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FOREWORD

The main theme of this volume is heat and mass transfer from flames and its application to
engineering systems.

The practical application of the fundamentals of heat transfer in flames covers a wide range of
important engineering systems, which include industrial furnaces, boilers, gas turbine combustors,
internal combustion engines and open flames such as flares and fires. In recent years there has been a
growing interest in the study of thermal radiation for industrial application. This is due to increasing
combustion intensities in industrial applications and the need for prediction methods for detailed
distribution of radiant heat flux to bounding surfaces.

A definite need exists for more detailed information on engineering design for heat transfer from
flames to heat sinks and also on heat transfer within the flame itself, as the latter affects combustion
intensity and the rate at which certain types of flames and fires propagate.

The material presented in this book contains three different aspects of heat transfer from the
flame. The first part includes papers which deal with problems of heat transfer in open flames. Special
attention is given to the mechanism of fire spread in forests and calculation methods for predicting
radiative heat transfer in a diffusion flame. This section also includes a probability analysis of fabric
ignition and the burn injury hazard.

The largest part of this volume is devoted to problems of heat transfer in steady confined flames.
This group of papers is divided according to subject-matter. It covers radiative properties, measurement
techniques, prediction methods (zone and flux methods) and the effect of turbulent fluctuation on
radiant heat transfer. The analytical and experimental method for determination of radiative properties
of the flame are presented. Special consideration is given to the effect of pressure on the mean
absorption coefficient of luminous flames of liquid fuel spray combustion. The theoretical and
experimental results of radiative properties in a dispersed system are also offered.

Although there are not many papers dealing with measurement techniques. which are mainly
covered under particular topics, the papers presented in this group treat new techniques for radiative heat
transfer and their employment in the measurement of scaling deposits in large thermal power stations.

Development of the prediction method for calculation of heat transfer from confined flames is of
utmost importance. We are privileged to have Professor H. C. Hottel, the pioneer in radiative heat
transfer, to lead this volume with his chapter “First Estimate of Industrial Furnace Performance—One
Zone Model Reexamined.” Recent advances in methods for predicting radiative heat flux distribution in
furnaces and combustors have focused attention on comparison of the zone method and the flux method
of analysis. Most of the chapters presented in this part of the volume are directly or indirectly connected
with analyzing the advantages of particular methods of predicting radiant heat flux distribution. Those
methods have been applied in different industrial systems, and the results of the heat transfer and flow
distribution are given for a gas turbine combustion chamber, an industrial water-tube boiler, pulverized
fuel furnaces and other types of furnaces.

The third part is devoted to heat transfer in unsteady confined flames. Most of the chapters in this
group deal with heat transfer from flames in internal combustion engines. This section reviews the
available information of heat transfer from the working fluid to the wall of internal combusion engines.
Some chapters deal with the experimental and theoretical method for determination and prediction of
radiant heat transfer in internal combustion engines and its correlation with other heat transfer
mechanisms.
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Chapter 1

FIRST ESTIMATES OF INDUSTRIAL FURNACE PERFORMANCE —
THE ONE-GAS-ZONE MODEL REEXAMINED

Hoyt C. Hottel
Massachusetts Institute of Technology, Cambridge, Mass., U.S.A.

Abstract

The one-gas-zone model of industrial furnace performance is set up, with allow-
ance for wall losses, sink temperature variation, and departure from perfect
stirring. Judicious choice of the mode of allowance for the last of these keeps
the final relation simple enough to visualize. It is shown that although the
model equations are in a form for prediction of furnace performance, they may in-
stead be used in a graphical technique for correlating furnace data and for de-
termining two constants in a semi-empirical relation. A solution of the problems
of determining the effective sink area As, the mean beam length for gas radiation,
and the effective sink emissivity is presented, for tubular heaters with wall-
mounted tubes as well as for tubes internally mounted in planes with radiating
gas on either side.

NOMENCLATURE

Ag area of furhace openings losing radiation
Ap(Ap) area of refractory (of tube plane)
As effective sink area (old (GS)R,¢)
A; area of stock or sink in furnace chamber. If tubes on wall, plane of tubes.
Aj,e that part of A; exclusive of any tube curtain across the gas-exit passage.
ag energy fraction of black-body spectrum occupied by gray gas in a gray plus
clear mixture
B ratio of center-to-center tube spacing to diameter
c “cold" fraction of furnace enclosure area, A;/(A;+Ap)
cp,g specific heat of combustion gases, mean value from gas-chamber exit to
. base temperature . . ;
D reduced firing density, Hg/oASTF ' (1-To )

d dimensionless constant in relation A'= (1-1/d)Q"

23 third exponential integral, /°(e-xt/t3)dt '

E black emissive power, oT*

F factor for radiation loss through walls, based on inside and outside

temperatures and area of opening
Fiso(gas) fraction ot 1sotropic (gas) radiation intercepted by tube row, directly
plus by interception of returning beam from background
F fraction of radiation from surface x which is intercepted by surface y
§§¥y' direct-interchange area between gas x and surface y

Gxgy total-interchange area, ratio of net radiative flux between gas zone x and
surface zone y, allowing for reflections at all surfaces, to the difference
in black emissive powers (oT') of x and y. Sometimes, allowance made for
refractory aid without appending sub-R.

(GS)g total-interchange area between gas and surface zones, with aid given by
equilibrium refractory surfaces included.

H(T;) enthalpy of stream 1 (sink stream) degendent on temperature

H1,1(o)enthalpy of stream 1 at inlet (outlet

HF enthalpy rate of any entering streams affecting firing rate, including-
fuel, air, and recirculated flue gas 1f any, above dead state of
completely burned gaseous products at Tg.
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hj convection heat-transfer coefficient on inside surface of refractory
walls

hetp,o heat transfer coefficient by convection plus radiation, on outside
walls of refractory surfaces

K absorption coefficient, 1-1

k thermal conductivity of refractory walls

L dimension of parallelepiped .

Lm mean beam length for gas radiation

Lo dimensionless loss coefficient for radiative flux through furnace

; openings, FAg/As
Lp dimensionless loss coefficient for heat loss through refractory walls,

UpAy/oASTFS .

mg mass flow rate of combustion gases

n number of tubes in a tube row

P pitch of tubes in row, center-to-center distance

P partial pressure of gas-radiating components, atm.

Qg rate of heat transfer from combustion gases

Q' reduced rate of heat transfer from combustion gases, Qg/HF)(1-To)

r ratio of temperature rise of stock surface to the sum of inlet and outlet
temperatures, (Ty,0 = T1,1)/(T1,0 + T1.1).

S speckledness; 1 for surface with A; and Ay intimately mixed

SxSy direct-interchange area for radiative exchange between surfaces x and y

___ _ no gas absorption included
SxSy' same as above, except that gas absorption is included

Xy(xy")shorthand for Sxsy (Sx/sy')
TF adiabatic pseudo-flame temperature, based on Eq. following (2)

Tg mean radiating temperature of combustion gases

T mean temperature of stock or sink surface

To base temperature (also ambient)

Up overall coefficient of heat transfer from combustion gases through
refractory wall to ambient

W refractory wall thickness. Also thickness of gas slab, Figs. 7-9

Tr  shorthand for S5y, = AjFyp = ApFpq

a gas absorptivity
gas-radiating temperature minus gas temperature leaving combustion chamber
eg(e1) gas emissivity (effective emissivity (emittance, absorptance) of surface A;)
]

€1 true emissivity of tube surface

n furnace efficiency, (flux to stock or sink)/Hg

g Stefan-Boltzmann constant

T gas_transmissivity (=1-absorptivity, =l-eg if gas gray)
¥ angle. See Fig. 7

Subscripts

i,0 inlet, outlet

r refractory

1 sink surface, or stock surface
T total, applied to area

Primes
On Tg, Ty, Tg designate the ratio of those temperatures to Tg.
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Introduction

The design of a furnace, more specifically the prediction of the performance of a
chosen design, can be carried out at several levels of sophistication. Although

a determination of the distribution of heat-flux density over the surface of the
stock is desirable —sometimes, in high flux-density systems, necessary — the at-
tainment of the simpler objective of determining the total heat transfer rate as a
function of firing rate and excess air is a proper orienting first step; and often
it suffices. Even if that is the sole objective, knowledge of the detailed inter-
action of radiation and convection with mass transfer and combustion is in princ-
iple necessary. But integral formulations are tolerant of casual treatment of de-
tail, especially in the presence of the leveling effect of radiation, responsive
to a high power of temperature; and a surprisingly accurate overall performance is
predictable from a relatively simple model. Even though the knowledge of flux
distribution over the stock may be the ultimate objective, it is still good engin-
eering practice to start with an almost-quantitative understanding of the overall
process. In fact, it may be asserted that prospects of success with the zone
method are poor if the simpler and less ambitious approach, which is after all a
one-gas-zone example of the zone method, is not thoroughly understood.

It is the object here to set up a simple overall furnace performance model, in
form as general as is consistent with the assumption of a single gas-radiating
temperature, a single equilibrium refractory temperature and a single term charac-
terizing the exchange area between the combustion gases and the sink, which allows
for

1. The effect of the adiabatic flame temperature TF, dependent on the entering
fuel and air enthalpies and the gas heat capacity

2. The effect of stock or sink temperature T1, measured by the ratio of its
mean value to TF

3. The effect of stock temperature variation, measured by the ratio r of stock
temperature rise to its arithmetic mean temperature.

4. The value of the characteristic or effective sink area Ag, that area which,
multiplied by the difference of black-body emissive powers of the gas and
stock temperatures, gives the flux from gas to stock. The major problem of
making the model describe realistically the effects of gas composition,
furnace shape, and disposition of heat sinks in the furnace comes in the
evaluation of Ag, the total gas-sink exchange area

. The use of a single gas-radiating temperature Tq, but

. a difference A between the gas-radiating and leaving-gas-enthalpy temperature,
which varies with firing rate

. The loss of heat through the refractory walls

. The Tloss of heat by radiation through openings

. Other factors, contributing to the evaluation of As.

W~ (= X3, ]

The One-Gas-Zone Furnace Model

Although parts of the following development have appeared before(1,23), parts are
new; and for completeness the full derivation will be presented. The well stirred
furnace gases are at temperature Tg in consequence of loss of heat (a) by radiative
exchange with the stock or sink at®Ty, (b) by convection to that part of the'sink
Ay,e which does not include any curtain tubes across the gas exit from the chamber,
(c) by convection to and through the refractory walls, and (d) by radiation through
furnace openings of area Ag.

a) The net radiative flux to the sink — direct as well as with the aid of re-
fractory surfaces which reflect diffusely or absorb and reradiate — must, if
the refractory is radiatively adiabatic and the gas is gray, be proportional to
the difference in black-body emissive power of the gas and sink. The propor-
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tionality constant, having the dimensions of area, is called the gas-surface
total-exchange area (GS)R the formulation of which will be discussed later.
(The subscript indicates that allowance has been made for the aid given by re-
fractory surfaces). The flux is then (GS)p o(T§-T%).

b) Convective flux to those surfaces Aje whicﬁ affect the stirred-gas enthalpy is
hA; e(Tg-T1). Because this term is quite small compared to (a), it is conven-
ient to combine the two by forcing ghe convection into a fourth-power form:
hAl,e(Ig-Tl) ~ hAp eo(Tg*-T1*)/4oTgy» where Tg; is the arithmetic mean of Tg and
Ty. Then

(Eg)R G(Tgu'Tlu)+hA1,e(Tg-T1) - [(Eg)R + hAl’e/40T91] G(Tgk-Tlu)

The bracket has in other contributions been called (§§)R,c to indicate that
convection has been included. The simpler term Ag, the effective area of the
sink, will be used here.

¢) Convection to and through refractory walls. If the walls are in radiative equi-
Tibrium, convection — gas to wall — equals conduction through the wall. The
flux is UrAr(Tg-To), where {o is the ambient temperature and UR is given, con-

ventionally, by Uy = q WL T
h_i 3 h_c+r,o
The inside flux is not in fact equal to the flux through the wall, but the
difference is so small compared to the radiative flux as hardly to negate the
assumption of radiative equilibrium. Without that assumption one would need to
introduce an additional unknown and an additional equation, and the slight im-
provement in final accuracy does not justify the complication.

d) Radiation through peep holes or other openings, of area Ag. Rigorous allowance
for this.usually small effect would introduce such complexities as to prevent
obtaining a solution capable of easy engineering use. Although the view from
the outside through furnace openings is a view of sink and refractory surfaces
seen dimly through partly diathermanous gas, the assumption will be made that
the effective furnace temperature (the inside plane of the openings) is Tg.
With T representing the exchange factor to allow for wall thickness (3 ), the
loss through the openings becomes AgFo(Tq*-Tg). Furnaces with openings large
enough to make this casual treatment inadequate are rare.

The equation of transfer from the gas is, from the above,
- 4_T 4 ~ 4T 4
Qg = Aga(Tg*-T1*) + UA(T-T ) + FA o (Tg"-To¥) (1)

An energy balance on the gas is needed. Although a single gas radiating tempera-
ture has been postulated, it can be a space-mean value rather than the uniform
gas temperature of a perfectly stirred chamber; and the gas temperature measuring
the gas enthalpy leaving the chamber is usually lower. Let Tg-A_represent the
leaving-gas temperature, between which and the base temperature Ty the mean heat
capacity is Cp,g. Then the energy balance is

QG = HF - (Tg'A'To)mgtb’g (2)

where Hf is the hourly entering enthalpy, chemical plus sensible, in the fuel and
air and recirculated flue gas, if any, Ty is the enthalpy-base temperature,

and mg is the mass flow rate of gas/hour. Let the same mean heat capacity be used
to de?ine an adiabatic pseudo-flame temperature TF

(Te-To) = Rig/itgCp g

(TT will in general be much higher than the true adiabatic flame temperature which
allows for a temperature-varying cp and for dissociation). The energy balance may



