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ABSTRACT

EFFECT OF GAS TEMPERATURE GRADIENTS AND RADIANT HEAT TRANS-

MISSION ON KINETIC MODEL BEHAVIOR

by

Richard W, J. Robertson

Satisfactory . methods to predict radiant heat
transmission in enclosures containing a radiating gas at
uniform temperature are available. These methods have been
traditionally used in solutions of kinetic models,

Kinetic models are strongly temperature dependent with
a difference of 109K able to double the reaction rate. In
the present investigation, calculation techniques which
make allowance for the non-uniformity of gas temperatures
in an en losure are applied to the kinetic models. The
furnace problem considers only the radiation section with
the assumption Eﬁat detailed knowledge of combwstion and
fluid flow pattern within the enclosure is available.

I1f the gas space in the enclosure and the bounding walls
are divided into zones, a zone being taken small enough so
that it may be considered isothermal, then for steady-state
operation one can write an energy balance on each zone. For

any specific problém, every term in these equations with the



exception of the net wall fluxes may be written as a func-
tion of unknown temperatures only; furthermore the

number of equations is exactly equal to the number of
unknown temperatures and wall fluxes so that a solution is
possible, though exceedingly difficult due to the
existing non-linearities.

The net wall fluxes are calculated by the kinetic
model, the flux at any point being a function of the
overall heat transfer coefficient, the extent of reaction,
and the temperature of the reacting gases, each of which in
turn is a complex “function of reaction gas composition
and velocity.

The chief problem of this investigation was one of
evaluating the emission from both a gas zone and a surface
zone and the radiant interchange between all zones, making
due allowance for absorption along every path from one
zone to another,

The primary result of this dissertation has been the
application of radiant dominant heat transmissions in
+enclosures (which make allowances for temperature non-
uniformity in gas mass) to a pyrolysis reactor. The result
of this reactor-furnace hybrid model is the ability to
determine optimum tube placement, furnace size, and fuel

consumption, while accounting for the effect of carbon

iv



deposition ' in. the reactor.

The methods developed in this dissertation were
instrumented on an IBM 370-15 computer. This machine
made it possible to make parametoric studies which predict
the effect of changing furnace and reactor variables.

The high severity steam cracking furnace results in the
greatest production per pound of fuel consumed. A yield of
73% represents maximum fuel economy. However, the
associated problems of coke formation and high tube metal
temperature must firsﬁ be ovércome hefore these yields can

be realized.
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Chapter I
SUMMARY

An increased understanding of the basic principles
underlying heat transfer processes has forced a realization
of the importance of radiation as the dominant mode of
heat transfer in high-temperature industrial furnaces. It
is, therefore, desirable to be able to predict rates of
radiant dominant heat transmission with confidence for
both design and performance calculations. Methods which
predict the net interchange between a radiating gas at a
uniform temperature ( 2 one gas zone furnace) with the
walls forming the enclosure are available in the literature.

For many industrial furnaces, however, it is not:
permissable to assign a uniform temperature to the
radiating gas, particularly when the distribution of heat
flux within the enlcoure as well as the over-all performance
is desired, When endothermic fluid phase reactions take
place within the process f£luid of the reactor a detailed
knowledge of the local temperature gradient on the tube
wall becomes important in that it affects the extent of
reaction. The relatively large deviation from the true

temperature profile produced by assuming one zone furnace

-



results in solutions which, ;hough valid, are poor in
engineering application. In the present investigation,
therefore, the work of applying calculational techniques
for predicting radiant dominant transmission has been
continued, with the specific aim of making allowance for
the non-uniformity of gas temperature in a fixed reactor,
It was decided to limit the scope of the project by
focusing- attention on the radiation section of the fired
heater problem and assuming that a description of the
other phenomena necessary to the formulation, namely
fuel-air combustion and internal flow patterns are
availagbple for use.

If the gas space in the enclosure and the bouriding
walls are divided up into zones, a zone being taken small
enough so that it may be considered isothermal, then for
steady-state operation it is possible to write an energy
balance for each zone., For a gas zone the sum of the
radiant energy received from all zones in the system (both
gas and surface) plus the net convection to it from
adjacent gas or surface elements plus the net enthalpy
flux (chemical and sensible) to it due to bulk flow must
equal the radiant energy originating within the gas zone.

Similarly, for a surface, the sum of the radiant energy



received from all zones (gas and surface) plus the net
convection to it must equal the:emission from the surface
plus the net flux through the surface. Every term in
these equations with the exception of the net wall
fluxes may be written as a function of umknown temperatufés-
only and the number of equations is exactly equal to the
number of unknown temperatures and wall fluxes, A
solution of a set of these non-linear equations, once
written for each zone in the enclosure, would yield the
desired distribution of temperature and energy flux
throughout the system,

One problem of this investigation, therefore, was one
of evaluating the emission from either a gas zone or a
surface zone and the radiant interchange between any two of
these zones, making due allowance for absorption along
every path from one zone to another and for partial
diffuse reflection of every path at every surface ad
infinitum. The furnace was subdivided into a set of isother-
mal zones, Each zone extended the entire length of the
furnace and end effects were neglected. Sets of these
furnaces can be set up one next to the other to produce a
three-dimensional furnace of any degree of complexity,
Some error will result due to the assumption that no

interaction takes place between any furnace and its neighbor.
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The results produced, however, are still an improvement
over most computational techmiques,

A computational technique developed by Cohen (18)
is able to handle zoning along the length of the reactor
as well as across and vertically. His methods, however,
were principally graphic, and do not lend themselves to
the digital computer,

The emission rate from a gas volume of Area A is

given by the following equation:
B = 40L) () -p.C Tg‘* (1-1)

where E is the rate of emission in energy per unit time,
kL is tﬁe absorption coefficient of the gas times ité
path length, and ¢ is the fraction of the emergy origina-
ting within the volume which leaves the boundaries of the
volume. The escape factor, ¢ , is a function of kL only
and has been obtained by multiple numerical integrations
as described in a later Chapter.

The emission rate from a surface area of Area A is

given by:
E - @ ¢r° (1-2)
s S S

where £ ; is the emissivity of the surface,



The interchange between any two zones in the system is
more complex, involving not only the direct radiant flux
between the two zones, but also the sum of the infinite
number of reflected beams within the enclosure due to
energy originating at either of the zones under considera-
tion with due allowance for multiple attenuation. It is
profitable to consider first only the direct interchange
between the two zones; i.e, the interchange in a black=~
walled system.

The one-way radiation flux - surface to surface,
surface to gas, gas to surface, and gas to gas respectively

may be written as:

a /(TT™ =ss (1-3)

88 s v

95/ (T T = s (1-4)
4

dgs/ (T Ty ) = 88 (1-3)

q /(JTZF = gg (1-6)

g8 g

where the terms ss, sg, gs, and gg, designated as direct
interchange factors, also termed in the literature as
interchange areas due to the dimensional units, These

factors may be thought of as the product of a radiation



6
factor £, having any 6f the subscript combinations indica-
ted on the right-hand sides of equations (1-3) through
(1-6) with the first subscript representing the source
-Qf the energy and the second the receiver, which represents
the fraction of the energy originating in any zone in the
enclosure which reaches and is absorbed by any other zone,
and a radiating-ability factor, (area)-<(emissivity) for a
surface zone and 4 X (volume) X (absorption coefficient)
for a gas zone., Values of these radiation factors have
been evaluated, These factors are functions of the path
length and k, where k is the absorption coefficient of the
gas, It is to be noted that these factors have been
evaluated assigning a uniform k to each characteristic gas,
a characteristic gas being a mathematical representation of
a gas, which, in conjunction with other characteristic
gases predicts the properties of gases in the system. The
details of this techmnique, involving evaluation of determ-
inants of order equal to the number of surface zones and
of volume zones in the system, are given in Chapter 3,

With all the interchange factors for the system
evaluated, it is possible to return to the original enexrgy
balances and solve for the temperature and flux distribu-

tion in the "two-dimensional enclosure." It will be



recalled that the details o% the fuel-air combustion,
convection, and internal flow patterns are assumed known
so that all terms in the energy balances have been evalu-
ated and only temperatures or net wall fluxes appear as
unknowns. Unfortunately, the set of equations contains
unknown temperature in mixed first and fourth powers, For
obtaining numerical solutions, these equations were

4 by forcing the convection and enthalpy

linearized in T
flux terms into a fourth-power law; this technique
necessitates an iterative solution since the coefficients

on the convection and enthalpy flux terms are now strong
functions of temperature. The sets of equations are

solved iteratively until the assumed values are verified,.

The use of the digital computer enables a parametoric
study of furnace conditions and designs criterions. The
results were an optimization of a pyrolysis reactor which
naximizes the ratio of product to fuel consumption. The
results are given in Chapter (4).

The over-all performance of the furnace (i.e., the to-
tal amount of energy transferred from the gas) as calculated
by the method presented in this thesis was found to give
good agreement with the performance as calculated by

existing techniques in the literature. (%9 The distribution



of the heat flux within the enclosure, however, was found
to be very different.

The technique developed in this dissertation is
capable of giving far more detailed information as to the
radiant interchange within the enclosure than has been
possible up to the present time, Its chief weaknesses
are:

1. Finite sized zones, assumed to be isothermal,
have beéen chosen so as to facilitate numerical
solutions.

2. It has been assumed that detailed knowledge of
the combustion and mixing pattern is available.
This is not actually the case for most enclosures,

3. It has been assumed that no interaction takes
place between furnace subsections along the
reactor length.

4, The furnace is assumed to be of infinite length,
This assumption can be eliminated with moderate

additional complexity.

The furnace model was used in connection with a
reactor model. The reactor model is able to handle large
numbers of interrelated chemical reactions. The model is

set up to accept any set of reactions so long as the



kinetic data of reactions and the physical properties of
the components are known,

From this initial-data, the heat of reaetion, heat of
formation and the equilibrium constants are defined as
functions of temperature, These functions are later
evaluated to give point conditions in the reaction
fluids,

The reactor is sectioned off into increment sections,
Simultaneous material, momentum, and energy balances are
performed on each section.

The temperature, pressure and composition of reaction
fluids at the inlet of an incremental section are known
from previous calculation. The temperature of the outside
of the reactor wall is supplied by the furnace model. A
temperature, pressure and composition are assumed at the end
of the increment. A better estimate is made by calculating
the reaction rates at the two ends and averaging the result,
This procedure is continued until agreement is reached
between two successful estimates,

The increment of heat flow to the reactor is calculated
by summing the sensible heat gain of the reaction mass and
the heat of reaction of each competing reaction. This

must equal the net heat flux through the walls, The

-



10
increment heat flui is then summed over the length of
each reactor section.

The reactor model also calculatés the coke buildup as
a function of reaction rates, The reaction rates are
assumed to be invariant over the time span during which the
carbon is deposited., New reactor conditions are then used
during each additional time span of carbon deposition. The
coke's chief effect on reactor conditions is a decrease in
overall reaction rate due to the Zollowing effects:

1. A decrease in the net heat flux through the wall

of the reactor due to the presence of a coke layer.

2., A reduction in reactor volume and hence, reactor
mean residence time.

3. A larger pressure drop throughout the reactor
length necessitating a higher inlet pressure,
adversely affecting equilibrium.

The reactor model results in a new temperature profile
for the reactor. The new profile is then mapped into three
corresponding process temperature profiles which is then
transferred into the furnace model,

The furnace model and the reactor model are solved
repeatedly until good agreement is reached between assumed

and calculated temperature profiles. The net heat flux



11
through the wall is also forced to converge. The net heat

flux into the reactor is solved by the relationship

The overall heat transfer coefficient ( UR) used by
the reactor model, is a function of the thickness of the
reactor wall, the thicknesss, #f any, of the coke layer and
the inside film coefficient (Hi). Hi is in turn a8 function
of the reaction mixture velocity, thermal conductivity and
composition.

The overall heat transfer coefficient used by the fur-
nace model (UF) to calculate the outside wall temperature
from the known temperature of the process fluid must be
mapped into the tube plane, The mapping is necessary due
to the pseudo two dimensional nature of the furnace model.
The mapping is done through a net heat flux balance on the
reactor wall., The value of UF is thus mapped by forcing
agreement between the overall heat flux calculated by the
furnace model and the heat flux calculated by the reactor
model. UF does not correspond with UR calculated by the
reactor model,

Since both the reactor and furnace models were set up

in a computer program it was possible to make a parametoric



12
study on the complete system. Thus the effect of tube
placement, oil fired rate, furnace dimensions, reactor
length, reactor composition can be correlated to design
a furnace of optimum yield with minimum fuel consumption.
One of the major contributions of this thesis is to corre=
late these quantities to predict optimum furnace and

reactor design.
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il CHAPTER 1T

1. The Furnace Model

A, Introduction

This analysis -1 depends on the development of two
unrelated, but interdependent models. These two models
are then coupled together and form an effective method to
predict optimum furnace design.

une model, the furnace model, will be discussed is
Chapter II-1. The other model, the kinetic model, will
be discussed in Chapter 1I-2, The coupling model is then
explained in Chapter II-3. |

An increased understanding of the basic principles
underlying heat transfer processes has forced a realization
of the inportance of thermal radiation as the dominant mode
of heat transfer in high temperature industrial furnaces.
High installation and maintenance costs as well as the
competitive market of today call(;or the design of furnaces
or heaters which will perform Jefficiently and economically.
Furthermore, becau#e of variations in process conditions
one would like to be able to predict the effect of such
variations on furnace operation. To these ends, therefore,
considerable effort has been extended to put the calculation
and prediction of radjant heat interchange on a firm engi«

~

neering basis,
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The model makes use of work doze by Coﬁiﬂ (18) and

(63)

Roche which allows for the non-uniformity of gas

temperatures in an enclosure.

B. Fundamental Laws Governing Surface and Gas
Radiation

1. Radiation from Solid Surfaces

All solids;. at any temperature other than absoiliite
zero, emit andabsorb radiant energy. Both the magnitude
of the emission and its quality (i.e., its spectral
distribution) depend primarily on the temperature of the
material, but also, to a lesser extent, on the particular
nature of its surface., The rate of emission from a
perfect radiator (defined as a black body) is given by the
familiar Stefan-Boltzmann Law: the emitted flux (energy
per unit time per unit area) is proportional to the fourth
power of the absSulute temperature, The spectral distribu-
tion of black-body radiation is a function of temperature
only and is given by Planck's Law, Any real surface
always emits less than black-body radiation, and if its
spectral: distribution is the same as the Planck distribu-
tion, the body is said to be gray. The ratio of the energy
emitted by any gray body at a fixed temperature to black-~

body emission at the same temperature is termed the
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emissivity; by the-very nature of its definition, numerical
values of emissivity must always lie between zero and
unity.

For a further review of surface emissivities and
radiation from solids Jakob@a*) McAdamsé"g') and Hottel
and '::arofi_m(:33 ) or other standard references on heat
transfer may be consulted,.

2. Radiation from Gases

In addition to surfaces, certain gases absorb and emit
energy when heated. uf greatest interest to the furnace
designer are water vapor and carbon dioxide, the primary
products of combustion. Data on the radiating and
absorbing characteristics exist for both carbon dioxide
and water vapor. (33, (33, 69, Somewhat more limited
data are available for cArbon monoxide, sulfur dioxide and
smmonta. (1602 (26), (59). (88)

Gas radiation differs from surface radiation in one
important respect. Gas radiation is by no means gray, rather
these gases exhibit very strong emission and absorption
bands in certain spectral regions and are practically
transparent in others. This non-grayness of real gases leads
to enormous complications in furnace design calculations
if it is to be allowed for_ rigorously. Fortunately,
approximation techniques exist for handling the real-gas

case; they will be discussed in later sections of this
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chapter, -

C. Techniques Avajilable for Predicting Radiant

Heat Interchange in Furnace Enclosures

The calculation of the radiant interchange in a
furnace enclosure may be resolved into three different,
though not completely separable, problems:

1. Alilowance for the geometry of the system.

2. Emission of radiation from the gas and its
absorption and/or reflection at the various
surfaces,

3. Absorption by the gas of radiation emitted by

or reflected at the different surfaces.

A little thought will show that a completely rigorous
c2lculation of the interchange in an enclosure would be
exceedingly complex, and, in fact, a perfectly rigorous
solution appears to be almost impossible to attain., une of-
the most important reasons for this complexity is the fact
that in a radiating systen, what goes on at any point is
influenced by every other point in the system., That is, one
must write an integral equation to express the heat transfer
rates everywhere, instead of a differential expression
expressing the local rate dependent only upon local
conditions, as is possible for convective and conductive heat

transfer. For this reason certain simplifications have been
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made which have enormously decreased the complexity of
the calculations but which nevertheless vield answers for
certain cases of sufficient accuracy for engineering use,
A brief review, without any derivations or elaborate
explanations, of the methods presently available for
calculating radiant heat transfer appears below.

A, 1Interchange in Gray Enclosures Containing Non-

Absorbing Media

The radiant interchange in a gray furnace enclosure,
of any degree of complexity so long as it does not contain
any absorbing gas, is calculable by the method presented
by Hottel(he)' The net transfer by radiation between any

two surfaces such as A1 and A2 is given as:

qﬁs-?Aa = A Fa6 (7 —Tg’) (2-1)
(A portion of the enclosure may be grouped together as a
surface, e.g., Al’ when it has a substantially uniform
temperature and when all portions of it have substantially
the same "view' of the remainder of the enclosure.) The
term Ay 12 is dependent upon the geometry of the entire
system as well as the emissivities (equal to the
absorptivities for a gray system) of all surfaces, but it
is not a function of the temperatures of any surfaces so
long as their emissivities are themselves independent of

temperature,
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B. Interchange in Gray Enclosures Containing a Gray

Isothermal Gas Mass

If now, the enclosure is filled with a gray gas of
uniform temperature, the interchange between the gas and
any surface or between any two surfaces separated by gas,
may be calculated by a slight nodification of the above
method. Gas-surface interchange is defined by the following

equation:

Doy =a, = A Fie O—(TE,:*— 1;*) (2-2)

The surface-to-surface heat transfer is exactly the same
as given in equation (2-1) with the modification, however,
that the interchange factor A1§:12 has been adjusted so as
to allow for the fact that on each pass from surface A
to surface AZ’ directly or via any surface forming the en-
closure, a portion of the energy is absorbed by the gas.
The interchange factors for this case, as before, are
dependent upon the geometry of the entire system as well
as the emissivities of all surfaces, and in addition are
dependent upon the gas emissivity. For opaque surfaces,
the emissivity is equal to the absorptivity and the
complement of the reflectivity: that is E=A= Q—-‘P)

They are not functions of any temperature in the system,
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so long as the emissivities of the system, both gas and
surface, are independent of temperature,

D, Mllowance for a Real Gas

Non-léminous gas radiation,particulariy radiation from
carbon dioxide and water vapor, which are of greatest
importance to the furnace designer, is not gray. The
transmissivity of such é gas is not only @ function of the
gas properties, but is also very markedly influenced by the
spectral distribution of the energy which is being absorbed.
For example, the absorption of very high-temperature
radiation by carbon dioxide, with its strong absorption
bands in the long wavelength region would be very low
because the source of radiation would be predominantly of
short wavelength; but the absorption of lower temperature
gray radiation, with a consequent larger fraction of the
incident energy in the same spectral region as the gas
absorption bands, would be much higher. In the treatment
of the gray gas system mentioned in subsection 2, it was
assumed that the absorptivity of the gas for surface
radiation was independent of the quality of that incident
radiation, and for this reason the gray-gas formulation is
in error if applied directly to a real system.

(33

Hottel and Sarofim' ~ / haveé shown it 18 possible to
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approximate very closely real-gas radiation, without
losing the mechanics of the gray-gas formulation. Since
for the gray gas the transmittance of a gas beam of length

X with a gas pressure PG is given by:
-k B X -
Cu = € (7-3)
x
where k' is the absorption coefficient of the gas and is
independent of wavelengths, the emissivity and absorptivity

are equal and may be expressed as:

/
-k R X
E;x,: X x = "‘1:7(57 l—e “ (3-)

It is, of course, possible to fit the Lx= #‘(er) curve
for a real gas to any degree of precision by a series of

exponential type terms such as:

¢ -a e‘K‘:P"Y—}—L@' e FeX

NRX L ce T (ae9)

This equation indicates that the transmissivity of a real
gas may be thought of as a weighted sum of 2 number of gray-
gas transmissivities, each applicable over a different
spectral region. The sum of the weighting factors, a,b,
Cyeseesss must be unity, since the emissivity of a gray

gas having no thickness (%<0) must be unity. The inter-
change in an eﬁclosure, therefore, :can be thought of as
equivalent to the sum of the interchanges of a number of
gray-gas systems each weighted in porportion to that

fraction of the spectral region over which it acts. It is



21

to be noted that the gray gas in each region has a differ-
ent absorption coefficient and hence a different emissivity.

In the limit, as one considers an infinite number of
spectral regions each obeying the gray-gas formulation, the
answer of course, must be exact. For engineering calcula-
tions, however, this type of approach would be extraordina;i-
ly complex if one had to consider a large number of zones,
Numerical analysis of typical problems has indicated,
fortunately, that if the € -k'X  cyrve is to be fitted anew
for each numerical problem, it is in general sufficient to
consider only two spectral regions, a and b, where the
fraction "a" consists of a gray gas with a finite absorption
coefficient k, and the fraction '"b" (the complement of '"a")
consists of a gas with a zero absorption coefficient (i,e,, a
clear gas which neither absorbs nor emits). Again, space
limitations prohibit a more adequate discussion of this
problemEand, for details, the reader is referred to
Hotte1(4® and Hottel and Sarofim,(>>")

E, Limitations on the Calculational Techniques

Recépitulating, it has been shown that one is able to
handle satisfactorily an enclosure made up of any number of
gray surfaces and figled with a real isothermal gas mass,

In actual practice it may he difficult to obtain a numerical
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solution for a very complicated case; however, the principles
governing the interchange in such enclosures and the tech-
nique for obtaining solutions have been formulated and are
generally available, oy

Perhaps the most servious limitation to the calculation-
al methods outlined above is the fact that the gas tempera-
ture and composition have been assumed to be uniform
throughout the enclosure. O©Obviously, this assumption 1is
never completely true for any industrial furnace, and in a
good many cases it may be very seriously in error. If
the furnace chamber is roughly cubical in shape, and if
turbulence and mixing are present to a high degree, then the
gas temperature will be nearly uniform and equal to the
temperature of the exit gas so that the above methods apply
directly. Even if these conditions apply only approximate-
ly, thatis, if the gas temperature and composition at the
inlet and outlet of the furnace are not too different from
each other, then some mean of the two temperatures ought
to give a reasonably accurate answer. UUnfortunately, few
industrial furnaces fall in this category.

If, on the other hands, the furnace is very long
compared to the dimensions of the cross-section normal to
the direction of gas flow, and if combustion is rapid at the

furnace entrance; the temperature of the gas falls continu-
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ously as it passes through the furnace. In the limiting
case of a furnace with length infinitely great relative to
the transverse dimensjions, allowance for this drop in gas
temperature can be made by calculating local heat transfer
rates at several points and graphically integrating along
the furnace length. Long furnaces have been handled
adequately by this technique, which in effect ignores
radiant flux in the direction of gas flow, as long as
there is a definitive negative temperature gradient from
the botton of the combustion chamber to the top. This
tedious process, which applies only to one very special
type of furnace, has been performed for a wide ranhge of
furnace variables, and a simplified method of predicting
a mean gas temperature to give the answer in a single
step is available.(17) (42)

In this thesis a furnace model of the infinite length
relative:to the transverse dimension is considered., However,
the model incorporates radiant flux consideration in both
transverse:directions., Radiant flux along the infinite
axis is also calculated, but ignores end conditions along
the infinite axis, This makes it possible to section the
model along the long axis and consider each section

independently of the others. Some error is introduced
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in that the model can not show any net heat flux between
adjacent sections despite the existence of temperature
gradients between sections. The errors thus generated
are minimal due to the relatively small difference of
temperature and the low value of the heat transfer due
to eddy diffusion.

While one is able to handle the two limiting cases of
furnaces mentioned above quite simply, it is rather
unfortunate that most industrial furnaces fall into a
category somewhere in between them., At the present time,
only the method developed by Cohen(ls) allows one to take
into account the fact that in actual furnaces, very
substantjal gas temperature gradients exist, both in the
direction of gas flow and transverse to it, The method,
however, is very tedious, and does not easily lend itself
to computer calculations due to the graphical techniques
or methodology employed.

Simply to illustrate the magnitude of the temperature
gradients, a few numerical examples will be given.

1. Data obtained by smith(73} and reported by

(18) on a8 scaled-down model of a steel-

Cohen
reheating furnace, using premixed air and
gaseous fuel, have indicated that a drop of

about 300-400 Centigrade degrees between the
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gas temperature near the refractory roof and
the cool floor sink, a total distance of about
one foot in his equipment, is not at all
unusual,

2, The large-scale furnace (about 6 feet by 6
feet by 20 feet) used by the International
Flame Radiation Research Committee, and fired
with either gaseous or liquid fuel:in & burner
jet, has shown temperature drops between the
hot combustion zone near the center of the
flame and the refractory wall of as much as
600 Centigrade degrees in a distance of about

three feet.&ﬁgz)

These figures have been quoted merely for illustrative pur-

poses, However, when one considers that gas emission is

roughly proportional to the second or third power of abso-
lute gas temperature, it seems likely that the consequences
of these large gradients might be extremely important.

It is possible for one to handle rigorously the simplest
possible case of allowing for temperature non-uniformity in

(49) ¢

the gas. This method has been presented by Hottel
the case of energy reception by a black wall adjacent to a

gas mass having a known one-dimensional temperature gradient,
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F. Methods Used to Solve Furnace Model

There are, of course, two fundamentally different
approaches that one might use in attacking this problem.
The first is completely theoretical and involves the
development of calculational techniques to enable the pre-
diction of the effect of temperature gradients on radiant
heat interchange, osince basically the processes occuring
within a furnace are determined solely by the fundamental
laws of heat transfer, fluid flow, and combustion kinetics,
the problem reduces itself to one of expressing the inter-
relationships of the various mechanisms interacting with one
another in such a way that it becomes possible to obtain a
numerical solution. The second technique would be to
determine experimentally heat transfer rates under a wide
variety of conditions with the hope of obtaining some sort
of correlation which would enable one to predict the
operation of furnaces other than those studied.

The first method of attack was felt to be the more
profitable one in this case, and accordingly a purely
calculational approach was used. The advent of the high
speed digital computer has allowed implementation of this
approach to handle far more complex systems than heretofor

have been attempted., The speed of computation also allows
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for solution of many furnace models with the ultimate
objective of being able to simplify the result into
some generalized empirlcle relationship. The solution
has been to set up in the most general terms possible, that
is, in such a form that if one had. specific knowledge
of combustion and mixing, he would be able to incorporate
such information directly into the recommended technique.

In all fairness to the reader, it must be pointed out
that the combination of processes occuring in a furnace is
extremely complex. The ex8ent to which the method
developed in this dissertation might be used by an engineer
is dependent solely upon the amount of time which he is
justified in spending on any particular problem. For one
wishing only an approximate answer, it would be uneconomical
to go through the costly and involved processes described
later., oun the other hand, if it is really important that
one has the right answer, the author sees no alternative to
following the methods recommended in this dissertation or
their equivalent. Their use to prove the vélidity of
engineering shortcuts is an interesting application, but
not the subject of this dissertation., The use of the
computer in handling the model will make it feasible for

an investigator to find such simplified approaches,
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2. The Reactor Model

A, Introduction

To perform an dptimization one needs some sort of
plant description to form an objective function such as
production rate or profit margin which must be optimized
in terms of the independent variables,.

Historically, plant data were used in deriving
mathematical models by regression amalysis. Some plants
had even been deliberately disturbed in order to obtain
enough data to determine the independent variables into
which the plant was being fitted.

This method has many drawbacks such as noise in the
plant data causing unreliability in the reading and a
limited range of conditioms under which the data is
collected, Conditions outside of the range of those
specifically studied must be calculated by the relatively
unreliable method of extrapolation.

An alternative method is to simulate the plant based
on the physical and chemical conditions. This simulated
model can then be perturbed to determine the effect on
the function to be optimized,

In order to describe plant conditions as thoroughly
and accurately as possible, a model should consider the
entire plant, including recycle streams, separators and

peripheral equipment. as well as the reactor. This is not

.
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the intent of this study-.

It was decided that the éptimization of fuel
consumption would be most meaningful and would give
optimum conditions close to the optimum based on an overall
profit objective funection,

The purpose of this disseration is to develop an
algorithm which successfully predicts the behavior of a
reactor-furnace. 1In order to be able to verify the
results a reaction system was chosen which has been
extensively reported in the literature. The reaction
system thus decided upon was the cracking of ethane to form
ethylene,

B. ryrolysis of Ethane yrocess

Ethylene is a basic raw material used in the manu-
facture of polyethylene and polyethylene copolymers and as
an intermediate in the synthesis of many organic compounds,
with plant sizes ranging between 50 to 250 million pounds
per year, The pyrolysis of ethane is very profitable
becuase the raw material, ethane, would have a minimum
value as a fuel gas, Ethylene is produced by '"cracking"
of the feed stock in fired reactors at temperatures up to
12509K.

Almost all larger petrochemical facilities have several
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furnaces which operate with different feed stocks,
notably various proportions of ethane, propane, butane
and 'naphtha". The reactor pressure and temperature
profiles and feed rates are also varied. The products
fran these different streams are generally combined into
one stream after '"quenching' to terminate the production
of unwanted byproducts.

The reactor model is able to handle each set of feed
stocks independently and perform separate optimizations for
each furnace. In this study, the cases of pure ethane,
propane, and combinations, each mixed with steam, were
considered. The steam provides a chemical mechanism to
minimize the rate of coke deposition. The model is also
capable of optimizing the production of acetylene by
increasing the residence time.

C. Carbon Deposition

Carbon is one of the byproducts of the pyrolysis
reactions, Carbon is deposited on the wall of the reactor
and results in a continuously decreasing reactor radius.
This results in larger pressure drops occuring within the
reactor tube, %ventually the pressure drop reaches a
value which is too high to keep the system operating, and
the reactor must be shut down for cleaning. Another effect

of the carbon depositién is to reduce the overall heat
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heat transfef coefficient making the fired heater less
efficient.

An increase in reactor outlet temperature increases
both the yield of ethylene and the rate of carbon
deposition, hence causing an increase in the frequency of
reactor shutdown for cleaning. As fuel consumption in the
" furnace increases, so does the reactor yield. The
function of reactor yield divided by fuel consumption
plotted against fuel consumption goes through a maximum
which represents an optimum operating condition for any

given set of furnace and reactor parameters, i.e,

Yield/Fuel Consumption = f£(reactor parameters, furnace

parameters) /fuel consumption (2-4)

The reactor-furnace model developed in this dissertation is
able to determine this ideal operating point for most
existing furnaces, The model also lends itself to the
determination of the optimum design of most new furnace-
redctor systems,

D. Chemistry of rvyrolysis

The chief products from thermal cracking furnaces-
reactors vary from feed to feed. For the feed considered

in this study, the chief products were ethane, ethylene,
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acetylene, methane, propane, propene, hydrogen and coke.
small amounts of aromatics were also formed., As an
approximation these were defined to have the properties

of C4's and C6's alpha olefins.

The eight equations considered in this study are:(7¥’

Order Forward Order Reverse
CZH6-:: C2H4 + H2 1 1-1 (2=5)
CZH61:; CH4 + %CZH4 1 1-1 (2-6)
C,H, 2= CH, + H, 1 1-1  (2-7)
CZH2:§: ZCft_Hz 2 1-1  (2-8)
ZCZHZ -;:'04114 (i.e.) C4's 1 1 (2-9)
C + H20 = Co+ H2 1-0 1-1 (2-10)
03H8 g C3H6 + H2 1 1-1 (2-11)
C3H8 :_": C3H4 + CH4 1 1-1 (2-12)

A detajiled explanation of the kinetic reactor model can be
found in the M.5. Thesis of Robertson.(GZ) It was necessary
to modify Robertson's model in order to incorporate the
calculation of the net heat flux through the wall of the

reactor when the details of the pointwise temperature



distribution are known.
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3, The Mapping Function

The development of the kinetic model and the
furnace model are independent of each other. In order to
make the two models interdependent it was necessary to
develop a third model which could communicate between the
Pirst two models, This third or mapping model is the
author's specific contribution 4m this dissertation. It
was utilized to investigate the product yleld, fuel
consumption geometry and tube placement of the reactor-
furnace. The firing patterns produced by different tips
on the burners can also be studied with the idea of
designing a firing tip which would yield an optlimum
firing pattern.,
The mapping model has to t8&ke into account a number of
inconslistencles vwhich include:
1, The furnace model assumes that there is no
variation iIn temperatures d ong its infinite
axes, The kinetic model, however, shows a
continuous increase in temperature as the reaction
mass flows through the reactor tube, which has
vertical as well as longitudinal wvariations in

geometry.

2 The furnace model "views" the furnace wall as a

continuous semi~porous plane, a pprtion of which

34
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is a heat sink to the ambient (through the
insulating walls of the furnace). The kinetic
model considers itself a discreet section of
tubing with a radial uniform outside surface
temperature.

3. The furnace model was picked to have a height of
28' feet, The reactor model was 400 feet long.
This made it necessary to fold the reactor tube
into a series of 'u" bends which run up and down
alang the wall of the furnace,

4, The furnace model considered :itself infinitely
long with no end effects due to the presence of
walls at both ends of the furnace. The reactor
model was clearly finite in length,

Methods used to handle each of these inconsistencies will
be discussed later in this section.

In order to meke the models compatable, both temperature
and net heat flux profiles through the reactor wall had to
fbe in agreement. As each of these quantities is calculated
.:independently by both models, a trial and error type of
solution was developed.

The temperature profile of the outer reactor wall was

assumed, With this assumed profile, the kinetic calculations



36

ar

were completed, The kinetic calculations included a
reactor fluid temperature profile and a net ﬁeat flux, The
furnace calculations were then performed and yielded a new
outer reactor wall temperature profile and a net heat flux
to the reaction fluids,

This new outer wall temperature profile was then used
to repeat the kinetic calculations, This process was
then repeated until the maximum difference between old and
new reactor fluid temperatures¥d8 less than 1.25%K and the
net heat fluxes calculated by the two models were within
27 of each other,

A, Temperature Variations Along Reactor Length

The temperature of the reaction fluids increases
continuously as the reactions take place., The net heat flux
into the reactor results in two net effects:

1. An increase in the temperature of the
reaction mass due to a sensible heat gain.

2. A change in reactor mass composition due
to chemical change. (The principal reacs
tion being endothermic).

In the initial stage of reaction the mixture has an
insufficient temperature for any appreciable reaction to
take place, hence, most of the heat flux results in a

sensible heat gain.
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In a second portion of "the reactor the reaction mass
is at reaction temperature with large quantities of
unreacted species present. A majority of the heat flux
goes to supplying the reaction mass with the necessary
heat of reaction, with some sensible heat gain still
occurring.

A final portion of the reactor consists of an ever
declining portion of the net heat flux contributing to
the heat of reaction,

It becomes possible to take advantage of these
terdencies by splitting the furnace into three zones, In
the first zone there is considerable increase in the
temperature of the reaction mass, This in turn results in
rapidly changing wall flux. However, since in this section
of the reactor little reaction takes place, an averaging
technique of the the temperature flux along the infinite
axis for each isothermal wall zone will not seriously affect
the kinetic model.

In the second zone the kinetic model predicts large
extent of reaction but only mild increasing temperatures.
Again an averaging technique for each isothermal wall zone
along the inifinite axis Iives temperature distributions
which can be used by the kinetic model, since only relatively

small temperature differences exist.
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In the third zone both relatively extensive amounts
of reaction and fgirly large reactor fluid temperature
changes take place, By minimizing the size of this section,
the averaging technique is again applicable,

The reader should note that considefrable flue gas
temperature gradients exist between each isothermal zone
in adjoining sections. This would suggest that a
subdivision of each section into two or more sub-sections
would result in still more precise results., However, the
additional computational time required by the computer for
such an undertaking would be prohibitively large.

B. Mapping the '"wlane Into A Reactor Tube

The furnace model views the wall of the furnace as a
continuous plane with isotherms running along the horizontal
and discreet temperatures of radiation running along the
vertical, The plane is porous in that it "views" the
furnace wall and reactor tubing simultaneously, differenti-
ating between them as the ratio of their respective areas,
The furnace model does not distinguish individual sections
of tube and wall, rather '"considers'" the two as the wall
of the furnace.

The kinetic model '"uses'" the outer skin temperature of
the reactor to calculate the net heat flux to the reaction

mixture, In a furnace tube there would be some radial
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temperature distftbqfion since the side of the tube facing
the wall of the furnace would have a lower temperature than
the side facing the bulk of the hot flue gases, The net
temperature difference is not too great since the major
resistance to heat flow is the result of the inside film
heat transfer coefficient. (The resistance to heat flow
through the coke layer would also be large, but this
quantity is a variable, depending on the length of time the
coke has been forming and the particular location in the
reactor tube), The ratio of heat resistance in the tube
metal to that caused by the inside film coefficient is an
order of magnitude greater than 10 to 1, as was calculated

by Robertson.(ez)

In order to mdke some allowance for this effect, the
net heat transfer coefficient calculated from reaction mix-
ture to outer tﬁbe wall temperature used by the furnace was
adjusted in such a fashion that the net heat flux as
calculated from the furnace equation was equal to the net
heat flux as calculated from the reactor equations,.

The net heat transfer coefficient found by the reaction
equation was calculated from considerations of physical
properties of the reactor tube, the thickness of the coke

layer and the chemical composition and physical properties
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of the reaction mass.(62)

Ce Placement of Reactor Tube

The reactor being 40O feet of continuonus tubing which
is hung in the vertical direction‘(to avold gradual bending
of the tube near its center if the tube wWere placed in &
horigontal position due to the excessive heat required for
pyrolysis) would not fit into a furnace 20 feet in height.
It was therefore placed in the furnace in a series of wuw
bends running first from top to bottom and then bottom to top.
A total of 1), such bends was requirsd to accomodate the
entire reactor length. A tot&l of l) such reactors
can be placed in the 40 foot length of the furnace, seven
on each side of the flame wall, The "Uw bends provide
mechanical support while allowing for thermal expansion,

Within the series of 14 "U" bends, the furnace was
further subdivided into three distinct reactor zones
discussed earlier in this Chapter. The mapping model
had to be able to distinguish in which furnace zone the
corresponding reactor segment laye It 1s also necessary
to know whether the tube was running up the furnace or
down. The temperature profilesused by the furnace and the

reactor are lllustrated in Figure 1l.
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The smooth curve shown in Figure 1 was calculated by
fitting a fourth power polynomial of T - £ (Z) = a + bZ +

3 + ezh using the midpoint of each discreet furnace

cz? + az
zone temperature as calculated by the furnace model. These
discreet temperature zones were adjusted at the end of each
furnace calculatfon and smooth curves were refitted for
each of the three furnace zones recalculated.

Figures 2 and 3 show the actual location of the tubing
in the furnace as well as the placement of the isothermal
zones, The bridge wall extends on half the distance along
the top of the furnace, the remaining half being the

opening into the convection section and the stack,

D. End Effects

The furnace model studied in this thesis was considered
to be infinitely long and end effects were ignored. As the
dominant mode of heat transfer is radiation, an estimate of
the distance necessary to completely absorb all incident
radiation was made for the gray gases consisting of the
flow gas, It was determined that for beam lengths of 65
feet, less than one part per million of the original radia-
tion was still present in the beam. The clear gas
contribution was somewhat higher.

The furnace model was further complicated by assuming

-
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subdivisions along the reactor length (See Figure 2).
Each subdivision assumes that its unique properties
exist unchanged through neighbor subdivisions in the hori-
zontal plane, In the furnace model studied, which was
70 feet long, there occurred 21 subdivisions. There were,
however, only three distinct furnace subdivisjions which had

to be calculated.
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Chapter III

rrocedures Used in Solution of the Zoned Furnace-Reactor

Model

1. The Furnace Model

This Chapter will discuss in detail the mechanism used
in the solution of each of the problems handled in this
study. The furnace model will be discussed in Chapter III-1,
the kinetic model in Chapter I11-2, and the mapping model
in Chapter III-3. In addition, Chapter III-4 will show the
computational procedure used in order to arrive at the
solution which comprises this study. In the remainder of
this dissertation, all discussion will be limited to
steady-state conditions in an enclosure,

In this study the furnace was zoned into isothermal
gas volumes and surfaces areas. The volumes run through
the entire féngth of the furnace and are in fact treated
as infinite in length; the height and width of each of
these zones being finite, Likewise the surface areas are
infinite in length and finite in width if in the horizontal
plane, or in height'if.in the vertical plane, The model
does not consider any piane‘or volume which is not either
mutually parallel or perpendicular to the infinite axis
(see Figures 2,:3, 4). These limitations should be kept in

mind for all future references to surface areland gas
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volumes,

-—

The furnace was further subdivided along the infinite
axis in order to make allowance for the nonuniformity along
that axis, However, for the calculation, each subdivision
is treated as if those conditions in that subdivision
existed along the entire length of the furnace, This
precedure allows the handling of each subdivision as an
independent calculation; greatly reducing the complexities
of the calculation procedure,

The general approach to be used consists of dividing
the space enclosed and the bounding surfaces into zones,
each zone being taken small enough so that it may be
considered isothermal,

An .elergy balance may be written for each zone in the
system, and when this is done it will be found that the
series of equations contains only gas temperatures,
surface temperatures or wall fluxes as unknowns. Futher-
more, the number of unknowns will be found to equal
exactly the number of equations. 1In principle then, one
can solve either for the temperature at any given point
in the system or the flux through the wall.

A, Energy Balances on the System

Consider the enclosure to be made up of isothermal

volumee of épace tontaining a gray gas, and designated as



48
gl, 895 g3 esees. and isothermal areas of bounding
surface (either heat sinks or refractory) designated as
81> 82, Sgececs o The surface areas will coincide exactly
with the gas volumes that touch them.

The conventions of naming the various surfaces and
gas volumes used in this dissertation are as follows:
(Refer to Figure 2, cross section view).

1. The gas volumes are numbered from left to right,

starting in the upper left hand corner and working

down as each row is completed, Hence the first gas
volume in the upper left hand corner would be gl.

2. The surface areas are numbered from left to right

along the floor of the furnace. The sides of the

furnace are then enumerated from top to bottom going
down the right wall, then from top to bottom going
down the left wall. Hence the last surface area,
number 22, would be on the bottom of the right side
of the vertical wall of the furnace and would be

called Spg e

Since the temperature of the gas in any volume g (a
volume defined as fixed in space) will remain unchanged

once steady state has been reached, an energy balance on

any volume such as g1 may be written as follows:
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Total outward Radiation absorbed Radiation ab-
radiation in by 81 from all volumes sorbed by volume
all directions = both™direct and by + g, from all
through the multiple reflections sirface elements,
bounding walls at the walls both direct and
of volume &1 by multiple re-
flections
Net energy to volume Net energy to
+ g, by bulk transport + volume g, by
o% the flowing gas convectisn from
stream adjacent gas vol-
umes or surface
elements
(3-1)

Rewriting in terms of symbole, where the various terms

correspond directly:

Eq = qu,;_ﬂ, + 5 9s59, T 98,, *ch,.@?)

¥

In the above and all subsequent equations a double set of
subscripts such as gg, gs or ss indicates the direction of'
the energy transfer, the first subscript denoting the source
of the energy and the second the receiver. Subscripts on
the last 2 terms refer to bulk transport B or convection C,
with an additional subscript to indicate which single gas
or surface element is involved,

oimilarly, writing an energy balance on any surface
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Total outward Radiation absorbed Radiation ab-
radiation in = by 8 from all + sorbed by surface
all directions voluhes both direct from all surface
from surface s, and by multiple res:::-elements both di-
flections at the rect and by mul-
walls, tiple reflections.
+ Net energy to sur- Energy £lux

face s_ by convec~ - through wall s
tion ffom adjacent 1
gas cubes

(3%3)

Rewriting again in symbols:

Es = chg,( s, T+ E 9Ds; 8¢ *+ 9(5,— g,
£ 3 (3-8

A little consideration of equations (3-2) and (3-4)
will show that all the terms with the exception of wall-
flux qul may be written as functions of temperatures, the
coefficients on the temperature terms being functions of
the geometry, heat capacities, flow rates and emissivities
(and absorptivities) of the system. 1If it may be assumed
that these temperature coefficients can all be evaluated
at some mean temperature for the system, then there will
result a total of g + s equations on g unknown gas tempera-
tures and s unknown wall temperatures or wall fluxes.

It is to be noted at this point that, most unfortunate-

ly, the resulting series of simultaneous equations is
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neither linear in temperature nor in any power of
temperature., If one is willing to assign to the
temperature coefficients mean values for the system then
the radiatiom terms will be proportional to the fourth
power of temperature while the convection and bulk flow
terms are proportional to the first power of temperature,
In order to simplify the final solution of the equations,
it is advisable to linearize them by forcing the convection
and bulk flow terms into a fourth power law, It would
also be possible to force the radiant terms into the
first power law., However, this alternate procedure does
not reflect the radiant dominant nature of the fired heater
or furnace, Using the first method means that the coeffi-
cients on these terms are very strong functions of
temperature and hence of the solution to the equations,
necessitating an iterative procedure in solution., Details
of this technique will be presented later in this section,

B. Radiant Interchange in a Black EncloSure

Containing a Gray Gas

To simplify the problem of determining the radiant
interchange factors in the most general case, it was
decided to determine them first for this simple case: An

enclosure containing black walls (and thus no multiple
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reflections) and filled with a gray gas. 1In the case of
a single-temperature gas zone as was described in Chapter
2, it was found possible to build up the interchange
factor which allows for multiple reflections from the much
simpler one of direct interchange only; a similar situation
is found in the multi-gas zone cases, Futhermore, the
technique for ‘allowance for a real gas as the weighted
sums of a number of gray gases also applies. For these
reasons, the direct interchange factors for the gray-gas
case will be evaluated first; then the method of building
up solutions to the more complex situation of gray walls
and a real gas will be indicated,

1. Emission from a Volume of Gas

The rate of emission of energy from an isothermal gas
volume, if there were no attenuation of radiation within
the volume, would be equal to the gas emissivity per unit
volume multiplied by the volume and by "black body"
emission at the same temperature:

Ea =V Vg - cT®
(3-5)
where Eg* is the rate of emission if no attenuation
occurs

V'  is the gas emissivity on a volume base

—
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\ is the volume of the gas

arT is the Stefan-Boltzmann Constant times the

temperature to the fourth power

Since the gas volume is infinite in length, some distance
(such as the actual length of the furnace) is used in
calculating this volume,

It may readily be shown that the gas emissivity on a
volume basis is equal to 4k, where k is the absorption
coefficient for a characteristic gas such that the gas
emissivity, g, is equal to (1 -Q-kXy (18 (33)

Since for any restricted volume of gas there will be
attenuation of energy originating within the volume, the
actual emission will be less than that given by equation
(3-5).

2. Emission from a Surface Area

There is no problem involved in the formulation of the
total rate of energy emission from a surface which is
simply equal to the surface emissivity multiplied by black
radiation at the temperature of the surface, The values
of emissivity for a wide variety of materials encountered

in industrial practice are available in the 1iterature.(34’

45)
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3. Interchange Between Two Surfaces

The one-way radiation from surface 51 to surface 52
is given by the following equation which may be considered

a definition of the factor £ :
$182

q-
qs, Sa - -Fs'sa_ As' G'TS' (3-6)

The factor f8182 plainly represents the fraction of the
energy leaving surface 54 that is intercepted by surface
89 and is a function of the areas and geometrical
configurations of the two surfaces as well as the
absorption coefficient of the intervening gas mass, For
evaluation of the factors of the type fss it will be
assumed that the intervening gas has constant absorption
properties, that is, a constant absorption coefficient: k,
no matter how far apart the surfaces are, This is in
accordance with an earlier statement that it is

desirable to evaluate the coefficients on the temperature
terms in the energy balances, equations (3-2) and (3-4) at
some mean temperature for each isothermic gas volume.

1
by distances 4x, Ay and Az measired on the three cpordinate

Consider two differential areas dA. and dA2 separated

axes and therefore separated by a center-to-center distance

r, where:
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-

Pz AA%® + 5y*+42° (3-7)

The one-way radiation between the two differential areas is
plainly proportional to the areas of each as viewed from
the other, inversely proportional to the square of the
separating distance, and must be diminished by the trans-
missivity of the intervening gas of absorption coefficient
k and path length ¥, Expressing this methematically and
putting in the proportionality constant 1/Mwhich has

(46)

been established elsewhere, one obtains:

49-
[

dA. cos @, -dAz casPa -e'KPO“'T
T 3 28

79,4

It is now necessary to integrate this expression over the

two finite areas AS and AS to obtain the interchange, and

1 2
combining this result with equation (3-6) one can evaluate
the factors £ . Due to the presence of both an
5182

exponential term and a polynohial it is not possible to
integrate equation (3-8) analytically. At this point it
is adequate to point out that two distinct cases of
interchange between surfaces must be handled - surfaces in
parallel planes and furfaces in perpendicular planes,

Considering these two cases only for the parallel and
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orthogonal cases, one arrives at the two following
expressions to be numerically integrated to obtain the

Fss: F 59
= $)-»S
» —-6-,-'1"-_4:a = 'PSSAS
..Kh

5’ j;aL 11'yva. Cos qﬁt C‘Df;qéq_‘%A:¢¥/4 CS 9)

where r 18 the distance separating the incremental

area dA and d4A .
1 2 NAAV NV
For Orthogonal Pair )
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b4 qb I
COB¢1 = T cos8 2 r

dA = dy dz
1 y

ra /AR +ay® + 422
£,= 5555 e/ & X 2, dy dydz

L p X Ya OO _
= 50 S, Ky €T rtdagdyods,

For Parallel Pair:
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cos ¢ 1 = y/r cos?2 = /r

dﬂlg dy dz dm2=dxdz

- -Kh y' y
55 fff)’ % "y -—,;3 Itg IV, Y, /&

oh
(3-12)
L ){II’ }’;’ 0 Kk
£ = , (7 f e- a
35 j; f)’; J;’ -0 p \) 0/'2'R0, yl"})’g_. J*E
(3-13)

Similar relationgiips exist for the other possible
oriesntations, but will not be given here, It now becomes
posslble to perform numerical integration on equations
(3-10) and (3-11) and any of the other required orientations,

The method of Gausslan quadratures was combined with
Simpson's 1ntegration(1) to yileld the numericel results,

All of the possible orientations were of the following i

forms

L .’/ Q’é 00 L-KaA/y2yzr
€55 "L fQ" fQ; (%, y) £w = (Ua + Z‘TT O,Z'R JQ,JQ,_diE

W hewve

U-;A[xa._‘_ya
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and f(x,y) takes into account the particular orientation
being evaluated, the function can be brought outside of
the two innter integrals because it is independent of z,.

The limits of integration Ql and Q2 are either both
X, or both y, or x and y, again depending on the orienta-
tion of the surfaces under evaluation.

Evaluating the two indefinite integrals using

Simpson's integration of the following form: (1)
[ #00dx = D4 148 Carn) 428 (a2 4
(= %
4£(a+3h) + + 4 £(a+@m-1)h) +F )]
(3-15)
where h=(b - a)/2m

and m is the number of subdivisions used,

Considering the inner integral of (3-14) and allowing

<2 4 vE . g2

U2 2 +y + z results in:

= x+y2 and r =

5' e-kKr di _ r —KU,‘/H—*‘/UiJz
- 3-16
T eo u‘}(l+2"/ua)sl (3-16)
Letting w = z/u or dz = udw yields:

- - K 2/ W
T U (rwa)? % f (? 2)3 Jw
~o (I+w
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Defining:
oo - KU jrwa
F?(J{Cl)':; ‘/” € — C/L¢/
T (1w (3-18)
Noting:
o0 _KUuA It
F(k=2 [ € ——Jw
© (l-l-Wa) (3-19)
40 2
i:tf J{‘ e kﬁ//y/T::;i—“ cy)LL/’
(5

[ rwa)*

Equation (3-19) can now be evaluated from equation (3z15).
The replacement of the upper limit in equation (3-19)

to a value of 40 was justified by evaluating (3-19) for

a value of KU = 0, since when this substitution is made,

equation (3-19) can be evaluated analytically yielding

a value of qff} .

(v o] tybgl
F(o) = a,f. (UJFh,a) 2

9[ a(l+wa)y + % Tah"'(W)] =12

(3-20)

The numerical evaluation of (3-19) using the upper

limit of 40 and using h = ,05 i.e. evaluating 800 terms
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in the Simpson integration) resulted in a Qalue of F(0) =
1.570795(= 17/2).

It is important to note that KU will always be
positive, so that the evaluation of (3z19) by Simpson's
Rule will result in .numerical values smaller than
for K = 0 (a clear gas),

Settong KU = 0 to evaluated F(KU) results in the
largest nunerical deviation from the correct value of
the function,

The value of F(KU) can now be evaluated separately for
various values of KU. This procedure was carried out for
values of KU varying between 0 and 20, as shown on
Figure 4, Above 20 the contributions of the terms
constituting the numerical equivalent of the integral
made no significant contribution to the calculation of the
view factor and thus was taken as 0. This would correspond
to a beam length of approximately 60 feet, The value being
discarded results in an error less than one part in a
million., Previous to this, graphical integration techniques
could only yield results that were accurate to one part in
a hundred.(ls)

The function of F(KU) versus log (KU) was then fitted
to a 7th order polynomial, 1In order to get the best

possible fit, the function was broken down into four ranges,
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a separate polynomial being used for each interval., The
results of these curve fits can be found in Appendix B
which gives the Fortran listing of the calculation
procedure, The results are shown in Function W.(19)

Unce the value of F(KU) is determined, it is
necessary to evaluate the rest of the equation (3-14).
This is done by using Gaussian quadratures,(l) the
relationship is:

i 2~
_1:, F(x) dx= é:f Dg;-{’(d&k’)
Az (3-21)

Where Wi is the weight factor different from Wi
used by the Hermite integrations
X is the associated value of the independent

variable
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Figure 4. S
ef-,KU",/ 1+ W

s

b 0 -
F(UK) = ;f' qw
00 (1 + WZ) 2

Results of Integrating F'(KU)

i | | 1074
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10~2 1o
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This relationship is applied twice to equation (3-14)

ds
to yilel .ﬁ/ N

'F;5:= E: VVQ.JE: wy ‘}(Cij_,qyir) ‘f:(tjkf)

« (3-22)
In doing the calculation it was decided to use a value of
9 for N, resulting in 81 calculations for the determina-
tion of each Fgg term, The value of 9 for N was selected
as a compromise between accuracy and time required to
perform the calculation,

4, 1Interchange Between a Volume of Gas and a

Bounding Surface

The defining equations for the one-way radiation, gas

to surface or surface to gas, are as follows:

4
59z A Fsg - 6T, (3-23)

Ays = 4Kig - Fos GT;

(3-24)
As TS approaches Tg, that is as the temperatures of the
two elements approach each other, the values of q must

likewise approach each other and it follows that:

Asfsgz 4KVg Py, (3-25)
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Formerly, when the ‘values of FSS were calculated by
techniques with an estimated error in one part per
hundred, the difference between the six values was small
in comparison to the magnitude of the solution. By
using the computer this problem has been eliminated,
and the error reduced to approximately one part in a
million,

In our two dimensional model the radiation entering
and leaving the infinite areas can not be "viewed" by the
surface, This means that only a total of four values of
fss need to be calculated and summed together with the
appropriate sign to yield the desired value of ng'

In instrumenting this procedure on the computer,
great care must be taken in the determination of the correct
orientation. Once this is accomplished, it becomes possible
to use the already existing procedures forithe calculations
of the values of fss. The reader is referred to the Fortran
listing of the calculation procedures and specifically to
FUNCTION SG, on page 96 of Appendix B,

5. Interchange Between Two Gas Volumes

The defining equation for this final case of one-
way radiation exchange, that is the energy transfer from one

volume to another in the system may be written as:

—
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Ly 6Ty
‘1;%?‘: 4FKTV3L ‘%z . 6' Z

(3-26)

The meaning of this type of interchange areas, as
before, is the fraction of the radiation originating in
one element that reaches and is absorbed by any other in
the system. If the two subscripts g refer to the same
gas volume, q represents the radiation originating in the
volume qgg and absorbed by itself before reaching the
boundary surface,

Once again the factor £ is function of the geometry

gg

of the system and the absorption coefficient of the gas,

Just as it was possible to obtain f£__ by properly adding

sSg
up six values of fSS it is also possible to calculate fgg
by the appropriate addition of six values of fgs in a
system where the gas volumes have finite length. rlainly,
f must equal the sum of the £ wvalues to the near

12424 g8
faces of the second volume, minus the sum of the £

gs
values seen dimly through the volume.

In the two dimensional model being developed in this
study, only four values of fgs need to be computed, the

two edges at the end of the finite axis being unable to

view each other.
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The eveluation of fgs again requires the evaluation
of four fss terms, This means for each rgg ternm
caleulated, a total of sixteen rss terms need to be
evaluated, With the orientatlion determined, the
evaluation of fgg is accomplished by using FUNCTION SG
which in turn uses FUNCTION SS,

Ce Calculation of Direct Energy Transfer

It will be useful at this point to define a new
type of imferchange factor - one that when multiplied by
CY'T” the black emissive power of a unit surface at the
temperature of the radlating zone willl yield directly the
rate of energy absorption by any other zone in the system,
Agalin the reacer 1s reminded that discussion is presently
restricted to one in which all surfacea are perfect
absorbers, These factors, in simplified nomenclature,
wlll always be written as two letters - either ss, sg,
g8 or gg - where g and s stand for gas and surface
respectively. Furthermore each of the letters will have
a numericeal subserlipt to 1dentify which particular volume
or surface 1s under consideration, For example the energy
transferred from surface 2 to gas volums 4 1s equal to
szgu°whag simllarly, the transfer from gas volume L to
surface 2 1is 3h52°w8h’ where Wsn i1s equal to the rate of

emission from unit area of a black body at a temperature
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indicated by subscript (i.e. temperature of surface n).
Since, as the température of the gas zone and the surface
zone approach each other (i.e. as the values of W approach
each other) the net transfer between the two zones must be
zero; the only way that this can happen is for 8,8, to
equal 8482’ and thus, in this type of formulation the order
in which two zones are mentioned is immaterial, This same
reasoning applies to both surface-surface and gas-gas
radiation.

The use of four symbols to describe interchange areas -
two to indicate the types of zones involved (gas or
surface) and two to indicate the particular zones -
is a necessary consequence of having more than one gas zone
in the enclosure,

It is noted that the total of all the interchange areas
from any one zone to all other zones in the enclosure
including itself must add up to the energy originating from
that same area per unit emissive power. Expressed
mathematically:

S151+ 5,83 ¥S, 53 F +r- 510+ 593 + 51941 - 2 Ay

(3-27)

or

E S, 54 + E 5194 = As, (3-28)
A
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and 0,9+ 9 TI s+ TG F T+ 57

- 4X Vg, (3-29)
" g G194 + bpsi= Aty
y

(3-30)

D, Allowance for Grayness of Walls

The discussion which follows summarizes the work of
Hotte1(33‘ﬁ) and Cohen (18)

All discussion up to this point has been concerned with
a system in which all walls were perfect absorbers so that
any energy which reached a wall surface was not reflected
back into the system, hence total or perfect absorption
took place. 1In general, however, the walls of a furnace
are not black but are capable of reflecting some of the -
energy incident upon them. This reflected energy is dis-
tributed among all the gas and all the surfaces in accord-
ance with the geometrical configuration of the various
surfaces and the absorbing power of the gas; and that portion
incident on the surface is again partially absorbed and
partially reflected to repeat the process ad infinitum. The
result is an extremely complex situation necessitating a
condiseration of all possible beams of original energy and

the results of an infinite number of reflections at the walls,.
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The technique for making allowance for this complicated
problem to be given here is simply an extension of the one
presented by Hottel(Ag) for the one-gas zone, multi-
surfaced enclosure, As in Hottel's treatment where the
direct interchange between two zones was equal to AlF

1G

or AjF., multiplied by the difference in emissive powers,

12
so in the present case it is equal to a factor 8,895 8,845
etc, Similarly, if one allows for the multiple reflections
within the enclosure, defined as G1G2, Glsl or 5151’ one
can evaluate such factors as G5, GG, or 55 from the
direct factors gs, gg or ss. Note that the factors GG, G5,
and 55 like their lower-case counterparts all have the
dimensions of area,

It is plain that the interchange area between any
two zones in the enclosure cannot be a function of tempera-
ture as long as the physical properties of the system
(emissivities and absorptivities) are independent of
temperature. Therefore one is justified in evaluating the
interchange areas at any convenient temperature and the
results will be completely general., The problem of

evaluating the interchange areas is very much simplified

if one causes the temperature of every surface and gas zone

except one to be maintained at absolute zero and as a conse-

quence the emissiveé powers of every zone except one area are
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all sero. This necessitates some sort of energy withdrawal
from all zones, including the gas zones, by means unspeci-
fied but not interfering with transmission. Furthermore,
one can let the temperature of the one emitting zone be
such that its black emissive power is unity; i.e. such that
G‘T4 is unity. As a result of maintaining the temperature
at (]"T4 = 1 at the single surface or gas zone, there will
be a radiant flux at amd toward every surface in the system,
and at and away from it as well due Solelyctocoriginal
emission from the one zone and to the multiple reflections
within the enclosure, 1In a black system this reflected
flux would, of course, be equal to zero. The terminology
to describe this outgoing flux density will be R with a
presubscript designating the original source of the energy
and a final subscript, the reflecting surface., Thus if
gas zone gl were the only emitter in the system, the flux

density at surfaces s_, s_,..... would be indicated by

1" 2

. Similarly if surface s, were the only

glel’ glez’.oooo 1
original emitter the flux density at surfaces 855535 0eenn

would be SlR «esess but the flux density at

Sz’ SlRSB’
surface s would be equal to R_, due to reflections

1 s1 %1
corrected for E:S to allow for original emission from
1

the surface.
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i. original Emitter is a Gas Zone

1f, for example, gas zome gl is the sole original
emitter then the total radiant flux at and away from any
surface such as 84 in the system is designated as
g Rsy " sy 0 O T4, Since this is the reflected flux,
if one multiplies it by the ratio of the absorptivity (equal
to emissivity) of the surface to the reflectivity of the
surface (the complement of a8bsorptivity) the result will be
the absorbed energy at the surface, and since the value
of d"T4 of the original emitter was made equal to unity,
this must by definition be identical with the desired
factor G »5,. Expressing this statement more generally

11
by considering the i-th gas zone and the j-th surface zone:

GiSy= S5 i = 9iKsy - P55 Ess

\P5)' (3-31)

In order to determine the value of the reflected flux R
at any surface one can write an energy balance on each
surface, The total rate of energy impingement on surface
s1 is equal to the contributions from all the surfaces in
the system including itself plus the energy it receives
directly from the single gas zone which is the original

emitter, If the sum of all these terms is then multiplied
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by the surface reflectivity, then the result which is
the reflected flux must be equal to giRsi * Asi. This
summation can be carried out for every surface in the
system yielding a set of equations, one for each surface,

as follows:

[s15)  gRs; +5 52 giRs,+ - 9.5, R A" 5K
ES,SQ_ ?,{'K S, +SJ 63_ .?Aﬁsg _I_ e .?ng ],%2 :ﬂg;dfs;z

[ 555 :,uﬂs, Y 545304 ?5; 4 ASJ%3’ Agyﬁ

3q,
? i bd
Py
4
P ? ’
? - 4 ,

(3-32)

It is apparent that the total number of equations in set
(3-32) is exactly equal to the number of unknown
reflected-flux densities Rs'

Expression (3-32) in matrix form:

|D[ - { 4K,

= \-;,i 5. I (3-33)
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Equation (3-33) can then be solved by taking the

matrix inverse:

‘gu Ks, ) = ‘(‘ D‘—l‘ l..?,;s,_( (3-34)

The reader is again reférfed’to Apprendix B to SUBRUUTINE
INVERT rage 104 to get the details of the inversion
procedure, The invert algorithm takes advantage of the
fact that D is a diagonally dominant matrix,

From the values of the reflected flux density at the
various surfaces it is also possible to calculate the
total interchange factor between any two gas cubes,
1f gas zone g1 is the original emitter, then the total
reception at any other gas zone &y is equal to the direct

radiation from &, to g (equal to glgz) plus the sum of

2
the products of-the reflected flux at each surface in the
system multiplied by the fraction of that flux which reaches
and is absorbed by gas zone 8,e Again, since the black-
body emission from zone gl has been set at unity this sum
represents the desired factor Gle. The general expression
for this factor between any two gas zones m and n then

becomes:

Cmbm = Imim + AE (3/’" Rs,{‘)'(f' Jm)(3-35)
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ii. uriginal Emission in a Surface Zone

In order to obtain the one rema8ining factor -
interchange between two surfaces - it is necessary to let
one of the surface zones be at such a temperature that
its black body emission would be equal to unity and to
let all other surfaces as well as all gas zones be at
absolute zero. une can again write energy balances on
each surface in the system, the only changes being that
there will be no direct radiation from the gas and that
the surface that is the original emitter will send out, in
addition to the reflected flux term, an amount of energy
perwnit area equal to its emissivity. The set of
resultant equations for this case where surface s is

1
the sole original emitter is:

[s\ s\c,"gbl"-gal )""' 5 %2 '5‘?53 +' j\Psl.:Asl'sl RS,
[5,53 (3|R5.+ es') + 9992'5‘R574 ---]\PSJ':: AS;’.SRS'Z

[9' 93(9'R9,+ £5‘)4— 33 J.S)RSJ‘)’.. ‘]\?33-: As "5 R52
39

* 14
”
' \d

4

- (3-36)
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Just as before the total number of equations is equal to
the total number of unknown reflected flux densities and

the solution for any one of them may be written as:
9: R, [= 1D [ 5]
L 4 (3-37)

where D is exactly the same as the expression obtained
earlier and given in equation (3-33).

. Hottel(46) and Cohen(lg) demonstrate that

(3-38)

E. Allowance for a Real Gas

It has already been shown in Chapter 2, that it is
possible to approximate the behavior of a real gas in a
system by considering it to be a weighted sum of gray
gases and one clear gas, each weighted in proportion to
the energy fraction of the spectrum that it occupies.
Furthermore, since in most systems it is the first beam
that is the important one all successive beams undergo
double attenuation by the gas and the surface on each
pass, an adequate approximation to the real gas is the
simple sum of two characteristic gases - one haviﬁg an

absorption coefficient k and occupying the fractioﬁﬁ"a"
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of the spectrum, the second being a clear gas (absorption
coefficient equals zero) and occupying the fraction '"l1l-a"
of the spectrum.

Une is cautioned that such an approximation would not
be valid in a system where the ¥} is so10W that the gas
transmissivity is very high and where the walls are
highly reflective., For the single-gray 4 clear-gas case
the emissivity and absorptivity are then related to the

path length x as follows:
- KX
€ : a ( ) (3-39)

If one then fits the above exponential to the actual
emissivity versus path length curve for a real gas, at a
path length equal to the primary path length for the system,
and at twice this value, mathematical ma@nipulation leads

to the following expression for "a", the fraction of the

spectrum occupied by the gray portion:

‘Qél *59_4 (3-40)
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The value of ki for this case is then equal to:

E:
KL= W (555 = L/l/(' —

(3-41)

In both the above expressions ra 1 refers to the gas
emissivity evaluated at the characteristic path length for
the system ., and E'z is the emissivity evaluated at
twice that path length,
dince & is a function of temperature, it is now
possible to find a series of " £ " at different tempera-
tures and calculate the corresponding values of 'a',
The resulting values of "a'' can now be fitted to polynomials
in temperature resulting in:
A by 40T 4510 4 b, T2+ b, T 0T
(3-42)
The value of § ) was calculated from a regression fit
of the emissivity data reported by Hottel in McAdams
Chapter 4.(49) The regressed data fit considers carbon
dioxide, sulfur dioxide and water vapor. The calculation
procedures are presented in the Fortran program in Appendix

B FUNCTION £MI»>, The regressed curve fit takes into
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consideration the partial pressure of the components,
the total pressure of the system and the temperature of

the gas system being determined,

Once the value of '"a" has been determined as a function

of temperature it can be applied to the following equation:

s6=QA [55-7)(1. + (I"‘t)[_ssjirz.:o
(3-43)

The value of [séJkL 0 represents . the value of the

interchange area evaluated for a clear gas,

GS=a [¢5], .

Ge=alce]

‘;.

(3-45)

It is to be noted that, as a result of this real-gas

approximation, several important changes have been made:

1. In addition to: the factos SS, 5G and GG evaluated
at ki. by the methods of the previous sections, one
muSt evaluate a new set of the S§-factors for the
clear gas portion; i.e, at kL = 0,

2, As before, the sum of the total interchange factos

from any surface to all surface and gas zones is
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equal to the surface emissivity times the area,
The sum of the factors from one gas zone to all

zones, however, is now given by:

i; e+ ? CiS;=4Kay, (3-46)

The values of the partial pressure of Cuz, ouz and
H 0 are calculated via a flue gas analysis, No attempt was
mﬁde to calculate the values of partial pressure within each
isotherm, the flow patterns being assumed known throughout
the system,

In evaluating the total interchange areas within a
given zone, each in turn was considered to be the original
emitter, This enabled the evaluation of the set of
factors at the KU of the emitting zone. This means that
G162 no longer is equal to G2G1,esince each is now based
on evaluations at different temperatures.

It was necessary first to estimate all the temperatures
in the system and then, after the final solution to the
problem, revise the estimates of temperature and repeat
the computational procedure., This procedure was continued

until the difference between the guessed values and the

actual values was less than .5o Rankin,
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This procedure, however, is not completely rigorous
since om should allow for that fact that the kL of the gas
is constantly changing with path length. It is conceivable
that one could, for each individual problem, start at the
beginning and repeat the numerical integrations, allowing
for the fact that the absorption coefficient was changing
as one moved along a path length, It should be statel that
the computer time involved in such a technique would be
absolutely prohibitive for engineering calculations.

F. EnergyBalance of Gas Volumes

The energy balance on the gas volumes and the surface
area have been decoupled . This procedure has two chief
advantages:

1. It reduces the computational magnitude of the

energy balances to more manageable size,

2, 1t takes advantage of wall temperature being

relatively stable due to the presence of sinks
(i.e. the reactor;.

The disadvantage of the procedure is that the
convergence procedure has to be repeated for the surface
and volume energy balances,

The term qB in the energy balance on a gas zone in

equation (3-2) represents the net energy transferred to the
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gones by the bulk flow of the gas streams, It is equal to
the total enthalpy above any arbitrary base temperature of
all entering streams minus the total enthalpy above the
same base temperature of all leaving streamses In order to
formulate this enthalpy flux vorrectly, one would need to
know the details of the gas flow pattern within the
enclosure. Unfortunately, for most enclosures one does not
have a detailed description of the flow pattern.

Some studies have been carried out utillizlng the use
of metal filings being introduced into the flow stream, Stop
action photography technigues are then employed to determine
actual flow distribution. The results of one such study
were reported by Yeich(93) and are used in this study. The
"details of this flow pattern are presented in Appendix A.

The flow patterns were defined for an infinite furnace,
hence no flow is permissable along the infinite axis. The
flow in the plane perpendicular to the infinite axis was
resolved into the flow dl ong the other two mutually
perpendicular directions., Flow from the eighteen gas wolumes

would thus be represented as (GM_ ,GM_ ).
18" Y18

A computational check was performed to verify that the gas
volume had neither a positlve or a negative accumulation

terme It should be noted that GM’xj 1s a2 vector quantity



84

and is used in the same sense as are the gas volume
orientations, as shown in Figure 2,

'i.e. the coordinate system is:

+X
+

It now becomes possible to write an energy balance on the

gas volume:

Note the subscript I refers to inlet conditions

u refers to outlet conditions

Heat In - Heat 6ut + Sources = 0 (3-47)

l::snthalpyI - EnthalpaBulk Flow +[f-1eat1 B Heat:JConvection

+E{ad1ant rnergy, = Radiant :snergy]+ Heat Release

by Combustion = 0 (3-48)
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kquation (3-48) can now be rewritten for gas volume i
[GM@ ' H(Tj.) - G Mxy H(Tja )] * [G/“)’l H (Tjs) "GM%'H(E)
+lh
L0y Ay (T, -T2 ) - b, Aso(Ti-Tyo) ]

+ [y A
1
22 T )P Ayo(T, - 7,37
'M[.-f@ +‘£ S:Ge TH_ T4 Yo
3 i S TC. (?’Q{Gj-i@/(sj)
+ET'¢(XAyA:) — O <
/ (3-49)
where
H(T) is the enthalpy of the flue gas and is calculated
by integrating Cr(T) = ¢c,+c T4+ e T2 + c T3

0 1 2 3
between absolute 0 and T

HE) = G T4 T+ GT + YT

(3-50)

is converted heat transfer coefficient between
the gas and the gas surface with contact area-

AX and STb is the surface temperature in contact
1

| with the volume.
gb (Xi Y ) 4is the fraction of the total heat released within
the isothermal gas volume by combustion

ET is the total heat released within the furnace.
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Where [ 8 ) B ) r R 8 are the bulk flow terms from the four

gsides of the isotherm under consideration.
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|
v
)

The single prime on the bulk flow term indicates that there
is a sensible heat flow from the facing isotherm, The
double prime on the bulk flow term indicates the sensible
heat flow from within the isotherm. The triple prime of
the bulk flow term indicates the enthalpy gain within the
isotherm.

The bulk flow terms are evaluated as follows: ( 3-§1| )

No Area ContactGMxI >0 Area Contact
’
A= GM’: . CP (Tgxz ) d"" o. 0
% Y
*” z0.0 J”= 0.0

47 -Gy [H (1;",) “'Cp("'o,,) 'Tox;] &% =GMy - H(T,

GM){I 40,0 G-sz £ 0.0
d ’3 0.0 d~'
A= * 0.0
CMy - Cp(To,) é”z 0.0

o
47z memy, (-H (T )= p(Tos)-To,,) ¢ 0.0

= &4 &” 4 g
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G'Myl 7 O

No Area Contact Area Contact
8z ¢Mys.Cp(Toy, ) B’= 0.0
B% 0.0 B2=0.0

. . | ‘
87z My [ H (Toy;) ~<p(Toy ) - Toy, ] B 6myHm)

o
:*1' <0 C;VQGJﬁzrﬂb O.o0
'5’-5 ©
A : B’= 0.9

L 4
) - -G'ﬁ‘yj.ﬁ.'(ro‘,)- Cp(To,) ,1';‘] 87+20.9

PP +8 4+ p”

G}IV"h,ﬁ’<>’ C}y‘tx‘,1=<,
Y%o Y’z0.0
)’”3 G’MyI . Cp(TQA.) y’., 0.0

.),‘”:'"GV'E,ir[:t‘(‘;b{)‘ta,cTQx)ﬁ1aé] ‘JV”‘Qg 0.0
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The relationship used in equation (3-51) can be changed

by reference to the above figure, The gas volume i has a
temperature Toi. The temperature for the isotherm to the
left is TXI. The subscript I refers to inlet temperatures
in reference to positve X axis, bdimilarly, the 0 in TXU
refers to outlet temperature. The TYI and TYU have
similar meanings in reference to the positive Y area., The

temperature T, refers to the fuel-air temperature of the

FA
incoming fuel. The reader should note that all possible
burner locations are accounted for by the four special
cases of area contact., To illustrate this point, consider
the case for and GMy, 0. 1f GMX = 0, no fuel-air
mixture could enter since no bulk flow term is present. If
GM.X 0 the bulk flow would have to go in the direction of
the furnace wall and since the gas volume is in contact

with the wall, there could clearly be no flow. Considera-

tion of the other three cases leads to similar results.

Isotherm Under Consideration
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Temperature terms which have a presubscript 5 such as
sTXI would refer to a surface temperature of the enclosing
furnace wall., The subscript XI would have the same
meaning as previously discussed,

Equation (3-51) may now be written for every gas
volume with the number of unknown gas volume temperatures
equal to the number of equations. The matrix is again
diagonally dominant and can be solved by the methods of
Gauss-Jordan without double pivoting. The matrix contains
surface area temperatures which are assumed constant in
the solution of the gas volume temperature, In the next
section the surface area temperature balance will be made
assuming known gas volume temperature. This procedure
allows for seperation of the surface energy balance from
the gas volume energy balance.

The two energy balances are then solved repeatedly
(adjusting the total interchange area for the newly

calculated temperature) using the Newton-Raphson technique.

G. Energy Balance on ourface Area

The heat balance on the surface is expressed as:
Heat In - Heat dut = 0 (3-52)

or
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Heat release due to combustion + Radiant Energy In =
Radiant Energy Out + Heét Transfer In - Heat
Transfer Uut by convection - Heat ioss to Ambient

surroundings = 0 (3-53)

The enthalpy consideration is zero as a result of
considering heat transfer due to bulk flow to have
occurred before flue gas has passed through the 'porous
membrane."

i. The oource Term

The source term accounts for burner heat ' release
that is very near the furnace, It is assumed that the
detailed information of such heat release is known. This

term is presented as:
Hsz E, .., Y(x:Y) (3-54)

where W (X,Y) = fractions of total heat released at

surface area,

ii. Radianttinergy Term

The radiant energy term accounts for all radiation in
the system. Radiant energy from all the surface zones and

all of the gas volumes over surface i may be expressed as
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(3-55)

Convective Heat Transfer

Convective heat transfer can take place in the bounding

wall aa well as internal heat transfer surface.

If the heat transfer takes place in the bounding wall,

the net convected heat transfer becomes:

* he CToTalAi b (Ty Tyt
- "lg ( TA' "TPhoe )A’A

where

is the temperature of the adjoining gas volume

is the temperature of Area A,

is the temperature of ambient

is the temperature of the process fluid

is the adjusted overall heat transfer coefficiént
between surface i and the flue gas

is the adjusted overall heat transfer

coefficient between the area Ai and the process

£luid



hy is the adjusted overall heat transfer
coefficient between the area Ai and the

ambient temperature

The net convected heat transfer for internal surface
becomes:
he (T, -TA)A,.‘ +h (Te-TiA - e (Ti-Too JA
teFy Right (3-57)

Note internal surfaces always have a vertical

orientation.

iv. Net Heat Absoxrbed by a surface

The net heat absorbed by a surface can be expressed

as;

[y ¥ 0] +Lhe (T-T)4, ]

+1.'£6 6 6T 4 L5567} - 61§ 5,65 #5505

J (3-53)

“he overall heat balance on surface zone i

Er W(2%,9) + E6is; 6T 4 E s; S; 6T}
[g %6 + £5; s.,] +he (Te-TAL

- l" (T TFV‘O&)A’,(, - hc (To‘ 'Tscnk)AA

(3-59)
= 0



It ia now possible to write (3-59) for each surface
area and linearize it in terms of Ta. The resulting
equation can be solved for Ti4 by assuming the gas
volume temperature as constant, The equation has the
form:

J (3-60)

4
-~ > - + [y
/Q“ 7; + é; ku 13 = Cx
9
where

Ess ESAGJ
..[(.h +hl ¥ he AAT 7

[%(_;;: S s.

) ‘n
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Ciz -4 X G5 S. T.4,- (h.T, -l—h Tope +h,,lw),4/

- €, (,/(«., ,)_,[Eh vhlyh? )A,,’L]B/,,

The reader should note that Ti is treated as a constant
and the equation is then solved, The solution is then used
to resolve the equation. This procedure is repeated until

the maximum difference between two successive Ti's is less

than some abstract small quantity. 1° R was used as the

criterion for convergence in this study.



2« The Kinetic Model

The complete description of the kinetic model is
given by Robertson(62) and will not be repeated here.

A brief discussion, however, will be presented and
the method of incorporating the pointwise temperature
distribution of the reactor wall will be explained.

A, Description of Reactor

The reactor is a tube 400 feet long placed in a
furnace in a series of U bends. The tube runs up and down
in the reactor to prevent bending of the tube in the
center which would occur if it was strung out in an
elongated position.

The tube itself is 3.640 inches in inside radius ang
the walls are .226 inches thick (a .nomindl four inch tube).
The tube is assumed to have scale both on its inner and
outer walls that add to the resistance of heat flow, The
reactor tube was considered to be free of coke deposit. All
initial design ccnsliderations did not consider the effect
of coke on overall performance. However, a coke profile
was calculated and later used to determine its effect on
reactor yield.

The reactor inlet pressure was adjusted to give an

96



outlet pressure of two atmospheres, The initial reactor
feed comsisted of steam, ethane and prOpane.l It is
possible to include other material as long as the
various mechanisms of reaction are known. The user
would have to input kinetic and thermo-dynamic data,
These however, were not included as a part of this study.

B. The Material Balance

Considering any incremental length of reactor the
material balance can be written as:

IN = OUT + Change By Reaction 4+ 4ccumulation (3=-61)

d>ince steady state is assumed, the only accumulation
term involved in this study was the deposition of carbon

on the reactor wall. When (3-61) is rewritten in

sy,,E/Va" s E[A{"

+ iin;,M.-j . AX
( 2 §
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A :EI_M + T AN CAX-
£ h - 30 22T, <X

+Ac,¢,

(3-62)
where
N, = number of molar flow rate into incremental
i
Teactor
Aij = stoichiometric coefficient of the ith

chemical component in the jth reaction
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N = the molar flow rate of the jth reaction of
ij th
the & component
V| X, = the incremental conversion calculated within
the incremental length
A = daccumulation term
ccC

Equation (3-62) can be written for the ith component

to yield a component balance.

C., Calculation of Incremental Conversion

For the alug flow reactor the space time is defined

by
X,
Y= -’l z Ca, L dxA/.',A
’ (3-63)
where
Y = 1s the reactor space time =
dX, = differential conversion of A component
-?A = rate of reaction
q.o = initial concentration of component A
V =  reactor volume =
F, = volumetric flow rate
§ = space time

Considering finite differences in equation (3-63) and

s f X =X, - :
olving for a ) Xl results in:



(3-64)

£quation (3-64) can now be expressed in terms of flow

rates:

AX,= “KilFAv (—"‘A)AL

(3-65)

Where AL = the incremental reactor length under

consideration.

vefining the reaction rate (-gA) in terms of the

Arrhenius rate law:

¥ , M :
(-ta)z e~ /RT EK.FC,{‘?‘— k}TCA; "_1

(3-66)

Where

Ko = the Arrhenius frequency factor

FA* = the Arrhenius energy of reactivation

R = gas constant

T =  absolute temperature

N‘h = order of reaction j of the Tl component

K = equilibrium constant

C,. = concentration of component

99
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The reader should note 1T/j refers to the P1i product
of the concentration terms. The concentration terms

can be calculated from the ideal gas law:

Ca= R/R'T (3-67)
where |
Pa = Pressure of component a
R' = Gas constant

D, Calculation of Pressure Profile

In order to calculate the pressure at the end of the
incremental reactor section & momentum balance was

performed using the Bernouli equation.(SI)

ar= [ Utlenc a0 +V§-V.1]/3g<3-68)

where
P = Pressure drop

Vl,V2 = Reactor gas velocity at inlet, outlet conditions
F = Friction tactor

L/R = Incremental length of reactor radius ratio

oe
i

Gravitational constant
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E. Calculation of Temperature Profile
In order to calculate the temperature at the end of

the reactor increment, a heat balance was performed on

the incremental reactor segment.

Heat flux in = semdible heat gain + heat of reaction (3"9)
VAAT, = ;‘:Fi Cps ATz + AW R\ AXE  (3-70)

k.

where

U - to the overall heat transfer coefficient from
reactor tube outer wall to reaction fluid

A = the area through which heat flux is transmitted =

2 R L

'I.‘1 = The temperature between outside wall and
reaction fluid

T2 - Temperature difference between reaction fluid at

#itart of increment and end of increment
H = Heat of reaction
Molar flow rate of key component K(i) of the ith
reaction o
X = Extent of 1th reaction between the start and end

of reactor increment

t
cp = Heat capacity of the j b component.
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The reaction rate (-;A) was determined by calculating
its value at both ends of the incremental portion of the
reactor and averaging‘the reéults. The average value was
then used to recalculate the reactor conditioms at the
far end of the increment. This procedure was repeated
until good values were obtained between the assumed end
conditions and the actual end conditions. Thus an
implicit method of solving differential equations was
combined with Euler's method.

The convergence of reaction rate (-gA) took place
simultaneously with convergence of the pressure profile.
The concentration profile and the temperature profile
converged through repeated applications of momentum, compo-
nent, overall material and energy balances.

F. Calculation of Overall Heat Transfer Coefficient

The pfﬁvious discussion has been condensed; readers who
are interested in more details are again referred to

: 62
Robertson - (62)

However, more detailed information will be given on
the calculation of U the overall heat transfer coefficient,
as the concept was not fully developed in Robertson's work.
The overall heat transfer coefficient from outer wall to

reaction mass can be defined as:
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L:ZRA:B—?-\—E}&*RI +A>(c.+l

VA 4 Ao Kaphss Ar KA | hrdr
(3-71)
where
Ri - Resistance to heat flow
R ,R = Scale resistance to heat flow on outside
0”1 hr. £82 OF
and inside of reactor tube = ,001 B0
y (44A)
J001 from Ludvig
XST ’ XC - Thickness of heat resisting material
BT = steel reactor tube thickness
C = coke thickness
Koy » KC = Thermal conductivity, BTU/hr. ftz(oF/ft.)
- - (44-A)
KST 26., Kc 2.90
A, AC’AI - Average area of heat transfer area

AST =2 L (ro - ri) [/ 1n (rolrl)
Ac =2 L (rI - rc) / 1n (rI/rc)
AI =2 L rc
and where
ro = radius of reactor tube (center to
outer wall)
ri = yadius of reactor tube (center to
inner wall)
r = radius of coke deposit (center of tube

to coke surface)



h = heat transfﬁ@.coefficienc from coke surface to

reaction fluid.

The value of hI is a function of reaction fluid
temperéture, pressure, composition, velocity and tempera-
ture and can be calcuI;ted from the Seiden Tate equation
since the clow is maintained in the turbulent re
to minimize residence time and product degradation via

carbon deposition.

ho D4 @ V3 14
2oL 20,093 (Mh,) (M) ()

/3
h = 002% Zﬁ%; 2V 5/4") (fiffé) .....
(3- 73)

(3-72)

H-

where
V = velocity of reaction fluid

P = density of reactor fluid

\ieé = heat capacity of reactiomn fluid

= viscosity of reaction fluid

i

viscosity of reaction fluid at wall temperature

K = thermal conductivity of the fluid

- 1
NRe Reynold's number

N = Prandtl's number
Pr

D = Diameter of the reactor radius after i increments of

i
coke deposition
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The methods .of ci}culating C ,i , V and P are

(62)

discussed in Robertson 8 Thesis . However, the calculat@on

of the thermal conductivity Qas not been discussed.

11, ¢9)
¥he Mason equation was used.( » 91

X4 K4
K™ Z v 3-74
i 22X @ ¢

bise o= [0e2 )] " [1422) 1) )

M = molecular weight of the compoent

where

X, = mole fraction of the compopint -
A
The value of K / was calculated from Eucken'e(]'9 )
development of handling energy exchange in polyatomic gases

and is given by

R’ .
. o Se K
Koz (Cp; + /¢ I ) A 3-75)

The method used to calculate the viscosity utilizes
(11)

the Lennard Jones equation,

Mi= 3.669% *lo’g/\/ﬁiT/ 6i Ny, (3-76)

where

€, 1is the characteristic of collision diameter of

the molecule

Slowly varying function of the dimensionless
Nu. igegperature KT/

6 and K/gare commonly known as the Lennard Jones constants.
The reader is referred to Robertson's Thesis €62) for the

details of the evaluation of .ILR, .



The reactor model now is able to calculate an increment
of conversion but requires the outer tube metal temperature,
1his calculation procedure is repeated for the entire
length of the reactor.

3. 1i1he mapping models

A, Furnace pudel to Reactor imodel

The furnace mudel supplies the furnace plane wall
temperature. This plane wall temperature is split into
m isothermal temperature areas., in addition there were n
sets of these isothermal zones, one for each subdivision
of the furnace-reactor model.

1t would be possible to use these discreet isothermal
zones as the tube metal temperature used by the reactor.
However, it was felt that a better approximation of the
net heat flux could be obtained by considering the m
isothermal temperatures 48 m points in a8 countinuous
curve, The lucatiun of each point would be the mid
point of the isothermal zone, ihese points are then fitted
to a fourth order polynomial in Y (the furnace height).
the fit is accomplished by a linear leasl square fit
(function F1IIT), which is given in appendix B. an
actual fit 15 illustrated in rigure 2 of Chapter I.

This procedure is repeated for the other n-1 furnace

subsections. 1In order to determine what the reactor tube

106



wall temperature i- at any p.int, all that is required i»
to determine which subsectien e¢f the furnace the reactex
tube io lscated in, and what height that location lies

relative to the furnace wall., 'hio can be determined by

the foiluwing rejationohiy:

IiT 24 Imf'egewCiI/lj)*LA’

A
‘\3P76)

where L, is twice tihe furnace height

i
integer Implyes that the result of 21/56 is rounded
off tu the lewer whole number. 7That is, the
resull of Integer (51.v971) 51

Zi is the position ¢of the reactex tube being

evaluated for the tube metal temperatures,

Lf the value Uf Y 1o greater than \Li/Z) Y i> redefined un
term$ of khe grigandl Y by
7A - LA yoh),mol (3-77)
.he furndace $ubgectien the tube 18 in i- easily détermined
by knewing the irength eof each reacteor subdivision,
The standard deviatioen of the temperature as function

of wall height was approuximately one half of & Farenhelit

deree.,
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By using the method deseribed, 1t is possible to take
inte acceunt the fluctuatien Jf temgerdture weth wail
helght. Variatiens aieng the Long axes are hajhdied as a
set @f three diScontinueus k-otherms,

Une methud wouird enta.: the determenation cf sume
continuous and smoath functiens which wouid yieird the

temperature as a function Y and 4, which is:

T=F(Y,2)

(ne such methud would be to. determine the beot

(3 78,

otraight 1ine, or the beot secund order pouiynemial through
the three temperatures fur the vaiue of X and then e
determine the vaiue fur the particuiar tocatiun above
the Long or z axis.
Thie procedure was net incerperated in this study,
bug 1t 1s recemmended ihac consideration be given to it in
any future refinement of this work.

B. Reactor Model to Furnace pModel

1t was necessary to map the reactor process fluid
r
temperature into a set of (n X m) isothermals. This was
accomplished by considering each one of the n subdivisions

separately. The temperature of the reactor process fluid

was recorded at m furnace height for every up and down pass:

—
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of the reactor tube in the furnace. it then became
possible to sum the temperatures for any given furnace
height and average the result. Thus:

Torz Z%)
£

K

(3-79)
Where TPF = average temperature of process fluid
i
for isotherm at height Y
(TPF ) = Successive temperatures of the process

plane each time the tube passes through

the height

il

number of times the reactor tube passes

) ||

through the hkight

Referring to Figure 5 for example, to calculate the

temperature of isothermal zone being in isotherm 4, X.4

would result in: <
_:2'," (Tg(JM))— T4 +Ty .;'r‘a-l-'l’a;.r]'sa
Ten,p ~ 5 - =

(3-80)

E———
In order to determine the value of ‘Eﬂlﬁ) it was

necessary to manually determine which temperature lay in
which isotherm. This pfocedgre was repeated for each of

the furnace subsections under investigation. The



110

temperature locations were -then stored as a part of the
computer program (Apprendix B).

Any further user who had a different set of furnace
or reactor conditions or who desired to zone the furnace
in a different way would have to redo these determinations
and rewrite the main program. No changes in any subroutines

or functions (with the exception of I'mil') would have to be

performed.
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The average process temp@rature can thus be calculated
from any set of isotherms for any furnace subsection.

The overall heat transfer coefficient from tube plane
to process fluid plane will het be the same coefficient
calculated from outer tube wall to process fluid in the
reactor model.. ‘this is due to the differences in geometry
between the two models. 1t was decided to aliow the models
themselves to do the mapping between the two geometries.

This mapping was accomplished by calculating the net
heat flux QR through the reactor tube via the method
described in Chapter 1II-2  for each furnace subsection.
The furnace model then uses a fuessed value for the overall
heat transfer UF to calculate the net heat flux QF to the
process fluid.

At the next repeat of the furnace calculation the
value of the overall heat transfer is adjusted according

to:

Ve= ve (P +8elge )/ (D +.)

(3-81)

Where U' former guessed value of the overall heat

transfer coefficient

D = Damping factor
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it was necessary to damp the change in the value of Up
as the undamped change i.e.:
Urz Ur GRIGF
(3-82)
results in divergent oscillation of the solution around
the solution. The value of UF was calculated independently
for each furnace subsection.

4, Calculation "Flow'"

A, 1introduction

This section is an attempt to give the reader a ‘‘feel"
for the computational sequence., ‘Lhr reader is reminded
that the calculations were carried out on 2 high speed
computer so some references will be made to data 'input"
and ‘‘output".

it would be extremely complicated to give detailed
calculations of each step. in order to avoid this diffi-
culty, whole groups of calculations will be referred to
by a few descriptibe words. i1t would also be difficult to
give a “flow diagram' but reference will be made referring
back to previous steps. This will be accomplished by

numbering the various steps.



B. ‘the "Flow"

STEp 1. input Furnace bata

STEP

STEp

1. Total heat release distribution
2. Fuel-cicess a&ir analysis
3. Geometyy of furnéce
4. Bulll £.owv pattern
5. Furface properties
a, ‘flransmissivity
b. .:missivity
c. Heat transfer coefiicient
6. Surfa-e Loundary conditions
\i. .reliminary Furnace Calculations
1. tlue gas analysis
2. wupecific heat enthalpy data
3. initial temperature profile (if not inputted)
4., Characteristic flue gas by clear-gray gas
combintation. (isolate temperature dependence)
11¥. wvalculate virect Interchange area
1. wourface to surface - ss (clear gas ., gray
gas(es))
2, ourface-gas/ gas-surface, sg, gs (gray gas(es))

3. Gas - gas gg (gray gas(es),

114
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4

IV. Account for .urface Reflectivity

1 Reflection with gas volume as the emiltterw,
voive for gns (gray gos(esy)

7. Reflection with surface area as the emitter

“oive for R (gray gastes)
(=3 (8

[

oThy V. Salicuiote Total Interchaangs /iirea - Sfov a

e
R A

Characteristic Gas (Temperature independent)
1. Gas to gas GG = gg +fgﬁs Wg ( Gray gas(es)

2, Gas to surface/surface to gis

Gs - P A e int2! aAS({ ~e
i (Gray gas(es))
3, urface to Surface

Vo, inpui kea2etion pace
1. Lnicial tabe YWall remperdture (Cuessed!
2. wascription of Keactions
3. wvescription of Reactop
initial Reactant Concentration
5. .hysical pata

a. Heat GCapacity

b. Arrhenius Kinetic Data

c. Enthainy -

d. Entropy



e. Rezction Rquilibrium
£. Lenngﬁd - Jones Constants
5. Miscellancous Jontrol pPavameter
>TREP Vir., Calculate Parameter Needed for Reactor
Jaiculation as a punction oif Temperature
StEP V1II, ©Output the Reaction System and Generate
tarameters
STEP IX. Calculate Reactor Pressurz, Component, Temperature,
Heat Flux and Carbon Deposition rrofiles
1. Determine the Temperature rrofiles for Rach
Furnaéce oubsection
2. Determine Pates for Negluning of Increment {/ il
Conditions Fnown
3. Guess ur Update Temperature, Composition and
pressure at End of Increment and vetermine
Reaction Kates at wnd of Increment
4, Calculate Average Reaction Rates
5. Using average Rates do:
A, Material Balance
i. Component Balance
ii. rressure vrop Calculation
iii. Material Balance
B. Heat Balance

i. Sensible Heat Gain
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STEp

STEP

ii., Heat Flux Calculation Using T=£(z)

6. Compare ind Conditions. (if in agreement with
set used (go to wtep 1x—7j otherwise (go to
vtep 1X-3)

7. Calculate Next Reactor increment Using End
Conditions as initial Conditions
a, +f Finished the wuength of the xeactor, Go to

Step X.
b. ({therwise- _tep 1X-3
X Using the Reactor rluid Temperature ;rofile,
Calculated in Step .V, Calculate Isothermal Area’
Temperature for Each Isotherm in each Furnace
oubsection,

XI Calculate New .urface and Gas Volume ‘iemperatures
Using the iIsothermal Temperature Calculated in
wtep X or otep Xi-3

1. Total interchange area for real gas (temperature

dependent) 1 covrected for intermediate surface if

any  transmissivity

a, Surface to Gas SG{EAn . SG;l(T/

b. Surface to Surface Ssi‘?ﬂh © 88, + (1-44)s5,

2., Total interchange area for real gas (temperature
dependent) 2 Corrected for intermediate surface,

if any transmissivity
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a, Gas to Gas GG =[ EGG ],’/
n - n
b. Gas to Surface G> = [z . GGn],I’
n

Gas Volume Heat Balance
a, Surface area temperaturcs are assumed
constant
b. Heat Balance
i. Bulk Flow

ii. Radiation

iii. Source

iv., Convection
c. Linear Heat Balance Equation Using Iterated
Newton-naphson
a. Solve for T
e. Update G&s Volume Temperature
£. Test the Size of the max T
Surface Area Heat Balance
a. Gas Volume Temperatures are assumed Constant
b. Heat Balance

i. nadiation

ii. Sources

iii, Convection
c. Linearize Heat Balance Equation Using Iterated

Newton-KRaphson (as in Jtep X1-3c)
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Chapter IV

Results and Conclusions

The calculation procedures described in the first
three chapters were used to make a parameter study of a
typical large scale industrial furnace producing ethylene
and propylene (as a secondary product).

The chief parameters which were adjusted were the
fuel rate and the wall to wall separation. The results
obtained were compared with plant observations. It should
be realized that an exact matching of the two is difficult
in view of the errors in plant measurements and the uncertainties
in the value of kinetic data, emissivities, and other physical
properties of furnace and reactor.

The values of yeilds obtained have good agreement with
data obtained with adjusted of the Arrhenius frequency
factor (Ai). As these adjustments were in the unimportant
side reactions, it was decided to perform the optimization
with the unadjusted constants.

Comparing the overall furnace performances was somewhat
more difficult as these results are highly dependent on the
physical ppoperties of the furnace being studied. The author
was unable to locate any data from industrial furnaces with
sufficient amount of detail to duplicate the calculations.

Hovever, excellent agreement was found with general operating
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conditions of industrial plants. The point of optimum
operation determined in this study corresponds to actual
operating conditions found in existing furnaces.
1, Verification of Results
The results from this study were compared with results

¢o) ( 54)

reported by two other investigators, Shah and Nelson ',

Sheh had simulated a reactor system using the method of

Lobo(['“)

to calculate the outer tube wall temperature. Sheh
then adjusted the Arrhenius rate constant to force agreement
of his results with data he had available.

Nelson reported data from a wvdriety of industrial
futnites. As a result, the individual furnace characteristics
are not avatlable,

Table I shows a comparison of Shah, Nelson and results
from this study. It should be noted that good agreement
exists between Shah's results and the results reported in this
study. There is some disparity in the reported outlet tempera-
ture. The two cases reported in this table represent different
rates of firing. The two rates bracket the firing rates
found in some indastrial furnaces is in excellent agréement.

The operafing point of the industrial furnaces as

reported by Nelson was in agreement with the optimm operating

report as developed in this study.



TABLE 1

COMPARISON OF RESULTS OF THIS STUDY WITH SHAH

NELSON (54 )
Shah's Nelson
Results Reports
Heat Availability
106 BTU/Hr .-Foot - -
Furnace
Total Feed
(1b/ moles/hr}) 171 -
Steam-Feed Ratio .363 S -1.1
Inlet Pressure
(atm.) 4 .43
Outlet Pressure
(atm.) ? 1.2 - 3
Reactor Length
(feet) 394 -
Tube Radius
(inches) ? -
Gas Inlet ‘ o
Temperature °F 1010 -
Gas Qutlet _.
Temperature F 1400° 1515-1525°
Mole %
Ethylene Yield 47 .6% 58 - 62%
Mole Ratio +)
Methane/Ethane 0177 .025-,067
Mole Ratio +)
Acetylene/Ethane .00053 .0014

Thermo Efficiency
Ratio BTU to Reactor/ -
BTU Fitéd

(79)

2.86

280

6.6
2.0
400
4

1012°
1544°
52.48%
.0142

.00101

.350

AND

121

Robertson Robertson

Case 1 Case 2

3.22

280

.35

6.6

2.2

400

1012°

1560°

60.05%

.0157

.00145

.315
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2., Furnace Temperature Driving Force

Figure 6 shows a typical temperature driving force
calculated by the procedure outlined in this study.

It should he noted that fluctuations ranging up
to 790°F are found between adjoining gas zone isotherms.
Differences of 1100°F exist between the highest and the
lowest lsothermal temperature zones.

The large differences calculated are a strong Jjustification
for the use of this complex procedure, expecially when
highly temperature denendent calcuvlations are being used.

It is also interesting to note that the temperature
driving force between the tube wall plane" and the process
"plane" 1s not constant, but is dependent on tube height.

Normally the process plane temperature wuld be nearly
constant at the average temperature of the process fluid.
However, in this example there is an increase near the
bottom of the furnace due to an uneven number of tubes in
this subsection.

Figure 7 is a numerical example of the temperature

driving force in each of the three furnace subsections.
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Figure 6. Typical Temperature Driving

Forces as '"Viewed'" by a Furnace Subsection
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Each subsection represents only half of the plane of the
furnace subsection (the missing half would be symmetrical
to that shown).

Several interesting observations may be drawn from
this figure:

1. Once again, considerable temperature differences
exist between adjoining isothernél zones in different
furnace subsections.

2. The temperature of the central isothermal zone
shows only relatively small variation from subsection to
subsection.

3. Considerably larger temperature fluctuations
exist in those isotherms abutting the furnace wall. This
is important as these isotherms act as the chief driving
force for convective heat transfer. It has been generally
accepted that radiation is the dominant mode of heat
transfer in the fire box. The results of this study
suggesty that convection also plays a significant role, 1t
should be given consideration in the design of an "optimum
furnace."

The use of a sifgle gas isotherm for the entire
furnace zone would do a poor job at estimating the

importance of the convected heat transfer.
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3. Convected Heat Transfer in the Radiant Section of the

Furnace

In order to dramatize the effect of convected heat
transfer, a series of calculations were made which varied
the wall to wall separation, During the first set of
calculations, no correction was made to the gas to surface
heat transfer coefficient. (Normally as the walls of the
furnace get closer together retaining the same fuel
consumption rate, the convected heat transfer coefficient
would increase according to the .8 power of the bulk flow
rates,)

The result (See Figure 8" and Table 2 ) was an increase
in reactor yield with increasing wall separation. The
result is a representation of an isolation of the radiative
heat transfer rate which would increase as the surface area
is able to view larger sections of the flame boundary at
less oblique angles,

I1f the distance separating the wall continued to
increase, the rate would ultimately drop off as the area
would "view'" a line source of radiation.

In the second set of calculations, the surface to gas
volume heat transfer coefficient was corrected for bulk flow
consideration. (See Figure 9 and Table 3 .,) The results
were reversed, with the closer the wall to wall separation,

DR
the higher the yield for the same amount of fuel fired.
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Table 2? Z

smae

Effect of Wall Separation on Reactor Yield Radiation Effects

Isolated by Using Uncorrected Surface to Gas Heat Transfer

Coeéfficient
Heat Availability 2.142%10° BTU/hr.-foot(furnace)
Wali-Wall % Yield Uncorrected Heat
Separation Ethylene Transfer Coefficient
Feet Area Base
—~- BTU/hr PF/ft
6 32.27 3.14
8 32.52 3.14
10 33.20 ' 3.14
50 37.16 3.14

Table 3
Effect of Wall Separation on Reactor Yield Using Corrected
Surface to Gas Heat Transfer Coefficient

Heat Availability 2.142 * 106 BTU/hr:-footqurnace

Wall-Wall % Yield Corrected Heat
Separation Ethylene Transfer Coefficient
Feet " (Area Bases)
BTU/hr °F/ft
6 34,35 4,73
8 33.83 3.76
10 33.20 3.14
14 31.95 2.40

18 31.59 1.96
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Figure zﬁ:.
Effect of Wall to Wall Separation on Ethylene Yield
(Radiant Effect Isolated - No Adjustment of Gas to Wall
Heat Transfer Coefficient)

Heat Available 2,142 * 106 BTU/Hour - Foot Furnace
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Figure 9.
Effect of Wall Separation on Ethylene Yield (Heat Transfer
Adjusted)
6
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o 5 4 & & 10 12 1& 1

16 18

Wall to Wall Separation (Feet)



129

This would suggest that optimum furnace construction
should have the walls as close as possible while allowing
sufficient volume for the compliete combustion of the
fuel.

The above discussion did not allow for the introduction
of more isothermol zones as the wall separation was increased.
It is likely that if such a procedure had been followed,
the effects would have been less pronounced, but still

valid,

4., Optimization of the Furnace-Reactor as a Function of

Fuel Rate

Several sets of calculations were performed varying
the net heat availability (Et)' The ethylene yield was
then plotted as a function of net heat availability (Figure
9). The wall to wall separation was kept constant at 10
feet. 10 ft. separation being used as a basis for all variatioms.

Figure10 and Table 4 predict the possibility of ethy-
lene yields in excess of 70% per pass., There are, however,
two main reasons why this yield is not practical,

The first reason is illustrated in Figure|® which
shows the rate of ethylene production in terms of pounds
of ethylene produced/pound of fuel consumed versus net heat

availability of the furnace. The plot goes through a
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Effect of Heat Availability on Reactor Yield for

10 Foot Wall - Wall Separation

Heat Availability

% Ethylene

Surface to Gas Heat Trans-

BTU/hr6 Foot Furnace Yield fer Coefficient¥* Adgusted
X 10 Area Bases BTU/hr. F/ft.

1.79 23.18 2,72

2.14 33.20 3.14

2.50 43.42 3.55

2,86 52,48 3.95

3.22 60.05 4.35

3.57 66.67 4,73

3.93 72.14 5.10

*Adjustment takes into consideration increase in flue

gas velocity due to increase in fuel fired.
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Figure'll
6 Optimization of Furnace Based on Fuel Economy
Scale 1 - Net Heat Available in the Furnace
Scale 2 - 7 Ethylene Yield/Pass (Note Scale is not
4 Proportional)
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Figure 12
Effect of Ethylene Yield on Rate of Coke Buildup

in Reactor Tube
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maximum. The curve is flat near the top, however, and at
first consideration it would be possible to assume yileld of
65-70% would be possible., This would correspond with an
optimm fuel eeconomy of 5.4 pounds of ethylene/pound of fuel
consumed.

Figure 112 however, shows that the rate of coke buildup
in the pyrolysis tubes becomes very rapid when large yields of
ethylene are desired. A yield of 65-70Z would necessitate the
cleaning of the reactor every 3-4 days. A 40% yéeld with a
corresponding fuel economy of 4.1 pounds of ethyiéne/pound of
fuel would result in a reactor requiring cleaning only every
18 - 20 days.

If a manufacturer wishes to obtain the higher fuel
economy predicted in this study, clearly something would have
to be done about the coke buildup. Ore possible solution
lies in the supersonic oxidative pyrolysis of Vasil'ev (90)
or his subsonic oxidative pyrolysis(%gmwgﬂich incorporated the
introduction of oxygen into the reactant stream. This
resulted in a blocking of the coke reaction and 58% ydélds

of ethylene,
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Chapter V

Recommendations

The computational procedures developed in this study
are very extensive, enabling the handling of complex
furnace-reactor design. The furnace design ut#lizes the
complex method of Hottel and Cohen in handling zoned
furnaces., It incorporafes severai suggestions of Cohen,
notably the evaluation of the gas emissivities and ab-
sorption at individual zone temperaturés instead of a
system mean temperature.

There are, however, important limitations:

1. The furnace was assumed to be infinite in length,
thus no end effects were taken into consideration. The
lsubdivision of the furnace into furnace subsections
enabled the handling of variable wall fluxes, but allowed
no interreaction between subsections.

2. The zones in the system have been assumed to be
isothermal. The solution could only become exact as the
gize of the zones are shrunk to infinitessimal size,

3. The reactor model calculates coke deposit as a
function of reaction rate. No meoliniew was supplied to
to allow a portion of the coke to be carried out of the
furnace. The exact mechanism of coke formation is not

known, It has been considered to be catalytic in nature,
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This depends on whether sufficient deposition takes
place on the bare metal of the reactor or on other coke
deposits.
4. The reactor increments were to have uniform
average properties. The solution could only become
exact as the increments are shrunk to infinitessimal

size.

It is therefore recommended:

1. To take end effect into consideration in order to
make & "true" three dimensional model. |

2. To determine the exact nature of the coke formatiom,

3. To apply the calculation procedure to a large
variety of furnaces with the objective of formulating a
general correlation which would allow for rapid estimation
of design criterion.

4, To apply the calculation procedure to the
optimization of existing furnace-reactor structures.

5. To design optimum furnace configurations by

repeated application of the calculation procedures.
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B(1,K)
BB(I,K)

C(J)
CF

A-1

APPENDIX A
TABLE OF NOMENCLATURE

1’ A2 area
81’ Asz, L 3K BN BN BN BN B NN BN B ]
area of surface zones 81’ sz, cescscecs o

Area of a surface, square feet; A

of a source-sink surface; A

Average molecular weight of reacting system
Normal distance between differential radiating volume

elements and a plane, feet

h

Coefficient of component in Kth position I reaction

th
Order of reaction of component in 1 position

Kth reaction

Convective-flux coefficient, square feet, C
g
evaluated at Tg, C evaluated at Ts
8

- Exponent on temperature ratio in obtaining ¢ from

G dimensionless

Heat capacity, B.t.u./lb,oF.

t
Concentration of J b component (1b. molea/fc.3)
Temporary constant used in calculating the product

of concentration raised to order of reaction compo-

nents in the forward direction

CLJ(J,1) Constant of Lennard and Jones - collision diameter

o
(A) Jth component



CLI(J,2) Constant of Lennard md Jones - /K-(°g)Jth
component

CP(J,1-)) Heat capacity data for gth component GP-CP(J,l) +
CP(J,2)*T+CP(J,3)*T2+CP(J,h)*T3 (BTU/1b, mole °F)

CR Temporary constant used in caleulating the products
of concentration ralsed to the order of reaction of
each reaction component in the reverse direction

CT = ¢(J) (1b. moles/ft.°)

D sMAX (ABS(DXA(I))) 1.e. the max of the absolute
incremental change of reaction

D Basic determinant for the system of simultaneous
equations used to obtain total interchange factors

giDBJ Determinant formed by replacing the sj-column of D
by & column of gi-functiona

d lnG / 1n PL, dimensionless

DCP(I,1-L) = SeL) .’i%lzl‘l CP(I,1-4) - se(1)
K=SF(1)+1 B(I,1) Kel

(BTU/1b, mole °F) (1)

g-{-:][.-;’-% CP(Isl"h )

(i,e.) Summation of heat capacity of products -

heat capacity of reactants



DF(I)

DH(I)
DS(1)

EA(T)
EE(1)

A-3

Summation of free energy of products - free energy

th
of reactants I reaction (BTU/1b. mole)

Summation of heat of formation of products - heat
of formation of reactants (BTU/1lb. mole)
Sumation of entropy of products -~ entropy of
reactante (BTU/1lb. mole)

Arrhenius frequency factor of Ith_reaction

Arrhenius activation energy of S

" réaction (eal/m)
Radiation-emission rate, energy per unit time;

&
gl’ 32’ LK N B A J
Eddy diffusivity, square feet per hour

E from surface zone 81’ 82’ sevas

View Factor = Fraction of radiation from one surface
zone intercepted by another surface zone in the
presence of & non-absorbing medium, dimensionless;

F from surface to _.
8182 81 53

F%hction of energy from a point radiating source
absorbed by a sphere of gas, dimensionless; Fl
intercepted by a portion of spherical surface Fz
absorbed by aportion of a spherical shell
Fraction ofrrédiation originating in one zomne which

reaches and is absorbed by another zone in a blacﬁ-

'walled enclosure, dimensionless; £ between two

88



F(J)

GS

:4:4

surface zones} f " between two gas zones, f8
8
from a surface zone to a gas zone; fgs from a

gas zone to a surface zone

Factor by which the JArrhenius frequency factor

is changed - assumed to be one

déﬁstant of integration used in calculating the
equilibrium constant

Gas constant = 1,341 At/1b mole o&

Molal flow rate per unit area mols/hr. sq. ft,
Total interchange factor between any two gas zones
including reflections at all surfaces, square ft.;
Gléé ( €,6)) 1s equal to qg , / r

q I,
8231 B

W o
g1

Total interchange factor between any gas and

surface zone including reflections at all sur-
; S l¢

aces, square feet; G1 1 ( Slcl) is equal to

/W“ or

W
%1518, ™ Y08,

1

Gas zone with a numerical subscript to designate
the particular zone under consideration

Direct interchange factor between any two gas
zones, square feet; glgz ( 8281) is equal to

( Ydirect/w r direct/W
9,8, g ° (a_g,) Mg,

82
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gs 5irect inserchange factor between any gas and surface
zone, square feet; g1s1 ( slgl) is equal to
(qglsl) direct/wg1 or (qslgl)directlwsl
H Total enthalpy of entering fuel and air per unit time,
= B.t.u./hr. |
Hg Enthalpy-flux coefficient evaluated at Tg’ square ft.

h, hc', ho", h '''" Convective coefficient of heat transfer,
c

' o
B.t.u./hr. sq. ft. F

h Enthalpy content, B.t.u./mol;hs sensible enthalpy;
hch chemical enthalpy |

HR Number of hours in which carbon has been accumulating

HT(J) Heat of reaction of the (J) compoment (BTU/1lb. mole)

1 ?g%ﬁorary storage to denote Ith reaction

IA(I,K) Used *o identify J in the reaction species in the
IFp-fégéﬁibﬁ the Kth position (i.e. J=IA(J,K)
1B Number of increments the reactor will calculate

before it is forced off

K,K' Correction factors by which to multiply Tavg.’
dimens%onless.

k Absorption coefficient of a gas, ft.

L Mean beam length for gas radiation, feet. .

P Pressure, atmospheres; Pw partial pressure of wgger

vapor; P, partial pressure of carbon dioxide1 “;‘

PG gas pressure



P(J)
PD
PDIP

PI
P oUT
PPI(J)

Pr

RA
RAD

Dimensionless ratio r/p for evaluating fp
Pressure of J component (at,)
Pressure drop increment (in at.)

Initial incremental pressure change used in convergence

(8to)
Pressure into reactor (at.)
Pressure out of reactor (at.)

th component (at.)

Initial pressure of J
Prandtl Number /k, dimensionlesa

Heat transfer rate, B.t.u. per hourj Q , net between
surfaces 1 and 23 q;  net between surface 1 and the
gass qgigl one-way from gy to 843 qugl one-way from

gi to 8,5 ag net to g1 by bulk transports 9 net

81 &1
to gy by convectiong qcs net to 81 by convectiong
1

q“s net through surface sl.
1
Relative flux density, dimensionless} issz, flux

density away from 8 , due solely to radiation originating
2

at s_, and expressed as a ratio to WB 3 RB s Same,
1 1 81 "2

but due to radiation originating in gas zone By
Gas constant 1.987 cal/gram mole °K

Linear distance between two elements (feet)

Rate of reactlon

Radius of the reactor (feet)



RADD(I)
RADF(I)
RADI(I)
RADU
RAF
RATE
Re

)

g

88

K-7

Radius of reactor at 1% temporary storage

Radius of reactor at 1% previously calculated
Radius of reactor at 1% presently being calculated
Original radius of clean reactor (feet)

original radius of clean reactor (feet)

Total rate of reaction

Reynolds Number DG/ , dimensionless

Total interchange factor between any two surface

goneg including reflections at all surfaces, 8qe. fte.

/Ws or q Ju

S.G G S is equal to
( 1 1) d s 1 g1% 81

11 181

Surface gone with a numerical subscript to degignate
the particular zone under consideration
Direct interchange factor between any surface and

gas zone, Sq. ft3 8 ( glsl) is equal to

181
(q ) direct/W or (q_ 5 ) direct/W

818q 8y g15; g3
Direct interchange factor between any two surfaces,

8q. ft.3 8. s ( 8 s ) is equal to (q
1 2 21 81%2) direct W
1

or (qszsl) girect Wsz



SR(1) (Integer) number of components in Ith reverse
reaction

T Temperature, °R; Tgl, Tsz,gpf gas zone 81’ 82’ ces 3
Tsl, T, » +... of surface zone 8.5 8ys eees Tg “ nd
TS of gas and surface respectively; Tlm and I, of
surfaces 1 and 2

T Temperature of reactor (any point) (°F)

TIN Temperature of inlet conditiomns goF)

TMPH Total moles pérvhour (1lb moles/hour)

TMPHL Initial molar flow rate (1b. moles/houri

0 Over-all coefficient of heat transfer through a wall,
based on inside surface and outside air temperatures,
B.t.u./hr. sq. £ft.°F

v Gas volume cubic-feet

VELI Velocity of gas at any point in reactor (ft/sec)

VC(J,L) Concentration of component J at L% into reactor

W Rate of emission from a unit area of a black-body at
the temperature indicated by a subscript (ng at the
temperature of gl)i B.t.u./hr. 8q. ft.

WDZA(I,L) Rate of reaction I at distance L% into reactor

WPJ(L) ©Pressure L% into reactor (At)

WT(L) Temperature L% into reactor (°F)

WIM(J,L) Total mole/hour of component J, LZ into reactor
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WIMPH(L) Total mole/hour L% into reactor

WVELI(L) Velocity ft/sec L% d&nto reactor

WZIC(L)  Léngth £t L% into reactor

X Used as temporary in calculating heat of reactionm,

heat capacity

XN Used to calculate temperature profile in reactor
X1» X, Thickness of gas layers, feet.
X,V,2 Linear dimensions along the three coordinate axes, ft
] Absorptivity, dimensionless, s ofA a gas for surface
radiation; X of a gas of path length x, . of a
surface.
4B 5. Y Positional parameter indicating the magnitude and
direction of Hulk flow heat exchange between gas
volumes
Y Factor by which to multiply center-to-center distance

between two zones to obtain correct mean beam length

between them for radiation, dimensionless.

Emissdon coefficient, sq. ft. = 4kaV ;
Y g g
Ts ﬂesAs
a Denotes a difference

Determinant formulation of energy balances
¢ Emissivity, dimensionless; [8 of a surface gc o

£ of a gas} i€, evaluated at the arithmetic mean
) Tavg

of the gas and surface temperatures; ‘x of path



9! ,Qa

A=-10

length x; ei} E}, ... of a gas at PLl, PLZ’ ceve

Overall interchange factor, dtmensionless;??&G =
radiation reaching gas andﬁ7i2 radiation reaching
surface Az, due to original emission from A1 only, bat
including assistance given by reflection at all
surfaces, expressed as a ratio to0 T

Angle between line joining centers of two zones and
the normal to a surface, radians.

Angles used in evaluation of fp, radians

Viscosity, 1b/ft. hr.

Enissivity of a gas on a volume basis, ft.

Density, 1b/cu. ft.

Reflectivity of a surface, dimensicnless

Stefan-#oltzmann constant = 0,1713 x 10-8 B.t.u./hr.
sq. ft. op*
Gas transmissivity, dimensionless; of path length x

X
Escape factor for radiation from a cube of gas (ratio

of energy leaving boundaries to energy originating
within volume), dimensionless
Angles between radiant beam and normals to a surface,
radians

Solid angle, steradians
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