlett Packard power supply in 

conjunction with two 2V heavy duty accumulators. A maximum current of 

68A was drawn,this representing an overload condition demanding extrapolation 

. of the current temperature relationship. Current was measured using a 

high-accuracy potentiometer connected across a standard resistor in the 

circuit. 

The sodium carbonate supplied for the temperature measurements was 
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added axially through the small premixed flame in the centre of the fuel- 

oxygen burner. In the case of the premixed natural gas-air flame a 

separate seeded fuel supply was made to the centre burner port. In both 

cases a small electromagnet was used to vibrate the steel supply pipe, into 

which a small quantity of the appropriate alkali metal carbonate had been 

introduced. This resulted in sufficient material being carried forward 

in the gas stream to colour the centre zone of the flame. The addition 

of seed material as an aerosol was considered preferable to the atomisation 

of a solution, the latter method giving rise to appreciably lower flame 

temperatures because of the added moisture. 

44 Velocity Measurements 

Local velocities in the natural gas-air flames were determined from 

measurements of the pressure head developed by the flowing gases. Open 

ended quartz tubes were used and the pressure generated was recorded on a 

direct reading micromanometer. This had previously been calibrated 

against an absolute instrument having a resolution corresponding to a head 

of 0.01mm of water. The gas velocity was then obtained from the 

relationship given in reference (57). 

  

Nigeeo 1.52 
p 

where AP is the dynamic pressure N/m 

p is the gas density kg/a 

V is the gas velocity m/s 

Velocities in the fuel oxygen flames were determined in an identical 

manner using a water cooled copper probe. 

In order to check that the velocities deduced from the total pressure 

heads were sufficiently accurate a supplementary set of measurements were 

carried out using a particle track technique. It was found that 

satisfactory results could be obtained using high output PF5 flash lamp 
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illumination in conjunction with moderate speed film (4OOASA), using the 

arrangement depicted in Fig. 5. light from the flash bulb was 

synchronised with the camera shutter using the 'M' system, and chopped 

by the Peay, rotating stroboscopic disc. This had six 3° segments 

removed to provide light pulses for the illumination of the particles. 

The camera was mounted perpendicular to the direction of illumination 

and recorded the position of particles at each successive light pulse. 

The speed of rotation was determined by arranging for a photocell to 

supply a signal to the marker input of a high speed chart recorder once 

each revolution. At a chart speed of 3m/s it wi found that a 

  

satisfactory trace was obtained. The electric motor, rated at 100W, 

drove the lightweight disc at approximately 26,000 R.P.M. providing 

exposures of 24 sec ~ duration. The particles used were of 

alumina or magnesia and were carried into the flame as an aerosol. 

Excellent agreement between the two experimental methods was 

obtained and for convenience the measurement of pressure heads was used 

in most cases. 

4.5 Probe design for stagnation point heat transfer measurements 
  

The calorimeter used for the measurement of heat flux is illustrated in 

Fig. 6. A small plug of copper/1% beryllium alloy was mounted in the 

nose of a hemispherically ended cylindrical probe, 12.7 mm in diameter, 

made from stainless steel. Three sharpened stainless steel pins were 

used to suspend the plug centrally in a narrow air gap with a minimum 

of thermal contact area. A thermocouple mounted on the rear surface 

of the copper element was used to monitor the temperature change. 

The output from the thermocouple was fed via a suitable resistance network 

to a UV recorder which had vreviously been calibrated to enable the 

temperature history to be obtained from the trace. The freezing points
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Figure 6. Sectiona! diagram showing construction of 

stagnation point probe 

of pure lead and pure tin together with the boiling points of water and 

of sulphur were used to cover the operating range of the calorimeter. 

The centre section of the probe was filled with an epoxy resin to prevent 

circulation of flame gases past the sides of the plug. 

The method of operation consisted of briefly inserting the probe 

into the flame using a pneumatic actuator in conjunction with suitable 

timing circuits. Measurements were made with the probe axis collinear 

with that of the flame. The time for a set temperature rise at the 

rear surface of the plug was recorded. From a knowledge of dimensions 

and thermal properties it was then possible to calculate the heat flux 

to the front face of the copper plug by solving the one-dimensional 

transient heat conduction equation. 

It is important to point out at this stage that the chosen design of 

heat transfer probe does not represent the ideal geometry for theoretical 

studies. In retrospect a true sphere would have been preferable to the 
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hemispherically ended cylinder which was used in practice. This arises 

from the original intention to draw comparisons between various modified 

forms of Sibulkin's original relationship and measurements taken in 

flames. The relationship in question is given by 

Nu = 0.763 Pr°*D(B/v)°* 

Here B represents the velocity gradient at the stagnation point and 

for a sphere is given by 3U,/D, This leads to the proportionality 

constant of 1.32 when expressed in conventional Nusselt number form: 

ND =e. 32rbr "Re: 

For the hemisphere-cylinder combination the value of the velocity 

gradient cannot strictly be represented by 3U,/D,and probably lies between 

this valve and the 8u,, /3D, which is appropriate to a Blasius half body. 

This point was overlooked at the time of the experimental work, although 

the precaution of testing Sibulkin's relationship against experiment 

was made. Heat transfer rates were determined for the stagnation point 

probe cooling from 450K in a uniform laminar air stream. A wide range 

of fluid velocities was covered and in all cases it was found that the 

measurement agreed closely with predictions derived from Sibulkin's 

expression for a sphere. The maximum discrepancy noted was only 4% 

and curiously enough, the theoretical predictions generally resulted in 

a slight underestimation of the measured flux. This is the reverse of 

what might be expected from the inadvertant use of the quantity By /D, 

although several possible explanations for this behaviour can be suggested. 

The most likely of these would be errors in the thermal properties of 

the calorimetric insert at the probe tip and errors introduced in the 

calibration of the recording equipment. However, it is extremely fortunate 

that the two influences act in eppouite directions and conveniently cancel 

. out. : This obviates the need to calibrate the probe and permits 

quantitative comparisons to be drawn between expressions which are 

strictly applicable to spheres and the experimental measurements taken in 

flames. 
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4.6 Hydrogen atom concentrations in the flame gases 

It has already been mentioned that the presence of dissociated species in 

fuel-oxygen flames has an important bearing on the mechanism and rate of 

energy transfer to a cooler surface. Consequently, it was deemed 

necessary to check whether or not excess concentrations of free radicals 

might be present at the positions where heat transfer was to be measured. 

Significantly higher than equilibrium concentrations would be 

unacceptable if prediction methods were to be tested realistically. 

Since the major part of the diffusive heat flux from combustion products is 

usually carried by the hydrogen atoms present, concentration measurements 

were obtained for that species. 

The peterinsntall determination of hydrogen atom concentrations in 

flames takes advantage of the differing stabilities of alkali metal 

hydroxides at high temperatures. While sodium is largely present in 

atomic form, lithium has a very much greater tendency to form the stable 

hydroxide LiOH. This feature can be used to obtain the concentration of 

OH and subsequently of H by referring to equilibrium constants for the 

reactions listed below 

li+hO = Li0OH+H 

li+OH « Li0H 

ti? li’ +e 

Na‘? Nat +e 

Briefly, the experimental technique was to introduce a known 

concentration of a sodium salt into the flame and to measure the intensity 

of the emitted radiation from the yellow line at 589.0nm. A similar 

Measurement was then made with lithium addition using the red line at 

670.8nm. The equipment required is shown in Fig. 7- Light from 

the flame was interrupted by a rotating sectored disc and focussed by 

the lens onto the entrance slit of a quartz spectrograph. The spectrum 
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produced was scanned by a high gain photomultiplier driven by an 

electric motor. The output from the photomultiplier tube was fed to 

a linear low frequency amplifier and then to a phase sensitive detector. 

A second signal corresponding to the chopping frequency was supplied 

by a light source and photocell mounted on either side of the stroboscopic 

disc. The phase sensitive detector was tuned to this frequency to 

eliminate background noise arising from the amplification circuits and 

the resultant signal fed to a metering unit and a chart recorder. The 

latter was chosen to give a deflection directly proportional to the input 

signal. A knowledge of the photomultiplier response characteristic, 

obtained from an independent calibration against a tungsten strip lamp, 

enabled the absolute intensities of the sodium and lithium lines to be 

compared. 

On the treatment of Mitchell and Zermansky (58) it can be shown that 

\ 
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the intensity of a resonance spectrum line emitted by a hot gas colum 

is given by 

enohe 
~   T= exp (-ho/AkT) fon -exp (-K1 )} av 

For the low concentrations of alkali metals considered in this work the 

effects of self absorption can be neglected and the expression quoted 

reduces to 

  I= ae exp (-he/AkT) re Nil 

where: 

I is the intensity vy the frequency 

@ an instrument constant K, the absorption coefficient at v 

h the Planck constant T the absolute temperature 

A the line wavelength k the Boltzmann constant 

1 the column thickness ce the velocity of light 

e the electronic charge N the number of ground state metal atoms/cr 

m the electronic mass £ the oscillator strength of the transitior 

In the present case the measured intensities of the sodium and lithium 

resonance lines I,, and I,; can therefore be related to the concentrations 

of ground state atoms present in the flame gases. 

  

Tye AsV [Na] fy, he / 1 Jay : ae lal fa ox fe (-- x-)} wee ais (10) 

Now the relative intensities of the two spectrum lines can be deduced 

from the peak heights, L, on the chart record and the photomultiplier 

response characteristic. If P represents the ratio of the output signals 

obtained for equal absolute intensities at the lithium and sodium 

wavelengths then 

See oe 
Ina Plas 

Equation (10) may then be used to evaluate [Li] provided that [Na] be 

\ 
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known. The latter may be determined directly from the well known 

Saha equation describing thermal ionisation in which the equilibrium 

constant for the ionisation reaction is expressed as a function of the 

ionisation potential, V, and the absolute temperature. In the case 

of sodium K, {Na*? / [Naj with K, given by 

log K, =- SOY. 2 tog 7 - 6.1816 

where V = 5.193 eV 

Similarly the prevailing lithium ion concentration may be deduced from 

a knowledge of the concentration of unionised material, (til, and with 

corresponding equilibrium constant K . In this case 

= (nit F/ [Li] with the appropriate ionisation potential being 

5.391 eV. 

The intensity of light emission remains proportional to the 

concentration of the radiating species, providing that self absorption 

can be neglected. Under the conditions used experimentally this is 

certainly the case so that the measured intensity at the lithium wavelength 

and that calculated on the assumption that no hydroxide formation or 

ionisation occurs can be related as follows: 

  

Tir- hi _ GOH) + [ti] _ [tick] | & 

ly [ti] [Li] (1a*] 

[tio] [x] 14] [on] 
bb = rorteoy me me = ty 

= (eee ri 
TH * ELE Oa hy Tl 

  

or [OH] = & [P (ius) {hir] fis Twa, xp {be ( 4 4 \} ks & ] 
r.F 

(Nadie bes Me My a ae fiat 
seeee (11) 

The equilibrium constant & has been obtained as a function of 

temperature by Smith and Sugden (59), from theoretical considerations 
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of the vibrational energy of the lithium hydroxide molecule. The 

value quoted of 7.6 x 10° exp (-102,000/RI) may then be substituted into 

Eg. (11) enabling the hydroxyl concentrations to be evaluated. In order 

to relate these to the required data for hydrogen atoms it is only 

necessary to consider the reaction 

H +OH2HO+H 

This is a simple exchange process and, as such, is extraordinarily 

fast. As a result, the relative proportion of H to OH always remains 

the same as that for equilibrium conditions irrespective of the 

thermodynamic state of the overall mixture. As the equilibrium 

compositions have already been obtained for the calculation of 

thermodynamic and transport properties, the computation of local 

hydrogen atom concentrations becomes straightforward. 

=o



5. RESULTS FOR STAGNATION POINT WORK 

3-1 Flame temperature measurements 

In order to follow the decay of tomperature with distance, traverses were 

made along the axis of typical flames of hydrogen and methane burning with 

oxygen. The results of these measurements are presented in Fig. 8 

together with an indication of the extent of the principal reaction zone 

in each case. It can be seen that the measured temperature falls only 

slowly from the maximum value as the distance from this zone is increased. 

Similar horizontal traverses indicated that the temperature is insensitive 

to position in the central regions of the flames but, as expected, falls 

abruptly in the outer edges. It was noted that this region of relatively 

steady temperature diminishes both with increased height and with higher 

flowrates. However, it appeared that the constant property zone was 

sufficiently extensive to permit the use of quite large (12.7 mm) probes 

without undue concern. 
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It was found that the temperature at a given point above the burner 

rim was constant for any particular fuel over the major part of the range 

of flow rates used. Below about one third of the maximum flow, a 

progressive decline in temperature was noted with the lowest value being 

some 100 to 200K below the maximum. This is shown in Figs. 9 to 12. 

Over the normal working range of the burner, which includes most of the 

experimental data, little dependence on thermal throughput was apparent. 

The temperatures applicable to the majority of measurements for each 

fuel-oxygen combination are listed in Table 4 together with the corresponding 

calculated adiabatic flame temperatures. For convenience, the calculated 

thermophysical properties of the combustion products at this flame 

temperature, the cold sink temperature are also listed together with the 

weighted averages between flame and sink temperature. 

5.2 Hydrogen atom concentrations 

Typical data obtained from the studies of lithium and sodium emission 

have been plotted against height above the burner in Figs. 13 and 14. 

Only methane- oxygen and hydrogen-oxygen flames were studied since the 

measurements had to be completed in a short time on equipment loaned by 

the Department of Chemistry at Aston University. It can be seen that 

excess concentrations of hydrogen atoms do not appear to be particularly 

large. However, it appears that the appropriate region for all the 

heat transfer measurements would extend from 12 to 17 mm from the burner 

head. This distance is in keeping with the conclusions reached from the 

temperature traverses and a separation of 12.7 mm was used throughout. 

An independent check on the degree of equilibrium reached in the 

flames was afforded by an otherwise abortive series of heat transfer 

measurements carried out before the present project was formulated. The 

heat fluxes to small platinum/platinum-rhodium thermocouple probes were 

obtained by a erude analysis of the response curve obtained when suddenly 
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exposed to the flame gases. For research purposes the accuracy of the 

analysis was decidedly poor and the results obtained were rightly discarded. 

However, at one stage the effect of surface conditions on the heat 

transfer rates was investigated. The heat transfer coefficients to 

probes coated with silica were compared with those to identical probes 

left uncoated. The data obtained is shown in Fig. 15 and indicates that 

little difference in response exists. 

This tends to indicate that boundary layer recombination of active 

species predominates, since it would be expected that the two surfaces 

would catalyse the recombination reactions to differing extents. The 

thinness of such layers in the experimental system, further emphasises the 

rapidity at which the chemical hanges occur, giving additional weight to 

the assumption that the bulk gas stream be in equilibrium. 

5-3 Velo city measurements 

Velocity traverses were made using a 3.6 mm diameter water cooled pitot 

tube and indicate that the conte cores of the flames have eipstantielly 

uniform velocity at the prescribed height above the bumer nozzle. This 

is demonstrated by Fig. 16 which shows the profile obtained in the methane 

oxygen flame at the maximum throughput used in the experimental programme. 

At lower thermal inputs the profile was found to be correspondingly flatter. 

5.4 Heat transfer coefficients 

Experimental heat transfer coefficients have been derived from the 

measured heat fluxes and flame temperatures. The values appropriate 

to a free stream Reynolds number of 300 are listed in Table 5 for all 

the five fuel-oxygen flames and for thenatural gas-air flame. At this 

Reynolds number the effects of flame temperature changes were absent for 

all the combinations studied. 

The corresponding predictions from the various modified forms of 

Sibulkin's original low temperature relationship and from the 

=a6o =



numerical solution procedure are also given for comparison. It is clear 

that satisfactory agreement with experiment is provided by the empirical 

expression given by Eq. (F) and by the numerical method. The agreement 

with experimental measurements extends over the whole range of flow rates 

covered. 

A generalised plot covering the whole range of the experimental 

studies with the stagnation point probe is provided by Fig. 17. On 

this figure the predictions derived from the suggested empirical method, 

Eq. (F), are also included. The experimental data are presented in a 

more readily accessible form in Figs. 18 to 23 where comparisons with the 

numerical solutions are made. Information on property variations 

within the heat transfer boundary layer, typical of that obtained from 

the numerical solutions, is presented in Figs. 24 to 27. 
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6. HEAT TRANSFER TO SURFACES AT ELEVATED TEMPERATURES 

It appears that satisfactory prediction of the heat transfer from high 

temperature flames to the stagnation point of an axially symmetrical blunt 

body may be obtained in two ways. The first of these is based on the 

empirical modification of an established relationship describing heat 

transfer under Constant property conditions. The modifications suggested 

enable the effects of wide ranging variations in thermophysical properties 

to be incorporated into the prediction method. This has the advantage 

of providing for rapid estimates of stagnation point heat fluxes obtained 

with direct flame impingement. 

The second approach features the numerical solution of the laminar 

boundary layer conservation equations. The assumptions necessary in 

the solution procedure prove to be reasonably well justified, at least 

for the input data encountered in the present studies. As a result 

the numerical solution method is more acceptable from a theoretical 

standpoint than the simpler empirical approach. 

Unfortunately the numerical prediction of boundary layer phenomena is 

of rather limited application at present, and while the flow patterns and 

heat fluxes can be calculated for simple shapes the method is not 

available for aerodynamically complex situations. Since these are 

frequently encountered in engineering practice the provision of a simple 

empirical prediction method becomes especially attractive. However, 

the proposed modifications have only been tested under a narrow range of 

conditions with a clearly defined flow situation and a single low sink 

temperature of 400K. As a result the conclusions reached may not 

necessarily be appropriate to conditions where the heated surface is at an 

elevated temperature, nor to cases where flow separation occurs. 

‘Tt was felt that a particularly useful extension of the initial 

studies would be an investigation of the heat transfer to surfaces at 

elevated temperatures. This affords a convenient means of testing the 
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empirical prediction method over a wider range of conditions, while 

providing data which may have direct practical value. As many 

metallurgical operations are carried out at temperatures ranging to 1600K, 

the experimental work was taken to this level. For experimental 

convenience a spherical geometry was selected, which incidentally provided 

a situation where flow separation was known to take place. 

6.1 Theoretical background 

As pointed out previously, the energy transfer from high temperature flames 

arises from normal conduction processes supplemented by the diffusion and 

subsequent recombination of dissociated species. It is evident, from an 

inspection of the curves relating the equilibrium concentrations of 

radical species to the temperature that little dissociation occurs in 

combustion products below about 2000K. As a result, the total contribution 

of the diffusion recombination reactions to the overall heat transfer rate 

remains substantially constant for surface temperatures below this level. 

On the other hand the contribution made by purely conductive heat transfer 

through the boundary layer is dependent on the temperature differentials 

encountered. It is therefore reasonable to expect that the effects of 

diffusion - recombination reactions would become progressively more 

important at higher surface temperatures. 

Rowe, Claxton and Lewis (60) have carried out an extensive review of 

the published data on heat and mass transfer from isolated spheres over 

the Reynolds number range 10 to 10°. From this review, in conjunction 

with further experimental data, they have concluded that an adequate 

description of the overall heat transfer between spheres and an air stream 

at Reynolds numbers below 2000 could be obtained from the following 

expression 

Nu = 2 + 0.69 Pr°"? Re°*?° aeves (12) 
x 
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Modification of this relationship in the manner advocated for the 

stagnation point studies then leads to 

St = 2/(Re Pr) + 0.69 (ify, ) Pr°"S” Re,~°*° scone (13) 

The predictions of convective heat transfer coefficients to spheres 

derived from this expression may then be compared with experimental 

measurements in order to assess the feasibility of modifying other well 

known expressions for use at high temperatures, using similar averaging 

procedures. 

6.2 Experimental Work 

6.2.1 Heat transfer coefficient measurements 
  

The probe used in the measurement of convective heat transfer coefficients 

consisted of a 2.94 mm diameter sphere of pure platinum, supported by two 

wires Fig. 28). These formed a Pt/Pt 10% Rh thermocouple pair which 

effectively monitored the surface temperature of the sphere. Firstly, 

the pure platinum and the alloy wires were welded together such that a 

length of the pure metal extended from the join. This length was then 

cut to provide an equivalent volume to that of the required sphere and 

carefully fused in an oxy-hydrogen flame. Any distortion of the bead so 

formed was removed by rotating slowly as the probe was gradually 

withdrawn from the outer edges of the flame. Finally the leads were 

threaded through two holes of a quadruple bore quartz tube fixed in a 

brass mounting block and screwed onto a double-acting pneumatic 

cylinder. The latter was actuated by means of a set of solenoid valves 

_controlled by suitable timing circuits, enabling the probe to be exposed 

to a flame for a short period and then removed. A fixed height 12.7 mm 

above the burner on the axis of the flame was again chosen for all 

measurements. A UV recorder operated by the same circuits and capable of 

chart speeds of 3 m/s was used to obtain the temperature-time history of the 

bead during the exposure. Initially the deflection of the galvanometer 
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trace on the UV recorder was calibrated in terms of temperature. A 

variable millivolt source was connected to the input in place of the 

thermocouple and the deflections at given applied voltages noted. These 

were then converted into temperetures using standard reference tables 

for the particular thermocouple materials used. Details of the 

calculation of heat transfer coefficients and corrections for radiation 

losses and conduction effects are included in subsequent sections of 

this thesis. 

6.2.2. Fuels and Burners 

Studies of the heat transfer to the beads were undertaken in the same 

series of fuel-oxygen flames over a wide range of thermal throughputs. 

Natural gas, hydrogen, ethylene, propane and carbon monoxide were all 

burned with a stoichiometric supply of oxygen on the Carlisle glassworking 

torch employed in the stagnation point work. The multiport burner 

taking premixed stoichiometric natural gas-air was again included to 

provide a combustion product stream at a somewhat lower temperature. 

6.2.3. Temperature and Velocity Measurements 

The Majority of the values of flame temperature required had already been 

determined for the work described earlier. Additional information ,where 

necessary, was obtained using the method of D-line reversal against the 

black body radiation standard lamp. 

Velocity measurement on the axes of the flames was carried out using 

a small water cooled total head probe, 3.6 mm in diameter. 

6.3 Evaluation of Data 

Convective heat transfer constitutes the predominant mechanism of heat 

input to the probe. However, minor contributions accrue from the direct 

radiation of the flame and from conduction along the support wires which, 

being of a smaller diameter, attract higher heat transfer coefficients and 

consequently lead the temperature of the main sphere. The convective 

coefficient may be deduced from the overall sensible heat gain of the bead, 
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making appropriate allowances for the secondary heating effects mentioned 

above and for radiative losses from the surface. Taking a heat balance 

on the spherical bead at a time t from the initial exposure: 

Net heat flow convected heat conductive gain conductive gain 
= + + 

into bead (J) to surface (J) from Pt wire (J) from alloy wire (J) 

radiated heat radiated heat 
- + 

from surface (J) from flame (J) 

or 

Gens =— Seay 4 -Got = = Ose = g, + G, ores Ly) 

The net heat flux into the bead may be ascertained from the sensible 

heat gained in the course of a known temperature rise from (T, - AT,/2) to 

(@, + AT,/2) and the corresponding time interval At. This flux may then 

be converted into the form of an average heat transfer coefficient based 

on the surface area of the bead (A,) and the free steam and wall 

temperatures. 

sens 
ate Dens = eae) iG, -%,) 

The other terms in Eq. (14) may similarly be converted into the 

form of transfer coefficients referred to the bead surface area and the 

free stream and wall temperatures, 

Go 
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6.3.1. Sensible Heat Gain 

From the known temperature rise of the platinum surface, together with 

specific heat and density information supplied by the National Physical 

Laboratory, an initial estimate of a transfer coefficient associated with 
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the sensible heat gain was made. Initially temperature uniformity 

within the sphere was assumed, a first approximation to the prevailing 

heat transfer coefficient to the surface, h, being determined from 

nD’ p, C,, AT, 

4 GT, =8T eAt 

By considering the original sphere to consist of a series of isothermal 

concentric shells, a transient heat balance equation was then set up. 

The temperature of each successive layer was computed as a function of 

the time from initial exposure and the time required for the surface 

temperature tc achieve the measured rise from (T, - 100) to (T, + 100) 

determined for the particular value of h and the relevant flame temperature. 

Repeating the procedure at slightly differing values of h (e.g. h + 20, 

h - 20 etc.) enabled a piot of the time for the given temperature rise to 

be made for the various h. The value of the sensible heat term h,.,, 

was then read from this graph at the experimentally determined time 

interval. It is important to note that the mathematical analysis of 

the thermocouple response was carried out with the assumption of a 

uniform heat transfer coefficient over the whole of the exposed surface, 

In practice considerable variations in the magnitude of the local heat 

transfer coefficients are found. The existence of such variations is 

unlikely to have any significant effect on the accuracy of the calculations 

since only very small temperature gradients were predicted within the 

Sphere, even at the highest heat transfer rates. Thus heat dissipation 

through the solid appears to be very rapid. 

6.3.2. Conduction Gain from the Supvort Wires 
  

A set of experimental measurements was carried out to estimate the 

magnitude of the heat flow to the sphere from the support leads. 

* Supplementary fine thermocouple leads were attached at known distances 

from the bead as shown in Fig. 28. These additional wires were led 

through the remaining bores of the quartz sheath and formed Pt/Pt 10% Rh 
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FIG.29 TYPICAL RESPONSE OF BEAD THERMOCOUPLE PROBE. 

thermocouple pairs with the main wires. 

The temperature versus time curves for each junction were obtained at 

a series of heating rates covering the entire experimental range of heat 

transfer coefficients. Typified by Fig. 29, both these curves and that 

corresponding to the surface temperature of the bead remain substantially 

linear over temperature intervals of about 200 K in the required sink 

temperature range of 500 - 1600 K. Thus the conduction heat gains 

corresponding to the various measured time intervals were determined 

from the known dimensions of the main wires, their mean thermal 

econ ities over the temperature range in question and the average 

temperature differentials. The estimated total heat gain over the 

pericd At was then converted to an appropriate heat transfer coefficient 

from the knowledge of the bead surface area and the temperature of the 

flame and sink. These coefficients are designated h,, and h,, for the 

platinum and alloy wires respectively. 
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6.3.3. Direct Flame Radiation 

Contributions to heat transfer from this source are small and have 

been ignored throughout, i.e. h,’ = 0 

6.3.4. Radiation Losses 

For a surface at a temperature T radiating to an enclosure at T,, 

the net rate of energy output is given by the expression 

aq 4 ae = Faeo (P= a*) 

In the experimental work, however, the value of T is permitted 

to rise through 200 K so that due allowance for the progressively 

increasing rate of heat loss by radiation during the time interval At 

must be made. An effective value of ¢ (T* - 1") may be defined by 

fe@’- oi, = 4 c (w + pr)(tt - %*) at ery vies Keele, a+ Bi - Tt 

since ¢ = a + 8T where a, B are constants over the temperature range 

considered. However, the rate of temperature rise remains virtually 

constant over the relevant time interval so that 

4 1 te 4 fe ( -t*) 1, = (a pr) (c’ — 9") an jay —T, J 

qT, 5 

For an object radiating to a room F = 1, so that the averaged rate of 

heat output is given by 

T, 
Oey ae ae oe a = Sam, i (a + pT)(T* - T,*) av 

4 

which leads to the expression for the effective correction, due to 

radiation, to the coefficient calculated from the sensible heat gain being 

5.74% 107° Tt & 4 h, @ 7 i) -h) I (a+ pr)(t* = 1°) am ..... (16) 
z 

Expression (16) has been evaluated for each of the measured 

temperature rises using emissivity data for platinum supplied by the 

National Physical Laboratory. 
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6.3.5. Convective Heat Transfer Coefficient 

As described above, the convective heat transfer coefficient is derived 

from that referring to the sensible heat gain of the bead in conjunction 

with allowances for radiation and conduction effects. 

Heany = Bsens ae hy ie hy, o igo 

In the majority of cases the total adjustment to the sensible heat 

term proves to be quite small. In the case of heat transfer from a 

typical stoichiometric hydrogen-oxygen flame burning 1.5 cubic metres 

of fuel per hour to a surface at 1200 K the values of the respective terms 

are 

Byens = 1095 W/mK 

h, = 7.4 Wot K 

ho = 21.6 W/ArK 

tes = 10.8 WArk 

giving h,,,y to be 1070 W/K at T, = 1200 K and Re, = 24.0. 

Although the contribution of each term depends on the sink temperatures 

involved the corrections always remain a small proportion (invariably less 

than 10% and usually only 2 - 3%) of the convective heat transfer 

coefficient. 

6.4 Verification of the experimental method used 

The expression derived by Rowe, Claxton and Lewis is strictly applicabie 

to the heat transfer between isolated spheres and an extensive flowing 

medium. The experimental arrangement used in the studies on flames 

clearly represents but a crude approximation to this ideal. Asa 

result it was considered essential to check whether or not the support 

wires had any appreciable effects on the flow pattern around the sphere 

and whether the corrections for the subsidiary heating effects were 

reasonable. 

The first of these questions was resolved satisfactorily by the use 

= Tee



of flow visualisation techniques. The hydrogen bubble method was chosen 

for convenience since the necessary equipment was already available on 

the premises. A sheet of minute bubbles of hydrogen was generated by the 

application of an electrical potential between a wire and a second 

electrode immersed in a dilute solution of sodium hydroxide. The 

wire was made the cathode and stretched above a flat table over which a 

steady flow of the conducting fluid was pumped. Scaled up models of the 

probe and an isolated sphere were suspended in the fluid and the flow 

pattern observed using the bubbles as tracers. Virtually no differences 

in the flow over the bead surfaces were detected. 

The validity of the established heat transfer relationship when 

applied to the experimental configuration was established by a check on 

the performance of the probe when exposed to an air stream having a 

particularly uniform velocity profile. This was generated by a specially 

contoured nozzle fitted to the end of a long cylinder. The cylinder was 

packed with material designed to reduce turbulence to the negligible 

proportions demanded for the calibration of hot wire anemometers. It 

was found that the heat transfer from a cooling probe corresponded to 

that predicted from the modified expression. (In practice the temperature 

differences were sufficiently small that the modifications had virtually 

no effect on the predictions derived, the original expression). 
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72. RESULTS OF STUDIES AT ELEVATED SURFACE TEMPERATURES 

7.1 Comparison with the empirical prediction method 

Experimental data have been obtained for heat transfer from the range of 

flames produced by the stoichiometric combustion of each of the available 

fuels with pure oxygen. In addition a premixed natural gas-air flame 

was included. Sink temperatures cf 500, 800, 1200 and 1600K have been 

covered for each of the fuel-oxygen combinations, although the highest 

of these was omitted in the studies with the natural gas-air flame. In 

this case very low rates of temperature rise were encountered and large 

percentage corrections for radiative losses were necessary, thereby 

reducing the reliability of the measurements. The results are collected 

in Figs. 30 to 36, where the net convective coefficients to the probe are 

plotted over the full experimental range of free stream Reynolds numbers. 

Predicted convective heat transfer coefficients have been evaluated 

from Eq. (13), the modified version of the expression recommended by 

Rowe, Claxton and Lewis. Measured flame temperatures have been used in 

the calculation of the requisite data on thernfphysical properties and 

the resulting predictions have been included on the plots of the 

experimental data. It can be seen that tolerably good agreement is 

obtained for all fuels and surface temperature levels. 
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FLAME AT A RANGE OF SINK TEMPERATURES.



H
E
A
T
 

T
R
A
N
S
F
E
R
 

C
O
E
F
F
I
C
I
E
N
T
 

(W
/m
2K
) 

  

Ts=500°K Ts= 800°K 

  

  

  

  

  

  

  

    

  

  

  

  

  

  

  

  

  

  

                              
UH 

T.=1200°K U Ts=1600°K Ler 
L ele Li i eae 

107| | P yee © 

= ee = moe : 

ea, oh 3 

ip Tl OE 

fo 1OLE IO lo? 
              

REYNOLDS NUMBER 

FIG. 32 CONVECTIVE HEAT TRANSFER FROM A 

STOICHIOMETRIC ETHYLENE OXYGEN 

FLAME AT A RANGE OF SINK TEMPERATURES.
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FIG. 33 CONVECTIVE HEAT TRANSFER FROM A 

STOICHIOMETRIC PROPANE OXYGEN 

FLAME AT A RANGE OF SINK TEMPERATURES.
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STOICHIOMETRIC CARBON MONOXIDE - 0, 
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8. ALTERNATIVE CORRELATION PROCEDURES 

Although it has already been shown that many of the simple methods for 

the prediction of heat transfer are likely to break down if applied 

to combustion systems, it is essential to verify that this is the case. 

It is abundantly clear that the straightforward methods of correlation 

using bulk, wall or mean film conditions fail completely when applied 

to heat transfer data obtained in flames. However, there is no 

justification for rejecting the remainder out of hand. These have 

been examined for two reasons. ‘The first of these has been to estimate the 

degree of error associated with the use of traditional methods and 

the second to assess the feasibility of introducing further improvements. 

8.1 Methods used for dissociated air ~ Fay and Riddell 

The early work by Fay and Riddell forms the backbone of the theory of 

heat transfer from dissociated air. In view of the similarities with 

the problem encountered in combustion product mixtures it seems worthwhile 

to compare the relationships proposed for the two cases. The expressions 

are respectively 

On 

4.32 2, 2 [1 Peleg 1) Piet (futtn) Re, °"? GAH q 

  eoil 12) 

and 

. “06 

q = 4.32 Pry, Ge) Re, °” GAH meee 0) 

Apart from the fact that the use of equilibrium Prandtl numbers 

is probably more realistic a second point arises with the two terms 

“and (i/u,). The first of these carries represented by (pyty/Psb, )° 

a low valued exponent and lies close to but greater than unity over a 

wide range of wall and free stream conditions. This stems from the 

+ fact that the variations of density and viscosity with temperature are 

7



in opposite directions for gases. With combustion products the correction 

factor (pyty/Pste)° appears to act in the opposite direction to that 

expected for a stagnation point situation but is so close to unity that 

its effect on predictions is marginal. On the other hand the assumption 

of constant Lewis and Prandtl numbers is a more serious limitation since 

this renders the heat transfer coefficients derived from Eq. (17) less 

sensitive to temperature than those obtained from Eq. (13). ‘The effect 

of this is shown by Fig. 37 which shows how a correlation based on the 

general form of Fay and Riddell's recommendations would be inadequate for 

heat transfer at elevated surface temperatures. The data used in this 

figure are those obtained for heat transfer to the bead thermocouple probe. 

Although this is not strictly comparable with stagnation point heat transfer 

the dependence on Reynolds number is the same in both cases so that similar 

trends are likely. 

It can be seen from Eq. (17) that the quantity 4/(pyiy/psit, )°"* AH 

HYDROGEN -OXYGEN Ts = SO4OK PRE,*4!    0-25;- 

  

  1 1 i 1 
° 400 800 1200 1600 

Tw (kK) 

FIGURE 37 COMPARISON OF DATA FOR HIGH SINK TEMPERATURES WITH THE, 
FORM OF PREDICTION RECOMMENDED BY FAY ANO RIDDELL 
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should be largely independent of surface temperature for prescribed free 

stream conditions but this is not borne out by the data presented above. 

Furthermore, an examination of the results for stagnation point heat 

transfer has shown that a satisfactory fit to the experimental data could 

only be achieved by providing fer the exponent of the density-viscosity 

term to be specific to particular fuels. This fact, in conjunction with 

the observed dependence on sink temperature, leads to the conclusion 

that the semi-empirical prediction methods available for dissociated air 

cannot readily be adapted to combustion systems. 

8.2 Methods used for Hydrogen and Holium- Taylor 

The method shown to be successful for the prediction of heat transfer to 

precooled gases demands the use of gas properties evaluated at the mean 

film temperature and the attachment of a temperature ratio term directly 

to the Reynolds Number 

Applying these methods to Sibulkin's stagnation point equation we 

have Nu* = 1.32 (Re*)°? (0, /0*)°” (pr*)°"* 

giving 

h = (1.32/D)¢p* u* Pr*°°* (2, /t*)°* (Re*)?* 

or 

Bee = 432-(Pre) °°? “(ue Pe? a 70*)? Re? Meee a (19) 

The experimental values of St* have been evaluated from Eq. (19) and are 

plotted against the above expression in Fig. 38. While reasonably 

good agreement is obtained with the results for the five fuel-oxygen 

flames, it is clear that the correlation procedure is unsuitable with 

the lower temperature natural gas-air results. This again contrasts 

with the weighted average form which successfully describes the heat 

transfer process for the whole range of fuel-oxidant combinations. 
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Similarly it can be shown that Taylor's prediction method does not 

adequately represent the heat transfer coefficients measured with platinum 

beads at elevated surface temperatures. 

In view of the uncertain nature of the dependence on temperature ratio 

further comparisons were made for heat transfer from combustion products 

in the stagnation point case. Because of the excellent agreement 

between the numerical solutions and the experimental work with 

stoichiometric methane-oxygen combustion products it was considered 

expedient to extend the range of wall and free stream temperatures for 

this combination. Numerical solutions were obtained for temperatures 

renging from 400 to 2000 and 2200 to 3000K respectively, a constant 

value of free stream Reynolds number being used for ali of the calculations. 

Nusselt numbers were then obtained by reference to the appropriate body 

dimension and the free stream thermal conductivity. The values 

produced were normalised against the corresponding constant property 

solutions and are plotted for various temperature ratios in Fig. 39. 
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Although it is evident that the relationship between the Nusselt 

numbers and the temperature levels is rather complex certain conclusions 

may be drawn. Tirstly it appears that some influence of the actual 

flame temperature is superimposed on the effects of temperature ratio. 

For given free stream conditions the Nusselt numbers are related to 

the latter in the form of a dependence on Cn )° , this holding 

over a wide range of wall temperatures. However, the influence 

of the actual free stream temperature is quite marked so that the 

use of a simple temperature correction term does not seem to be very 

profitable. 

8.3. The Use of Approximations Involving Hydrogen Atom Lewis Numbers 

It has been suggested that, in certain circumstances, considerable 

simplifications to the methods of predicting heat transfer from dissociated 

gas streams can be made. By considering that hydrogen atoms are 

solely responsible for the additional heat transfer resulting from 

diffusion and recombination effects equilibrium Prandtl numbers can be 

calculated very simply from 

Pregy = Pre [1+ (Le, - 1) Ay en ,/AH)™ 

In hydrogen combustion products such an assumption is not altogether 

unreasonable and at least for preliminary estimates of heat flux can be 

quite useful. This is shown by Table 6 which compares the values of 

Prandtl numbers based on hydrogen atom diffusion with those taking full 

account of the contributions to heat transfer arising from the 

recombination of other dissociated species. 
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Table 6 : A Comparison of Equilibrium Prandtl Numbers Calculated Using 

H - Atom Lewis Numbers with Those Obtained from Equilibrium 
  

Thermal Conductivity Data 

  

Stoichiometric Hydrogen Oxygen Combustion Products 
  

  

  

  

  

Temperature Prequ Preq Preg/PXeqh 
(K) 

1800 0.738 0.7010 0.950 

2000 0.710 0.6655 0.938 

2200 0.677 0.6165 0.911 

2400 0.628 0.5615 0.894 

2600 0562 0.5106 0.909 

2800 0.487 0.4711 0.967 

3000 0.438 0.4466 1.020 

Stoichiometric Methane Oxygen Combustion Products 

Temperature Pr egH Prog Bray heat 

(Kk) 

41800 0.6833 0.6648 0.972 

2000 0.6626 0.6315 0.953 

2200 0.6476 0.5999 0.926 

2400 0.6183 0.5606 0.907 

2600 0.5529 0.5156 0.932 

2800 0.4749 0.4693 0.988 

3000 0.4223 0.4328 1.025 
  

However, it can be seen that the use of approximate Lewis numbers 

restricted solely to hydrogen atom diffusion leads to differences 

value of the equilibrium Prandtl number when compared to the best 

available method of calculation. 

E00 = 

in the 

These differences can amount to over



10% for some temperature levels although the average error over the normal 

range between flame and sink temperatures will be rather less than this 

figure. 

Fortunately, it is frequently the case that the heat transfer rate 

predicted from semi empirical equations is dependent on the Prandtl number 

raised to some power. In most cases en exponent between -0.6 and 

~-0.7 is quoted so that the influence of the Prandtl number term is much 

reduced. As a result the use of H-atom Lewis numbers has certain 

advantages especially when rapid practical estimates of heat flux are 

required for a system where thermophysical properties have not already 

been calculated. However, when attempting theoretical comparisons it is 

always advisable to make use of the best available information even though 

its acquisition may be rather more tedious. 

From the table above it would appear that the use of Rosner's prediction 

method for stagnation point heat transfer 

ae 1.32 Pre °° Re?’ GAH [1 + (Le, - 1)AH,, oun /AHI°° ote (2) 

would give quite satisfactory estimates in combustion systems provided 

that the Prandtl and Lewis numbers be averaged over the requisite 

temperature range and the Reynolds number term be defined as Rape"? GA, de 

The expression then closely resembles that of the ‘weighted average' 

method and naturally provides for very similar estimates of heat flux. 

ee



9. HEAT TRANSFER FROM NON-STOTCHIOMETRIC FLAMES 

Following the success of the numerical solution and weighted average 

methods in predicting the heat transfer from stoichiometric combustion 

products, a similar comparison was undertaken using flames to which an 

excess of fuel or oxygen was supplied. This was felt to be of practical 

significance since in many industrial heating operations it is customary 

to run burners somewhat fuel-rich. 

Theoretical studies were carried out in the case of heat transfer 

from both hydrogen-oxygen and methane-oxygen flames with direct 

comparisons with experimental measurements being possible for the latter. 

Similar experimental work was attempted using the hydrogen-oxygen system 

but it was found that the burner design available coulg not be 

operated satisfactorily over sufficiently wide ranges of mixture 

compositions. This appeared to be connected in some way with the mixing 

process at the burner head which became progressively less efficient as 

the ratio of hydrogen to oxygen departed from stoichiometric. The 

poor mixing was shown up by the addition of sodium carbonate used in 

temperature measurement with the line reversal equipment. Dark regions 

were apparent which became of significant proportions with both fuel-rich 

and oxygen-rich mixtures. These regions did not appear to be nearly 

so extensive with methane combustion. 

-1. Hydrogen- en System 

The availability of Svehla's calculated thermodynamic and transport 

property data for hydrogen-oxygen combustion products prompted the 

numerical solution of the boundary layer equations for a range of 

mixture compositions. Both fuel-rich and oxygen-rich flames were 

covered, taking unburnt compositions of 5, 8.5, 11.19, 12.5 and 15% 

hydrogen by weight. These correspond to values of the equivalence 

\ 
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ratio, E, lying between 0.4177 and 1.4006. This quantity gives a 

measure of the departure from stoichiometric combustion and is defined by 

the ratio 

(ib /0,) 
Be O iets, 

It therefore takes a value greater than unity where an excess of fuel is 

present but remains less than unity for oxygen-rich mixtures. 

An arbitrary figure for the free stream Reynolds number was selected 

and numerical solutions obtained using both frozen and equilibrium values 

for the Prandtl number. The free stream conditions were referred to the 

adiabatic flame temperature, with heat transfer to a sink at 600K. This 

provided an opportunity for a direct comparison to be made with the 

semi-empirical approach suggested by Rosner (61). The two numerical 

solutions incorporate the assumptions of unit Lewis number and the 
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variable non-unity case respectively. Rosner has estimated that 

the level of convective heat transfer from hydrogen oxygen flames would be 

significantly higher for predictions employing true Lewis numbers than 

for those where this quantity is restricted to unity. Figure 40 compares 

the data obtained by Rosner with the corresponding information derived from 

the numerical solutions. It is important to confirm that the same 

sources of property data were used in both cases since it can be seen 

that little similarity exists between the two methods of calculation. 

Of the numerical solutions, however, the version employing equilibrium 

values of fluid properties throughout is probably the more realistic 

and an indication of the predicted variation of heat flux with composition 

is furnished by Fig. 41. 

9.2. Methane-oxygen system 

In view of the uncertainties introduced by the numerical solutions for 

the non-stoichiometric hydrogen flames an experimental study of the 

problem was proposed. The methane-oxygen system was chosen for Sor 

purpose since this was clearly the most important combination in 

practical applications. 

Experimental measurements of heat flux were obtained using the 

stagnation point heat transfer probe. Initially a series of mixtures 

containing from 28.57 to 50% methane by volume were covered, each over 

a range of thermal inputs. The Carlisle glassworking torch was found 

to provide satisfactory combustion quality between these limits with 

neither excessive air entrainment under oxygen-rich conditions nor 

"yellow tipping’ when running gas-rich. 

The corresponding thermophysical physical property data was obtained 

and numerical solutions for the heat transfer rates were produced 
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together with parallel empirical predictions fron the weighted average 

method. In general it can be seen (Fig. 42) that the agreement with 

experiment is quite satisfactory for mixtures near to stoichiometric but 

progressively deteriorates with increasing proportions of methane in the 

unburnt gas. From the rather limited data for oxygen-rich combustion it 

appeared that a similar trend might exist for such mixtures. 

As a result it was decided to include a study of the heat transfer from 

the exceptionally lean system produced by the combustion of 10% CH, and 

90% 02. (This has a calculated adinbatic flame temperature of 2270K.) 

When such a mixture was supplied to the Carlisle burner it was clear that 

the high velocity of the oxygen streams caused an unacceptable level of 

atmospheric air entrainmert. This problem wes overcome by the construction 

of a close fitting tunnel through which the bumer was fired. Although 

rather noisy the arrangement appeared to be satisfactory. 

The series of experimental measurements of flame temperature and heat 

transfer rate was commenced but only three readings were completed 

before the burner failed as a result of heat radiated from the tunnel walls. 

These are summarised in Table 7 together with theoretical predictions. 

Table 7 : Measured and Predicted Heat Transfer from the Combustion Products 

  

  

  

of a 10% CH, 90% 0; Mixture,T, = 400K 

Reynolds number Flame Temp Heat Transfer Coefficient, (W/m K) 

(Re, ) () Experiment Numerical Weighted average 

102 2092 106 91-3 89.9 

237 2133 157 4143 138 

304 2137 181 162 156 
  

From these restricted values it can be seen that the trend anticipated 
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does not in fact materialise and the experimental measurements and 

theoretical predictions are in tolerably good agreement with each other. 

As a result it can be assumed that an adequate assessment of heat 

transfer rates may be obtained with either of the prediction methods, 

provided that the mixture contains rather less than 38% methane by 

volume. This corresponds to an equivalence ratio of 1.2 and any 

errors will then be less than 15%. 

4n interesting point arises from an examination of the experimental 

data for the various mixture compositions. It appears that minima 

exist in the curves relating running cost to heat flux for any specified 

heat flux. The precise positions of these minima are naturally dependent 

on the relative costs of fuel and oxygen, but for realistic prices are 

always associated by a gas rich mixture. This is demonstrated in Fig. 43 
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which shows the optimum mixture composition for supplying a specified 

heat flux of 1.1 MW/m to a surface at 400K. It should be noted that 

the preferred mixture composition will be independent of heat flux for 

given fuel and oxygen prices provided that the general equation describing 

the heat transfer process remains the same. 
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Tabulated Data for Heat Transfer from Methane - Oxygen Flames to the 
  

Forward Stagnation Point of a Hemisphere - Cylinder 12.7 mm in Diameter 
  

Methane 28.57% Equivalence Ratio 0.800 
  

  

  

    

Res Flame Measured Heat Transfer Coefficient (W/m K) 

Temp (K)) Flux(MW/a? ) Measured Numerical Wtd.Average 

374 2968 1.44 561 555 422 

aa - 1.32 51k 515 HUG 

292 - 1S Ahh 469 418 

akg = wa2 4ho Aho 385 

215 2968 1.02 398 4a 358 

184 2951 0.960 272 Br 335 

143 2931 0.770 304 32k 284 
  

Methane 30.78% Equivalence Ratio 0.889 
  

  

  

    

Reg Flame Measured Heat Transfer Coefficient (W/m? kK) 
Temp (K)| Flux(MW/n? ) 

Measured Numerical Wtd. Average 

335 2994 1.43 551 562 4ga 

289 = 1.33 512 523 458 

254 - eo ba 488 428 

221 - eee 4a) 456 hou 

189 - 1.04 400 42a 371 

160 2983 0.913 352 383 5 

135 2971 0.785 303 3h5 ge 
  

Methane 36.38% Equivalence Ratio 1.146 
  

  

              

Re, Flame Measured Heat Transfer Coefficient (W/m K) 
Temp (K)] Flux(MW/n? ) Measured Numerical Wtd. Average 

255 3020 1.39 530 505 Abt 

233 = 1.29 kok 487 has 

208 - 1518 451 4éo hoe 

178 2 1.11 aly 423 372 
158 “ 1.04 397 hoe BH 
130 - 0.972 Sal 363 329 

103 mo02 0.840 323 B14 309 
   



Methane 33.32% Equivalence Ratio 1.000 
  

  

  

  

  

  

              

Res Flame Measured Heat Transfer Coefficient (W/mK) 

Temp (K)) Flux (MW/n* ) Measured Numerical Wtd.Average 

395 W023 1.45 553 628 603 

390 = 1.51 576 622 597 

366 - 1.49 568 601 580 

Bh - 1.49 568 585 563 

335 - 1.41 535 578 558 

332 - L357 Sal 504 553 

315 = 1.42 Sho 560 535 

293 - 1.35 515 Shh 520 

270 - 1.29 490 518 493 

261 - 1.24 470 510 490 

2ho - 1.24 469 488 469 

235 - 1.16 4LO 482 464 

216 - a.12 426 460 bey 

203 - 1.11 koh ALS hag 

180 - 1.02 388 hae 405 

179 - 1507 4og hay 4o5 

149 3007 0.945 364 383 380 
118 2974 0.845 328 340 317 

97.5 2958 0.710 278 311 284 

92.6 2946 0.637 250 304 279 

78.8 2928 0.586 232 269 243 

59.5 2924 0.414 164 195 19, 

Methane 40.0% Equivalence Ratio 1.333 

Re; Flame Measured Heat Transfer Coefficient (W/m? kK) 

Temp (K)) Flux (MW/a? ) Measured Numerical Wtd. Average 

2h3 2951 1.26 495 458 hoh 

217 - 1.22 428 45 382 

192 - 1.14 ALG hoo 358 

162 - 1.07 420 370 328 

140 - 1.00 393 BAL 308 

120 2gk5 0.919 361 293 264 

98.2 2936 0.879 3h? 266 251 
   



Methane 44.44% Equivalence Ratio 1.600 
  

Re, Flame Measured Heat Transfer Coefficient (W/m K) 
  

  

Temp (K) | Flux (MW/n? ) Measured Numerical Wtd. Average 

212 2855 1.19 482 352 356 

197 - 1.15 468 3ho Bah 

173 - £213 458 318 322 

146 = 0.925 376 295. 295 

121 - 0.900 366 266 269 

nm 2848 0.855 29 253 256 

90 2843 0.840 Bale 228 2a       
Methane 50.0% Equivalence Ratio 2.000 
  

  

  

Re, Flame Measured Heat Transfer Coefficient (W/m K) 
Temp (K) | Flux (MW/m?) [yoo curea Numerical} Wtd.Average 

198 2577 1.08 465 320 300 

184 - 1.01 461 308 285 

159 - 0.980 Hah, 285 265 

151 eS 0.907 416 268 260 

127 2560 0.790 362 aha 236 

113 2551 0.770 358 227 219 

78 2543 0.710 331 188 179                



10. DISCUSSION 
  

10.1 Hydrogen Atom Concentretions 

The experimental data which demand: immediate explanation are those 

referring to the hydrogen atom concentrations in the flame gases. Examination 

of the concentration profiles along the flame axes indicates that the 

Measured values pass through an equilibrium position. This situation 

is normally inadmissible since it constitutes a contravention of the 

second law of thermodynamics. 

‘Iwo possible explanations can be offered. The first of these, the 

entrainment of atmospheric air into the flowing gases, does not appear to 

be sufficiently serious to cause the required departure from the nominal 

composition. This follows from the slow decay of flame temperature 

from the maximum value with increasing distance from the burner. Thus 

the entrainment of diluents must occur at a low rate - at least for the 

first 30 mm or so above the burner. This contention is supported by 

measurements of nitrogen oxide concentrations carried out by Waters (62) 

on the same burner. Waters investigated the variation of the total 

concentration of nitric oxides with distance from the burney the measurements 

indicating a steady rate of formation for the first 20-30 mm at the base 

of the flame. This remained below the equilibrium value based on the 

total nitrogen contained in the natural gas supplied. However, an 

increased rate of formation appeared to take place at greater heights 

indicating that entrainment from the surrounding atmosphere may then be 

appreciable. This should not invalidate the measurements of H-atom 

levels since these were only taken in the base regions of the flames. 

The second and most probable explanation of the low hydrogen atom 

populations stems from the high diffusion coefficients applicable to that 

species. The severe temperature gradients in the outer edges of the 

SECO



flame lead to correspondingly large changes in gas composition which may 

result in significant diffusion of hydrogen atoms from the flame. This 

effect has been reported by Hayhurst and Telford (65) in their work on 

fuel rich hydrogen flames. The experimental results in the methane- 

oxygen and hydrogen-oxygen flames indicate that this may be the reason 

since the depopulation appears to be somewhat larger in the latter case 

than in the former where equilibrium concentrations are appreciably lower. 

10.2. Stagnation Point Studies 

10.2.1. Experimental Measurements 

The experimental heat transfer data for stagnation point conditions, 

having been obtained from the analysis of transient heat flows within 

the beryllium copper element, are particularly susceptible to uncertainties 

in the metal properties. Enquiries of the manufacturers revealed that 

the accuracy of their published data should ensure measured heat fluxes 

within + 5% of the true values. In addition it was clear that probable 

variations between batches were likely to introduce only marginal errors 

in the experimental results. Heat transfer through the pins supporting 

the beryllium copper plug and across the annular gap between the plug 

and the stainless steel case have been estimated to be negligible. Tt 

was deemed necessary, however, to check whether or not metallurgical 

changes could have resulted from the many hundreds of heating cycles 

involved in the experimental programme. A metallographic examination 

of the material showed that no alteration of crystalline structure 

had occurred. In addition, the repetition of some of the runs carried 

out early in the work indicated that no change in response had been 

produced. 

Possible interactions between free and forced convection mechanisms 

have been considered. It is evident that the denser boundary layer 
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associated with the cooler surface has an inherent tendency to fall in 

the hotter gases. The effect is to oppose the flow of the approaching 

fluid thereby reducing the forced convection component of heat transfer 

and is, therefore, greatest at low gas velocities. Pei (64) has 

indicated that the effects of natural convection may be completely ignored 

for GrRe* < 0.05 and are less than 10 per cent of the total for 

GrRe* < 0.3. Calculation shows that little or no interaction should 

occur under the experimental conditions. 

The flame temperatures measured at the set position above the bummer 

generally fall below the calculated adiabatic flame temperatures. This 

is to be expected since several mechanisms for energy loss are in evidence. 

Slight losses occur by radiation from the flame gases to the surrounding 

medium. Snelleman (65) has estimated losses from this effect to be of 

the order of 20 Kina slighly rich @ 1/0, flame at the position of 

maximum temperature. Other minor losses include the effects of 

incomplete reaction, the temperature of the fuel gases supplied and the 

difference between the flame and the measured excitation temperatures. 

The presence of water vapour in the air supply also has an influence on 

the temperature of the premixed natural gas-air flame, which could amount 

to a reduction of 15 K compared with the dry air value. The decline in 

the measured fuel-oxygen flame temperatures as the thermal input is 

reduced appears to result from conductive heat losses through the burner, 

only partially regained by the incoming supplies. It is significant 

that such effects were absent with the premixed burner which, 

being of considerably lighter construction, presented less opportunity 

for irrecoverable heat losses. 

The accuracy of the temperature measurements, (estimated at + 50K) 

has a greater influence on the predicted values of heat transfer 

coefficient than on those derived from the experimental data. An



overestimation of flame temperature by this amount leads to an increase 

in the former of some 7.5% while reducing the latter by approximately 2.5%. 

10.2.2. Comparison with numerical solutions 

It is evident that the numerical solution procedure used in this work 

provides an adequate method for the prediction of stagnation point heat 

transfer from stoichiometric combustion products. This is especially 

satisfying since it is clear that the conditions prevailing in fuel 

oxygen flames provide a more severe test of the theory than the system 

of dissociated air for which it was originally developed. The presence 

of significant concentrations of hydrogen atoms in most fuel-oxygen 

combustion products results in the diffusion-recombination mechanism 

carrying a proportionally greater part of the overall heat transfer than 

would be the case for dissociated air. This stems from the low mass 

of the hydrogen atom compared with the effective molecular weight of the 

combustion product mixture, a situation which gives rise to high 

diffusion coefficients. In the case of heat transfer from dissociated 

air streams the difference between the masses of the various species 

is very much less so that the allowances for diffusion and recombination 

becomes rather less complicated. The situation is further eased by the 

fact that the assumption of a simple binary mixture can be made where air 

is concerned. 

It was found that the closest agreement of the numerical solutions 

with experiment was obtained for the methane systems and in particular 

.with methane-air. This is not unexpected since the smallest property 

variations occur for combustion with air and, as a result of the lower 

flame temperature, diffusion - recombination effects will be slight. 

The slight underestimation of the heat transfer from the hydrogen oxygen 

flame which is shown in Fig. 19 can probably be attributed to the 

effects of diffusional separation. The use of reacting thermal 

one



conductivity data in the solution of the boundary layer equations 

introduces the assumption that a constant elemental composition is 

preserved throughout. Nachtsheim (66) has recently shown that this 

may not be the case. He has pointed out that, as a result of the large 

differences in the molecular weights and hence in the diffusion   

coefficients of the species present in hydrogen-oxygen combustion 

products, some diffusional separation may be expected in systems having 

severe temperature gradierts. Nachtsheim has shown this diffusional 

separation to be significant in the nominally stoichiometric hydrogen- 

oxygen system at wall and free stream temperatures of 2400K and 4000K 

respectively. Under these condition s a 30% deviation exists in the 

elemental mass fraction of hydrcgen at the wall compared with thst at the 

outer edge of the boundary layer. The effect is strongly temperature 

dependent and at more modest temperature levels rapidly diminishes. With 

the same ratio of wall to free stream temperatures as before, but with 

values of 1824K and 3040K the deviation in elemental composition across 

the boundary layer results in an increase in the elemental mass fraction 

of hydrogen near the wall by about 8%. This corresponds to a mixture 

containing 12.04% of hydrogen by weight instead of the 11.19% which 

constitutes a stoichiometric mixture with oxygen. 

An increase in concentration of this magnitude may not appear to be 

very significant but certain features of the series of numerical solutions 

carried out so far would indicate otherwise. It has been found that 

the present solutions of the conservation equations for stoichiometric 

combustion products show small differences between predictions which use 

equilibrium values of fluid properties and those employing frozen values. 

Provided that the equations and the method used in their solution are 

sufficiently reliable in their present forms, then it is implied that 

the thermophysical properties of the fluid remote from the wall have but 

a minor influence on the heat flux received by the surface. 
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Should this effect be real then the increased hydrogen 

concentration near to the wall could have an important influence on heat 

transfer from dissociated systems. In support of this view it has also 

been shown that, using the numerical prediction procedure, appreciably 

higher heat transfer rates result when using fuel rich hydrogen-oxygen 

mixtures at corresponding values of the Reynolds number. It follows that 

compositional changes resulting from diffusional separation may well 

se the cause of the measured heat fluxes for the hydrogen-oxygen system 

being marginally higher than those predicted, although extensive 

investigations would be necessary before this could be either confirmed 

or denied. 

In spite of the possible interferences from diffusional separation 

effects it is nevertheless preferable to use the numerical solution when 

drawing comparisons between various fuels - at least where stoichiometric 

combustion with oxygen is concerned. This is because the uncertainties 

in the data gathered from experimental work tend to be greater than ane 

apparent differences in heat transfer rates. The exception to this is 

found with the carbon monoxide flame which provides very much lower heat 

transfer rates than the remainder as a result of the reduced concentrations 

of dissociated species and the lower flame temperature. 

It is, however, quite informative to study the predicted heat 

transfer rates from the range of fuels taking a theoretical standpoint. 

Table 8 below indicates the magnitude of the heat fluxes to the forward 

stagnation point of a 12.7 mm diameter sphere where the Reynolds number 

based on this dimension and free stream gas properties is 300. Adiabatic 

flame temperature is taken to apply to the free stream.



Table 8 : A Comparison of the Predicted Rates of Heat Transfer from 
  

Stoichiometric Fuel-Oxygen Combustion Products to the 
  

Forward Stagnation Point of a Sphere 

  

  

Fuel C/H Relative heat transfer rate to a sink at 

ee te HOOK 800K 1200K 1600K 

z 0 1.00 1.03 0.995 0.940 

CH, 0.25 0.835 0.835 0.760 0.670 

GH 0.375 0.791 0.765 0.724 0.665 

co © 04492 0.48 0.408 06359 

Ce Hy, 0.5 1.01 0.99 0.95 0.92 
  

It can be seen that the available heat transfer rates from the 

combustion products of the saturated compounds Ih, CH, GH, and CO 

are in sequence with their carbon to hydrogen ratios. This might be 

expected since the thermal conductivity of steam is rather higher than 

that of carbon dioxide. In addition the presence of larger proportions 

of hydrogen may be assumed to result in correspondingly higher concentrations 

of hydrogen atoms in the burned gases and provide greater heat transfer 

by diffusion and exothermic recombination processes. 

It is important to emphasise that this line of reasoning is only 

strictly applicable to fuels in a true homologous series. This is shown 

by the results for ethylene where the situation is complicated py 

the higher flame temperature consequent on the large bond energy of 

the molecule. Similarly acetylene would be expected to provide still 

higher heat transfer rates than either of the related gases ethane or 

ethylene. 
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10.2.3. Comparison with empirical prediction 

The three modifications to both the Stanton and Nusselt number forms of 

Sibulkin's original relationship have been listed in Table 5. The 

convective heat transfer coefficients have been evaluated for each case 

at a free stream Reynolds number of 300. Corresponding experimental values 

interpolated from plots such as Fig. 19 have also been included. 

The relevant Nusselt and Stanton numbers, Nu and St, have been 

defined to be hD/X and h/G Cp respectively. In effect the latter 

incorporates an assumption of uniform mass velocity which, in tum, enables 

the free stream and weighted Reynolds numbers to be related through the 

viscosity ratio be The three forms listed differ in the choice cf 

the Reynolds number. In equations A and B the value obtained from free 

stream properties Dy G/t, has been used while in C and D the weighted 

values D,G/i has been taken. It is clear from the table that the use 

of expressions A to D results in considerable overestimation of the 

convective heat transfer from the fuel-oxygen flames. Even in the 

lower temperature natural gas-air system it can be seen that the 

predictions are generally unsatisfactory with the possible exception of 

Eq. (A). It is worth noting that. the use of the free stream Reynclds 

number and an averaged Stanton number in Eq. (B) is similar to the 

correlation procedure proposed by Rosner (36). In the present case, 

however, the Lewis number correction is incorporated in the equilibrium 

Prandtl number. 

An empirical modification of the free stream Reynolds number by 

‘the factor f/1, as in equations (E) and (F) results in much closer 

agreement between the predicted and measured coefficients for all the 

fuel oxygen flames. The use of such a factor has little theoretical 

justification and it may well be that improved definitions of the averaged 

transport properties for the boundary layer could render it unnecessary. 

= 95



For the natural gas-air flame the modified Stanton number form, Eq. (F), 

gives an acceptably good fit to the experimental data whereas the Nusselt 

form (E) significantly underestimates the coefficients. This effect is 

puzzling since it might be supposed that the coefficients obtained in the 

lower temperature flame should be more readily predictable because of 

the smaller variations in physical properties and a lower degree of 

dissociation. It is of course possible, but not readily verifiable, 

that the calculated values of mean thermal conductivity over the temperature 

range 400 - 3000K are more realistic than those for the range 400 - 2200K. 

Use of Fay and Riddell's term (p,u,/p,u, )°°"' for modifying the free stream 

Reynolds number results in calculated coefficients well in excess of 

the experimental values. 

The present comparison of empirical prediction and experiment 

apparently reinforces the proposition that heat flux from high temperature 

gas streams is best correlated on a Stanton number basis in which enthalpy 

difference rather than temperature difference may be regarded as the 

driving force for heat transfer (67). Such a procedure is likely to 

reduce the inaccuracies resulting from the employment of theroetical 

values for high temperature transport properties, the most uncertain of 

which is thermal conductivity. 

The ability of Eq. (F) to correlate the experimental results is 

gratifying but it must be emphasised that the range of experimental 

conditions over which it has been tested to date is limited. In this 

respect scrutiny of the thermophysical property data of Table 4 is 

instructive. From the table it can be seen that the range of Prandtl 

numbers, viscosity ratios GA) and temperature differences is 

comparatively small. Significant variations in heat transfer 

coefficient are thus attributed to differences in either mean equilibriun 

specific heat or mean equilibrium thermal conductivity and the 

comparisons of Table 5 support this contention. The agreement between 
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predicted and experimental coefficients is strongly dependent on the term 

(u/u, ) by which the Reynolds number is modified. 

It should be emphasised that the proposed empirical correlation has 

little theoretical backing and quite probably an improved version could 

be obtained with the use of other forms of property averaging. However, 

it is clear that the method suggested provides the basis for making 

relatively simple estimates of heat transfer from flames under stagnation 

point conditions. 

10.2.4. Comparison with the results of Kilham and Purvis 
  

Perhaps the most interesting of previously published work is that of 

Kilham and Purvis which has been mentioned earlier. This considers the heat 

transfer from methane and propane oxygen flames to a forward stagnation point. 

Comparisons between the sets of data are limited to the results 

for methane combustion, since the mixtures used in the two programmes do 

not overlap in the studies on propane. An immediate difference is noted 

between the values quoted for the flame temperatures. These appear to 

be significantly lower for the flames dealt with in the paper than for those 

measured on the Carlisle burner. (Table 9). The reason for this difference 

cannot be firmly established but some variations in experimental techniques 

are apparent. Firstly the flame used by Kilham and Purvis was totally 

coloured with sodium, whereas the Carlisle burner used in the present 

studies had provision for a small premixed flame on the axis, and 

this was used for seed addition. The former method, total colouration, 

“can result in an underestimation of temperature where the flame is not 

homogeneous in character. This is generally the case with open flames 

because of the cooling effect of the surrounding atmosphere. 

The second difference between the two sets of measurements concerns 

the method of seed addition. In the work on the Carlisle glassworking 

torch used in the majority of the experimental programme, this was 
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accomplished by carrying forward traces of the salt in the fuel stream. 

Kilham and Purvis, on the other hand used nitrogen as the carrier gas 

and this must act as a diluent to reduce the flame temperature, however 

small the effect might be. 

The influence of the diffusion or entrainment of atmospheric air 

into the system is less well defined, but this would intuitively seem 

to be greater in the smaller flames than with those produced by the 

Carlisle glassworking burner. This contention is borne out to some 

extent if the experimental results for the rich flames and for the 

ones near to stoichiometric are compared. The discrepancies between the 

measured temperatures are by no means the same but are in the order 

of 80 to 120K respectively. This may be explained by the energy release 

which would accompany the introduction of oxygen into the fuel-rich 

flame partially off-setting the reduction in temperature attributed 

to the nitrogen. Whether this would account for the whole of the 

difference represented by the figures of 80 to 120K is debatable. 

In view of these differences a glassworking torch of the same 

design as that used in the cited work was purchased. (This was J.7 

burner manufactured by Jencons Ltd., Hemel Hempstead.) Measurements 

of flame temperature were then carried out using a similar method to that 

described by these authors. An absolute minimum of nitrogen was used 

for seeding and the results obtained are listed below. It can be seen 

that very similar values are obtained with the two experimental rigs. 

At face value this tends to confirm the accuracy of the apparatus used 

for the work reported in this thesis. However, this could not be 

assumed since, whem questioned, Kilham and Purvis were of the opinion 

that edge effects could be ignored. Since it was impractical to modify 

the relevant burner for axial colouration no firm conclusions can be 

reached concerning the validity of this statement. 
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It was found however, that total colouration of the Carlisle burner 

flame resulted in a reduction in the measured temperature of some 40K. 

The values recorded for the stoichiometric conbustion of methane with 

oxygen were 3023K and 2984K respectively. The inference to be drawn here 

is that total colouration of the flames should be avoided wherever 

possible. This is especially the case with flames containing dissociated 

material since it is known that the concentrations of the various species 

and consequently the heat transfer rates, exhibit a strong dependence on 

the free stream temperature. Thus errors in temperature measurement will 

havea pronounced effect on the heat transfer predicted for fuel-oxygen systems. 

Although a difference of 40K is insufficient to account for the whole 

of the discrepancies between the two sets of measurements, it is 

reasonable to expect that the reduction in measured temperature would be 

still greater with the smaller J7 flames than with those produced on the 

Carlisle burner. This stems from a greater proportion of the optical path 

then passing through the cooler parts of the flame so that the measured 

temperature becomes more dependent on the temperature of those regions. 

Thus it is quite conceivable that the differences between the quoted flame 

temperatures can be attributed to this cause particularly when it has 

been shown that measurements on the J7 burner using the same method of 

seed addition are in such close agreement. 

Comparison of Temperatures Measured on a Jencons J7 Torch 
  

  

  

  

Fuel Oxygen Mass Velocity Measured Temperature (K) 
Mixture | 

(ke/uf s) Kilham and Purvis Present Work 

33% CH, 67% OQ 3.659 2900 2918 

140% CH, 60% 0 2.908 2873 2885 
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A final comment concerns the manner in which heat tlux data was 

obtained from the responses ot the probes used in the two series of 

measurements. The method employed at Solihull was based on a knowledge 

of the thermal properties and dimensions of the calorimetric insert. 

Consequently a separate calibration experiment was not strictly necessary 

although a check on the response was in fact carried out for heat transfer 

under conditions of low temperature differentials. In the work reported 

by Kilham and Purvis the information was gathered by way of a calibration 

experiment in an air stream of 1021K using Sibulkin's expression to 

Gescribe the heat transfer process. This is strictly a constant property 

relationship so that the validity of its application over temperature 

differences of 650K needs independent confirmation. 

However, if the differences between the measured flame temperatures 

can be attributed to the techniques used then it is found that the 

measured heat fluxes are in quite close agreement after the differences 

in probe size are taken into account. This has been accomplished by 

assuming that the heat flux is proportional to the square root of the 

free stream velocity and inversely proportional to the square root of the 

probe diameter. The values obtained are listed in the table overleaf.



Table 9: A comparison of heat fluxes extrapolated from the present 

data with those measured by Kilham and Purvis 

  

  

  

Present Work Kilham and Purvis 

Measured Equivalence Heat Measured Equivalence Heat Temp (x) Ratio g Flux Temp (k) Ratio g Flux 
(tw/r? ) (MW/n? ) 

3023 1.00 2.26 2900 1.03 2.53 

2951 4.33 2.06 + 2873 1.31 2.02 
  

It is unfortunate that further comparisons cannot be made since 

the paper represents virtually the only published work on systems 

similar to those used here. There is however sufficient to suggest that 

the present results are not unreasonable. 

10.3 Measurements at High Surface Temperatures 

It is evident that the excellent agreement of the empirical 

predicition method with experiment extends to the higher surface 

temperature levels studied with the bead thermocouple probes. This is 

indeed a most valuable finding since it begins to put the use of such 

extrapolation procedures onto a more sound basis. 

10. erimental measurements 

  

Little needs to be said regarding the actual measurements or the 

method whereby the heat transfer coefficients were calculated from the 

recorded temperature history of the probe. This has been covered in 

detail and all of the possible mechanisms for heat transfer have been 

examined and appropriate allowances have been made. The interaction 

of natural and forced convection has again been considered and found to 

be absolutely negligible. 

The chief cause for concern which arose in the course of the 
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measurements was associated with the inserticn of the probe into the 

flame. In the first place it was questioned whether the piston rod was 

actually at rest when the measurements were commenced. This point was 

resolved by arranging for an electrical contact to be made when the 

probe reached the limit of its travel. This completed a circuit to the 

marker channel of the recording oscillograph and enabled the time for 

  

insertion to be obtained. This was invariably within the limits 

demanded by the response of the probe and the pneumatic assembly 

was considered to be satisfactory in this respect. 

The second point was concerned with the vibration induced in the 

thermocouple bead and wires by the sudden movements of the insertion 

mechanism. Ciné photography indicated that siail amplitude oscillations 

persisted throughout the measuring period and it was thought that these 

might have some effect on the heat transfer process. This arises from 

the known effects of vibration on boundary layer phenomena and, although 

usually more important in natural convection studies, it was considered 

to be worthy of investigation in the present work. 

The thermocouple probe was attached to a lever pivoted near one end. 

At the end remote from the pivot the lever was held onto an eccentric 

cam by means of powerful springs. This cam was driven by a 100W electric 

motor, the speed of which could be varied using a rheostat. The 

thermocouple was located at the appropriate point above the unlit bummer 

and vibrated over a range of frequencies for each flame condition. The 

flow rates of fuel and oxygen were set to the required values and the flame 

ignited. The response of the thermocouple was determined in the same 

way as before but no increase in heat transfer rates could be detected. 

As a result one can reasonably expect the data obtained experimentally 

to be quite reliable and reflect the true heat transfer characteristics 

of the various flames to within 15%. This figure is composed of the 

contributions to the overall errors from both measurement and calculation 
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listed below. 

Flame temperature measurement + 23% 

Metal properties £5 ® 

Calculation method £ 13% 

Calibration and reading of oscillograph = 5 % 

The errors on bead size, radiation from the surface, conduction gains 

from the leads and flame radiation effects are all insignificant and 

probably affect the measured coefficients by rather less than 1%. 

10.3.2. Comparison with empirical prediction 

The agreement with the modified version of Rowe, Claxton and Lewis! 

expression for heat transfer to isolated spheres is reasonably satisfactory. 

Although not quite as good as the results for the stagnation point case 

the accuracy is certainly adequate for most calculations on combustion 

systems. 

It must be pointed out that certain of the experimental data points 

appear to fall marginally outside the quoted range of the correlation put 

forward by Rowe, Claxton and Lewis, However, although the representation 

of the flow characteristics by a Reynolds number based on free stream 

conditions provides for the accurate assessment of heat transfer, this 

does not necessarily carry the same meaning as the Reynolds number for 

a constant property problem. A more reasonable choice for this purpose 

would require the thermophysical properties of the combustion products 

to be taken at a temperature representative of the boundary layer as a 

whole. In such a case the criteria set by the original authors would 

be met comfortably for the whole of the experimental range. It does 

not therefore appear necessary to exclude the few measurements taken at 

the lowest thermal inputs from the graphs illustrating the agreement 

of the modified relationship with the experimental data. Even if this 

were done the general conclusions would remain the same since only a 

small number of data points are involved. 
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10.4 Heat Transfer from Non-Stoichiometric Flames 

The results obtained fer heat transfer from the combustion products of 

non-stoichiometric mixtures of fuel and oxygen are of considerable interest 

from beth practical and theoretical points of view. Especially 

important with regard to the former are the calculations carried out on 

the economics of working flame operation. Based on experimental 

observation these indicate that some financial advantage may be gained 

with the use of fuel rich flames, even where oxygen is available at 

particularly attractive rates. It seems that the provision of excess 

fuel tends to produce an increase in heat flux which more than compensates 

for the reduction in mass velocity associated with the lower proportions 

of oxygen. For tariffs applicable to many industrial users the limited 

data available suggests an optimum mixture composition containing between 

4O and 45% methane by volume. This is significantly greater than the 

33% which constitutes a stoichiometric mixture. However, it must 

always be borne in mind that the possibility of soot and carbon monoxide 

formation is correspondingly higher and this may need to be taken into 

account where the heating operation is carried out in a confined space 

or where large scale usage is contemplated. 

On the theoretical side, the numerical solutions for both hydrogen 

and methane flames have predicted a progressively increasing heat flux 

for a specified free stream Reynolds number as the mixture burned becomes 

richer in fuel. This is not altogether surprising since the larger 

concentrations of free radicals would result in parallel increases in 

the amount of heat transfer occurring by the diffusion and recombination 

of these species. Unfortunately the increase predicted is insufficient 

when compared with experimental measurements of heat transfer rates and 

large errors appear with the richest of the mixtures studied. 

The discrepancies are rather puzzling since it seems reasonable 

to expect that the inclusion of true equilibrium thermal conductivities 
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in the numerical calculations would be sufficient to allow accurate 

predictions to be made, bearing in mind that the method. was quite 

successful for stoichiometric mixtures. It is possible that the poor 

performance of the numerical method, and incidentally the semi-empirical 

expression, lies with an escalation of the effect of diffusional separation. 

This has been mentioned before in connection with the underestimation 

of heat transfer from the hydrogen-oxygen flame and may be the cause of 

the observed behaviour. Because of the complexity of the problem no 

attempt has been made to ascertain whether or not this hypothesis is valid 

although it clearly becomes a useful topic for further investigation at 

a later date. Consequently the main value of this part of the work 

must be seen as defining the limitations of the simpler techniques for 

heat transfer calculation and in providing experimental information 

previously unavailable. 
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11. CONCLUSIONS 

Some measure of success has been achieved in relating the forced 

convective heat transfer from high temperature flames to the thermo- 

physical properties of their combustion products. For stoichiometric 

combustion it has been shown that the numerical solution of the 

boundary layer conservation equations can provide an accurate assessment 

of the stagnation point heat fluxes. However, in view of the expensive 

and time consuming nature of such methods an empirical modification 

to the corresponding relationship for low temperature conditions has 

been made. This enables more rapid estimates of heat flux to be 

obtained and appears to be adequate for most practical purposes. 

Parallel modifications have also been made to an accepted 

relationship describing convective heat transfer to an isolated sphere 

under conditions of small temperature differences. It has been found 

that the resulting expression provides satisfactory agreement with 

measurements of heat transfer from fuel-oxygen flames for surface 

temperatures ranging to 1600K. 

The limited amount of work carried out on non-stoichiometric 

mixtures has indicated a progressive deterioration in the accuracy 

of both numerical and empirical prediction methods when the mixture 

burned becomes richer in fuel. Possible reasons for this inadequacy 

have been suggested although these have not been substantiated. As 

a result it seems advisable to confine the use of the suggested 

prediction methods to stoichiometric or oxygen-rich mixtures. 
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APPENDIX 1 

CAICULATION OF THERMODYNAMIC AND TRANSPORT PROPERTIES 

Table 10 : Force Constants used in Transport Property Calculations* 

  

  

Species o e/k 

H 2.708 37.0 

Ie 2.827 59-7 

RO 2.710 506.0 

0 3.050 106.7 

OH 3.147 79.8 

Q 3.467 106.7 

co 3.690 91.2 

co, 3.941 | 195.2 

NR 3.798 7164 

N 3.298 Mk 

NO 3.492 116.7           
*Taken mainly from NASA TR-R 132. Values for HeO from Monchick, L. y 

J.Chem Phys.35 1676 (1961).
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APPENDIX 2 

DERIVATION OF TRANSFORMATION EQUATIONS FOR THE NUMERICAL SOLUTION PROCEDURE 
  

The equation of state for a perfect gus is 

eS ae 

where the total pressure P is given by 

Posh, = oRT 

and R is the €as constant for the mixture. 

The continuity equation is 

a ry) a(rup) _ a(rvp) 
  

ox oy are 

3 (=) - 2 Ges 

  

  or & ) +o = (rP,) since P,r f(y) 5 4 1G) 

Now let Y (x,y) = f a ay + ¥ Gel 

  

o RT 

50 that ofS ag 3) 
oy RT 

substituting 2 into 1 

pout os (8) = IS 
ae + Se -- 

  

integrating with respect to y 

  

3 any oe (:2,) ous = (3) 

4 and 5 in conjunction with 2 and 3 

3d. (, BY (i + sy (u a peereaiGa) 

eRe one By ns=o <= 1» (5) 
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uP, du vP. du dP, 3 ou ye ror ae ay ey Rr Rr °Y ax oy oy. 

oF gu _ gu fay aes]. a1 @. +p B( ey 0x Oy ex =P. ox 4 aE? Maa Peo 
uN. . (6) 

It is now necessary to obtain a ‘similar’ solution to the above equation so 

that ¥ and v are given by 

¥ (x,n) = N(x) £(7) 

u (x,T) = U,(x) £(n) 

From 2 and 7 

ee 8 as ich) ok je Say = NGO £1) By 

Frou 8 

B. . wode'G) 
ROSS RT 

so that u, (x) £'(4) = N(x) £*(N) aq 
RT oy 

or nx) G a 2G 

u, (x) ar thi = ax ed 7 NG) ti RE 

Pe Uelx) (Y 5 ay 
=P NG) De 

From the similarity criteria 7 and 8 it is clear that 

of. RP te) om, = sy ot] ty ~ ON BL NG)” «OP, 

au au. (x) u(x) art (>) ay a ae = +a s x 

ou, (x) Ot ies af aft at 
25 a Sag 8 oe = ae ox 

y : 5 © 2-180 . we # 

Sp i) pet ace. Of ah an : = to + NOx) i ax Since 5. a ox 

11 

epeeen CA) 

« «= (8)



,attuce | a eu ou 3} 7 
(a) Wey = Ya By = Uy on | &:    P, N(x) £ = 

= DebbeBe® fu ep eeke cr" here ee P, NG) if where C ae 

Substitute into momentum equation 6 

oy ge fer du wan | _ | ae nGor ar) | owt 5y 
oe f [: ae eet ox rey Px = PN (x) s 

  

  

  

  

pu, . an ax du, oY o£ N(x) a(P.r) pu. £' fie (ery? 7 Epc me SE | fUe FO E (51) * Pu, ox Gu, : < [ xt Pr dx P, N(x) 

~ Pete Su, 
Pe ax 

es ae 
~ Py oy on | P, N(x) al 

og u Delete = Rites Bt emo 
en 

but ee O so that 

Ton 
oe (£1)? _ Pete ports   

Ne ¢ NG) | £N) alP,r) si 
x dx Poy a 4 a x) 

Pe Peete (cenys 
P, W(x) P, NG) 

  

  

Now = GANP SS) — SS Per N(x) pao N&x) 

Por dx Pr ax Pe 
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So that 

  

  

  

  
  

  

= 0 

TS ONL eect. 2.u, ou ee du cr")! >- es ae e Je 
(cm")" B, Pete PN PB, Pe ax 

a! 

=O 

or rearranging 

(crt)! Bebe F Be . r P.2 N Delnwmeonac te du, 
P, N (da(NP,r)/dx] CO(NP,r)/dx] pu,? P, 2 ax 

a tetecmNese tl? ou.” £0 
ie Di Pp, No 

eS oh eee ge [ee - (218 
P, N [a(NP,r)/dx] My Ge a(NP,r)/ax |? 

Botner reer te a = 1 to obtain N(x) 
P, N[ a(NP,r)/dx) 

a(Q?) aig?) aQ a 
Now rye ms a aQ a = 2Q se (where Q is any dependent variable) 

50 that 

a (NPor)* eh) Py. 3 u, 
ax PLN 

= 2 Pe He T Us 

butat x= 0 x= 0 

x 
(pyr? = 2f pur? u, ax 

° 

and so 

r * 2 
N (x) = 2 | 4 Pte Us dx 

Per 

thus the required transformations 

E c y 
are qT = Be) be | abe ay 

Nix) Py one 

v 
= eet 8 ay a ccate HOD 

(eye Ie by



ee fx 
where x= [ 

vo 

  

Peer ", ax Go eS) 

Giving rise to the momentum equation in the form 

Gm srs te Me fai} RRY Ly 
ve Up Pit, fous Peer 

Pen arr AU, Ox — fae - ce} =0 
Ue dx GX PelleUer® ® 

(SP) 2 ert; . a | &- ao | 0 «535 (11) 

Taking the energy equation 

oH el Bg) a Bee ay wy ey aN Be) oy 

Now it can be shown tnat when the transformation equation are used 

    

mee 2 2 (ct. mH 20_f a 2 + ov = pl.” peer (1 2 as Si” 3) 

50 

on ou eH on oH Jono pu ay + pv Sy = Uy: Py ere [3 - f' = oi 2 a | 

ee es a [u Blu’, 4) a 
f° So! 3] ~ ‘pile’ peter dy = see - er) oy 

Assume HK = He g (1) ~ ae 42) 

wis U, £°(n) ow a (15) 

¥ os N(x) fq) = £() 

oa 
oy: 

[* Bes ; 
cx 

  

st aye 
Ve we 

ou,r 

(ex Pe Peliel® 2 oi] 

4h 

(+) poe on 
(2x) an 
  

e
e
s



  

thus 

+ OH _ io, SN oH fel aif wm, oy _4) wt] Bee ex os es Be Boh oN Grey | 

H = He g(n) 

3H oH D 
am = Neg’ +g 5 == ee 

oH et saat ale -4)2 Oe he Bel ag Bet & | a Pr/ on 
i 

ake ' 
+ BL % e'] 

multiply by 2/4, and rearrange 

a Sah 
NY exe! “a ws | 4-1) = (S ') + a6" = i =a t i Sei Fe A aH 

4 out £(£-1))"@ 2 a NOW Soa = 1) ay | Oat \ Pe uM | Ff, 

ee)" S| ¢ 
2 -[& Ge )se ms om | at 

(i we a Cpt (coe 2 a crf (pr 1) ih 

60 that the energy equation becomes 

po Y a= teu (is = 4) Ue "+ oes aaa eo (14) Ge)s S = Sey ty} us a 

Equations 11 and 14 then constitute the set of equations tc be solved in 
conjunction with the boundary conditions 

fe) yeaa, g' () = 0 

i" @) = 0 g (@) = 1 
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APPENDIX 3 

AN APPLICATION OF THE RESULTS OBTAINED - THE RELATIVE ECONOMIC MERITS 

OF ELECTRICAL AUGMENTATION AND OXYGEN ENRICHMENT IN METHANE FLAMES 

The use to which the reported work may be put is best illustrated 

by an example which arose during the course of study. Prompted by a 

recent publication, it was felt that the practical application of 

electrically augmented burners to industrial heating operations should 

be reconsidered. These can, in general, be divided into two main 

categories. The first group includes cases where the thermal efficiency 

of the system is secondary to a main requirement of high rates of energy 

transfer from the flame to the workpiece. A multitude of processes, 

usually employing open flames, falls within this classification, which 

includes glassworking and flame hardening together with welding, brazing 

and soldering operations. In many of these, oxygen enrichment is used to 

obtain high flame temperatures and consequently rapid heat transfer, 

although this necessarily increases the cost of the operation. The 

economic necessity for rapid heating in many processes thus dictates the 

use of extremely hot flames, even where the heated object remains at a 

relatively modest temperature level. 

The second classification includes most industrial furnaces and one 

of the main considerations is that of fuel economy, although certain of 

these furnaces may also be designed to produce high heat transfer rates. 

However, many furnaces operate at high temperatures and as a result it is 

the cost per unit of heat delivered at the relevant sink temperature 

which becomes of prime importance when the performance of various fuels 

is to be evaluated. Direct comparisons based on their initial gross 

cost may therefore lead to quite erroneous conclusions particularly in 

cases where the fuels have widely different flame temperatures. 

\ 
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The publication by Allen and Harker (68) has attempted to provide 

an indication of the relative costs of heating with methane-oxygen and 

electrically augmented methane-air flames. It has been demonstrated 

by several authors that considerable enhancement of heat transfer rates 

can be achieved by the use of electrically boosted flames in place of 

ordinary unaugmented gas-air. As a result it has been suggested that 

potential applications of boosted burners may lie in the fields of 

automatic welding, metal working and other flame impingement processes. 

Allen and Harker, in the paper cited, have made a theoretical 

comparison of the performance of both augmented and unaugmented 

methane flames based on the cest of the heat actually transferred to 

a workpiece, and on the cost of achieving a particular flame temperature. 

Both of these approaches appear to be rather misleading when applied 

to the majority of flame impingement situations. Very little 

significance can be attached to the flame temperature in these 

circumstances since it has no direct bearing on the heat transfer 

rates attained with different fuels. The same fundamental criticism 

also applies to the first basis of comparison chosen, namely that of 

the cost of heat transferred to the heated surface. In view of the 

low thermal efficiencies of open flame processes it is clear that only 

a small proportion of the total heat supplied is transferred to the 

object immersed in the flame. Consequently a more accurate assessment 

of performance would be afforded by the cost of attaining a specified 

heat flux, which in effect determines the rate at which the process 

may be carried out. The information presented in the paper would, 

however, be applicable to furnace operations were it not for the 

unfortunate choice of fuel and oxygen prices, which hampers the direct 

use of the published results. These appear to have been based on 
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purchases at cylinder rates rather than on the bulk deliveries 

normally taken by industrial users. As a result, grossly distorted 

cost differentials are introduced which cause unnecessary difficulty 

in the interpretation of the data. It was felt that the findings 

of the present studies could be profitably applied to this problem 

in an attempt to clarify the situation. Realistic fuel and oxygen 

prices have been taken and more suitable criteria selected for the 

comparisons between the respective flame systems. 

1. __Open Flame Applications 

As mentioned above it is required to compare the costs incurred in the 

Pod ction of a specified heating rate when using the various augmented 

and unaugmented methane flames. In view of the wide range of temperatures 

met in industrial practice it has been decided to investigate the 

performance of each system over the range 400 to 2000K. 

The work on heat transfer to surfaces at elevated temperatures has 

demonstrated that the inclusion of weighted average values of thermophysical 

properties and a correction factor GA, ) to the free stream Reynolds 

number, provides a practical method for extending the range of 

established low temperature relationships. In the case of heat transfer 

to small spheres it has been shown that the energy exchange is 

governed by the expression 

St = 2/(Re Pr) + 0.69 GA, ) Pease Re, °* eee GD) 

The first term on the right hand side of this equation arises from the 

existence of a lower limit to the Nusselt number as the Reynolds 

founber is reduced. At sufficiently high flow velocities this term may 

be dropped which leads to a simplified equation 

St = 0.69 (i/u,) Pr °°” Re,°” eee (2) 
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where Re, is the Reynolds number based on free stream broperties and 

the characteristic dimension of the heated object. 

DFp 
Thus Re = Ls 

Alle 

and iy g, gia (Pay et [ Fy Parts, 

te 7 Sets (m8? | Rese Bos L 

95 

-- (3)   

However, the total combustion product flow rates, F, and F, are 

directly related to the appropriate supply of cold fuel gases and 

the volume of cold combustion products formed for each volume of fuel 

burned (p). 

i.e. Fo= af, ose (4) 

ee woeee (5) 
Py 

Consequently, by equating the heat fluxes, relative gas flow rates may 

be obtained for each system, since from (3) and (4) 
Sis aS 73 

Ee = (Gy Peer) *" AD, Pse MH bso ose (6) 
z, (Gee te (Pre ee AE | Pee 

Thus, by the choice of some arbitrary values for the gas input to the 

methane-oxygen flame, corresponding flow rates for the electrically 

augmented cases may then be compared as follows: 

(a) Electrically boosted flames 

Gross calorific value of fuel gas = 37 x 10° Jfr 

Cost of gas supplied u" 37 x 10° Cg pence/n 

Cost of electricity supplied = 37 x 10° R, C, pence/nr 

or Total cost = 37 x 10° ee (C, + G R,) pence eee) 

(b)_ Fuel-oxygen flames 

Cost of fuel gas 37 x 10° Cy pence/m 

Cost of oxygen = 2, pence 

“or Total cost = Fi, (37 x 10° Cy + 2,) pence Seeee (oy 
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From equations (6) (7) and (8), the costs incurred in obtaining 

any specified heat transfer rate to a given object have been evaluated 

for augmented burners over a range of electrical energy additions 

corresponding to R, from O to 2. The results of these calculations 

have been presented graphically in Fig.44 in terms of the percentage 

of the cost when using a me thane-oxygen flame. The following data 

has been used. 

Table 13_: Methane, electricity and oxygen costs 

  

Methane Oe ae S210” —p/d; (Corresponding to 8d per therm) 

Electricity Ce ane 175 x 10" -p/T (Corresponding to 13d per kWh) 

Oxygen C, = 2.65 p/m (Corresponding to 15/- per 
1000 s ft’ ) 

  

2. ___ Furnace Applications 

The cost of heat available at a specific rejection temperature has 

been judged to be a major factor in the running costs of most furnaces. 

This quantity may readily be determined from a knowledge of the heat 

contents of the combustion products at the flame and sink temperatures, 

together with appropriate data for the fuel and oxygen prices. The 

results obtained have been presented graphically for the various 

flames (Fig.45) in terms of the relative cost of the available heat 

compared with that incurred with the use of an unaugmented methane-air 

flame. The calculations were carried out as follows: 

(a) Methane-air 

The heat available above a reference temperature level Tis (I; - It) p 

Joules for every cubic metre of fuel burned, where p is the ratio of 

the volume of cold combustion products to the volume of cold fuel



250) 

nN
 Qo 9 

in
 oO 

loo 

th
at
 

in
cu
rr
ed
 

wh
en
 

us
in

g 
C
H
,
-
O
,
 

Co
st
 

of
 
au

gm
en

at
io

n 
ex
pr
es
se
d 

as
 

a 
pe

rc
en

ta
ge

 
of
 

wn
 9 

   

  

  4 L 

400 800 1200. ‘1600 2000 
Sink temperature (K) 

.44 Relative costs of achieving any specified heat flux 
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supplied. Taking the gross calorific value of methane to be 

37-x10° S/n 

  

Gross heat supplied _ 37 x 10 
Useful heat Sapa Epa Ey) 

s 7 ae 6 
The cost of each unit of heat - 37x 10° CG, Device /avacraniocd, 
at the temperature T DeneL 

(b) Me thane-oxygen 

As above, the fuel cost may be determined as 

6 32 3 
= a ~- & pence/available Joule 

The cxygen cost for a stoichiometric mixture is or 

Thus the overall cost for each available unit of heat is given by 

er Ge eGC, 205) pence/available Joule. 

(c) Augmented methane-air 

The methane cost may be determined in the same manner as before. The 

electrical energy input is directly proportional to the required 

boost ratio and to the gas flowrate. 

Electrical cost = 37 x 10° C, R pence 

pAl 

Total cost = 37 x 10° 
pAT 

3. _ Discussion of Calculations 

3.1 Open Flame Applications 

While it is accepted that the particular prices for the gas and 

(C, + C, R,) pence/available Joule. 

electricity supplies may not be universally applicable, it is felt that 

the values selected should provide a reasonable indication of the . 

relative merits of the combustion systems studied. It would appear 

that, where rapid heat transfer is of primary importance, the use of 

augmented flames having boost ratios in excess of unity may introduce 

some savings on running costs. Calculations have been based 
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exclusively on data for the combustion products of methane but results 

should be equally valid for either Algerian or North Sea natural gases. 

It can be seen from Fig.44 that, using a boost ratio of 2, fuel 

economies amounting to about 25% may be achieved. Clearly, differing 

fuel and oxygen prices would alter the form of Fig.44 but it can be 

seen from Eqs. 7 and 8 that the contribution of the gas cost to the 

overall running expenses is small. Thus other combinetions of 

electricity and oxygen prices may be accommodated by the application 

of a multiplying factor 1.53 x 10’ c,/c, to the information obtained 

from the figure. Similarly, other gas and oxygen tariffs may be 

included by the use of the corresponding factor 5.54 Co/(Cy + 524 x 10° C3). 

it is most unlikely that the ratio of electricity to oxygen costs 

could be significantly improved upon, even by a power user with a 

favourable load factor. Oxygen supplies at the cost quoted in Table 13 

are available to consumers requiring relatively small deliveries. In 

fact larger consumers such as steelworks may obtain supplies at less 

than a third of this rate, while the relevant electrical costs may be 

only slightly less, thereby reducing or even eliminating the economic 

possibilities of augmentation. 

Although fuel savings of up to 25% may be effected in certain 

circumstances it is most unlikely that they would prove to be sufficiently 

large to offset the investment cost incurred with the installation of the 

ancillary electrical equipment. This is a consequence of the small 

scale of most open flame operations and the complexity of the high 

voltage electrical system required. In addition, all aspects of safety 

and reliability have been discounted, both of which act to the detriment 

of augmented flame burners. 
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3.2 Furnace Applications 

The cost of supplying heat to carry out a specified fprnace operation 

has been calculated as a percentage of the cost applicable to the use 

of unaugmented gas-air flames. The results obtained are displayed in 

Fig.45 in terms of the relative costs for the various sytems ove: a wide 

range of furnace conditions. A gas cost corresponding to 8d per tnerm 

has been employed throughout. It is clear from the figure that the use 

of oxygen enrichment is, in the majority of cases, an uneconomic venture. 

This is only to be expected since the oxygen introduced does not 

contribute to the total energy of the system, but merely raises the 

temperature by the exclusion of diluents. Economies resulting from the 

higher operating temperatures of oxygen enriched flames are only obtained 

when cheap oxygen is available. The ‘break even' temperatures are 

presented for various oxygen costs in Fig.46. It is evident that only 

extremely large consumers maintaining furnaces in excess of 1500 K are 

likely to benefit from the use of oxygen enrichment. 

It is abundantly clear that for the particular fuel costs chosen, 

the application of boosted burners to furnace projects are most unlikely 

in the foreseeable future since the use of unaugmented flames holds 

-distinct financial advantages at temperatures below 1900 K. It is 

possible to estimate the "break even' temperature for other tariffs 

from the conditions that the cost of available heat using the gas flame 

then must equal the cost of electricity. It follows that, for this 

condition , the economics of augmented flames must be independent of 

‘the boost ratio thereby explaining the intersection of the relevant 

curves on Fig.45 at 1920 K. The locus of this point may then be 

determined for other prices from 

37 x10 Se 
pA Tl cS 

or AD SS 5.5207 10 0, 0/e 
Ce 
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AI has been calculated for a series of possible ratios for G./c, and 

the corresponding temperatures deduced. The resulting curve of 

temperature against the cost ratio is depicted in Fig.47. This shows 

that, even with terms most favourable to electricity, economies would 

only result with furnaces operating in excess of 1500 K. It is 

important to emphasize that amortization of the considerable capital 

expenditure and all questions of safety have once again been discounted 

in this comparison. In view of these factors it is therefore most 

unlikely that boosted burners will find any significant applications 

in the field of industrial heating, although possible uses as a form of 

high temperature reactor may emerge. 

This cost comparison demonstrates one of the potential uses of 

the data produced in the course of this work. It can be seen that 

certain assumptions regarding flame size and velocity have had to be 

made, together with other minor approximations. However, the 

calculation does indicate that boosted burners are probably unsuitable 

for industrial use as a heat transfer tool - a useful conclusion and one 

which is borne out in practice. 
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