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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 

- 10 -



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 
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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, 
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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 
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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 

= 23 =



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. 
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