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SYNOPSIS

This is a study of heat transfer in a lift-off furnace
which is employed in the batch annealing of a stack of coils
of steel strip. The objective of the project is to investi-
gate the various factors which govern the furnace design and
the heat transfer resistances, so as to reduce the time of
the annealing cycle, and hence minimize the operating costs.

The :work involved mathematical modelling of patterns of
gas flow and modes of heat transfer. These models are:
Heat conduction and its conjectures in the steel coils;
Convective heat transfer in the plates separating the coils
in the stack and in other parts of the furnace; and Radiative
and convective heat transfer in the furnace by using the
long furnace model. An important part of the project is the
development of numerical methods and computations to solve
the transient models,.

A limited number of temperature measurements was avail-
able from experiments on a test coil in an industrial furnace.
The mathematical model agreed well with these data. The
model has been used to show the following characteristics of
annealing furnaces, and to suggest further developments
which would lead to significant savings:

. The location of the limiting temperature in a coil is

nearer to the hollow core than to the outer periphery.

. Thermal expansion of the steel tends to open the coils,
reduces their thermal conductivity in the radial direction,

and hence prolongs the annealing cycle. Increasing the tension
in the coils and/or heating from the core would overcome this
heat transfer resistance.

The shape and dimensions of the convective channels in the
plates have significant effect on heat convection in the stack.
An optimal design of a channel is shown to be of a width-to-.
height ratio equal to 9.

Increasing the cooling rate, by using a fluidized bed
instead of the normal shell and tube exchanger, would shorten
the cooling time by about 15%, but increase the temperature
differential in the stack.

For a specific charge weight, a stack of different-sized
coils will have a shorter annealing cycle than one of equally-
sized coils, provided that production constraints allow the
stacking order to be optimal.,

. Recycle of hot flue gases to the firing zone of the furnace
would produce a. decrease in the thermal efficiency up to
30% put decreases the heating time by about26%.

MODELLING, CONDUCTION, FURNACE, RADIATION, COMPUTATION,
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INTRODUCTION




INTRODUCT ION

1.1 Furnaces in Industrial Practice

A furnace is a device in which energy is released
in the form of heat and then used to raise the temperature
and/or change the chemical or physical nature of the materials
within its enclosure. To economize on the use of energy
(eg fuel) in a furnace, both processes of energy conver-
sion to heat and heat transfer to the sink need to be
carried out with maximum thermal efficiency and as quickly
as possible, while keeping the optimum balance between

the two processes.

There are many types of furnaces varying in geometry
and heating characteristics. Furnaces are classified
according to either their purposes or their level of temp-
erature. All types of furnaces are used in most industrial
installations, from heavy ceramics and steelworks to
lighter chemical process industries. High-temperature
furnaces are mainly applied in ceramics, glass and steel
industries. The annealing furnace, sfudied here, is an
example of a high-temperature furnace which is classified

according to its function.

Furnace technology is the concern of many engineering
and scientific disciplines. The engineers' interest in
furnaces is vested in their interest in the design of
devices and processes which are dependent mainly on heat
supply. The metallurgical industries have larger exper-‘

jence than many other industries which are involved in



furnace practice. Most of the modern high quality refrac-
tories and‘the early developments in furnace technology
have been carried out in the steel industry. However,

the themical process industries have contributed largely
in the recent developments of reactor furnaces and process
heaters. An industrial survey of heaters for chemical
reactors 1is given by Lihou(I) 1975.

b

1.2 Literature on Furnace Modelling

In a fuel-fired furnace, the process of energy transfer,
from the mixture of fuel and air entering the combustion zone
to the heat-sink surface disposed near the walls entails a
series of complex processes. This series involves a combin-
ation of the following problems:
~ fluid mechanics
- molecular and turbulent diffusion
- kinetics of chemical reaction
- radiation from gas and solid particles
- absorption of radiation by solids and gases
- reradiation from refractory surfaces
- natural and forced convection

- wall conduction, etc.

A1l of the above processes are not susceptible to
rigorous mathematical representation. However, simplified
mathematical models which are based on key factors only,
can be used with the aid of computers to investigate the

effects of these factors on furnace performance,



In high-temperature furnaces, like the annealing furnace,

operating at more than SOOQC, radiation is the dominant
mode of heat transfer. Investigations of the performance
of furnaces and combustion chambers is intended to provide
information which gives quantitative insight to furnace
design. This information, replacing the rule-of-thumb
approach, would allow the calculation of local flow
properties and wall hea? transfer to be put on a firm
guantitative basis. However, fundamental understanding

of mixing and reaction processes, with detailed data,

are deficient. This is because of the complexity of

these processes in furnaces and combustion chambers.

There is a vast literature on radiation, but many
of the exact solutions of radiative transfer are too
restrictive for direct application in furnaces. Hottel
and Sarofim(Z) in their book "Radiative Transfer', 1967
compiled all the equations and relationships reqUired

in the modern methods of furnace design. Methods, like
4(3) (4,5)

the zone metho the long furnace and the stirred

furnace(6’7) models reguire the calculation of the total
exchange areas, if the furnace gas is assumed to be grey,
or the directed flux areas otherwise. The flux method(g)
of furnace design deals with modelling of radiative heat

transfer through gases with surfaces providing the boundary
conditions for the differential equations of heat transfer
in the furnace. In the case of Monte Carlo methods(g’lo)
of furnace modelling, the furnace is divided into gas

and surface zones and the radiative transfer between these



zones 1s considered as parcels of radiation moving about

in a random manner; therefore, no exchange areas are

evaluated. The long furnace model is discussed in detail

in Chapter 3.

The methods of furnace modelling also require the
calculation of the gas emissivity through the calcula-

tion of mean beam length of the gaseous medium in the

(11

furnace. Hadvig ) developed a correlation for the gas

emissivity. He plotted emissivity charts for C02 and HZO

partial pressure ratios of 1 and 2 on.the basis of Hottel's

(2)

charts He used a dimensionless absolute temperature
of furnace gas and a factor which is constant for a wide
range of emissivities. This gas emissivity is calculated

in Chapter 6.

The phenomena of turbulent gas flow and heat transfer
by radiation occur in a furnace and interact through the
energy balance, Usually, isothermal physical models of
furnaces are required to evaluate the convective data;
however, the use of entirly mathematical models to predict
furnace performance is more practical. Some researchers
have used scale prediction by similarity criteria to
correlate the flow patterns and combustion in the furnace(12
When the system is highly turbulent.or when the geometry
of the furnace and the burner arrangment are to be developed,
physical models using air or water at ambient temperature

are more useful than mathematical models; although the

collection of data takes more time and changing the system

geometry 1is more laborious than changing a computer program.



Generally speaking, experimental investigation is
time consuming and very expensive, especially when conducted
on furnaces. This is because extensive measurements are
required to cover all the factors affecting the investigated
flows in the furnace. Predictive procedures can provide
an alternative route to lead the development in furnace
design and operation., Mathematical modelling enables the
furnace performance to be estimated rapidly and reliably
without using experimentation; hence avoiding the inherently
large costs. Computer predictions are only valuable when
their reliability has been confirmed. The reliability
can be confirmed only by testing the prediction performance
in practical situations. Once the validation of the
computational procedure is established, then the detailed

experiments can be dispensed with.

1.3 Layout of the Thesis

The thesis is concerned mainly with transient heat
transfer in an annealing furnace. It starts by intfoducing
the fundamental metallurgical aspects of steel annealing
and the effect of heat on annealed steel sheets. This
is shown in Chapter 2 with brief description of the 1lift-
off cover furnace which is used in batch annealing of

coils of steel strip.

In Chapter 3, the modern predictive methods. of
furnace modelling are presented. Detailed discussion of
the long furnace model, which has been implemented in

this project, is included. Also the combustion equations,



furnace temperature, fuel firing rate and the thermal

efficiency are calculated.

Chapter 4 deals with patterns of gas flow in the
furnace. The pressur drop in various parts of the
furnace and in the convector plates are calculated. An
algorithm for the computation of flow distribution between
the convector plates is presented. Equations of heat
convection and radial temperature profile of the gas in

the plates, are developed.

The model of heat conduction in a steel coil and
the correlation of effective conductivity in the radial
direction in the coil have been derived in Chapter S.
Also, the numerical methods for the solution of the partial
differential equations of conduction have been discussed

in this Chapter.

All types of heat fluxes between the coils, the inner
cover and the furnace side are shown in Chapter 6. 1In
this chapter also, heat transfer in the core of the stack,
at the top of the stack and heat exchange within the

surrounding atmosphere, during cooling, are discussed.

The programming procedure for the computation of
the model is outlined in Chapter 7. In Chapter 8, the
results of computation are tabulated, shown as graphs
and discussed. Chapter 9 summarizes the conclusions
drawn from the predictive study of the model and comments

on the use and practicability of these conclusions. Some



remarks on further work and devlopment in this

area are mentioned in Chapter 9 as well.




CHAPTER TWO

THE ANNEALING FURNACE




THE ANNEALING FURNACE

2.1 Annealing of Steel

Annealing is one of the most important operations, in
steel making, which affects the quality of the finished
product, namely its ductility and surface finish. Mild
steel strip, sheet or plate may be annealed to improve a
particular property; for example to decrease the ductile-
brittle temperature. However, the annealing treatment
considered in this project is the one which is designed
to make the material suitable for subsequent drawing and

pressing operations.

The cold work, during the cold rolling operations,
distorts the crystalline form of steel grains and hence
destroys its ductility. The annealing(lz) process is required
to regain the lost ductility of the material. Ductility is
a function of the annealing cycle and many other parameters
1ike steel composition, hot mill rolling, amount of cold

reduction, temper rolling, etc.

Annealing of steel is made by heating the metal in a
controlled inert atmosphere to the recrystallization temper-

ature, then soaking by holding at this temperature for a

*

certain time, and finally, cooling to a temperature at

which ambient air does not oxidize the steel.

The controlled inert gas is used to prevent the oxida-

13 .
tion of steel during annealing. In some( ) annealing

the inert atmosphere contains reducing gases
10

techniques,



which help removing films of oxides formed during the
treatment. In other applications, it is found possible to
shorten the annealing cycle by using active gas mixtures

which reduce the carbon content of mild steel.

Because the heating rate of the batch annealing furnace
is relatively slow, the temperature rise does not actually
affect the grain size considerably. It is the combined
effect of the annealing temperature together with the soak-
ing time that generates the required change in the metal-
lurgical properties through controlling the extent to which
the carbide particles coalesce. The annealing of steel 1is
influenced by the quality of the ore as well as the blast
furnace practice implemented in the metal making. This
eventually affects the hardness and ductility of the end

product.

Annealing of steel normally takes place, between its
lower and upper critical temperatures of 680°C and 720°C
respectively, to soften the steel before undergoing forming
operations. Once the temperature exceeds the lower critical
temperature of steel, the recrystallization of the grains
starts slowly and then increases at a rate which varies
with the temperature and the gquality of steel. pn holding
at the annealing temperature for a specific time (soaking),
the recrystallization will be completed. It is worth
mentioning that the steel temperature should not exceed its

upper critical temperature since that will upset the recryst-

allized structure of the metal.

11



Although there are some continuous annealing techniques,

yet the annealing of steel is usually carried out as a batch

process, in a lift-off cover furnace which will be described

in the following sections of this chapter.

9.1.1 Historical Review of Lift-Off Furnace(:%)

Early in the century, the bulk of tinplate and
sheet was produced by hot rolling of steel bars in
two-high operated mills. Then the three-high mechan-

ized mills were developed to handle sheet bars from

continuous heating furnaces with automatic discharge
of hot rolled sheets. These sheets were characterized
by their equiaxed structure, reduced gfain size and

improved drawing properties.

The conventional annealing furnace which handles
the product of hand mills was of static type, and
had ball races in the hearth to support and convey

the load. This furnace was arranged with a cast

steel dish or base. During the third decade of this
century, many car and bogile type furnaces were intro-
duced in the steel industry. These furnaces were
implemented in continuous annealing of both sheet and
tinplate, and resulted in substantial savings in fuel
consumption as compared with the stétic furnaces.
After that, followed the development of high-speed and

large capacity mills, which produced both hot and

cold rolled material in coil form. This development

tendered hand mills, mechanized mills, semi-continuous

12



mills and their ancilliary processes obsolescent
regardless of some increase in their rate. This is
the stage which leads to the design and application
of radiant tubes, lift-off cover furnaces adopnted
in the annealing of products from continuous mills

either in coil or flat form, see Fig. 2.l.

2.1.2 Lift-0ff Cover Furnace

The basic objectives and functions of the portable
cover furnace are the following:

(i) to obtain the maximum uniformity or the minimum
temperature differential through the charge during
heating, soaking and cooling stages of annealing.

(ii) to carry out the annealing with full prevention
of chemical reaction to preserve . the clean surface
finish of the material. This protection of steel is
maintained by the special protective gasfwhose chemical
composition is controlled within critical limits
during heating, soaking and cooling phases of annealing.
(iii) to achieve the highest thermal efficiency in
relation to the prescribed annealing cycle, variations
in loading and type of charge.

(iv) to conduce an effective degree of automatic

control of load temperature and pressure requirements

of the furnace.

For coil annealing in lift-off furnaces, the

load is usually arranged in tight coils of 1.8-2.2

13
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metres diameter ‘and 0.9-1.1 metres high. Three or

four coils are stacked on each other with convector

plates situated between them; different types of

convector plates are usually put at the bottom (charge

plate) and the top of the stack. .

The open coil process of annealing is an out-
standing development in steel production. In this
process, the tight coil is opened automatically by
thermal expansion from the tight diameter of about
1.8 metres to a final diameter of up to 2.3 metres.
This expansion leaves gas spaces between the laps
so that when the coil is annealed, it is subsequently

recoiled to the tight diameter after annealing.

2.1.3 Types of Firing

During the development of continuous strip
mills, the type of fuel available for annealing in
the integrated steel plant ié coke oven gas. The
followiﬁg are the main methods of fuel firing:

(i) Direct firing: This may be carried out either

by firing on the burner horizontally to splash plates,

or as in the case of single stack furnace, with

single or multiple burner zones, the firing 1is

tangential around the inner cover.

(ii) Semi-direct firing: For burners of radiant

bowl type, the combustion is completed before the
>

gaseous products are discharged vertically through

the burner orifice, thus avoiding direct impingement




on the inner cover,

(iii) Radiant firing: The radiant tube is used for

both single and multi-stack furnaces. This develop-
ment emanated from the early parabolic tubes arranged
in the vertical walls of the furnace to the O tubes

implemented in single stack furnaces.

2.1.4 Convection Technique

In the early annealing nrocesses, the progressive
heating of the coil from one lamination to another,
drastically limited the capacity or output of the
process. It was realized later that a considerably
accelerated rate of heating could be achieved by

heating in a direct line of conductivity from the

edge of the lamination axially to the centre. To
attain this condition, the concept of convector
plates was pbrought about. The insertion of convector
plates between the coils of the stack promotes the
circulation of the special gas in the stack, imprdves

the contact betweel the gas and the steel to enhance

convective heat transfer,‘and provides direct-1line

from edge to centre in the laps. This technique

increases the annealing rate by two to three times

d convection from the side

that of direct radiation an

periphery of the stack.

For the treatment Of coils of heavy weight and

large dimensions (e.g: 2.2 metres diameter and 4.5

tpes stacking height), the high velocity recirculating
metre
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systen was developed. The basic features of this

system of convection are the following:
(i) a recirculating fan of the centrifugal type
driven by a large motor of about 15hp.
(ii) a heat transfer medium, in the form of a
convector plate, designed to direct the gas flow

at high velocity and to shift the transmission of

heat towards the coil edges.

(1ii) an energy conversion unit or diffuser device.
This is a circular base plate supported by a ring of
diffuser blades. The diffuser plate receives the
gas from the fan and delivers it to a narrow annular
channel between the cylindrical inner cover and the

stack of coils.

In addition to the convector plates between the
coils, the cover or orifice plate is placed on the
top of the stack to regulate the gas flow. Fusible
and expandable orifice plates have been devised to

restrict the flow at maximum density and to increase

it as the temperature rises and the density falls.

The optimal rate of gas flow is the mass flow rate.

Several attempts were made to restrict the flow in

ge of heating when the density of the

the initial sta

gas 1s maximum and involves high power demand; but

these were abandoned in view of practical difficulties

of maintenance. Also, it must be stated that the bulk,

the shape, the dimensions and the contour of the load
>

have significant effect on the flow path of the circul-

ating gas.
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2'15 Inner COVeri

All lift-off furnaces use an inner cover to
shield the effective load and the protective gas
from the furnace gases during heating and from
the ambient atmosphere during coolihg. Inner covers
are made of material which generally lies between
mild steel and heat resistant steel of 25% Cr and
12% Ni. The latter has a much increased life time
of about 10 years, but it is three times more expen-
sive than mild steel. However, the life time of
mild steel could be extended by using a protective

coating like aluminium spraying.

In the annealing furnace, the inner cover has
the following functions:
(i) A heat exchanger to transfer heat between the
stack and the surrounding combustion products during
heating cycle or atmospheric air during cooling

cycle. This heat exchange is effected directly by

radiation and indirectly through the high velocity

recirculating gas.

(ii) It serves to protect the special gas surrounding

the load from contamination with the surrounding

atmosphere.

(iii) It extracts heat from the circulating gas

during cooling by natural OT forced convection.

18



2.1.6 Protective Atmosphere

The provision of special atmosphere is usually
used to prevent oxidation and discolouration of steel
during the annealing process. A deoxidizing gas is
made by partial combustion of coke oven, town gas or
propane which yields a gas composed of about 10% CO,
5% CO2, hydrogen and water vapour. This gas gives
full protection during annealing without affecting

the surface finish of steel.

The gas which is often used is composed of
nitrogen and about 5% hydrogen. With the growing
requisite of oxygen in integrated steel-works, the
general practice is to use the residual nitrogen
derived from this process, and after ratification
and elimination of oxygen traces add the necessary
hydrogen produced from an ammonia cracking plant.
This gas is non-toxic and non-explosive, and produces

steel sheets with good surface finish.

2.1.7 TFurnace Refractory

The type of refractory material used for inner

lining of furnace wall is of great significance.

The essential characteristics of furnace wall are

the following:

(i) low density so as 1o lessen the overall weight

of the portable cover furnace and hence reduce the

1ifting load.
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(11) high insulating properties to limit the heat
losses and allow minimum wall thickness. This also
minimizes the lifting power. |
(iii) the refractory must be burned in a kiln at a
temperature substantially higher than the temperature
attained in the furnace to prewaﬁ;after—shrinkage and
resultant gas leakage which could seriously impair

the operating efficiency of the furnace.

Special lightweight refractories have been
developed to meet the above requirements. These
are the hot face refractory bricks of density less
than 0.45g/cm3. Usually, the hot face refractory
walls are backed by lower temperature insulating
materials between the wali and the outer steel

casing. Presumably’this insulating material is of

asbestos construction.

2.1.8 Thermal Efficiency

This term is often confused or misunderstood

when associated with annealing. The real function

of the annealing furnace, apart from the subsequent

cooling phase, is to heat the charge from the

ambient temperature to the prescribed annealing

temperature with minimum temperature differential

throughout the load. This is the point in the anneal-

ing cycle at which the heating is finished and the

soak or holding stage commences., So the thermal

efficiency of the furnace during this heating phase

20



could be defined as the heat input to the steel
charge divided by the total heat released by the
fuel; this efficiency is expressed as a percentage.
Nevertheless, the thermal efficiency of the furnace

is sometimes given in therms per ton of heated

steel. A few years ago, a thermal efficiency of

20 therms per ton or 30-35% was common practice.
Nowadays, the improvements in insulation, recupera-
tion, combustion control and gas circulation resulted
in thermal efficiency of 6-7 therms per ton or

70-60%. This high efficiency yvields considerable
savings in the operating costs of annealing instal-

lations of lift-off furnaces.

2.1.9 Cooling Techniques

At the end of soaking, the required metallurgical
effects of annealing would be imparted on the steel,
and the load must be cooled, in the same protective
gas, before exposure to ambient atmosphere. The

temperature of steel must be brought down to about

180°C where no oxidation could take place.

Many methods have peen used to advance the cool-

ing of the charge within the inner cover SO as to

maximize the effective use of the bases. Several

attempts were made to use cooling water, but have

proved to be defective because the water causes

of the inner cover as well as discolour-

distortion

sed surfaces of the

ation oOr plueing of the expo
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coils, T .
he most Suitable cooling is by the protective

gas Whlch 1s drawn from within the inner cover,
as
passed through shell and tupe coolers and recirculated

to the charge. Although this method accelerates

the cooling rate considerably, yet it involves
large capital and operating costs incurred in the

permanent circulating system installed in each base.

The cooling rate could be accelerated further
by using a portable cooling hood, which provides an
annular duct around the inner cover. The hood is
supplied with a large volume fan at the top to
induce air between the cooling hood and the outer
surface of the inner cover. The induced air promotes
the forced convection currents to extract heat from
the inner cover at fairly accelerated ;gte as
compared with radiation and free convection cooling.

This technique reduces the cooling time by about 30%.

The cooling and reloading of the furnace requires

about double the time needed for preheating and

soaking; therefore it 1s conventional to provide 2-3

pbases per furnace for either single or multistacks.

‘It is found that sccelerated ccoling rates reduce

this ratio to an average of 2% bases per active

furnace stack.

9. 1.10 Stacking Strategy

The first annealing furnace was designed to

.ve a charge of steel coils having diameters of
receiv
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up to 1.2 metres ang g Stacking height of 2.3 metres.,
Cover type furnaces have also been developed for

more than one stack on the same base. So bases have

been designed to accommodate from two to eight

stacks of coils; but the general practice in multi-

stack bases has four stacks of total weight of 300

tons.

The question of whether to use single or multi-
stack bases is more-or-less controversial; however,
there are some arguments behind each system. The
advantages of single stack installations are the
following:

(a) the furnace is light and hence small lifting
capacity and lighter building requirements would
suffice.

(b) there is no need for deep basement below the floor
level.

(c) there is greater flexibility of loading.

The positive arguements for multistack furnaces

are the following:

(a) it reduces the capital cost when large tonnage

of one particular grade of material is to be

annealed.

(b) it reduces the operating labour cost.

(c) it requires less instrumentation.
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CHAPTER THREE

THE FURNACE DESIGN MODEL
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THE FURNACE DESIGN MODEL

3.1 Methods of Furnace Design

The practice in furnace design does not depend on general-
izations resulting from well-controlled experiments of full-
scale or reasonably large-scale performance. This is bécause
of the high cost incurred in furnace experimentation. Altern-
atively, simple predictive models( 2) have been used, and
they show good success in the following fields:

(a) The applications to those furnace design problems in which
the prediction of detailed flux density pattern over the
surface of the sink is relatively less important than the
prediction of the total energy transfer.

(b) Keeping satisfactory assumptions for flow and combustion,
simplified and reasonable patterns of flow and of combustion
progress in the furnace gases together wifh temperature
gradients in the gas and temperature variation over the

surfaces, in radiative equilibrium, give performance predic-

tions, which are close to reality.

The main objectives of the fuel-fired furnace are the

combustion of fuel in air and the energy transfer from the

combustion products to the stock. The furnace may be designed

so as to allow the burning of the fuel to be completed before

the heat transfer begins. In this case, 1t is required to

design a combustion chamber followed by a heat transfer

the furnace may be designed to

section. On the other hand,
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~omb i .
C >ine the combustion of the fueland the heat transfer in

the same chamber., The latter can possibly be followed by a

econda i
] dary section of heat transfer if the sink temperature

is justifiably low. The choice between these two extremes

depends on the size of the operation , quality of the fuel,

the ease of design and the total cost of the furnace.

The process of heat transfer from the fuel and air
entering the furnace to the heat-sink surface disposed on the
walls involves a combination of problems in fluid mechanics,
molecular and turbulent flow, chemical reaction, radiation
from solid surfaces and from gases, absorption by particles
and gases, reradiation frow refractory walls, free and
forced convection, thermal conduction, etc. The analysis
of these aspects of transfer entails rigorous mathematical
representation and tedious numerical calculations, which

require machine computation.

3.1.1 Long Furnace Model

The long furnace design model(ls) is characterized

by combustion at one ond of the furnace, plug flow of

the combustion gases with traverse mixing and negligible

radiative transfer along the direction of the gas flow.

In case of the lift-off cover furnace, the firing

sone is at the bottom oI the furnace; the combustion

products rise in the annular space between the refractory

wall and the inner cover, and the flue gases are

ough the roof of the furnace.

discharged thr

26




Assunmptions:

a adi .
(a) The adiabatic flame temperature is achieved at the
burner'
€r’'s zone because the combustion occurs very rapidly

as compared with the total gas resistance time.

(b) The furnace is very long in the direction of'the

gas flqw (axial direction in the case of the lift-off
furnace) as opposed to its width; the radiative flux

in this direction is negligible. Thus there is only

transverse radiation.

(c¢) There is negligible backmixing in the combustion
gases; however, the gas at any flow cross-section

is homogeneous and isothermal.

Following the above assumptions, the local flux
density in the sink at the downstream of the gas flow
could be expressed in terms of the local gas and sink
temperatures, the shape of the local cross-section
and the disposition of sink and refractory surfaces.

Hence the flux density from the gas to the sink is

2
(4) q

the function = ?(Tg,T Al) where Tg and Ty are

g==1 1’

the gas and sink temperatures respectively, and A1 is
the surface area of the sink per unit length of the

furnace, which is a measure of the shape of cross-

section at the specific length X. Similarly, the local

external heat losses toO the surroundings at temperature

O g

which is a unit-length surface area of the refractory
periphery from which the losses dissipate. Hence

is the flux density from the

q = w(Tg,AR) where qgo

g0

a7




gas to the Surroundings,

E . .
quating the total heat losses and the heat flux

received by the sink to the net heat flux from the

combustion products, and integrating between the

1
burner's end to g length x where the gases cool from
Tgin to Tg, the following relation is obtained.
-dH

H
x =17
q (3-1)

*
in A% * Ap*ay,

where H, q and are al
— qgo all dependent on Tg. Hin

is the enthalpy of the combustion products at the

burner zone and H is their enthalpy at temperature

T such that, dH = m_ Cp dT where m_ is the rate of
g g C _ g

air and fuel fired in kg/h and Cpc is the specific

heat of the combustion gases.

The net flux from the furnace gases is the

following

Qg,net = mg* (Hln - H) (3"'2)

If the cocmbustion gases are assumed grey, their

emissivity is equal to their absorptivity taken at

. Thus, the net
gl

the sink temperature i.e., £g = q

rate of radiative heat transfer to the sink is given
by Hottel and Sarofim ) as follows

: - _ 3-3
Q_, = Qyq*a¥x = (B5p (Fg~Fy) (3-3)

28




where E g
g 20d E, are the black emissive powers of the

gas and the sink res i G
pectively. (GSl)R is the total

gas-sink e i
Xchange area in the presence of refractory.

If
the gases are non-grey (eg # agl)’ two directed

area
€as, one based on the gas emissivity and the other

on the gas absorptivity, need to be evaluated and used

. — 2
instead of (GSI)R' Hottel and Sarofim( ) show that

GS1 1s inversely proportional to the gas temperature
Tg’ and GS1 is inversely proportional to the sink
tem : GS,,T =1GS

perature T1 such that: GSl*ig = GSI*Tl‘ Hence

equation (3-3) becomes the following

1-k°

—

= (G5, )p*(

(3-4)

Vgt 1-k?
where k = Tl/Tg and (G§1)R is the total exchange
area from the gas zone to the sink with allowance

for refractory. (GSl)R will be fully discussed later

in chapter 6.

The flux density of the heat losses to the
surroundings is given by equation (14-23) in Hottel

and Sarofinﬁ 2) as follows

L (3-5)
g = (T_~T)/(—+ =) B
go g hci Uio

where h is the heat transfer coefficient of the gas
¢l
i i i he overall heat

to the refractory inside, and Uio is the

transfer coefficient from the refractory outside to

i ure T .
ce surroundings at temperat o

the furna

29




For .
the annealing furnace, all the heat transfer

fluxes from the furnace gas to the steel load , via

the cover and the inert gas, will be dealt with later

in Chapter 6.

The load temperature at the burner end can be
controlled by various techniques. The choice of an
efficient control depends on the nature of the
furnace operation in the first place. The following
are some of these techniques:

(a) Using small convective transfer coefficient;
‘this can be done by reducing the firing rate, which
itself is a disadvantage.

(b) Adjustment of excéss air: If the excess air is
increased, the flame temperature will be reduced and
so is the furnace thermal efficiency. This may also
advance the oxidation of the cover,

(c) Recycle of combustion products: The recycling

of flue gas to the burner discharge point reduces

the combustion temperature. This could be determined

by monitoring the recycle ratio.

. . (2)
Some other methods are cited in the literature .

(1)

f Long TFurnace Model

Applications O

Gill et al( 4 implemented the plug flow, long

furnace design model in a pulverised coal-fired test

f ace The results predicted too rapid combustion,
urn .

too sharp radiation peak with axial distance and

insufficient heat transfer.

30




A modifi i
led version of the long furnace design was

used by Lucas ang I, (5)
ockett to correlate the performance

of t iri
he firing tube of 5 gas-fired shell boiler. In
thi s
1S case the radiation along the gas flow was neglected
whereas radial temperature gradients were taken into

consideration and the combustion was assumed to continue

down the firing tube.

(11)

Hadvig developed a correlation of effective
gas temperature, of the exit gas temperature and of
the rate of heat transfer by radiation and convection
with the inlet gas temperature or the adiabatic flame
temperature as argument. This correlation was based
on the assumption of black walls, grey gas and no
axial radiation. Hadvig tested his correlation by a

water-cooled combustion chamber and two power station

boilers.

Other researchers(1 ) have verified the application

of the long furnace model to indirectly fired air

heaters, self-recuperative burners and single-ended

radiant tubes.

3.2 Furnace Fuei

In integrated steelworks, the available fuel for the

annealing furnace 1s coke oven gas. Nevertheless, natural

gas may be the suitable fuel for some annealing installations.

. : s on
The combustion calculations 11 this thesis are based

natural gas from the North Sea. The informations and data

s (16)
o t 1 gas were obtained from the British Gas Data Book .
n natura
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data of .
The of the approximate long-term composition of lique-

fied natural gas (LNG) in Cheshire is used in the following

calculations. The gas composition in volume percent is as

follows:
CH, 97.5%
C2H6 1'8%
Callg 0.2%
Ng 1 0.5%

The average molecular weight of this gas is 16.41 and its

ideal gas density at 288K is O.694kg/m3.

If ideal gas behaviouris assumed to hold, the molar

composition will be the same as the composition by volume.

For ING of Cheshire:

Il
i

The gross calorific value = 38.23 uI/mS = 10.62 KWh/m°

Q
9.57 kWh/m"”

34.44 MJ/m°

The net calorific wvalue

During the combustion 211 the components of the fuel

gas, except nitrogen, undergo combustion reaction as follows:

(3-6)
cH, + 20, > 0y * 20,0

(3-7)
C Hg + 330, > 2C0p * 330

(3-8)
ey + 50, * 3C0p * 4Hp0

From the above combustion equations, the stoichiometric

ete combustion of unit

amount of air necessary for the compl

umes. The fuel in the theoretical

as 9.38%, and the theoretical

volume of fuel is 9.66 vol

. . (
combustion mixture 18 given

composition of the waste gases is the followlng:
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No

o 70.74 (volume %)
-0

HZ 18.86 ( " )

o, 9.56 (" )

Inerts (argon) 0.84 ( " )

The volumes of theoretical combustion products per

volume of fuel are given(16) as follows -

N2 7.55 (volumes/volume of fuel)
Hy0 2.01 ( " " ")
COq 1.02 (" " )
Inerts 0.09 ( " " ; )

From the ideal equation, the kmols of flue gases per
kmol of fuel are calculated as 10.66kmols/kmol fuel.
Assuming 10% excess air and using the molecular weights of
the gas components and their compositions, the mean holecular
weight of combustion products is obtained as 27.76. Hence

there will be 18.05kg of flue gases per kg of fuel.

The mean specific heat of the combustion mixture is

correlated from the specific heats of the components and

their compositions in a polynomial, which is a function of

the absolute temperature of the gas as:

. 4 bT + T2 + aT° Kkih/ke/K © (3-9)

Cpc(i) )
where a = 2.972 * 107
-8
b = 2.303 * 10
-11
c =1.721 * 10

-3
g = -5.819 * 10
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3.3 Combustion Calculations

Basis: 1 kg fuel

Assume that the combustion mixture enters the firing

zone at 300K. The ideal density of the mixture at 300K is

3 .
0.666kg/m~. Hence the net calorific value of the fuel is

14.369kWh/kg. The specific heat of the fuel at 300K 1is
computed as Cp (300) = 5.85 * 10~ * kWh/kg/K. The sensible
heat associated with 1lkg fuel at 300K is then 0.175 kWh/kg
fuel. The total heat (sensible + calorific value) in 1lkg
fuel at 300K is 14.544 kWh/kg fuel. The specific heat of

4

air at 300K is calculated as 2.785 * 10 - kWh/kg/K. The

sensible heat in 1kg air is 0.0836 kWh/kg.

Assume there are x kmols excess air per kmol of stoil-
chiometric air such that the total air in the firing
mixture is 17.05%(1+x) kg/kg fuel. Hence the sensible

heat associated with the incoming air is 1.425%(1+x) kWh/kg

fuel.

The total heat input to the furnace is composed of the

heat liberated by the combustion of the fuel in air. So,

the total heat given by the combustion mixture is calculated

as 15.969 + 1.425%x kWh/kg fuel.

3.3.1 Adiabatic Flame Temperature

(17) .
This is the ideal flame temperature which can

be determined DbV assuming:

xidation of reactive components of the

(a) complete ©

fuel by the exact stoichiometric air,
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(b) perfect mixing of the fye] and the air

(c¢) instantaneous combustion of gases so that no

heat losses occur during burning. Generally the

flame temperature attained by the combustion of the
fuel is governed by the following factors:

(a) the burner design which affects the rate of

the combustion reaction.

(b) excess air over the stoichiometric amount, since
this affects the amount of nitrogen to which part
of the heat is imparted.

(c¢) the effective calorific value which depends on
the actual temperature, which in turn governs the
equilibrium of the reaction.

(d) the temperature of the fuel and air prior to
combustion, because the sensible heat of the react-
ants must be added to the calorific value for

calculating the total heat available in the combustion

mixture.

The total mass of the firing mixture is mg =

1 + 17.05%(1+x) kg/kg fuel. The specific heat of the

combustion products is given by equation (3-9) as

Cp (Td) where Td is the adiabatic flame temperature
c

in degree K. Heat palance: Theheat given to the

combustion products is equal to the beat liberated from

the firing mixture. Therefore;

(1 + 17.05 * (1+x) ) * Cpc(Td) * Td

(3-10)

= 15.969 + 1,425 * X
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solved

any other technique,

3.3.2 Emissivity of Combustion Gases

The stoichiometric calculations of the combustion

ite '
ratively by Newton-Raphson method or

equations (3-6) - (3-8), result in the following

composition of the combustion products after neglecting

the inert component:

No

H2O

CO2

Total

7.85
2.01

1.02

10.88

kmol/kmol fuel

The emissivity of the gases is dependent on the

partial pressures of CO2 and H2O.

To allow for the x kmol excess air per kmol

stoichiometric air,

to the following:

Nog

-~

CCy

HZO

Oq

The partial

R

Pco,

7.85 * (1+x)

1.02
2.01

2,02 * x

1

T

1

10.88 + 9.87 * X

press

1.02

(atm)

10.88 + 9.87 * X
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ure of carbon dioxide 1is

the above composition is modified

kmol/kmol fuel

(3-11)
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The rati
atio of water vapour to carbon dioxide is 1.97

therefore, the total pressure is given by :

P = 2,97 %

Since the radiation in the gas medium is not
parallel and the various beams travel different
distances through the medium, a mean beam length,
which 1s dependent on the geometry and the attenuation

of the gas 1is usually used. This is calculated from(18)

_ '
Ly =357 (3-13)

where V is the volume occupied by the gas and A is the
surface in contact with the gas. For the arrangement

of the annealing lift-off cover furnace, the mean

beam length becomes

L = 32 (Dy - Dy) (3-14)

where D1 is the diameter of the cover and D8 the diam-

eter of the refractory:

The emissivity of the gas is calculated using

11 )
Hadvig's correlation( ) as follows:

e = (2.7 - Td/1000) * F(RO) (3-15)
g

= * m,.atm
where the argument RO = Ly P ( )

erature

3.3.3 Calculation of Furnace Temp

i ure of
The furnace€ temperature 1S the temperat

s after leaving the firing zone

the combustion product
nt from the adiabatic flame temperature.
e
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This tem .
perature is measured in Practice by a thermo

couple and
p used as a control for the heating cycle. The

following calculation of this temperature is based

on the heat transfer between the refractory wall

the furnace gases, the inner cover and the thermocouple.

View Factors:

Let the subscriptl indicate the outer surface of
the cover, 2 denote the thermocouple and 3 denote the

refractory wall.

Because the surface area of the thermocouple
is negligible when compared with those of the cover
and the refractory wall, then A2 = 0 and the view
factor from the thermocouple to itself F22 is zero.
Since the outer surface of the cover is convex, then
the view factor from the cover to itself Fll is zero
also. The view factor from any point on the refractory

wall to the cover is the same as that from all other

points on the refractory surface to the cover. Since

the thermocouple could be considered as a point on

the refractory wall, then the view factor from the

thermocouple to the cover is equal to the view factor

from the refractory wall to the cover.
(3-162a)
Hence Foq = F31
=1 (3-16Db)
Generally L Fij =
J
=1 (3-16c¢)
S0 Fig * 13
since Fi1 0




From the reciprocosity Law

because

By equations (3-16¢) and (3-16e)

F13 =1

Again by (3-164d),

Foy =27~

w
w

Hence F31 = F21 = T

By equations (3-16b), (3-16g) and F

&
il
—
I
=
i

23 21 D

because AZ is zero.

(3-16g) will give Fgg @S follows:

Fag 31 D
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22

1 = Foqy =77

0

(3-16d)

(3-16e)

(3-167)

(3-16g)

(3-16h)

(3-161)

Therefore, equations (3-16b) and

(3163)




Heat Balance:

Th o .
€ radiation interchanged between the surfaces

of the refractory, the cover and the thermocouple is

attenuated by t ing i

y the absorbing gas which, by virtue of
its temperature, radiates heat to these surfaces. The
emissivity of the gas eg is calculated before by
equation (3-15) and its emissive power is E_ = oT 4

g

where Tg 1s the gas temperature and o is Stefan-Boltzmann
constant. The transmissivity of the gas medium between

any pair of these surfaces is assumed to be of a single

value obtained by v = 1 -~ eg.
ILet the black emissive powers of the cover and

the thermocouple be El = 0T14 and E2 = 0T24 where T1

and T2 are the absolute temperatures of the cover and

the thermocouple respectively. If Wl’ W2 and W3 are
the radiosities of the cover, the thermocouple and
the refractory wall respectively, then equation (4-37)

given by Gray(18) and Miiller

n
_ : 4+ p.e E
W, = giEi + piTjileFlJ Pifsty

will result in the following set of equations:

3o+ e E ) (3-17a)
W, = eqBy + ey (WyFpp T Tofia 7 WaFi3)T * fgig

. I F + ¢ B )+h (T -T,)
# WyFog + WaFiga)T ¥ S0 8727 (g _y 7y

WZ €2E2 + 02((:;‘\’711?21

e E (3-17¢c)

3 373

H E +h . T "Tﬂ)
W T+ W3F33)T + S g) w< g 3

+ p3((WlF31 + Wz 32
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where hw and ho are the convective heat transfer

coeificients from the gas to the refractory wall and

the thermocouple surface respectively:; ¢ is the

emissivity, p is the reflectivity and the subscripts

1, 2 and 3 stand for the cover, the thermocouple and

the refractory respect ive‘ly..

According to equations (3-16a - J), the view
factors Fll = 0, F12 =0, F32 = 0 and 1?‘13 = 1, The
refractory wall is adiabatic and so eq = 0 and Py = 1.
If the thermocouple is assumed to be adiabatic, then
€y = 0 and Py = 1. Therefore, equations (3-17a - c¢)

become the following:

= - - i, + 3-18a
Wl ElEl + (1 El)((l f—:g)\&s egEg) ( )
g o= _ ' vl + T =T 3-18b)
W, = (1 sg)(W1F21+W3F23) + egEg h J( o o) (

= s+ T -T 3-18¢c)
W3 = (l—eg)(WlF31+WSF33) + EgEg hW( o 3) (

The convective transfer terms in equations (3-18b)

and (3-18c) are assumed negligible and they are

discarded. This leaves the final form of the radiosity

equations as follows:

. . (3-19)
W= eqBp * (1-e;) ((1-e )W ¥ Egg)
3-20)
+ E (
Wy = (1-e ) (WyFgy WaFog) ™ fg¥g
(3-21)
v + E
Wy = (1-e) (WiFg1 * Wa¥aa) © “g'e

i i }‘ the
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I'e

T =T.. i
. q Equations (3-19) and (3-21) are solved

simultane ;
ously for ¥ which are thensubstituted

in equation (3-20) to solve for W
o

and W
1 nd ‘13

Finally, the

temperature of the furnace gas, which is measured by

the thermocouple, is calculated here by this equation:

LI>-—-——--—
Ty = VW,/o (3-22)

3.3.4 Firing Rate

The rate at which the fuel is fired in the furnace
is calculated from the heat balance over the whole \
furnace. The heat liberated by the combustion of the
fuel is consumed in heating the steel load and the
inert gas circulating under the cover. Some of this
heat is lost with the flue gases leaving the furnace

at the top; also there are sone losses by convection

to the ambient atmosphere through the roof and the

side walls of the furnace.

kg/h be the rate of fuel firing,

Let m
Q kW be the rate of total heat liberated
in
per kg of fuel,
Q kW be the rate of heat taken by the stack
S

of steel coils

Q kW pe the rate of heat taken by the

g
inert gas,
t loss through the
pe the rate of hea
Lr kW
roof of the furnace,
rough the

L kW be the rate of heat loss th

side walls of the furnace

a9




L kw :
£ be the rate of heat lost with the

flue gases,

From equation (3-10), the heat liberated by

combustion per kg fuel is

Q. = 15.969 + 1,425+

in (3-23)

The top loss through the furnace roof is calculated

by

2

L.=2D h_ (T

Ul
r =7 P, g Ty = 390 (3-24)

where D3 is the inner diameter of the furnace wall,

hR is the conductive heat transfer coefficient of the

refractory in kW/mz/K and ng is the absolute temper-

ature of the flue gases.

The loss through the side wall is calculated

by

T, *+ Ty
[ = n*D.H, *h * (———=F - 350) (3-25)
S 47f "R 9

where D4 is the outer diameter of the furnace casing

and Hf is its total height.

) XT (3-26)

Ly = mg*(1 + 17.05%(1+x))*¥Cp (T, ) "y

) is the specific heat of the combustion
fg

where CpC(T
ation (3-9) and evaluated at

products given by eau

ng.
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Heat balance: Heat input = Heat Output

* ° - 4 .
me* Qi o= Qg+ Qg *+ L + L.+ Lg (3-27) -
n’l * » . - - + Ld
£ Qp = Q Qg * Lo+ 1+ mf*(1+17°05*(1+x))*CpC(Tf )¥T
3

The firing rate is then given by

+Q +
=QS Qg LS+Lr

m
£ =7 (3-28)
.= (1 + 17,05% *
Un (1+x)) CpC(ng)*ng

3.3.5 Thermal Efficiency

The thermal efficiency is defined here as the
useful heat, the heat taken by the load to effect the

process heating, divided by the total heat produced

by the combustion of the fuel provided. This efficiency

is expressed as a percentage. Hence,

= S x 100 (3-29) ;
*
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MODELLING OF FLOW

DIS
CONVECTION IN TRIBUTION AND

CONVECTOR PLATES

4.1 Gas Flow Distribution

The insertion of convector plates between the coils in
an annealing furnace is intended to improve the heat trans-
mission between the inert gas and the charge, These plates,
which are inserted between the stack coils, are designed
with converging channels which are separated by steel vanes
on both sides of the plate. When the inert gas enters the
plate from the annulus between the cover and the stack, these
channels direct the flow of the gas towards the core of
the stack. Because the channels are converging towards the
core of the coil, they promoté the contact between the gas
and the edge of the coil; and hence advance the heat trnasfer

from the edges of the steel laps, axially, into the centre
of the coil.

The inert gas is drawn into the stack by a centrifugal

fan which is situated in the base of the furnace and driven

by a large electric motor. As the gas rises up through the

i i r me
annular space betweel the coils and the 1nner cover, SO

e 1
of it passes through the convector plates between the stee

; tes
colls The distribution of the gas flow between the plate

i L wi static
is governed by the pressure drop in the stack with the

The total mass
pressure at the diffuser plate as 2 datum. e

stem 1s dependent on the

of the gas circulating in the sy ; e
i the density O
volumetric capacity of the fan, Vm°/min and
ume
i at the fan.
tl hich is a function of its temperature
1e gas whil
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To investigat i
gate the distribution of gas f1
1low between

the plates, it is '
required to fing the mathemati
atlical models

which describ
e the pressure drop in the ap 1
nulus between

the cover and th i
€ stack, in the channels of the
convector

plates and in the cen
tral core of
I the stack

4,1.1 P i
.D. in the Channels of Convector Plate:

A1l dimensions in metres

Figure 4.1

Let the subscript n designate the coil number in

the stack such that n = {1 is the subscript for the

bottom coil. Fig. 4.1 represents a typical converging
) and the vanes

convective channel generated by coil (n

of the convector plate (n). The length of the

ence betweel the outer and

channel L is the differ
inner diameters of coil (n). Let the depth of the

ume that B(n) is the same for

channel be B(n), and 2SS

A7




all the NC(n) channel
SOf 1 T )
plate (n). “i and WO are the

inner and outer widths of the channel

From equation (6.2e) of McAdams(lg) the Fanning

equation can be written as follows:

fUng

dp = — 8 .

p 2% di (4.1)
c’H

where f is the dimensionless friction factor

P is the density of the inert gas
U is the local gas velocity

T is the hydraulic mean radius

o is the conversion factor

d? is the differential of the channel length

and dp 1is the differential of the pressure drop.

Applying similarity of triangles in Fig. 4,1 and

differentiating, the following 1is obtained:

L
4i = - dw (4.2)

W _-W.
o 1

The gas velocity ot the distance ¢ from the entry of

the channel is then calculated from the volumetric

capacity of the fan as follows:
T .(n)
U Vo« ,,_ﬂ__j;_,,—.* _er (4.3)
) 60 NC(n)*B(n)*w Tfn

temperature of the gas entering

qture of the gas in

is the
where Tgi(n) 1

i he temper
plate (n), and Tep is t

the fan. 48




Assuming that the inert gas follows ideal gas

behaviour, its density is calculated from the ideal

gas equation as follows:

o = 341.4/T
g

g () (4.4)

The hydraulic mean radius is defined as the surface
area occupied by the gas divided by its perimeter.

Thus

w * B(n) .
'y = (4.5)
2%(w + B(n))

Substitution of equatioms (4.2) - (4.5) in the Fanning

equation (4.1) gives the following:

_ap = 0.0237 . v )2 . T i(n) )
e NC(n)*B(n)*Tfn WO—Wi
w+B(n)
fL * —s dw (4.6)
B(n)w

Integrating and rearranging, the pressure drop becomes

the following:

2
P A \ X |
_ Lm0 (12 ) x ( )
_op = 1.864 %10 ¥ == * BT T ey, ;"»
. i 1 !
|

__,g;_,? (4.7)

(Tfn)

y head loss 1is a1lowed for the

If one velocit
rop will then become the

entry effect, the pressure d

following:
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- A =
Pee EA(n)*Tgi(n)/(Tfn)2 (mm.w.g) (4.8)

where -4 i i
D, 1S the pressure drop in the convective

channel and

_ Voo
EA(n) = 1.864 * 10 9 x (1+\_£_L.‘.* (1 +_9+_£9))*
1 Wi B(n)
v 2
(ﬁg‘—:f————ﬂ (4.9)
B, W
) Bny'o

4.1.2 P.D. in the Annulus between the Cover and the Stack

The frictional pressure drop under the inner
cover could be proven negligible for the order of the
fan capacity and stacking height. Nevertheless, the
convector plates have larger diameters than those of
steel coils, and this develops a permanent pressure
drop of th vélocity heads becuase of the contraction

at plate (n) which is situated between coils (n) and

(n+l).
Spiers(20> in Table 82 expressed the pressure drop due tO

sudden contraction as & relationship of the number of

velocity heads with the hydraulic mean diameter between

coil (n) and the cover and that petween the convector

plate and the cover as follows:

()
=

4
= fﬁ.% 1 ¢ - (EH——%) )/0.36 (4.10)
Noy = ((dH2 &y

i iven by
where the hydraulic mean diameters are g

=D
dy, = Dy = DOrp) and dyg 2

H1
is that
diameter of the cOvVel: Dy 1S

- Dy and Dy is the

of the convector
e coil (n).

is the outer diameter of th

plate and DO(n) ]
50
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One veloci |
1ty head of pressur drop in the annular

space could be evaluated at the fan temperat
ure as

follows:
2
ng 341.4 ' 4 T 2
- . : *
o Tgi(ny 80 m(Dym DO\ Ty c

Therefore, the pressure drop under the cover at plate

(n) is the following:

2
-A = k
Pag = BBrno1) * Tgi(m)/Men (4.11)
where
_9 \Y 2
EB(n-1) = 6.043 * 10 * N * ( ) (4.12)
vh DZ—(DO )2
2 (n)
and-ﬁpAG is the pressure drop in the annulus.
4.1.3 P.D. in the core of the Stack
accum-

The inert gas leaves the convector plates,

ulates in the core of the stack and flows downwards to

the base of the furnace. when the gas passSes plate

(n) flowing downward, 1t develops 2a pressure drop

which could beé calculated from the Fanning equation

as follows:

2
U0 4 H (4.13)
S - S

chrH

._Ap
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where the h i i .
vdraulic mean radius is given by _ELEl
4

such that DI i i i
(n) 1s the inner diameter of the coil

(n), and H is the height from the base of the stack
to the bottom of coil (n).

If Tgc is the temperature of the gas in the

core at plate (n), the pressure drop will be the

following:

% 1 (X_ * 4 x _£C )
DI 2
T g 60 1T(DI(n

So the pressure drop in the core of stack is as follows:

~bp,g = EC x B (4.14)

(n) (Tfn)

where

_ 2 5
o 417 * 1078 * pxxV /(DI ) (4.15)

EC(n)

4.1.4 P.D. in the Holes of Convector plates:

The holes in the centre of convector plates are

e of the
usually 1less in diameter than the central core Oi U

coils. Hence, the gas flowing through these holes
f M velocity
produces a permanent pressure drob O fyh

i the
heads Again applying Spier's correlation for
¢ ’
due t0o sudden contractlon,

number of velocity heads

M n is calculated aS follows:
v

(4.16)

4 *
- - 1) * (
Moy = (dp

2 36
1 - dH)/O'

=Xy ]




where d,, = DI
H (n)/Dhol and D

the plate hole.

hol is the diameter of

The pressure drop in the hole will therefore

be given by the following:

T
- bp, = ED * BS
Py 5 (4.17)
(Tfn)

where

V2
* M o— (4.18)
vh (DI(n)f

ED = 6.043 * 107°

4.1.5 Algorithm for Calculating the Flow Distribution

Pl
—
p
(n+1)4] ‘\\\\\ i
A \\\\\\plate (n+1) %
coil (n+l)
plate (n)
P(n); I ;ﬁ////’
P,
coil(n)
/,_—-——-Nm 5
inner cover
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The al i
gorithm of calculating the fractions of the
the gas £ i
o low passing through each convector plate will

be derived on the basis of pressure drop as shown

diagramatically in Fig. 4.2

Let R i
(n) be the fraction of the total gas flow which

nasses through plate (n). From Fig. 4.2, the
pressure drop in the annular gap between the cover and

the stack at coil (n + 1) is expressed as follows:

(R (4.19a)

- = * 2
Pnyo ~ Prnsiyo - P ac TReney

The square of the fraction accounts for the square

of flow in .the velocity head or the Fanning equation.

The pressure drop in the channels of the convector

plate above coil (n+1), could be written as follows:

9
= 4.19b
Pp+1)o - Prn+r)id o ¥ ®eps1) ( )

Similarly, the pressure drop in the core of the steel

coils becomes;

= (4.19¢®
p(n+1)l - p(n)l B ApCS *(R(n+1))

i sure
The summation of equations (4.19a—c) gives the pres

drop across plate (n) as follows:

2 .
= + ap. )R (4.20)
P(nyo ~ Pinyi (bPpg ™ bPcc cs (n+19

1) due
But the actual pressure drop along plate (n)

be expre-

cti could
to the loss in the convective channels

ssed as follows:
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- = gi(n)
Pinyo Pinyi EA(n) * - 5 * (R(n)) (4.21)
(ifn)
By guessing a value for R(n+1), equations (4.20)

gnd (4.21) could be solved simultaneously for R(n)'
This is valid for the top plate only. For the second
plate from the top and further downward, there is an
additional term due to the pressure loss over the

upper plate or plates. This is expressed by a cummula-

tive fraction calcualated as;

R + R (4.22)

c ™ Bpy * Bewpo1y tooee (n)

where Np is the total number of convector plates.
Therefore, the pressure drop in the holes of a plate,

or plates, is given by the following:

T
= ED * —B= 4 « (RC)2 (4.23)

_.Ap
hol (T

gn)

If the convector plates are numbered from the
bottom, with the diffuser plate as 1, upward until the
top plate Np, the algorithm for calculating the
distribution of the gas flow between the plates is
obtained as follows:

For the top plate, n = Np-

" 2
" <Apcc+ApAG+Apcs) (Tfn) (4.24)
Rip-1y = B

EAp-1) * Tgi(n-1)

When n < N§“1
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S
R :(CC+S

(n) EA

AG * SCS %

)
(n) . Tgi(n)

such that S
ce

E
A(n+1)*Tgi(n+1)*(R(n+1))2

S 2

EB %
AG (0-1)Tgi(n-1)* Ry

S 2

9
es = (FC(n)™(Boyy) ™ + ED*R ™) * T,

cum RC t R(n+1),

where R

This is an iterative calculation which converges
when the sum of the fractions equals unity within

tolerable error, i.e. N

Ry T

n Mg

n

Knowing the fractions of the gas flow going into
each convector plate, the corresponding flow rate in

that plate is then calculated as

Fony = By * Tt (4.262)

where Ft is the total flow given by

P = 20480 * =—— (kg/h) (4.26b)
t T..

4.1.6 Total Pressure Drop in the Stack

pressﬁre loss between the entry

This is the total

of the gas to the stack at the diffuser plate and the

i v, This 1is
gas return to the pasement via the downcomer

pressure drop across all the

the summation of the

nnulus betweel the cover

convector plates, through the 2

o thacentral core of the stack.

and the coils, and alon

i llows:
This is expressed mathematlcally as fo
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pt = (ApCC + ApAG + Apcs)n=

This pressure drop is expressed in mm.w.g.

4.2 Heat Transfer in Convector Channels

The heat is transferred in the channels of the convector
plate mainly by forced convection, because the inert gas
attains turbulent flow in the channel. Other modes of heat
transfer by conduction and radiation are neglected in the
following analysis because of fhe poor contact at the ends
of the coil laps, and the negligible emissivity of the inert

gas respectively.

Since the channel is converging towards the centre of
the stack, the heat transfer coefficient of forced convec-
tion is high at the entry of the channel, falling to a steady
value some distance downstream of the gas flow. In a circular
pipe, this distance is 24 diametersal), and the entry effect
is ekpressed by a scaling factor Y which 1is derived as a

function of the distance-to-diameter ratio.

With'reference to Fig. 1, let DH be the hydraulic mean

diameter of the channel where

2 B * w
_ (n)
.DH - B + W
(n)
_ Ly Bn) i
Therefore, w = > g

sz

s
PR
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gk (W - W.)
But w = WO - o 1

L

Differentiating and rearranging gives the following equation:

de -L 1 1 2B
— st 2K (___ + + (Il) 2 dDH
2(W W, - =
Dy (W) Dy 2B(m) Dy (ZB(H) D)
Let the distance-to-diameter ratio be x, then
£ d2 L w 1
X=J —=c—""" % (gn () + (W =) ) (4.28)
o Dy 2(W ) Yo By

The length of the channel L is based on the larger diameter
D I
D such that L = —2&% = (1) where D is DO, ., or DO
max o max (n)
¥z % (§ - W.)
whichever is larger. Similarly, w = Wi + 2 where

D - DI
max (n)
7 is the distance from the inner end of the channel to the

(n+1)

position of width w.

The correction of entry effect is given as a factor Y
which is plotted versus the distance-to-diameter ratio in
Engineering Science_Dat4212Curves (4) and (5) shown in the

above reference for sharp-edged entry or orifice plate are

correlated, in this work, by the following relationship:

0.418 + 0.204 * an(x) for 1 < x < 24

a3
"

1 for x > 24

and Y

At the entry of the channel, WO >> B(n) and hence the

hydraulic mean diameter approximates to the following:

D.. = 2%*B . Thus at the outer periphery of the convector

H (n)
channel
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2
10 : v
X = , taking €
4%B | ,
(n)

. 0.18
is red g M
educed by (u_/up)

where:pf
of the wall and yu_ is that of the !

In case of nitrogen being fhe inerfﬁgél

could be expressed in terms of temperatures

where the subscripts wand b déﬁﬁ%E thé

respectively.

The temperature of the wall T, at radius r, 1
ted at the beginning of the time interval as the averégéy@f

the temperature of the top end of coii”(ﬁjzét radius-r;ﬁénd,'

transfer coefficient of forced convection

from the following equation:

hD 0.023 ‘8

k Y

where Re and Pr are Reynolds and Prandtl numbers respectively;

.

The mass velocity through the NC(H) Qhannels/qf plate

(n) is given by

1

(4.30a)

G=F
p(n) Nc(n)*B(n)*W

and
*
Gy 2 * Fpea)

* (B

U’kNC(n) (n)+w)

59




where F i . flow Trat
p(n) 1s the gas flow rate :

P =2 * {
r pg ~ Vg/%g

Substituting from equations (4;36&?@)

the heat transfer coefficient becomes

4.3 The Gas Temperature Profile in Convector‘Chaﬂnelﬁﬁﬂ”ﬂfﬁ

The nitrogen gas enters the convector plate (n) from

the annulus between the cover and the stack at a temperature

Tgi(n)' \s the gas flows in the'channels;gjftﬁéwpiate,\its
temperature changes with the radial pQSitiQDfﬁloni’ he

channel. The derivation of the ﬁrdfiié%gfith'§;tempéfa£ure,

with radius as argument, is based Oh'%hé’ﬁéat7bgiance

S e e

between the gas and the ends of coils.

i—'l,.,—-—/
<§— AY —— P , o ;
Ta(i-1) Fo(n) 2(1)
\
\\-

\\

Figure 4.3 -
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Let T, ;y be the average wall te

re of the two
ends of the coils above and below the convector P”' '

(n) at radius r. This wall temperature is calculated at

the beginning of the time interval. T
respectively the temperatures enteringféﬁ*

increment of the channel of length Ar, éeeiFig,

The heét'balance over the increment,inifﬁéi?hénnel,
between i and i-1 is expressed by equating the heét'releaSed'
from the gas due to its temperature change ﬁrom Tg(i)'to
Tg(i-l)’ to the heat input to the increment of the coils’” ﬁﬂwh

ends between radii r + Ar and r. This is written mathem-

atically as follows:

) = A, *h, * (T _-T )  (4.32)

Fom) . Cog * (Tg(1)Tg(i-1) c gm W(i)

where A, = 27(2rir - (Ar)z) which accounts fOrﬁ?hé*two
' T = 1r
surfaces above and below the‘convector plate, 'I‘g.{.n Z(Tg(i)
. , C is the specific heat capacity of the gas
Tg(l—l)) pg P
. g is the flow rate of the gas in
evaluated at Tg(l)’ Pp(n) g

convector plate (n) and h,  is the heat transfer coefficient.

Therefore, starting from the entry, Tg(i) = Tgi(n)

:
< {
.
|

and T (i-1) is then given by the following equation:
gli-
-1 xC -%)y*xT . 4+a*xT ) (4.33)
Toiy =5 (Tpm * g ™2 7 Te®) w(i)
where E

= * C + 2
o = Ay * hg and B = Tpp) ¥ G e/
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TRANSIENT CONDUCTION IN A COIL
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TRANSIENT CONDUCTION IN A COIL

5.1 The Conduction Model

Since the steel coiis are axially symmetrical, only
half of a vertical section through a diameter of the coil
will be considered. Heat flow in the diréétion of the
tangential coordinates is taken as zero. In the model,
the thermophysical properties of the steel coils are indep-
endent of temperature, which varies widely throughout the
annealing cycle. These properties are correlated as poly-

nomials of absolute temperature.

To derive the model of heat conduction in the coil,
consider a cylindrical element of thickness ér at radius
r from the centre of the coil, and of length &z at height

7z above the bottom of the coil as shown in Fig. 5.1

Assumptions:

1. The thermal conductivity of the coil in the axial
direction is the same as that of steel, and expressed as a
polynomial of the temperature at the centre of the element.
Although there may be an axial temperature gradiant across
the element, it is assumed that GKS/az = 0; where Kg is the
thermal conductivity of steel, z and r are the axial and

radial coordinates in the coll respectively.
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A ¥
! (Qac)out
(QRC)in ; % (QRC%mt
r e .
<& 1 - sz
H T !
“—Dl —">' 1 <
—r— S T
(Qp )
v i ,' AC’ in
< — DO l -
Figure 5.1

Vertical section through a diameter of the coil with the
incremental elements on one half of the coil

2. Since the thickness of the steel strip may not be
constant throughout the coil, and becauée the thermal
expansion of steel may chénge the width of the gaps between
adjacent laps in the coil, there may be an extra resistance
against heat conduction in the radial direction of the coil,
For this reason, an effective thermal conductivity 'in the
radial direction Kr is expressed in terms of steel conduc-
tivity KS multiplied by a correction factor which accounts

for the extra resistance. Hence,
K. =0U*K (5.1)
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where U is the correction facfbr/Whic s”aVTUﬁétidﬁfof

the radius r, the temperature T and the temperature grad-
%%. This correction to

radial conductivity is discussed in section 5.3.

ient with respect to this radius,

3. When calculating mass and thermal capacity, the density
and the specific heat'oﬁ the coil are considered equal to
those of steel; i.e. treating the coil as a solid cylinder
of steel. This effectively ignores the influence of the
gaps between adjacent laps of steel, on those physical

properties.

Héat Balance

The transient heat balance over the cylindrical

element is:
Heat Input - Heat Output = Heat Accumulation

According to assumptions (2) and (3), the heat is
_transferred in the coil by axial and radial conduction

only. Therefore,

(QRC%H+ (QAC)in - (QRC)out (QAC)out “ACC (5.2)

where the subscripts RC and AC indicate radial and axial

éonduction, respectively; and

8T 6 Sr
(Qpe)jn = 27roz (-Tgzr ~ 57 K dr) VR

sT & (K GT) GZ)

2nrér (—KS 3z iz s 32 o

(QAC)in
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(QRC)out B

S , _ EI §o STz
(QAC)out 2nrér ( Ks 3z * 5z (Kg EE) 5_)
_ 5
QACC 2rrérsz —5_9- (pSCpST)
But
§ s §T
75 (PG 1) = 57 (G, T 55
S S
Hence,
_ 5 5T
QACC 2mr § réz (pSCpS + T 3T (DSCpS)) )

where Pq and Cp are the density and the specific heat of
S

the coil respectively, and 6 is time.

After substitution in equation (5.2), rearranging and

taking limits as §r-0, the model of heat conduction in

the coil becomes as follows:

2 2
37T 3T U dU, oT, _ T
0g G ¥ U3 5+ i) T 39 (5.3a)
3z dTr
where
_ Ks (5.3Db)
s, ¢ T —2 (o C_ )
p + = (p
S Pg 3T S Pq
At time 6 = 0, the temperature everywhere in the coil is
TO.

5.2 Boundary Conditions

There are three transfer boundaries of the coil:

1. The outer periphery of the coil facing the inner
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cover. The heat transfer at/thfs*EOundérf"is effected"by
the following modes:

(a) Radiative transfer between the cover and the
-outer periphery of the coil with the inert gas
as a tranéparent medium.

(b) Convection from-the inert gas flowing in the

. annulus between the cover and the periphery of

the coil.

2. The bottom and top ends of the coil where the convector
plates are placed to allow forced convection between the
coil :ends and the ciréulating inert gas flowing inward
through the convector channels. Conduction through the
vanes of the plate also contributes a little to the heat

transfer at these end boundaries.

3. In the inner core at the centre of the stack, the inert
‘gas flows downward towards the base of the furnace. In
this zone, heat is exchanged between the gas and the inner

surface of the coils by forced convection.

Assumptions:

1. The inert gas circulating under the cover is mainly
composed of nitrogen with very little content of CO2 and

no water vapour; hence its emissivity is negligible. So the
radiation exchange between this gas and the outer surface

of the coil is ignored.

2. In the convector plates at the ends of the coil, the

convective transfer is considered as the controlling mode

?Q:"gof heat transfer. Heat conduction from the convector
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plate via the vanes to the coil eﬁdsiisfnéglected due to

the small dimensions of the vanes and the poor contact

between the vanes and the coil ends.,

Generally, all the above boundary conditions of this

system are of the following type@Z):

(5.4)

where Ke is the effective thermal conductivity and a, is
the local heat flux through the bundary in the direction

of the x~coordinate.

The boundary conditions, at the different locations
in the coil surface are derived in the light of the above
assumptions as follows:

(a) Outer Periphery of the Coil:

|

Outer peripheral heat flux

68

' i

1 :

! i

i = -

. : qv - Cl(TB T
1 . {

' ) = ,
) }

§ 4 4
X . ; a, = cz(’l‘2 -T)
: ;

! '

! 3

t 3




The heat balance at this boundary of the
coil gives the following equation:
, 3T 4

= _ 4
s 3 = Gy * O = CF(Ty-T) + Cy(Ty = T) (5.5)

where Ay and q, are the convective and the
radiative fluxes to the outer periphery of the
coil respectively; T2 is the cover temperature
and the factors C1 and C2 are defined in Chapter

6.

For the solution of the conduction equation

(5.3a) when coupled with equation (5.5), the

3
following appro‘ximation<2 ) is used to evaluate
4 4
T2 - T7:
o - 1? = 1}« 3pt - aptn (5.6)

where P is the value of the coil surface temper-
ature at the beginning of the time interval.
After substitution in the conduction model, it

becomes the following:

oT

7 — T - b 3
ULS ST Eo T + Ay (5.7a)
where
_ 3
Eo = C1 + 4 * C2 * P (5.7b)
and
4 4
g = C1 * T2 + C2 (T2 + 3P7) (5.7¢)
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(b)

(e)

(d)

Lower End of the Coil

The heat balance at the convector plate
below the coil gives the following formula:

K *%2—=h * (T

s c ~.T) : (5.8)

gb

where hC is the convective heat transfer coeff-
icient in the convector plate and Tgb is the
temperature of the gas in the convective channels

below the coil.

Upper End of the Coil:

Similarly, the heat balance at the plate

above the coil results in this equation:

K — = - hC (T - T (5.9)

gt)

where Tgt is the'gas temperature in the convector

plate above the coil and hc as above.

Inner Surface of the Coil:

The heat balance in the core gives the

following:
UK .é_r.r_ = - h (T - T) (5.10)

where hCr is the convective heat transfer coeff-

icient in the core of the stack and Tgc is the

temperature of the gas flowing down to the

basement.
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5.3 Effective Radial Conductivity

Since the thickness of steel sheet may ndt be constant
over its entire width, the wraping of the steel sheet into
coil form may create some gaps between the laps of the coil.
These initial gaps are assumed negligible insofar as the
resistance to heat transfer is concerned. However, -a
positive temperature gradient in the radial direction might
cause the coil laps to separate and allow the inert gas to
fill the gaps between them. This separation resulting from
the thermal influence cannot be ignored. Hence the local
thermal conductivity of the coil in the radial direction

becomes less thanthat of solid steel.

In view of the assumption stated above, it can be
proved that if there is no positive temperature gradient,
the laps will not open. The reason for this is that, in
the absence of radial positive temperature gradient, the
steel sheet éxpands in the same proportion as the radii

of the inner and outer surfaces of the laps increase.

5.3.1 Correlation of Separation with Temperature
Gradient

Fig. 5.2a shows adjacent laps touching each
other at the initial temperature TO, where r is the
radius and 6 is the initial thickness of the steel
So the radii of the inner and outer surfaces

sheet.

of the laps, Iy and ro respectively, are defined as

follows:

-y -5 (5.11a)
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Fg =0+ 38 : (5.11b)

Fig. 5.2b shows the same laps at a higher temper-
ature T. At this temperature the thickness of‘the
sheet expands from § to &~ and 1f there is 'a positive
gradient, the laps open to create a gap of thickness
X. Similarly, the inner and outer radii of theylaps
become rl‘ and r2’ respectively. The following
relationships are obtained from the linear thermal

expansion and equations (5.11a) and (5.11b):

ry? = (r-6) (1 +2a(T =6 S = T ) (5.12a)
rys = (r+8) (1 + A (T +6 %% - T)) (5.12b)
¢ = 6(1 + A (T = T)) (5.12¢)

where AS is the coefficient of linear expansion of

. 4
steel which is a function of temperature@ ) as shown

in Appendix (A-3).

Also from Fig. 5.2b, it can be shown that

X = 1yt - ;7 - 267 (5.13)

Hence, from equations(5.12a-c) and (5.13), the width
of the gap relative to the steel sheet thickness at

T can be expressed in terms of temperature gradient

O’
with respect to radius as follows:

(5.14)
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Figure 5.2a Figure 5.2b
T > T,

Horizontal section through part of two adjacent laps of a
coil.

Fig. a: the coil laps touching each other

Fig. b: the coil laps separated

5.3.2 Heat Transfer between Steel Laps

When the laps open, the inert gas fills the

gap created between them. So the coefficient of

conductive transfer in the gas gap will be hg = —g

where Kg is the thermal conductivity of the inert
gas which 1is correlated as a polynomial of temper-
ature@4) as in Appendix (B-1). Similarly, the

conductive coefficient of the steel lap is given by

hy = Kg/9
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Heat is also tranferred by radiation. So,
consider the steel laps to be closely spaced similar
cylinders of areas Ay and A2 at uniform temperatures
T and T + A respectively. The subscript 1 denotes
the outer convex surface of the inner lap and 2 be

the inner concave surface of the outer lap. Then

' n
the vi =0 ; = =
iew factor F11 0; and from jil Fij =1, Fli = 1.
From the reciprocosity law A. F.. = A, F.., F o = L
Al i 71ij j ~3i’ “21 - A2
and F22 =1 - -A—é-o

Applying equation(346b) from Hottel and Sarofim(z)

for surface 2, the following is obtained:

= i WldF21 A
1 2

+ J Wzszz

By integration and substitution for view factors from
above, the following equation is obtained.

W, - €5 B, W, A A
2~ f2 % M1 1+w2 (1 - =) (5.15a)

9 Ay

Similarly, the application of the same equation (3.6b)

for surface A1 results in the following:

= W (5.15b)

where Wl’ W, are the radiosities; EY E, are the

emissive powers; py, pg ar€ the reflectivies; and €4

e, are the emissivities of surfaces 1 and 2 respectively.
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The radiosity of surface 1, W, is calculated from
the simultaneous solution of equations (5.15a) and

(5.15b) as follows:

) A1*31(1‘*_32)E1 + Ageg(Bgre (By—Ep))

A252 + Alel(l—ez)

W

1 5.16)

The net radiant flux density from the surface

(2)

is given by Hottel and Sarofin in equation (344)

as:
net

- £ _
q p(EW)

In case of the flux density from surface Al’ W1 is
substituted from equation (5.16) in the above

expression to give the net fiux density as follows:

(5.17)

1
(E— - 1)

Since the surface areas Ay and A, are nearly equal
and the gap between them is negligibly small as

compared with the diameters of the laps, then

A1 n Az and €eq v €9 and hence,

61 -

= —— (E; - (5.18)

)
91, net 2-c, 2

The emissive powers are given by:

4
E, = (T +A)4 and E5 = oT
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where A is the temperature difference between the

two surfaces 1 and 2. Therefore,

610 4

* ((T+A)4 - T (5.19)

q1,net - e
1

By the expansion of the difference (T+A)4 - T4J

equation (5.19) becomes the following:

€. oATB
-1 A A2
U pet =5 (4O LT &%)

-5 T T T

The terms containing & are neglected because L

T T
is expected to be very small in the order of 10 ~.
Thus the radiative heat transfer coefficient, which

is the quotient of the flux density divided by the

temperature difference , 1is obtained as follows:
4 elcTS
h = (5.20)
by o_
1

5.3.3 Correction Factor for Radial Conductivity

The various heat transfer coefficients,

derived above, are additive. The effective thermal

conductivity in the radial direction is expressed

as U*K where Kg is the thermal conductivity of

steel and U is the correction for the radial

direction in the coil, which accounts for the extra

heat transfer resistances. Thus, the effective

conduction resistance becomes:
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Re = = (5.21)

Similarly, the heat transfer resistance due to the

conduction and radiation in the gap is given by:

(5.22)

But Re = RS + Rg where RS is the resistence of

conduction in the steel metal, S . Therefore,
Ks
S(1+x/.)
.____.____6__=__(_5.+2(__.* 3‘{ (5.23)
U*K K K 1+%—h
s S g hg r

Dividing by ¢/Kg, the above equation becomes the

following:
1+x/ K xh_ 1
So1 e E xS =) (5.24)
K K .
v g g
For T = 800K and a gap of thickness x = 6%10™ >mm,

the term for the radiation contribution is calculated

xh
as — ™ 4*10_4, which is very small, and hence the

g

radiation in the gap 1s negligible in comparison

with the conduction through the nitrogen which fills

the gap.

The thickness of the steel strip is about 3mm;

- X
Yo % v 2%10 3 and hence 1 + IV 1. Therefore,

equation (5.24) reduces to the following approximation.
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K
t Jp—
5.25
K ( )

1
s
+

or | M

o)}

By the substitution of £ from equation (5.14),
the correction factor for radial conductivity

would be obtained from the following equation:

K X

s’ s x ST

K r
g 8

1 +rx (5.26)

=REs

5.4 Numerical Solution of the Conduction Model

The partial differential equation, which defines the
transien? heat conduction inside the coil and satisfies
the boundary conditions given in section (5.2), 1is
solved numerically by finite difference methods. Two

numerical methods were suggésted and both tested with a

(25)

one—coillfurnace and nominal boundary conditions
These tests were designed to investigate the effect of
these numerical solutions on the temperature profile 1in

the coil and the types of the boundary fluxes. The perfor-
mance of the numerical techniques was measured by the
stability of the solution, the criteria for convergence,

the accuracy, the truncation errors and the behaviour at

the boundary conditions(zg of this particular problem.

The results are shown in Chapter (8).

@7 and MH@&

The methods tested are the Barakat

The ADI method was found to be more suitable for the solu-

tion of conduction in this specific application, and it

igs used for the solution of the heat conduction model
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for this type of annealing furnace.

5.4.1 Barakat Method

This is an _explicit finite difference technique
which assumes two different solutions, kal
i

k+1 .
Yij for the transient conduction eguation. The two

and

solutions are multi-level finite difference represen-
tation of the system equation. Both solutions
satisfy the conduction model as well as the initial
and boundary conditions of the system. The final
solution of the problem is then obtained from the

arithmatic mean of the two solutions.

The finite difference approximation applied by
this method is based on the average of the finite
difference, taken owver one Space interval, at the
beginning of the time interval and the finite
difference, taken over one space interval, at the end

of the time interval. Thus, the derivatives are

expressed as shown in the following diagram:
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time t

t+At

Xk+1 Xk+1
i-1 i
k+1 ‘
e LN o
¥ *
' I
l I
| |
1 i
Lok k
k | lXi Xi+1
e e L W,
T ~
! i
|
I
\ |
. |
l | |
l | !
1i-1 i '
: i
r-AT - T rT+AT

+ . .
The first derivative of X? 1 with respect to r 1S

given by:

Kt K M e
5 lﬁﬂ—ﬁ+§ i1

¥r 2 Ar AT

Therefore,

I

_k+1
5 PRI L AR i) (5.27)
1

i+1 i i-1
AT 2%AT *

. k+1 _ . .
The second derivative of Xi with respect to r 1s

obtained as follows:

1

2 z +1  JKktl
gﬁ%]_ﬂﬂ_%_% T iy

AT

_dr Ar AT
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Hence,

bzx}?lh ! 1 K k+l | L
= ST G Gl +1 -

After substituting for all the derivatives in the
conduction equation by their finite difference
approximations, the first solution of the heat
conduction in the coil results in the following

lower tridiagonal matrix:

Fo ) -
(—all 0 0 o - - - 0| Xy elw
8p; B9y 0 0 0 Xy e,
0 - ——
83) Agy Bg3 O
0 2y 843 Py 0 - |- (5.29)
a X e
L? 0 0 B 2.-2n %n-1n ngj nj

This matrix is solved Dby Gauss elimination technique.

In the case of the second solution, the derivatives

are Obtained from the following representation:
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k+1 k+1
1 vy Y1
t+AT T T T e e e e - N L
i 1
| |
| ﬁ
i |
" | |
o |x Jia1 Yl; :
_______ % ){( l
i ‘ i
| * l
| ! 1
| 1
| ! ‘
(i-1 L S
r-AT ¥ rAr

. . . K+l .
The first derivative onf “with respect to r

is obtained by the same procedure, as follows:

Ayt 1
L)
3r 2%AT
and the second derivative as:
BZYK+1 1 +1 +1 ;
e S 2(‘3;1..3(1; ST ) (5.31)

brz (4r)

For the equation of heat conduction in the coil, the

second solution obtained by applying the Barakat

method would result in an upper tridiagonal matrix

of the following form:

i+l r-coordinate




) = — ~
Pyy bjp Py 0 0 - 0 ¥y ! 5 :
0
Dog Pgg boy 0 - 0 Y, t,
0 0
Dg3 bgy bgg - 0 s fg
- - - - - - x| o =| - | (5.32)
bn—ln--l bn—1n Yn—l fn—l
0 0 - - - 0 b Y t

This matrix is also solved by Gauss elimination.

The matrices (a), (b), (e) and (f) in equations (5.29)
and (5.32) depend on temperature and boundary
conditions. They are evaluated at the beginning of
the time interval and considered as constant for

the solution of the two matrices in these equations.

The final solution of the temperature distri-
bution in the coil is computed from the arithmatic
average of the two solutions as follows:

K+l | 1 gk+l o gK*ly (5.33)

1
Tl 2 i i

5.4.2 ADI Method

This is the Alternating Direction Implicit

method@8), 1t is a finite difference approximation

technique which entails cyclic applications of a one-

9 . .
dimensional Crank—Nicolson@ ) differencing procedure

to one spatial coordinate after another. The one-

dimensional application of Crank-Nicolson to the first
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coordinate produces a first estimate of the solution,
the application to the second spatial coordinate
produces a second estimate, and so on until the Crank-
Nicolson technique is applied to the last coordinate

which gives the final solution of the system.

The finite difference approximation of the
derivatives implemented by this method is the same as
that of Crank-Nicolson which is taken over two

coordinate intervals as follows:

3Ti5 _ Tieng ~ Mg
J}IX 2 % AX
and
327 T _ o % T .+ T, ..
ij _ “i+1j iJ i-1J
= 5
3% (8%)

For conduction in two space dimensions like

3T 327 321

ST = ¢ + 22)
2 2

36 dx vy

the ADI formulation generates one estimate and a

final solution as follows:

K 3 EiJ+T?J Efi.qk ) (5.34)
» — T . = a*A8*( ( )+ 2“4 .
Big ~ = 2w
and k
2 T3 - T
1 g = axae ( ) (5.35)
ij 13 3y 2
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where Eij 1s the estimate and the subscripts k and

k+1 denote the beginning and the end of the time

interval respectively; and A6 is the time interval.

Thus Tk+1 , ) .
v Tiy is the final solution of the temperature

distribution in the coil.

5.4.3 ADI Formulation of Annealing Conduction Model

The formula of transient heat conduction in the
coil given by equation (5.3a) could be written in the

following form:

dT. . 2

ij _ d T. . BZT.. 3T, .
Ty ey (5.30)
36 ¥z AT yr
where aq = og
b= *
a9 ag * U
U >3U
=5 * (= + —
ag “s (r " Sr

o is defined by equation 680, 6 is the time and z and
S
r are the axial and radial coordinates respectively.

The subscripts i and J denote the radial and axial

positions in the grid, respectively.

The ADI application to equation (5.36) gives the

following:
5 ij bzp%j . *.i?hﬂ.+
E, ... = a* At *(___Ei +—5=) * ag¥hl 5
ij “ij 2 52 3z ’r
3P, 5 (5.37)
*Ae* .
“3 dr
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A6 BZTij bzp

T E = ook b8, i s STyy P
iRy T AR T - ) ragr = x—L - =) (5.38)
2 o ar 2 sr

where Pij is the value of the temperature profile in
the coil at the beginning of the time interval, Eij
is its estimate and T4ij is its final solution.
After the substitution for the derivatives by
their finite difference approximations, the general

form of the above equations in ADI notations becomes

the following:

(o} Q.
1 -1 x = (-0 ~2a,)P. .
- *Ej g+ (e ¥y = =5 % By = (Tmog =2 Py
a
1 )P .. (5.39
F " P TR (agag)Py gy ¥ (0gmog)f 35 (5.39)
and
Og0 aotog  p = B, +a,*P
3 2« T. ..+ (1+a2)*T.. -2 i+1j ij "2 71j
i-1] ij o
2
(el
M2,y .8 2xp, . (5.40)
o i+l 5 i-1]

2
where ay = aq * pe/(Az)

* Ae/(Ar)z

a9
aq * pB/(2 * AT)

%9

“3

Each of equations (5.39) and (5.40) results in a tri-

diagonal matrix which is solved by Gauss elimination.

The solution of equation ©.39) gives the estimate of

the temperature profile, and the final solution 1s

obtained by solving equation (5.40).
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5.4.4 ADI Working Equations for the Boundary Conditions

All the first derivatives of tenperature with
respect to radial or axial position which appear in
the heat bglance at the boundary conditions are repres-
ented by finite difference over two space intervals.
This representation of the derivatives generates
fictitious terms which must be evaluated and substituted
in the general ADI expressions of heat conduction in
the coil, equations (5.39) and (5.40). This manip-
ulation of the equations at the boundary conditions

will produce the working equation for the numerical

solution at the specific boundary as follows:

(a) At the outer periphery of the coil:

The finite difference representation of heat

transfer at this boundary gives the fictitious

temperature as follows:

i = - x T, . + 5.41a

Civ1j = Ti-1j © F 7 Tid Qout ( )
2¥AT

where g = T#Rg * EO (5.41b)

. _ ZEAT (5.41c)

and Qout UKS 45

E and g _  are defined by equations (5.7b) and
e} o)

(5.7c). The substitution for T, 44 from (5.41a)

in equations (5.39) and (5.40) gives the

following working equations for this boundary:
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a_l E + (1 )E ’ (11
— . +(1 L e m— 4 = —_ - o
2 1J-1 155 77, Bigan T (mog=2eg-(agrag)*e) Py

+ fl—(P.. +P. . )+ 2. D  (ata.) 5 4o
2 ij+1l ij-1 2 “i-1j agtag “Qout (5.42)

and

aata
23 ~ GgTag

—o. T. .+ (14 + X in = T :

2 Timyy T (Meg T R )Ty S iy (ot YR

a9 Pi 15 (5.43)

(b) At the inner boundary of the coil:

The finite difference form of equation (5.10)

is as follows:

= - BXT. . * 5.44a
Ti—lj Ti+1j B TiJ + B Tgc ( a)
2*Ar*hCr
where B = (5.44b)
- U*KS

The temperature Ti 13 is fictitious which must

pe substituted for in equations (5.39)'and (5.40)to

obtain the working equations as follows:

Q.

a 1 _ o _ _ N '
- By g+ (hag)"By - ~ B T (1-0y=2a,~(og=ag)*8)P; 4
2 J
o
1 +a.,)*R*T (5.45)
+ —é * (PlJ+1 + PlJ"“l) + ((12 as) 8 gc '
and
a '-0.3
¢ ¢ % X
- =E.. + (a, t BYXP. .
(1+a, + —— *8)¥T 5 = % Tiv3 = %13 (og 5 ij
P, .. (5.46)
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(c) Lower end of the coil:

The i
eXpression of equation (5.8) in finite

dif i i
ference approximation results in the following

fictiticus term:

T, . = T, . - ’
ij-1 ij+1 Y*Tij + Y*Tgb (5.47a)
2*Az,
where = =
Y U*K_ * h, (5.47b)

When this fictitious temperature is substituted
in equation (5.39) and (5.40), the working

equations become:

6] Q

1
14%, +——= * )*E. . - o ¥ = (1-q.-20.-
(1+74 Z Y) i3 7% Eij+1 (1 oy 2a2 , *Y)Pij

+( ot * -
(agtog) Py s+ (agmag)¥Py 45+ epPyguy * o™ Ty, (9.48)

and

Qs a~ta
3 72 273
X T - X =
i-1] ¥ (1+a2)*Tij 2 Ti+1j Fij * azpij

1)

anta OOl ‘
2% 4 p 42 3xp (5.49)

(d) Upper end of the coil:

When equation (5.9) 1is expressed 1n finite

difference gpproximation, the following equation

is obtained:

*
19-1 ~ Y*Tij + v Tgt (5.50)

where y 1s defined by equation (5'47b)'Tij+1 is

tuted in the general

fictitious and hence is substi
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working equations (5.39) and (5.40) where the

following are the resulting equations:

o

1 a
‘ulEi'—l + (L4a,+ —= *y)*E, . = (1-q -2 I SN
J 1 i3 172 VP, S
+(anta )¥P. . .+ -0 ) ¥
2 737 Ti+lj (o as) Pi_lj + ulpij—l + al*Y*Tgt (5.51)
and
[ IR0
37%2 il
X T, .+ (L4 )#T, - =3 =
o i-1j 2) ij o Ti+1j Eij+a2pij
anta Q0
2 73 372
- *p, ., +——=*DP _. (5.52
o i+l] 9 i-1j )

In the case of the top coil in the stack, the

upper end of the top coil receives radiation from
the top of the cover as well as convection from
the gas in the top convector plate. Hence
equation (5.9) is no longer valid, and instead

the heat balance gives the following equation:

i TG (5.53)
r — — - + - .
K, —=a =k * (Gm DR T =)

3Z
where Tt:is the temperature of the cover above

the top convector plate, kq is an overall convec-

tive coefficient for heat t+ransfer between the

d of the top coil via

cover top and the upper €n

the top convector plate. Both kl'and k, are calcu-
lated in Chapter 6. The finite difference represen-

tation of this equation is the following:

5.54a)
= + Q. (
Ty5+41 Tij-1 tOPp
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Ga=0

273 Olpy=0,
(1+a+ *R)HKT | - 0% .
2 Py oy L1 Ej Hogr -

*R ) ¥

0oPi41 5 (5.58)

(ii) At the upper end of the inner surface
of the coil, the fictitious terms are
Ti—lj and Tij+1 which are given by
equations (5.44a) and (5.50) respec-
tively. The working equations at

this boundary will then become the

following:
% “1
—_ Xk X = — _2 — e s
~ay Eij-—l + (1+0L1+ ; v) Eij (1 ay=2ag ; Y

¥ "
(ag=0g)¥B)¥P; 5+ oq*Py g g+ 209"y 5+ oMMy

+ (dz—ds)*B*Tgc (5.99)
and
Aa=0
Q=0 o~%g
3 = + % )¥D | .
(1+aq ¥ . *8)*T, 5 = 0o*T 41 5 By * (ag . 8P, |
(5.60)
0P 141
In case of the top coil in the stack,
the working equations become as follows:
(o—a )¥B)¥P, .+ a ¥P. .
~0q E.. 1 + (1+a1)Eij = (1““1'2“2 (“2 OLB) B) ij 1 ij-1
ij-
5.61)
_o VHRHT_ + oy ¥ Q (
200 Pyygg * (0 0y )*8* e T %1 7 Stop
and
Q=0
2 3 yo\x
% S|+ (a, + = B,
2 3 R R P 5 3
(1+0L2 + ._...:.2—-—- *B)*T.ij ao*4415 ij
(5.62)
~ag * Py




(1iii) At X
) the lower end of the outer periphery
of the coil, there are two fictitious

temperatur
es Ti+1j and Tij—l expressed

by equations (5.41a) and (5.47a)

15 and Tij—l

are substituted in equations (5.39) and

respectively. When T,
i+

(5.40), they give the following:

a
1, -
(l+o, + — *y)*E. . - = (1~ 1
1 ) v) ij ulEij+1 (1 (11'-2(12 - —5 *ye( a2+a3)*g)*Pij
+aq ¥ *
Gl P13+1 + 20.2 Pl—lJ + Cil*Y* Tgb + (0.2+0£3)* Qou-t (5:63)

and

o~F0 anto
(5} 3 2 3 * *
< E3 = + +

e)*l.. E.. ((12 E)

—agly gyt (tay *

p (5.64)

Piy =% %113

(iv) At the upper boundary of the outer
surface of the coil, the working equations
are obtained by substituting for the
fictitious temperatures Ti+1j and Tij+1’
from equations (5.41a) and (5.50)

respectively, in the general equations

(5.39) and (5.40); the following equations

are obtained:

é a &
1 = (g = e Kk y = (aaton)¥e)XP.
1y g, = (1-aq=20, y- (o
_alEij+(1+o¢1 + ; Y) ij 17% 7, 273 1]
o+ (ata)* Q (5.65)
#2045 " 4P ay*1¥Tge * (257807 Sout

[ and
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_— 2
A T 2 ko)
- X )
Py agBy s (5.66)

For the special case of the top coil

in the stack, the working equations

becone the following:

—-alEij_1+(1+oc1)*Eij = (1—a1—2a2—(a2+a3)*e)*Pij+a1Pij_1

5.67
+20LZ*Pi—lj * 0Ll*Qtop * (a2+a3)*Qout ( )
and

o +0L3 a +a3

m = R * *pA.
(L+ay + *e )Ty smagly 4y = Bygtlag ¥ )"y

J

9 2

5.68
—a zpi-lj ( )
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CHAPTER SIX

HEAT TRANSER FLUXES IN THE FURNACE
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HEAT TRANSFER FLUXES IN THE_FURNACE

| For the annealing of steel coils, the heat is trans-
mitted from the furflage side, via the combustion products,
to the inner cover, through the inert gas to the steel
charge. During cooling, heat is extracted from the steel
ccoils by the inert gas directly to the cooler in the base-
ment; also some heat is transferred to the ambient air by
radiation and convection through the inner cover. In this
chapter, the various heating and cooling fluxes will be
discussed. All the heat fluxes will be treated as fluxes

transmitted away from the coil surface, and they will be

based on unit peripheral area of the coil.

6.1 Heat Transfer Between the Coil and the Cover

Heat is exchanged between the coil periphery and the

inner face of the cover by radiation; and since the inert

gas circulates betweel them, there 1is also convective heat

transfer by free and forced gas currents. Consider the

coil (m) to be of height g(m) and outer and inner diameters

DO(m) and DI(m) respectively.

6.1.1 Radiative Flux

Consider 2a unit height of the furnace. Then the
or surface of the coil (m)

peripheral area of the out

96




is A1 = 7*DO(m) and that of the inner surface of

the cover is A2 = w*Dz where D2 is the diameter of

the cover,

Let F12 be the view factor from the outer
periphery of the coil which falls directly on the

inner side of the cover. Hence, F is the view

21

factor from the inner surface of the cover to

the outer side of the coil. By the reciprocosity
18)

law ,- the direct exchange areas are related to

the view factors and the surface areas as follows:

19 = x F = 3 = 971
1 A1 r12 A2 F21 1

where 12 is the direct exchange area from the surface
1 to surface 2. The outer area of the coil is

convex, hence Fl1 = 0

F,. =1, then F =1

Since 1i 12

LI clite]

[
et

But from the reciprocosity law:

A .
1
n I e—— = D
2
Therefore,
— _ (6.1)
12 = Ay * Ty = 4

. (2
Equation (3.23) from llottel and Saroflm( ),

1967 for the three-zone enclosures is used here

to calculate the heat flux from the coil surface

to the inner side of the cover. In this case,
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the direct €xchange area between the coil surface
and the refractory wall Ir, and that between the
inner side of the cover and refractory 2r, are
both

2€ro since neither of them sees the refractory.

Hence, the above mentioned equation is written

as follows:

- By - Ey |
Yo = o o (6.2)
X + i + 1
151 2f2 132

Where QF:Q is the heat flux from the coil side

to the inner surface of the cover, e, and e, are

1 2
the emissivities, Py and pgy are the reflectiv-
ities and the subscripts 1 and 2 designate the

outer periphery of the coil and the inner surface

of the cover respectively. Because the surfaces

are opaque and assumed to be grey, Py = 1—51 and
Py = 1—32. The emissive powers E1 and E2 are
an

calculated by the Stefan-Botlzmann equation as

. 4 4
h1==o*T1 and E2 = o¥T2 where T1 and T2 are the

temperatures of thecoil surface and the cover
respectively. T1 is taken as the value of the
surface temperature at the beginning of the time

. . (29
interval. The constant o 1s gilven as

- 2.4
¢ = 5.67 * 10 11 kW/m"/K".

So, the radiative flux per unit peripheral

area of fhe coil becomes the following:
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. . . .
Qg = Cp * (T1 - T,) (6.32)
where
5.67 * 10'11
Co = :
2 1-—61 DO 1-¢ (G.Bb)
1+ ok (M) 2
61 D? €2

6.1.2 Forced Convection

The flow distribution of the nitrogen between
the convector plates results in the minimum flow
passing through the top plate. The diameter of
the convector plate is always larger than that of
the coil; this enhances the convective heat
transfer with the inert gas crossing the convec-
tor plate while it flows upwards between the coils
and the cover. Assuming that about 10% of the
total gas flow, calculated by equation (4.26b),
passes through the top plate, the Reynolds number
is found to be greater than 2500. Hence, turbulent

flow of nitrogen is assumed everywhere in the

furnace.

For fully developed turbulence in smooth

pipes, McAdams(l% shows that the following Dittus

and Boetler equation is applicable:

0.023 0.8 n
Nu = 5 Re Pr (6.4)

where Y is the scaling factor for entry effect, the

Prandtl number Pr is evaluated at the temperature
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of the bulk flow and!the exponent n is given as

n = 0.4 for heating and n = 0.3 for cooling.

In the annular gap between the coils and the
cover, ﬁhe viscosity effect at the gas-coil
surface cancels the effect of viscosity at the
gas—cover surface when using the overall heat

transrier coefficient,

let h1 be the local heat transfer coefficient

at the outer surface of the coil and h. be the

2
local heat transfer coefficient at the inner side
of the cover. If C1 is assumed as the overall

heat transfer coefficient between the cover and

the coil, then:

C,dA = h,*dA, = h_ *dA, = %% = constant.

where dA = dA; + dA? = n(D2+DO ). Therefore,

(m)

c. = 2 * h (6.5)

The convective heat transfer coefficient h2 is

calculated from equation (6.4) as follows:

—8 —_— (6.6a)

where the hydraulic mean diameter 1is DH = DZ—DQ(m)

G .
m is the
nd G =4 ‘ (m) 5, such that FG.
W DE ~ (DO, )
2 (m)
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gas flow rate in the annulus between the cover and

coil (m). Hence,
¢.0279 FG .3 1
h, = - * ( (nDi) y * .
D,+DO -
C 0.4 K 0.6
Dg g
( 0.4 ) (6.6Db)
uD‘

After substitution in equation (6.5), C1 becomes the

following:
0.0279 (rG, -8 D,
C1 = * (m) — * 2 .
Y (D2+D0(m)} DZ—DO(m)
0.4 , 0.6
C_ """ K
pg g s
o) (6.7) I
g ) éf

where the gas properties Cp » u, and Kg are eval-
g o
uated at the temperature of the gas at the beginning

of the height increment Az in the annulus.

fhus the forced convective flux from the outer
side of the coil per unit peripheral area is

calculated by the following:

= C; * (T - Ty) (6.8)

Qen 1

where C1 is calculated by equation (6.7).
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6.1.3 Free Convection

The contribution of the natural convection
currents to the heat transfer between the coil and
the cover is expected to be small in comparison
with forced convection and radiation. McAdamscl%
in equation 7.9b gives the general formula for

free convection as follows:

. 1/

h x./°

= o) (Gr * pr)" (6.9a)
where x is the gap between the cover and the coil,
and the Grashof number is given by

3 2 2
Gr = X pg gBAT/ug (6.9b)

The values of the coefficient ¢ and the index n
depend on the value of Gr. The coefficient of the
volumentric expansion is calculated from the
reciprocal of the average temperature, g8 = Tl
where Tm = (T1+T2)/2. The physical propertigs of
the inert gas P c_ ., o and Kg are evaluated at

)
Pg

T .
m

For typical coil and cover diameters of 1.8
and 2.4 metres respectively, x = 0.3 metre,

Assume T, = 500K and T, = 700K. So Tm = 600K and

6
AT = 200K. Therefore, Gr = 6.78 * 107,




[e)
According to McAdams &9 for the above value

of Gr, ¢ = 0.071 and n = !5. Therefore,

hx xl/9 /3
x = 0.071 * ($) (Gr * Pr) (6.10)

Thus, the heat flux from the coil surface to the
cover due to free convection 1is given by the
following equation:

Y

° 3
Qg = Co*¥(Ty-Ty) /(Ty-Ty) (6.11a)

where

1
1/‘9 C K 2 /3

D,-DO jo) g
Co = 3488 * (_2___Qll) * (—B (6.11b),

*
2 Hc ug

Hc being the total height of the straight side of

the cover.

The calculation of the heat flux for T1 = 500K
and T2 = 700K resulted in a free convection flux
less than 1% of the forced convective flux, and even
less than 0.03% of the radiative flux. Tor this

reason, the natural convection term is ignored

in the solution of this annealing problem.
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6.2 The Profile of Nitrogen Temperature in the Annulus
between the Cover and the Stack

The local heat transfer coefficient between the
inner surface of the cover and the gas in the annular

grap is calculated from equation (6.5) as

_ DO .y + D,

D

* Cy (6.12)

hg
9

Let the temperature of nitrogen change from T
j-1
to Tg as it flows upward across an- incremental height
J
Az. The transient heat balance over this height 2z is

as follows:

Heat Input - Heat Output = Heat Accumulation

dr
g.
bz oD A(To-T ) = DO, *(T_-T,)) = FG, , C_ *pz¥ —J
2°72 272 g5 (m) *"gy 1 (m) "pg dz
By integrating between zero and Az from T to hgj’
j-1
the gas temperature Tg at height z is obtained as
J
follows:
Dy*T, + DO,  *T, ) Te. 4
. (m) * (1 - =)+ 1= (6.13a)
g5 Dy + DOy A A
where
2
n*(D, + DO ) *Az*C
2
@, = exp( (m) Ly (6.13b)
D,*FG *C
2 (m) Pg

C is the specific heat of the inert gas evaluated
p

g
at the gas temperature at height (z-az), Tg .
j-1
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6.3 Heat Transfer Between the Cover and the Furnace

The heat evolved by the combustion of the fuel in
the furnace is transferred from the combustion producfs
to the outer surface of the cover. This heat is trans-

mitted by radiation and convection.

Let the refractory wall be of diameter Dr’ the temper-
ature of the furnace gas be Tfr and me kg/h be the rate at

which the gaseous fuel is fed to the burners.

6.3.1 Radiative Flux

The combustion gases in the furnace are non-greay;
but they can be reasonably represented by a weighted
average of one clear and one grey componentsz). Let
the emissivity of the gas be designated by Eg’ the
absorption coefficient of the grey component by k and
the weighting factor of the grey component by ag. - If
Lm is the mean beam length of the gas and P is the sum
of partial pressures of carbon dioxide and water vapour
in the furnace gas; then the product RO = Lm*P is
used as an argument in Hadvig's correlation to calculate
theAweighting factor of the grey gas component as folloWs:

Calculate the gas emissivity from onemean beam length

as follows:

— *z
cg1 = Bg(1-e RO*k - (6.14a)

>

Also calculate this emissivity at twice the mean beam

length as follows:
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€

= a (1—e—2*RO*k

g2 g ) (6.14Db)

Then, the weighting factor is calculated from the
simultaneous solution of these two equations as follows:

o1
a_ = & (6.14¢)

EgZ/egl

For the calculation of the net radiative exchange
rate between the furnace gas and the outer surface of
the cover Qg:Q’ the directed flux area, (GSI)R must be
implemented. Because the gas is not grey, eg # dgs
is based on the emissivity eg which is

pe——

and (Gsl)R

different from (GSl) that is based on ags'
Hottel and Sarofim(z) in 'Radiative Transfer' and

McAdamstD in 'Heat Transmission' expressed this

directed area as follows:

1 1 1 1 Ay -1
Y = (_— - 1) + — (At) + c ) (6.15&)
(GSl)R agA2 €q > 1 4+ g

(ag—eg)*Frz

where €q is the emissivity of the outer side of the cover.
This emissivity is assumed to be 30% higher than the

emissivity of the inner surface of the cover such that

€q = 1.3 €g (6.15b)

The view factor Fr2 from the refractory surface to the

outer side of the cover is 'given by D../D, where D 1is

the diameter of the refractory wall.
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But all the ‘fluxes are based on unit pheripheral

area of the coil; thus the term QQE%Féﬁgi is required.

DO ™1’R

Since gOil Area _ Coil Area _ (m)  {pep COil Area _
xFover Area A D. ’ —
PO(m)* Az 2 2 (GS)p
———= . Therefore,
*
Do*(GSy )y
1 Ar .
. DO _— -1 1 /A -
Coil Area m > 2
G - D( L (—3 + — (1+ D, *e )) (6.16)
1’R 2 g g L ——= B
D -
r(3g eg)

Hottel and Sarofim(z) modified the grey surface

model to suit the real system by using the inverse
proportionality of the directed flux areas (GSl)R and
(GSl)R with the temperatures Tfr and T2 respectively;

where T is the gas temperature and T2 the sink

fr
temperature. So, the net radiative rate between the

furnace gas and the cover becomes the following:

= (Gs 4 4 :
= (GS)p (=) o (Tp” - Tp) (6.17)

Qg:Z
where T

fr
Therefore, from equations (6.16) and (6.17), the net

radiative transfer from the gas to the cover per unit

area of the coil becomes the following:

° . 3
Yo = C4*Tfr*(Tfr3—T2) (6.182)

where the term C, is calculated as follows:
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-1 -1

B
3 D 1-¢ 1
) 6(1-k4) N B B A

1-k -

Cy

€q is calculated by equation (6.15%)

The temperature profile of the furnace gas is
fitted as a linear function of height between the

burner's zone,where T, is taken as the adiabatic flame

temperature, and the exhaustchctatuhilefr is equal

to the flue gas temperature ch

6.3.2 Convective Flux

The flow rate of the combustion gas in the annular
gap between the cover and the refractory wall.is the
same as the sum of the fuel and the air feed rate. If
X is the proportion of excess air defined as kg per kg

stoichiometric air, then the flow rate of the combustion

gas is given by

mg = mf*(l + 17.05 * (1 + x)) kg/h (6.19)

where m, is the rate of fuel firing; see Chapter (3.3.1).

The convective heat transfer coefficient is given

by Dittus Boelter equation as follows:

hD
—H = 5,023 Re'® pr-*?

K
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The Reynolds number is calculated by:

x ____Tg___

(DI'+D2 ) Ug

it

SEIN

Re

and Prandtl number by

Then, the heat transfer coefficient is obtained by

substitution in Dittus Boetler equation as follows:

0.0279 m 8 C
h = x (—B-)  x (—E ) (6.20)
(Dr—Dz) Dr+D2 u

The heat transfer flux to the cover due to the forced
convection of the furnace gas is calculated per unit

peripheral area of the coil as follows:

ﬂ\ Qo = Cq * (Tpp = Ty) (6.21a)
% where
.4 .6
0.0279 D, m_ -8 Cpg Ke
Cy = x (—E—) —) (6.21Db)
X - * :
DO(m) (D, DZ) Dr+D2 g

6.4 Solution of Cover Temperature with the Flux from the
Furnace Gas :

Over each time interval, a steady state solution for
the cover temperature is calculated and used in computing

the heat flux included in the boundary conditions of the
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coil. This solution is obtained from the balance of heat
transfer fluxes. The heat flux received by the cover from
the furnace gas is passed to the outer periphery of the coil.

Hence,

Q I .
g;-2 rad 822 con in

Qim0 * Qi
rad

con Fout

Apply Newton-Raphson iterations to solve for the cover
temperature. Let E be the computational error given by

E=F, ~-F
o

in ut’

Then

T, = T, - /88 (6.22)
9 5
5T,

The solution converges when the absolute value of E/%%—
2

satisfies a certain tolerence.

The derivative %E— is calculated as follows:
2
SE - sFin _ GFout
6T2 6T2 6T2
Therefore,
SE §T
2 3 3 3 fr
= - * * *T% - * *
— C1+C3 3C4 Tfr T2+4C2 T2 (C3 4C4 Tfr +C4 T2)
ST, §T
2 2
(6.23a)
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The derivative of the furnace temperature with respect

sT
to the cover temperature, 5Tfr is calculated from the heat
2

balance over an incremental height Az in the annulus between

the cover and the refractory as follows:

= - g (6.23b)

where FG is the nitrogen flow rate in the annulus between

(m)
the cover and coil (m), mg is the mass rate of the furnace
gases calculated by equation (6.19); Cp and Cp are the

' c
specific heats of the inert gas and the combustion products

respectively.

By differentiating equation (6.13a) with respect to

the cover temperature T2, the following is obtained:

gJ _ * (1 = —)
a
6Tq D2+DO

§T . Do 1

(m) A

where G is given by equation (6.13b). But

GTfr ) éng § GTfr
6T2 6T2 éng
Therefore,

D * *C

GTfr Do FG(m) )
= = ¥ (1 - 7/c,) (6.23¢)
*m X

6T2 (D2+D0(m? mg CpC
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SE
By substituting in equation (6.23a), the derivative —

§T
is obtained and equation (6.22) is solved to find the 2

value of the cover temperature, T

9¢

6.5 Heat Transfer Between the Cover and the Ambient Atmosphere

This heat transfer takes place during the cooling cycle
after the portable furnace is lifted off and the heat is
allowed to escape fromthe outer surface of the cover to the
surrounding atmosphere. Heat is mainly transmitted by

radiation and natural convection. In this case, there is

no forced convective transfer.

6.5.1 Radiation Loss

The surface area of the surroundings is assumed
to be very large. Because the outer surface of the
cover is convex, the view factor F22 is zero. There-
fore, the direct exchange area between the cover and

the surroundings is AZ' The emissivity of the outer

- surface of the cover is calculated by equation (6.15b).

So the radiative heat loss is given by:

4

4

Q2.—:a =

where Ta is the ambient temperature. -The radiative

heat flux per unit peripheral area of the coil becomes

the following:

Qg_, = Cg * (Tg" = T.7) (6.242)

~—

where C6 = 103052 D2/D0(m) (6.24b)
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6.5.2 Heat Loss by Natural Convecfion

As mentioned in section 6.1.3, the equation
to be used for free convection depends on the magnitude
of theproduct Gr*Pr, which determines the type of flow.

High values designate a turbulent boundary layer,

For the calculation of Gr*Pr, the physical

properties are taken at the arithmatic mean temperature

T,+T
qn = —gg—é, where T2 is taken as the cover temperature

at the beginning of the height increment Az.

Assume Ta = 300K, T2 = 500K, hence Tm = 400K.

Thus for a typical cover height of 4.5 metres, the

product Gr*Pr is calculated as 9.65 x 1011. Hence,

the surrounding boundary layer of atmospheric air is
turbulent and the natural convection transfer coeffic-
(19

ient is obtained from McAdams 'Heat Transmission'’

equation (7.4a) as follows:

, Y3
hL L3of g 8, AT C_u
= 0.13( (-2 ) (6.252)
' 2
t “f K f

From the ideal gas equation, the density o5 is given

341,37

Tm

the free convective coefficient is:

by kg/mao After substitution and rearrangement

£ pfy o * (TyT) (6.25b)
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Thus, the natural convective flux based on unit

peripheral area of the coil becomes the following:

N

') 3 :
Qop = Co(Ty-T,) (6.262)
where
1
13,59 D, KfZ C s /3
Cy = * * ( P2y (6.26b)
Tm DO(m) He

6.6 Solution of the Cover Temperature with the Atmospheric
Flux

To solve for the cover temperature, consider the flux
from the coil through the nitrogen to the cover F1 to
éﬁssnmiéas«aflux F3 leaving the outer surface of the cover
to the surrounding atmosphere. If E is considered as a
computational error defined by E = FI_FB’ then the cover
temperature could be solved iteratively by applying the

Newton-Raphson method.

4 4
Cy*(Ty=Ty) + C*(Ty -Ty™)

]

Fy

4 4

*/
= * - 3 —
Fg = Cg (To-T_ )" + Cg(Ty =T, ™)

The solution will be obtained by the following:

SE
2
SE
when the absolute value of E/—— becomes less or equal to
§T
2

a specified tolerance.
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6.7 Heat Transfer in the Core of the Stack

The inert gas flowing in the convector plates between
the coils converges to the centre of the stack where it
accumulates and flows downward towards the basement. During
its flow in the core of the stack, the gas exchanges heat
with the inner surfaces of the coils. This heat is trans-
mitted by convection oﬁly. This is because there are negligible
free convective currents in this locality in the furnace and
the radiative transfer is deemed negligible because the

emissivity of the inert gas is negligible.

6.7.1 Coefficient of Forced Convection

If the orifice in the convector plate is less
than the inner diameters of the coils, there will be
an enhancement of the forced convection in the core

of the stack. If x is considered as the height-to-

diameter ratio, the enhancement factor will be given(én
by

Y = 0.409 + 0.186 an (x) for x 2 0.4
and Y = 0.25 for x < 0.4

If the orifice of the convector plate has the same

diameter as the core of stack, the enhancement factor

will be unity.

If the temperature of the gas is less than the

temperature of the coil surface, there must be a

0.49
viscosity correction factor expressed by u = (TgC/TW)
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where Tgc and TW are the gas and wall temperatures
respectively. TW is evaluated at the beginning of
the time interval as the arithmatic mean of the wall
temperatures at the beginning and end of the height

increment Az,

Let HC be the height at any position in the core
starting from the level of the top plate as a datum
and updating downwards until the lower surface of the
bottom coil. Let Fcor be the mass flow rate of the

gas in the core in kg/h updated in the same way.

The forced convective heat transfer coefficient
is calculated from the Dittus Boetler equation as

follows:

Nu = 0.023 Re0'8 Pro'4

where Nu, Re and Pr are respectively the Nusselt, the

Reynolds and the Prandtl numbers of the inert gas.

h DL
Nu = —S&2 =2
K
g
T DI, *G AT
Re = (m) - cor
*DI
g DL oy

where Kg is the thermal conductivity of nitrogen, and

hCr is the heat transfer coefficient in the core of

the stack. Therefore,
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0.8 C K
ESPE
0.0279%u*(F__ ) D

r
)1.8 0.4
(m) Mg

h =

cr (6.28)

Y*(DI

6.7.2 Temperature Profile of the Gas in the Core

Let Fco,be the mass flow rate of the gas in the
core entering the centre of coil (m) at temperature
Tco' Also, Fgo is the mass flow rate of the gas from
plate (m+1) passing into the centre of coil (m) at
temperature Tgo’ Then the mass rate of the gas leav-
ing the centre of coil (m) will be Fcl at temperature

T as shown in Fig. 6.1. The temperature of the gas

cl
leaving the coil (m), Tcl is calculated from the

heat balance as follows:

* * * *
F.o Cp (T )*Too ¥ Fgo Cp (Tg ) *T

c g co o o) g0
Tco+Tcl
= Fcl*cp (To)*Toq + n*DI(m)*H(m)*hcr*(-———z——-— - Ty
| (6.29)
where Twm is the average temperature of the inner
surface of coil (m). Equation (6.29) is solved for

.TCl since all the other terms are known.,

To calculate the temperature of the gas in the core
at any height z from the base of coil (m), the follow-

ing heat balance is used:
Heat lost from the gas over a height increment Az 1is
equal to the heat gained by that incremental height of

the coil. Let T be the temperature of the gasat

ge(J)

position z in coil (m) and Tgc(j+1) be the temperature
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Figure 6.1

The flow of inert gas in the convector plates
and the core of the stack
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at z + bz. Then,

F___*C_ (

cor “p, (T

Toc(j+1)” ge(3+1) Tge( )’

T . + T
+1) j
*Az*hcr*( ge(j+1) ge(J) _ Tw) (6.30)
2

= ﬂ*DI<m)

where TW is evaluated at the beginning of the time
interval as the arithmatic mean of the wall tempera-
tures at z and z + AZ. Equatioﬁ (6.30) is to be
solved for Tgc(j) since T is known from the

ge(j+1)
upper height increment.

6.8 Heat Transfer at the Top of the Stack

Heat is transferred between the gas in the convector

plates and the ends of the steel coils by forced convection.
This is not the case for the top convector plate above the
top coil, because the heat radiation from the cover top to
the top plate becomes the dominant mode of heat transfer.

For this reason, the heat transfer between this plate and

the top coil needs special consideration.

It is assumed that the top convector plate has a uniform

temperature Ttp which is calculated on the basis of radial

distribution of the boundary temperature of the upper
surface of the top coil. This assumption may not introd-

uce a serious error because the radial conduction tends to

equalize any temperature difference over the radial elements

used in the analysis of heat transfer. Since the radiative
flux is the controlling term of heat transfer in this plate,
T is computed from the fourth power mean of radial

tp
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temperatures of the upper end of the top coil. The areas of
the top plate which do not see the end of the coil.'directly
are assumed to be radiatively adiabatic like refractory

surfaces. From the weighted average of temperatures at all

radial positions of the upper surface of the top coil, the

fourth-order mean temperature is calculated as follows:

2
4 DI i=I1-1 3
Ty = 5 5 * ( (m)_ Tt4(1) + 1 ararsTi()h)  (6.31)

-DI m 4 i=2

where Tt(i) is the temperature of the upper surface of the

top coil at radius r evaluated at the beginning of the time
interval. The index i signifies the grid point at radial
position r and IL signifies the outer peripheral surface of
the coil while the index 1 signifies the inner surface of

the coil.

6.8.1 Radiative Flux between the Cover Top and the
Top Plate

Denote the surface area of the upper end of the

. _m 2 2
top coil by A4 where A1 =g (DO(m) - DI(m) ). Let A3

denote the difference between the area of the top plate and

Al' Therefore,

e 2 2 2
Ag =7 (D =DO(py *+ DIy )

where Dp is the diameter of the convector plate.

Let A2 be the area of the cover top which receives

radiation directly from the top plate. Let Hd be the

120




height of the dished top of the cover and HS be the
height of the straight edge above the top plate as

shown in Fig., 6.2.

Let R be the radius of curvature of the dished

part of the cover which is calculated from:
2
D

2 2 2
R" = (—) + (R - Hd)

2
“Therefore, the surface area of the dished top of the

cover, is calculated as follows:

2

D
2 2
2m*R*H, = n(—; + HYT) =

The surface area of the straight part of the cover
above the top plate is m*D,*H_. Hence the total area
of the cover which exchanges radiation with the top
plate is given by:

= *xy 2 *

Since the end surface of the top coil A1 cannot
see itself nor the area A3 of the top plate, then the
view factors F11 = F13 = 0. TFrom X Fij = 1, the view

J
factor F12 = 1, Therefore, the direct exchange area

12 = A;. To calculate the total exchange area, the
area A3 is assumed radiatively adiabatic similar to

refractory surfaces.
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The top of the cover
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d9)

¥rom McAdams 'Heat Transmission' equations
(4.32) and (4.33), the reciprocal of the total exchange

area 1s given by:

1 l-e, 1-¢ 1
= 1, 2

5155 Apey Age, o 13423

33-A,

1 A
—_—— = (— _l * 2)
S8 Ay 51 Ay gy
or
1 A 1-¢
55, = A /(— + L x —2
1°2 1 N
©1 2 €9

The total exchange area per unit end area of the top coil

becomes the following:

1 Al 1—82
5.9, = 1/(— + — * ) (6.32b)

W
172
€4 A2 €9

where €4 and €g are the emissivities of the convector

plate and the inner surface of the cover, reépectively.'

Thus the radiative transfer flux from the cover

to the top plate is the following:

= * -
Ay = @y ¥ (Tig T (6.32¢)

o/ (Yey + Ap/By*(1-ey)/ey) (6.32d)

B
oy
)
H
)
Q
it
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and th is the temperature of the top end of the cover

and ¢ is the Stefan-Boltzmann constant.

6.8.2 TFree Convective Flux Between the Cover Top
and the Top Plate )

Although the radiative transfer is the dominant

term of heat transfer between the top convector plate
and the top of the cover, nonetheless, the natural
convective currents of the inert gas have some contri-

bution to the heat transfer in this zone.

»

Let h” and h” be the local convective heat trans-

f fer coefficients between the inerﬁ gas and the top
convector plate, and that between the inner surface of the
top of the cover and the gas, respectively. If A is
taken as the overall heat transfer area, then the
overall heat transfer coefficient hn is given by

the following relationship:

hndA = h”dA{ = h”dA,

where

n,L 2.2 2
A=A+ Ay = Z(Dp +Dy +4Hd +4D2HS)

The correlation of the heat transfer coefficient

a9

by natural convection is given by McAdams as follows:

h:x xspfngfﬂT C u n
= (-2 )
K, ue « T
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If the clearance between the top convector plate
and the top of the cover is assumed to be 0.15 metre,
and the temperatures of the cover top and the top plate
are taken as 700K and 500K respectively, the value of
Grashof number becomes 1.1 * 107. Thus, the‘boundarg

layer lies in the turbulent region. Hence, the above

equation becomes the following:

-~ 1
h’x XSszngAT Cp“ /3
—x; = 0.075 (g )¢

i~h

M

Therefore, the individual heat transfer coefficient is

obtained as follows:

h” = 0.075((ps 88 ) (—i’-——)f (th-Ttpn
But s = éél;ﬁz’ g = 9.81 m/sz .and
T
m
TIn = (th+Ttp)/2; therefore,
1
. 120.16 CpK2 /3
W= - (( ) ¢ (TtC-Ttpf) (6.33a)
m U

Since the overall convective heat transfer coefficient

is given by:

h-dA,/dA

=
1l

Z 2 2 2 2 2
h (D2 +4Hd +4D2Hs)/(Dp +D, " +4H 4 +4D2HS)

=
il
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Thus, the natural convective flux per unit area of the

upper surface of the top coil is given by the following

equation:
_ VA
qtn - an(th_Ttp) (6.33b)
where
2 2 2
153,
L 3.0 (D2 +4Hd +4D2HS) (CpK
n 2 2 2 2 2
(Do(m) —DI(m) )(Dp +D,, +4Hd +4D, H )T "
(6.33c)

The physical properties of the inert gas Cpf’ My and
Kf are evaluated at the mean temperature Tm.

6.8.3 Radiative Transfer between the Tq of the Cover
and the Atmosphere

The total area of the cover above the level of
the top convector plate, Az which exchanges heat
radiation with the top plate is calculated by equation
(6.32a). The outer surface of the cover is considered
to have an emissivity which is 30% higher than the
emissivity of its inner surface, given by equation
(6.15b). Therefore, the flux of radiative transfer.

per unit peripheral area of the top coil is computed

as follows:

4 4 .
iy = \)r(Ta —th ) (6.34a)

where

= 1.3052 A /A1

Vyp 2

and Ta is the atmospheric temperature.
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6.8.4 Natural Convection Between the Cover Top énd
the Atmosphere

If the dished top of the cover is considered as
a plate facing upwards under turbulent currents, then
. 19
equation (7.8) of McAdams(*O 'Heat Transmission' could
be used as follows:
1/3

h L LspfngAT C_u
= 0.14 * ( — * () )
K-v

Following the same manipulation as in Section (6.7.2),
above, the coefficient of natural convection will be

obtained das follows:

1/ 1/

3 3

924,29 chz

h o= * ( ) (Ta—TtC) (6.352a)

Tm H

where T = (th+Ta)/2
The natural convective flux per unit area of the end

surface of the top coil becomes the following:

Vi
3
Ay = va(Ta—Tc) (6.35b)
where
2 1/3
224,29 * D c K~
- - ()
Ya " po, . 2-p1 2y w1
(DO(py Pl(my 7" m

where Cpf’ He and Kf are the specific heat, the viscosity

and the thermal conductivity of the atmospheric air
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respectively. All these propérties are evaluated at

the mean temperature Tm'

6.8.5 Solution of Temperature of the Cover Ton and the
Atmospheric Flux

For the solution of the cover temperature above

the top plate T it is considered that the flux reach-

te’
ing the top of the cover from the top plate leaves the

cover top to the surrounding atmosphere. These fluxes

are given by the following:

4 4 T T s 6.36

(Ttp

1~ %
4 Y3

- Ta4) + v (T o= Ty) (6.36b)

(T a

FZ = Vr tc

th is computed by iteratiomsusing the Newton-
Raphson technique. Let E be the computing error which
tends to zero when the solution for th converges,

such that E = Fl—Fz. The working equation for the

iterations of th is the following:

§E
(6.37)

= - E
th th /GT
tc

The iterations converge to the solution for th when
the absolute discrepancy E/%%—— satisfies a specific
_ co

tolerance.
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6.8.6 Heat Transfer Between the Flue Gases and
the Cover Top

As the combustion products bf the furnace leave
the burner zone, they rise up in the annulus between
the cover and the refractory wall giving heat to the
cover surface. These gases accumulate above the cover
where they are driven into an exhaust duct of diameter
De and of certain clearance above the cover top. The
flue gases transmit heat to the cover top by radiation

and convection.

6.8.6.1 Forced Convective Transfer

At the perimeter edges of the cover top,
the flue gases undergo sudden change in direction

causing the convective heat transfer coefficient

to be enhanced.

Let the clearance between the exhaust duct
and the cover top be He; the flow area will be

= X
Ae ﬁ*De He.

Consider the clearance between‘dmeethxﬁ:Quqtzmd
the cover top as a compact heat exchanger. The B
hydraulic mean diameter is given by equation (11.4)
in McAdams(lg) 'Heat Transmission' as Dy = 4AeL/A
where A is the heat transfer area and L is the flow
path length. Since the flue gases flow towards
the centre of the cover, then L = D2/2.and

A= nD22/4. Therefore, the hydraulic mean

129




diameter becomes:

Dy = 8*H_*D_/D, (6.38a)

The heat transfer coefficient of forced
convection will be calculated from the Dittus

Boetler equation:

0.8 0.4

h D,. G C u
il S Eo, B
K T K

The total gas flow is given by equation (6.19)

as

my = (1 + 17.05*(1+x))mf

where x is the proportion of excess air, in kg

per kg of the stoichiometric air. After substi-
tution and rearrangement, the heat transfer

coefficient will be

0.8 C 0.4

m 0
= g P K
h = 0.0184 ( 1.4, 0.2 0.2)( 0.4 )f (6.38b)

D2 De He U

The convective heat flux per unit peripheral

area of the top coil is computed as follows:

Qev “ev(Tf&'TtQ (6.38¢c)

2

where wey = D, 20/ (00 % = DI %)

and sz is the temperature of the flue gases.
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6.8.6.2 Radiative Flux

For the calculation of the view factor
between the refractory and the cover top, the
duct of the flue gases will be ignored. Aslo
the annular space between the cylindrical
refractory and the ends of the straight edges
of the cover will be assumed hypothetically closed.
This ficticious partition is assumed to reflect
all the radiation incident on it; this reflection
takes place in reality except that the refractory
below the level of the cover top is the actual
reflecting medium rather than the hypothetical

partition,

Let the refractory lining above the furnace
base be of height Hr and its inner diameter be

Dr' If H. is the height of the straight side

2
of the cover, the area of the refractory above

the level of the top convector plate will be

the following:

o 2 _ _
Ar =7 Dr + nDr(Hr+HS H2) (6.392)

The area of the annular gap between the cover

_ . 2 2
and the refractory wall 1is %(Dr —D2 ).

Since the outer surface of the cover is
convex, then the view factor to itself is F22 = 0
and the view factor from the cover to the refractory

is F2r = 1. So, the view factor from the refractory

131




to the cover is calculated from A_F = AT

A, 27 2r rr2
so that Fr2 = ﬁi' Therefore,
D% + 4B 2 + 4¥p,H
F = =
- 5 5 (6.39b)

X - -
2Dr +4 Dr(Hr+HS H2) D2

For the calculation of the mean beam length
of the gas volume, consider the space between
the outer side of the cover top and the refractory
roof as a clearance between two infinite parallel
planes. The mean beam length of such planes is
given by Hottel and S:a.rofim(2 ) 'Radiative .

Transfer' table 7.3 as 1.76 times the distance

between the planes. Therefore,

L = 1.76 * (D;-Dy)/2 (6.39¢)

The emissivity of the flue gases is then

calculated by Hadvig's correlation, f (RO) as

follows:

e, = (2.7 - Tf£/1000)f(RO) (6.394d)

o

where RO = P*Lm and P is the total pressure of

the carbon dioxide and water vapour in the flue

gases. The directed exchange area (GSl)R between
the cover and the furnace gas is given by equation
(6.15a). Since the furnace gas is represented

by one clear and one grey component, the weighting

factor is calculated by equation (6.14c) as:
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Egl
ag T e——
2“€g2/€g1

where €01 and €g2 are emissivities of the flue
gas evaluated by Hadvig's correlation at one

beam length and at twice the beam length

respecitvely.

Let Ra be the ratio of the end area of the

—h

top coil to the directed exchange area (GSl)P
such that Ra = end area/(GSl)R. But, the ratio
of the end area of the top coil to that area of

the part of the cover above the level of the top

plate is:
2 2
-DO ~-DI
end area ) (m) (m)
2 2
A2 D2 +4Hd +4D2HS
2 2
B Az(DO(m) —DI(m) )
or end area = 5 ) i
D2 +4Hd +4D2 S

Substituting for (Gsl)R from equation (6.15a)
and using the above expression for the end of

the coil, the ratio R, becomes the following:

2

DI 1-1.3
_pnd area _ P D), T2
a— - 2 2
(GSPg D, +4H “+4DMH,  1.34 eo8y
-1
1 AJA
~ (14 —L2 )y ) (6.39e)
€
g 1 + %g % -i‘—l-—
g T¥2
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As shown in section (6.3), the net radiative
transfer rate between the flue gases and the cover
for the modified grey surface model with real
gas is obtained by using the inverse proportion-
ality of the directed flux areas (E§;3R and (Egsz
with temperatures Tfl and T2 respectively, |
as expressed by equation (6.17) as follows:

N — l—k3 4 4

Qp = (CSp (T2 @ (Ten ~Tee )
where k = T2/Tf£. Therefore, the net radiative
rate per unit peripheral area of the top coil

becomes the following:

_ 3 3
Qer = Cer Te o (Tey =Tie ) ‘ (6.40a)

where

2 2
c(D2 +4Hd +4D2HS) 171.352

a = 5 5 b3 ( +
er
DO(m> - DI () 1.380e02,
-1
1 AL/Ag -
— (1+ ) ) ©.40b)
- _
g 1 a —¢ T .
g g r2

where A2, Ar and Fr2 are given by equations

(6.32a), (6.39a) and (6.39b) respectively.
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6.8.7 Solution of the Temperature of the Cover Top
and the Flux from the Flue Gas

The incoming flux from the furnace flue gases
is calculated by the following:

3 3

F, = -~
3 O‘ev(TI"IL. th) * 0LeI'T:fl(Tfa@. -th )

The flux from the cover top to the top convector plate

is given by the following:

4
tce

/3

- 4
F ar(T -Ttp ) + an(th-Ttp)

1

Let E be a computational error where E = F3—F1.
Applying the Newton-Raphson iterative method;, the

temperature of the top of the cover is calculated as

follows:

SE
T =T, - E/55—
tc te 5T o

which converges when a specific tolerance in the

absolute value of E/G%E is achieved.
tc

6.9 Heat Transfer in the Cooler

After the soaking cycle, the steel is cooled down to
about 180°C before it is exposed to the atmospheric air.
Heat is taken from the load by the inert gas and then
removed from the gas by the cooler in the basement. The
cooler is normally a shell and tube heat exchanger; however,

the advantages and the disadvantages of other types of heat
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transfer equipment, like fluidized bed, are being considered
to reduce the length of the cooling cycle. In this work,
the performance of a fluidized bed éooler is comapred with
that of a shell and tube heat exchanger. Results are

discussed 1in Chapter 8.

The inert gas is drawn from the stack via the downcomer
by the centrifugal fan, and then driven into the exchanger
at an angle to its tubes. This kind of gas flow past a bank
of tubes makes the use of finned tubes in the heat exchanger
disadvantageous for this particular application. For this
case, the prediction of the performance of the heat exchan-
ger is very difficult if not impossible. Hence, the
cooler performance is predicted, from performance charts,
as a relationship between the rate of heat removed and the
temperature of the inert gas at its entry to the downcomer.
These performance charts were based on a fan capacity of

1O,OOOft3/min and nominal temperature and flow rate of cooling

water.

In the case of the fluidized bed, the performance is
predicted from graphs of thermal performance characteristics.
These graphs were based on a fraction of the hot inert gas,
about 40-60% flowing through the fluidized bed. Nominal
flow rate agd temperature of cooling water were also used.

The performance of the fluidized bed cooler is correlated as

a relationship between the rate of heat removal and the

temperature of the inert gas entering the basement.

In this manipulation, the change in the gas temperat-

ure between the gas entry into the downcomer and its entry
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into the cooler is neglected. The efféct of the heat,
provided by the mechanical movement of the fan, on the
temperature of the gas entering the cooler is also ignored.
Therefore, the temperature of the gas entering the downcomer
is considered equal to the temperature of the gas entering

the cooler.

The rate of heat removal by the shell and tube heat
exchanger was fitted from the performance graphs by a

linear relationship as follows:

Qg = 0.938T, - 278.64 (kW) (6.41a)

where Th,is the temperature of the gas entering the cooler.

For the fluidized bed, the heat_removal rate was
correlated, from the characteristics curves in Fig. 8.7.

by a polynomial in Th as follows:

7.3
Ty,

(6.41Db)

=-567.1 + 2.167*T, - 1.182*10_3*Th2+4007*10_ (kW)

be

Let V be the volumetric capacity of the fan m3/min.
Assuming the inert gas to follow ideal gas behaviour, the
3
density of the gas becomes pg = 341.37/Tc(kg/m ) where TC
is the temperature of the gas leaving the cooler. From the

heat balance over the cooler, the heat lost by the gas is

equal to the heat removed by the cooler. Therefore:

Ve gCy (T -T.) = Q (6.42)

g
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where Q is either Qst or be, for the shell and tube
exchanger or the fluidized bed, respectively. Since, the
specific heat of the gas is a functidn of temperature, as
shownl by Appendix (B.2.), then

2.93%10” %

T
c

8 11

2

Q = 20483.4%Vx( _ 3.4%10"

+ 7.22%10° " - 3.79*10"14*TC

18

+ 8.05%10 3% 3)*(Th—T ) (6.43)
c C

Equation (6.43) is solved by the Newton-Raphson method fo
calculate the temperature of the gas leaving the cooler and

entering the charge plate.
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COMPUTATIONS

7.1 Introduction

All the computations in this research were carried out
on the ICL computer of the University of Aston in
Birmingham. This computer uses the 1904S system which is
controlled by the permanently active program, GEORGE 3,
which controls the running of programs, scheduling of
jobs, etc. This system has multiaccess from MOP, tele-

types and VDUs as well as remote job entry.

The programs have been writeen in ICL 1900 FORTRAN
which correéponds to the standard version of FORTRAN
(ANSI X3.9 -~ 1966) which is published by the American
National Standards Institute. UAFORTRAN system is a
comprehensive FORTRAN capability allowing both full
access to the facilities provided by the ICL 1900 Extended
FORTRAN and a wide scale interaction with the GEORGE

operating system.

7.2 Computational Test of Numerical Methods

Two separate‘programs were developed to solve the
conduction model given by equation (5.3a), one of them
implements the Barakat method and called BRK, and the other
called ADI uses the ADI technique. Both programs were
written to solve the system of partial differential
equations for a furnace having one test coil with nominal

boundary conditions.
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Each test program is composed of a main segment which
reads the coil data and.initial values of temperatures,
initializes variables and arrays, calculates the coefficents
and independent terms of the model matrix, applies the
numerical technique to solve the temperature distribution
in the coil and prints out the results. Beside the main
segment, each program contains a number of subroutines
to calculate the effective radial conductivity, the physical
properties of steel and inert gas, the minimum and maximum
temperatures in the coil and the average temperature of
the coil. In the case of the ADI ‘test program, there are
two additional subroutines for the solution of the tri-
diagonal matrices of the estimate and the final solution
of the temperaturedistribution in the coil. Both subroutines

implement the Gauss elimination method of matrix solution.

The two test programs were developed to compare the
performénce of theBarakat and ADI numerical methods, when
applied to the solution of the conduction model of transient
heat transfer in annealing of steel coils by the lift-off
- furnace, This study covers the effect of the type of
numerical solution, the comparison of radial and axial heat
fluxes and their contribution to the annealing, and the
computational efficiency of the numerical methods. The

results of this'study are shown in Chapter 8.

141




7.3 Annealing Furnace Program

The testsof the numerical methods éhowed that the
ADI method is more advantageous, for the solution of heat
conduction in the annealing furance, than the Barakat
method. Tor this reason, the program for the solution
of transient heat transfer in the annealing lift-off
furnace was based on the ADI technique for the solution
of the partial differential equationé of conduction in

the steel coils,

The main characteristics of the annealing furnace
program are the following:
(i) The program accepts any set of data which is stored

in the sepaprate data file without the need tochange the

original program.
(ii) It can work with any number of coils in the stack.

(iii) It accepts variations in the dimensions of the convec-

tive channels in the convector plates.

(iv) It is possible to use the program with either a shell
and tube heat exchanger or a fluidized bed or any other
type of cooler so-long-as the relationship between the

cooler performance and the gas temperature is provided.

(v) It contains a flag which shifts the control from

preheating to soaking to cooling, consecutively.

(vi) The fuel data is pased on natural gas; however, the

program accepts changes in the percentage of excess air

and hence computes various adiabatic flame temperatures.
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e

(viil) This program comprises about 1500 statements:

S N R DT

nevertheless, it is not a big program as far as the
storing capacity is concerned, requiring a core of only

22K in the computer Storage.

(viii) The execution of the program is very fast, it
takes less than 300 mills (3 minutes) for a run of four
coil stacks of about 90 tons of steel for the whole
annealing cycle, which is about 75 hours, using half-
hour intervals of time. This includes the time for

printing out the results for every half hour -interval.

This program of the annealing furnace is composed of

the subroutines described below.

7.3.1 Main Program

The main segment performs the following func-

tions:

(i) It explains the different notations and variables

used in the whole program.

(ii) It reads from the data file, the dimensions of
the‘cover, the furnace wall, the convector plates and
steel coils as well as the control temperatures, the

emissivities of the cover and the coils, and the temp-

erature of the furnace flue gases.

(iii) It initializes the temperatures, the variables

and paramters used throughout the program.
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(iv) It calculates the weight of the coils and
prints out the stack data as well as the information

about the channels of the covector plates.

(v) It calculates the adiabatic flame temperature
of the furnace based on the percentage of the excessl

alr given in the data file.

(vi) It calls the relevant subroutine to calculate
~the firing rate of fuel and the temperature of

the furace gas leaving the firing zone.

(vii) It computes the profile of the temperature

of the furnace gaswith respect to the furnace

height.

(viii) It calls the subroutine which computes the
flow distribution of the inert gas between the

convector plates and the total pressure drop in the

stack.

(ix) It calls the subprogram which calculates the
temperature distribution and the profile of heat

transfer coefficient in the channels of the convector

plates.

(x) It calculates the coefficients of the partial

differential equations of heat conduction in the
coil.

(xi) It calls the subroutines for the solution of

the peripheral heat flux, of the heat transfer in
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the core of the stack, of the heat convection at

the epds of coils and of the heat transfer at the
top of the furnace, to calculate the coefficients
of the conduction model at the boundaries of the
steel coils,.

(xii) It calls Gauss elimination routines which solve
the ADI matrices to calculate the estimate and the
final solution of tle temperature distribution in the

steel coils.

(xii1i) It calculates the routines which find the
minimum and maximum temperatures in the coils as well
as the overall mean temperature of the stack.

(xiv) It prints out the temperature distribution
together with the limiting temperatures in each coil
and the overall meﬁn temperature of the stack over
each time iﬁterval. It also prints the time elapsed
for each phase of annealing (heating, soaking and

cooling), and the output rate in terms of " tons/hour".

7.3.2 Gauss Elimination Routines

These are two subroutines ESTMTRIDIAG and
TEMPTRIDIAG which use values of matrices of coeff-
icients and constant terms from the main program
to solve for the estimate and the final solution of
the temperature distribution in the coil, respectively.

Both subroutines are executed once for each coil

over every time interval.
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7.3.3 Space and Time Parameters

This is a subprogram which calculates the
terms contained in the coefficients of the matrices
of the differential equation of conduction, which
depend on the physical properties of steel and the

lncrements of axial and radial dimensions of the

coil, together with the size of time interval; but
they are independent of temperature. This subroutine
uses a flag which tests whether the coil is tight

or allowed td open. In the latter case, the sub-
routine calls the routine of the effective radial
conductivity and implements the correction factor for
conduction in the radial direction of the coil.

This routine is called for every grid point in each

.

coil over each time interval.

7.3.4 Radial Conductivity

The subroutine RADCOND is executed only when
the coil opens by thermal expansion and the inert

gas is allowed to enter between the steel laps. In

this subprogram the correction factor for radial

conductivity in the coil, which is expressed by

equation (5.26), is computed in terms of radius,

temperature and temperature gradient at the mean

radius of radial elements, both evaluated at the
beginning of the time interval. This is executed for

every grid point in each coil over each interval of

time.




7.3.5 Gas Flow Distribution

This program uses the data of the.conveCtive
channels in the convector plates, the stack data and
the fan capacity to calculate the pressure drop in
various parts of the stack and hence the fractions of
the inert gas flowing through each of the convector
plates. The program also calculates the flow rate
of the gas in the plates and thetotal pressure drop in
the stack. This program is executed only once for

the whole stack every time interval.

7.3.6 Convection Subroutine

The subroutine CONVECTORS solve for the radial
temperaturé distribution of the inert gas and the
radial profile of the convective heat transfer coeff-
icient in the channels of the convector plate. This
calculation is based on a marching technique starting
with the temperature of the gas entering the convector
plate and updating towards the centre of the plate.

This routine is executed once per convector plate for

every interval of time.

7.3.7 The Furnace Firing

The FIRING subroutine computes the temperature
of the furnace gas after the combustion takes place

in the burners. This temperature is measured, in

practice,by a thermocouple which protrudes through
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the brickwork of the furnace near the burner belt.

The computation of the temperature which this thermo-
couple would indicate, is based on radiative transfer
between the furnace gas, the cover, the refractory
wall and the thermocouple surface, neglecting other
modes of heat transfer. The subprogram also calculates
the rate of heat losses from the side walls and the
roof of the furance, and the rate of heat loss with
the flue gases leaving the furnace from the top.

From the rate of heat losses, the rate of heat picked
by the steel and the inert gas, and the rate of

héat provided by the combustion of the fuel, thé

rate of fuel firing in the furnace is calculated. The
program also computes the thermal efficiency of the
furnace as a percentage of heat taken by the steel
coils to the total heat provided by the fuel firing

in the furnace. This program is called once every

time interval.

7.3.8 The Core of the Stack

In this program, the profile of the convective

heat transfer coefficiept in the centre of the coils
with respect to height is calculated. The program
calculates the profile of the gas temperature in the
core of the stack from the heat balance over increm-
ental height in the core of the stack. The temperature

of the inert gas at the level of the lower end of the

pottom coil is considered equal to the temperature
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of the gas eéntering the basement of the furnace.

s : .
This subroutine is called once for every interval

of time.

7.3.9 Solution of Peripheral Heat Fluxes

The subroutine COVER solves the heat transfer

fluxes at the outer periphery of the coil to
calculate the temperature of the cover for every
height increment of the coil. This temperature is
solved by iterations using the Newton-Raphson
technique. The subroutine also calculates the
temperature of the inert gas in the annular gap
between the coil and the cover for the same heyght
increment. This subprogram is called for each

height increment in each coil over every interval

of time.

7.3.10 Subroutine TOPLATE

This program solves the model of heat conduc-

tion with the boundary heat fluxes at the top of

the stack of coils. It calculates the heat
transfer fluxes between the cover top and the top

convector plate, between the cover top and the

furnace gas and, for the quling cycle, between the

atmospheric air and the top of the cover. The temp-

erature of the top of the cover is calculated by an

iterative solution of heat fluxes. The value obtained

for this temperature 1is used in the main segment of

e the coefficients and

the whole program t0O comput
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constant terms of the conduction equations at

the upper end of the top coil. This temperature

of the top of the cover is computed for every time

interval.

7.3.11 Newton-Raphson Routines

Two routines of Newton-Raphson iterative
technique are used to carry out the iterations for
the solution of the cover temperature. The routines
are called from the subroutine COVER. One of the
routines finds the solution of the cover temperature
during the neating and soaking cycles while the other
computes this temperature during the cooling cylce
of annealing. One of the two routines must be called

whenever the subroutine COVER is called.

7.3.12 Subroutine RADATA

This is a routine which uses Hadvig's correlation
to calculate the emissivity of the combustion products.

The routine also calculates the weighting factor of

the grey components of the gas. These parameters are

used to calculate the temperature—independent terms in

the coefficient of the radiative £]lux which 1is

calculated in the subroutine COVER. This routine

is called whenever the subroutine COVER 1is executed.
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7.3.13 Physical and Transport Properties

The annealing program has a number of segments
which calculate the physical properties of steel;
for example, thermal conductivity, the volumetric
thermal capacity, the coefficient o6f linear expansion
and the volumetric enthalphy. Other subroutines
calculate some functions of the physical and transport
properties of the inert gas which are used in the
equations of convective heat transfer coefficients,
computed in other subroutines. In addition to that,
there are subprograms for the computation of the
specific heat and thermal conductivity of the .inert
gas as well as those for the combustion products.
A1l the physical and transport properties and the
functions of these properties are calculated as
polynomials of temperature based on the value of
the temperature at the beginning of the time intervall

7.3.14 Limiting and Mean Tempeartures

The subroutine TLIMIT selects, from the final

solution of the temperature distribution in the coil

at the end of every time interval, the minimum and

maximum temperatures in each coil. The subroutine

has a flag which directs the control to search for the

minimum or the maximum temperatures in the grid

prescribed by the

according to the value of the flag

CALL statement in the main program.
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The subroutine TMEAN calculates the overall
average temperature of the stack“of coils. This
average temperature is computed from the arithmatic
mean of the distribution of temperature with
respect to the axial and the radial coordinates in

the coilf for all the steel coils in the furnace.

Each of these routines is called once for

every interval of time.

7.4 The Logic Routine of Annealing Program

The execution of the program for the solution of the
annealing furnace follows a logical routine whichis
outlined in Fig. 7.1 and described in the following steps:
Step 1: The program starts by reading the data from the
data file and initializing the variables and identifiers
in the source program. It also calculates the initial
values of the parameters like the enthalpy of the steel
coils and the inert gas at the value of their temperatures

at the beginning of the first time interval, considered

here as 300K.

Step 2: Calculation of the adiabatic flame temperature, the

firing rate of the fuel, the temperature of the furnace

gas leaving the burners and the profile of the furnace

temperature with furnace height.

Step 3: Solution of the flow distribution of the inert

It also computes the

gas between the convector plates.
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profiles of gas temperature and heat transfer coefficient

in the core of the stack and in all the convector plates.

Step 4: Computation of heat transfer fluxes at all the

boundary conditions of the coil.

Step 5: Calculation of all elements in the matrices
of coefficients and independent terms of the conduction
equations of the estimate and the final solution of the

temperature distribution in the coil.

Steps 4 and 5 are repeated for all the grid points

of each coil in the stack.

Steps 2 to 5 are repeated for all intervals of time
until the end of the heating cycle.
Step 6: At the end of the heating cycle, stop firing and
fix the temperature of the combustion products at its

value at the end of the previous time interval. Start

soaking with this furnace temperature.

Steps 2 to 6 are repeated until the end of the

soaking cycle.
Step 7: Solution of heat transfer in the cooler and the

calculation of the temperature of the gas entering the

stack.

Step 8: Lift off the portable furnace and set the profile

of the temperature of the gas surrounding the outer surface

of the cover at a constant value equal to the ambient

temperature of the atmosphere.
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All the steps from 3 onward, excpet step 6, are
repeated until the cooling cycle finishes

Step 9: Print out the results and end,

It must be empahsized that steps 4 and 5 are repeated

for all the points in the space grid of each coil far

every time interval.

The overall flowchart and the listing of the
program are shown in Appendixes C,D and those of the flow
distribution, the convection in convector plates and in the
core of the stack, the firing computation, the solution
of peripheral heat fluxes and the solution of heat fluxes

at the top of the furnace are shown in Appendix C.
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data input and initialization 1

cooling cygle? Y

N

compute flame temp. firing rate and
temp. profile of furnace gas 2

solve gas flow distribution and heat
convection in the core and the channelq 3
of convector plates.

solve the boundary conditions 4

calculate the elements of matrices of
coefficients and independent terms in 5
the heat conduction model of the coil

- all points
in the space grid of the
0011 done?

all coils done?

. heating finished?

stop firing and fix
the temp. of gas leav+

ing burners

solve the heat transfer

. f the furnace and
lift of 8 lmodel in the cooler

set the furnace temp. to'
the ambient ten.

print results STOP
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RESULTS AND DISCUSSIONS

8.1 Comparisons of Numerical Methods

To study the effect of numerical techniques on the solu-
tion of the mathematical model of heat transfer in the
" annealing furnace, the Barakat and th ADI method of finite
difference approximation were used to éolvethe model of heat

conduction in a coil(zs)

. A reduced model of a furnace

with one test coil was used. Typical furnace data and bound-
ary conditions were used to test the numerical methods and

to investigate the effect of the axial and radial heat

fluxes on the heating cycle. The heating cycle is defined
here by the time taken to heat the coil from 300K until the
minimum temperature everywhere in the coil becomes greater
than or equal to QOOK. Computer programs for each finite
difference approximation method were developed in FORTRAN

and run on the ICL computer, 1904S system. The results fall

in two categories, the performance of the numerical techni-

ques on the model and the effect of radial, as opposed to

axial heating in the coil.

8.1.1 Performance of Numerical Methods

(i) The computing time for one iteration showed

that the program of the Barakat method is slightly

faster than that of the ADI method; ie the Barakat

calculation needs less computing time on the

machine than the ADI method.
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Figure 8.1

The selected points in the coil whose temperature
profiles are used to investigate the effect of the size of

the time interval on the accuracy of the solution.

Figures §.2a-d represents the temperature profiles of these

points as follows:
point (a) - is shown in Fig. 8.2a .

point (b) is shown in Tig. 8.2b

is shown in Fig. 8.2c

point (c)

is shown in Fig. 8.2d

point (d)
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(ii) The sensitivity of the methods to the
courseness of space grid was tested by running
the two programs for the same conditions, but
with various axial and radial space intervals.
The results obtained showed identical locations

of the predicted minimum and maximum temperatures

in the coil.

(iii) The effect of the size of time interval on

the accuracy of the method calculations was
investigated by running the two programs with
identical time intervals up to five hoﬁrs, SO as

to avoid the effect of the initial conditions and

to select a more representative performance of each
method. From thereon, RUN 1 continued for a single
time interval of one hour from five to six hours,
while RUN 2 continued with twenty intervals of 0.05
hours from five to six hours. The most enlightening
comparisons are shown by the temperature profiles

of the selected points in the coil shown in Fig.

8.1. These comparisons show the following:

(a) At the outer periphery of the coil, Fig, 8.2a and
Fig. 8.2b showed that the Barakat prediciton

started with a discrepancy which disappeared

towards the end of the sixth hour. This discrep-

ancy 1s defined by the difference between the
ile with the one-hour interval and

ile obtained by the 0.05 hour

temperature prof

the more precise prof

intervals. For the case of the ADI method, the

discrepancy started with a very small value
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developed for some time and then disappeared by

the end of the hour.

(b) From Fig. 8.2¢c, the temperature profile with
coarse interval of time, for both theADI and

the Barakat methods, started to deviate from

the profile obtained with the more precise time
interval. This deviation developed with time and
attained its maximum value at the end of the hour,
However, the deviation in the case of the ADI
method is less than that of the Barakat method.
This shows that the performance of the methods

at the centre of the bottom end of the coil,
where heat convection from the gas in the convec-
tor plate is the dominant heating flux, was

poorer than anywhere else in the coil,

(c) At the middle point in the cail, as shown
by Fig. 8.2d, both the ADI and the Barakat

predictions showed results similar to those in
Fig. 8.2c, But, the deviations at this location
are smaller than those at the central point of the

bottom end of the coil.

(d) Comparisons (a) to (c) show that the boundary

conditions at the outer periphery of the coil,
where radiation is the dominant mode of heat

transfer, have less effect on the performance of
2

these numerical techniques than the effect of

the boundary conditions at the endsof the coil,
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where the convector pPlates are situated. Thev
also show that the accuracy of the ADI method is
always less-affected by the size of the time

interval than the Barakat method,

(iv) The profile of the minimum temperature in
Athe coil obtained by the ADI calculation is
more consistent with measured data than the
profile predicted by the Barakat method. See

Fig. 8.3.

8.1.2 Effect of Axial and Radial Heating

The effect of axial and radial heating fluxes
on the heating cycle, as predicted by the two

numerical methods is as follows:

(a) The results in Table 8.1 show that the Barakat
predictions of the maximum temperature in the
coil, at the end of the heating cycle for different
heating fluxes, were almost identical, lying

between 951K and 959K. On the other—hand, the

values given by the ADI for the maximum temper-

ature with different heating fluxes, have consider-

able variations, 904K to 964K, This means tha?

the ADI is more sensitive to the amount of heat

flux than the Barakat method, especially at the

ends of the coil.

(b) Table 8.1 also shows that the Barakat method

gave longer heating times than the ADI method,

except with a cover temperature of 1000K and
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typical convective heat transfer coefficients
in the convector plates, Both methods predicted
almost identical values for the minimum temper-

ature in the coil at the end of the heating

cycle,

(c) The heating cycle for a tight,coil, which is
similar to a hollow solid cylinder .of steel, was
computed by both methods. This was compared with
the heating cycle of a coil which opens by thermal
expansion in order to investigate the effect of
coil opening on the heating rate. The ADI method
showed a reduction in the cycle time from 77 to
42 hours, whereas the Barakat method showed a
negligible reduction from 75 to 72 hours. This
means that the Barakat method is less sensitive
to the effect of the coil opening by thermal
expansion than the ADI method which responded
very clearly to the reduction in thermal conduc-

tivity caused by the opening of the coil,

(d) Table 8.1 shows that a cover  temperature of

1000K would produce less heating time than a

cover temperature of 900K or 1050K for both

methods with various axial heating fluxes.

8.2 Test of the Mathematical Model

eel was prepared with nine thermo-

A test coil of st
i ' .4, and used in an industrial
couples fitted as shown in Fig. 8.4,
measure the temperature at these points during

furnace to
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the annealing cycle. The test coil was "annealed" in

\

different stacks having different number of coils and with

different arrangements of coils of different sizes. These

stacks are referred to in this thesis by the following
notations:
Load L31“ has 3 coils, the test coil at the bottom ﬁ/

Load 141 has 4 coils, the test coil at the bottom

Load 142 has 4 coils, the test coil number 2 from
the bottom

Load 143 has 4 coils, the test coil number 3 from
the bottom

Load 144 has 4 coils, the test coil at the top.

For all these loads, the minimum value of temperature
measurements during the heating cycle, and the maximum
temperature during the cooling cycle, lies at the centre
of the coil laps as measured by thermocouple number 5.
Since the mathematical model predicted the location of

these limiting'temperatures at about the same position in

the coil, the computed values of the temperature at that

point in the grid were compared with the measurements of

thermocouple number 5. For compariscn purposes, the

measured and the predicted values of these temperature

profiles were plotted on the same axes. See Figs. 8.5a to

8.5e.

As a further test of the model accuracy, times of the

ycles calculated by the model were

heating and cooling ¢C
compared with their corresponding measured values. Also
the rates of heating, in tons of steel per hour, were compared.
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These comparisons were performeg to test the relia-

bility of the mathematical model for predicting the transient

heat trnasfer in the furnace. The model was tested with the

five arrangemnts of stacks of coils, so as to cover the

widest range of stacking possibilities. The results are

shown in Table 8.2.

8.2.1 Accuracy of the Model

From Table 8.2, the annealing time calculated
by the mathematical model agrees with the measured
value with 95% accuracy, if the results of Load L42
are not considered. For this load, the discrepancy
was about 21%. Although for the other loads, the
total annealing time agreed with the measured values
reasonably well, the difference between the measured
and the computed values for the heating and the cooling

cycles, considered separately, was quite large.

Tor a stack with 3 coils, the predicted times

for the heating, the cooling and the total annealing

cycles were nearly equal to their corresponding

measured values; and the difference in all cycles was

less than 10%.

For the four-coil stacks, except the loadL42

which hasA the test coil in the second position from
the bottom of the stack, the difference between the
e heating time

measured and calculated values of th

of the cooling time. In the

was cancelled out by that
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case of Load L42, the model predicted longer times

for both the heating and the cooling cycles, and hence

longer annealing time than the measurements

Table 8.2 also shows that for a stack of four
coils, the difference between the computed and the
measured cooling times increased as the test coil

was moved from the bottom position to the top of the

stack.

The profiles of the limiting temperature in
the test coil, whichwere measured by thermocouple
number 5, are shown in Fig. 8.5a to 8.5e. The limit-
ing temperature is defined by the minimum temperature
in the coil during the heating cycle and the maximum

temperature during the cooling cycle,

The graphs in Fig. 8.5a show that the limiting
temperature calculated by the model was always less

than its value measured by the thermocouple for the

whole annealing cycle, However, the difference between

the two values was never greater than 20K, and the

two values became closer to each other at the end of

the heating cycle and the end of the cooling cycle.

Fig. 8.5b and 8.5e show that for four-coil stacks

1,41 and L44, the model predicted higher temperatures
b
at location 5 than the measured values during the first

half of the heating cycle; from thereon the predictions

an the measurements until the end of the

became less th
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heating cycle, During the cooling cycle, the

computed values of the temperature were always higher

than the measured values,

Fig. 8.5¢c shows that, for the first half of the
heating cycle, the predicted and measured temperatures
at location 5 of load I42 were almost similar. During
the second half of the heating cycle, the predicted
temperature became less than the measured temeperature.
From the beginning of the cooling cycle onward, the
computed temperature was considerably higher than the
measured temperature. This is consistent with the
results in Table 8.2, which show the difference in the

cooling cycle as double the difference in the heating

cycle for this load.

In the case of Load 143, the calculated values of
the temperature at location 5 were higher than the
measured values during all the heating cycle. During

the cooling cycle, the measured temperature was higher

than the predicted temperature. See Fig. 8.5d.

8.2.2 Location of Limiting Temperature

When the minimum temperature in the stack attains

a value equal to the lower critical temperature of

steel. the heating would be stopped, the cover furnace
)
would be lifted off and the cooling cycle would start.

The cooling cycle ends when the maximum Cemperature
: the stack reaches 2 value below which the atmospheric
in'
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ir 1di
a does not oxidize the steel. The measurement
S

of temperature in the coil indicated that the two

limiting temperatures were located at the middle of

b

the coil laps and measured by thermocouple number 5.
The mathematical model predicted this location at the

same position with a slight shift toward the hollow

core of the coil,.

The agreement between the model prediction and
the thermocouple measurement of the location of the
limiting temperature is an important test for.the
reliability of the model prediction. This is because
the agreement in the location of the limiting temper-
ature signifies the agreement in fhe prediction.of

temperature distribution in the coil.

The mathematical model was used with the five arran-

gements of coils, shown in section 8.2, to calculate

the annealing cycle which is controlled by the limit-

ing temperature in the whole stack, denoted by RUN 2,

rather than the limiting temperature in the test coil

only, whenever this was placed. The latter run was

denoted by RUN 1. The results show that the limiting

1d have been in

temperature in a1l these stacks wolU
the top coil whether it was the test coil or not.
This was evident from the identical results of the

test coil at the

two runs of load L44, which has the

top of the stack. See Table 8.3.
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T
able 8.3 also shows that the annealing cycle
would be longer if the limiting temperature would have

been in the. top coil than any other position in the

stack. The difference was very large for the case of the

test coil being at the bottom, namely 81%., As the
coil was moved from the bottom position upwards, the
difference would become smaller until it disappeared
altogether when the test coil was at the top. Table
8.3 also shows that the difference in the heating
cycle would be 50% higher than the differenée in the

cooling cycle.

The above observations of the location of the limit-
ing temperature in the top coil and the difference in
the variation in the cooling and the heating cycles,
could be éxplained by the fact that the top coil,
although it receives a high radiative flux from the
top of the cover via the top convector plate, it is

the farthest coil from the purners' belt situated

around the bottom coil.

8.3 Effect of Coil Opening

To investigate the effect of opening of the coil laps

due to thermal expansion, the temperature distribution 1n
the stacks, arranged in the order shown in section 8.2,

. i i the
was computed by the mathematical model considering

of steel. These coils will

coils as solid hollow cylinders
be called tight coils. This was compared with the results

eated as normal coils which may open

of the same loads tr
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by thermal expansion of stee], These coils will be

referred to as open coils. The results are presented in

Table 8.4.

Table 8.4 shows that if the coils do not open by
thermal expansion and behave as hollow solid cylinders, they
would save about 30% of the total annealing time. This was
valid for all the tested loads, whether they are of three

or four coils,.

The results show that the difference between the open
and thetight coil would be mainly in the heating cycle where
the tightness of the coils would save about 50% of the
heating time. The difference in the cooling time was not
so remarkable; it is only 3 to 9%. This phenomenon could
be due to the contraction of the _steel during cooling when
the opening between the steel laps tends to close and

return to its original tightness.

8.4 Stacking Arrangement

The Load L31 was composed of three coils of different

sizes with the test coil being the largest one. The temper-

ature distribution in this stack was calculated by the mathe-

£ the coils to

matical model with different arrangements o

i i h k. The
predict the optimal order of the coils in the stac
following notations were used:

1 denotes the largest coil (test coil)

.2 denotes the medium coil

3 denotes the smallest coil
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b denotes the bottom POsition in the stack
m denotes the middle Position in the stack

t denotes the top position in the stack

The results of thege computations are shown in

Table 8.5. This table'shows that the order of the largest

coil in the stacking arrangement has g Significant aeffect

on the time of the annealing cycle as well as on the fuel

consumption. The results show that as the largest coil. was
moved from the bottom position to the top position in the
stack, the annealing time increased from 59.5 to 128.5
hours. The effect of the position of the other two coils
relative to that of the largest coil was not very serious.
For example, when the largest coil was at the bottom of
the stack, the interchange of the other two coils changed
the total annealing time by only half an hour and the
consumed fuel by less than 2%. On the other hand, the moving
of the largest coil from the bottom to the top of the
stack increased the cycle time from 60 to 127 hours,

and used 14% more fuel. The results also show that this
effect on the cooling cycle would be greater than on the

heating cycle. The heating time was increased by about

60%, when the position of the largest coil was changed from

the bottom to the top position of the stack, while the time

of the cooling cycle was increase by 150%.
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8.5 ILffect of Dimensions of Convector Chan 1
nels

et

“he shape and the size of the channels in the convector
plates have great effect on the rate of convective heat
a

transferbetween the gas flowing in the plates and the

ends of the steel coils. To study this effect and to
predict the optimum width ~to-height ratio of the convector
channels, the model was used to calculate the temperature
distribution in the load 141 using different data on the
width and the height of the channel entry at the outer

periphery of the coils.

The following notation was used to represent the data
on the channel dimensions:

Wl is the conventional value of channel width

Wz is 25% smaller than Wl
Waq is 25% larger than Wy -

H. is the conventional height of the channel

1
Ho is 33% lower than Hy

Hy is 33% higher than Hy

All the possible combinations of these data were used

to predict the combination which produces the optimal

convective transfer rate. The effect due to the change in

-the channel dimensions 1s expressed as a percentage of the

results obtained by using the conventional dimensions as a

datum, which is denoted in Table 8.6 by the Load lel'

The results in Table 8.6 show that the effect of

eight was more pronounced

e channel. Also, it

than the
changes in the channel h

effect of changes in the width oFf th

’

172




ig noticed thafc the effect of changes in either di i
mnension

n
I u 1 - 25,0 ln

the channel width would not affect tpe heating time, but it
’ u 1

would reduce the cooling cycle by about 3% and hence

reduce the total annealing cycle by about 2%. This change

would increase the pressure drop in the stack by 14%. but
9y

would not affect the consumed fuel. Also, an increase of

/

25% in the channel width would reduce theé heating, the coei—/

ing and hence the annealing cycles by 3% each. The change
in the width of the channel has no pronounced effect on
fuel consumption in the furnace and negligible effect on

the total pressure drop in the stack.

The decrease in the channel height by 33% would increase
the heating time by 6% but would reduce the cooling time
by 8% and thus reduce the total annealing time by 3%.
This decrease in height would also increase the total

pressure drop by 41% but would cause slight saving, of 1%,

in fuel consumption. When the channel height was increased

by 33%, both the heating and the cooling cycles would be

reduced by 3% and 6% respectively. The reduction in the

whole annealing cycle would then pe 5%. The ingrease in
height would not affect the amount of fuel consumed but

i 9?70
would decrease the pressure drop 1f the stack by 19%

Q0
In spite of reduction of pboth cycles caused by 33%

Table 8.6 shows that the

increase in the channel height,

g time (11%) would be

highest saving in the total annealin

: : q,.
achieved if the height is reduced by 33%

g time are indicate

Similar savings

4 for either 25%

of fuel and annealin |
decrease. The maximum

. .
increase in the channel width or 257
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temperature in the stack during cooling would be 1
e less if
the channels were 25% wider with 25% fewer ch 1
annels, For

these optimal channel dimensions (339 decrease in heigh
—=crease eight

o s . .
and 25% 1increase in width), the heating time would be

increased by 6% only, but the cooling time would be reduced
by 21% and thus the total annealing cycle would be reduced

by € %. These dimensional changes would produce the highest

fuel saving, namely 2%. However, these changes would cause
the highest increase in the total pressure drop, 64%.

From these results, it is concluded that the optimum width-

to-height ratio of the convective channels is 9.

8.6 RIffect of Fan Capacity

The computer program of the annealing furnace was
used to calculate the annealing cycle of Load L41 using

different values for the volumetric capacity of the fan in

the basement. The run using the present volumetric capacity

of the fan was denoted by RUN 1. RUN 2 has a fan capacity

33% less than the present value and RUN 3 has 33% larger

fan capacity. The results are shown in Table 8.7.

The results show that the pigger fan capacity would

. . o
reduce the heating time DY 11%, the cooling time by &%
and the total annealing cycle by 79, On the other hand,
y would produce 6%

a decrease of 33% in the fan capacit

1 4 l.:_ .
increase in the heating cycle, 13% increase 10 the cooling
i ie, The
cycle, and 10% increase€ in the whole annealing cyc¢
14 result in 5% saving in

decrease in the fan capacity wou

decrease in the total heat given

fuel consumption and 2.2%
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to the stack. This decrease in capacity would regq
reduce

the total pressure drgby 57¢ .
POy O7%. Increasing the fap capacity

py 33% would increase the consumption of fye] by 4% but
0 bu

would also increase the useful hegt given to thé Stack
c

by 1.8%. It would also raise the total pressure in the

stack by about 82%

The increase in the burned fuel associated with the
higher fan capacity could be due to the increase of the
total heat given to the steel coils. Another explanation
could be attributed to the high firing rate at the beginning
of the cycle where the gas tempefature should be rapidly
elevated. Also, the iterative procedure of estimating an
initial temperature difference in the stack and an estim-
ated temperature differential of the gas at the charge

plate, may add some explanation of this increase in fuel.

8.7 Recycle of Furnace Gas

‘The mathematical model was used to investigate the

effect of recycling the hot flue gases back to the firing

zone in the furnace. Two different stacks, one with equally-

sized coils and the other having coils of different dimen=

S was
sions, were used for the tests. Each of the two stack

. £ flue
heated with and without recirculation OZ the furnace

i 8.8,
gases and the results are presented In Table

175




8.7.1 General Observationé

Table 8.8 shows the following-

(1) The heating tinme for the stacks of coils with

either equal or different Sizes would decrease if the

flue gas is recycled. This saving in heating time

would be about 26% if the coils have different sizes

and 31% for equally-sized coils.

(ii) Whether the gas is recycled or not, the heating
of coils having different dimensions would be faster
than the heating of equally-sized coils: also the fuel
consumption in therms per ton would be less.

(iii) Gas recirculation would increase the heating rate
from 1.39 to 2.01 tons/h "44%" if the coils are equally-
sized, and from 1.86 to 2.51 tons/h "353%" if the coils
have different sizes. However, this would decrease the
thermal efficiency by increasing the consumed fuel

from 15.58 to 22.97 therms/ton "47%" for the case of
equally-sized coils and from 14.92 to 19.30 therms/ton

"30%" for the coils of different sizes.

(iv) The above observation shows that the recircula-

tion of flue gases to the firing zone would improve

ur
the heating rate in terms of tons of steel per ho

at the expense of the thermal efficiency of the

i iti 1d be
furnace. The optimal operating conditions wou
i tween the
obtained by keeping the optimal balance be
i f the load.
thermal efficiency and the heating rate ©

n the stacking arrangement of

The latter depends ©O |
n detail 1in

i d i
the coils which has been discussé

Section 8.4
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8.8 Comparison of Coolers

The mathematical model was used to compare the

performance of two types of cooler. A fluidized bed

cooler whose thermal performance characteristics are

shown in Fig. 8.6, was used and compared with the conven-.
tional shell and tube heat exchanger. The performance
characteristics of the latter are shown in Fig. 8.7. A

typical stack of steel coils with the dimensions shown in

Table 8.9 was used far these tests..

The cooling cycle is defined, in these tests, by the
time taken to cool the steel coils from an initial temper-
ature of 900K everywhere in the coils until the maximum

>
°

temperature in the stack is less than or equal to 450K

8.8.1 Observations

(i) The fluidized bed cooler took 48 hours to finish

the cooling cycle, while the shell and tube exchanger

fook 54 hours. See Table $.10a and 8.10?.

(ii) The fluidized bed achieved a mean temperature

in the stack equal to 450K in 45 hours, whereas it

took the other cooler 51 hours to reach the same

mean temperature.
(iii) When the mean temperature Of the stack reached
) ] . 1
450K, the maximum temperature in the pottom coil only

K in the case€ of the fluidized bed. With

e maximum tempe rature

was below 450

the shell and tube cooler th

d the second colils were under

in both the bottom al
450K 'at that stage.
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(iv) When the mean temperature of the Stack was 450E

the maximum temperatures in the four coils were high
gher
, 2

in the case of the fluidized bed than the corresponding

values with the shell and tube exchanger

Observations (iii) and (iv) suggest that the
shell and tube exchanger produces more uniform cool-
ing of the stack up to this stage; but it is slower
than the fluid bed tooler.

(v) Comparing the bottom lines of Table 8.10a and
8.10b, ie. at the end of the cooling cycle the mean
temperature of the stack produced by the fluidzed
bed was cooler than that produced by the conventional
cooler. The maximum temperatures in the two middle
coils were almost the same for both coolers. The
maximum temperature in the bottom coil was 5.3K

cooler in the case of the fluidized bed than that of

the shell and tube exchanger. This means that, for both

coolers, the middle coils in the stack are subject

to less temperature variation than those at the

bottom and the top of the stack.

(vi) During the first five hours of cooling, the

fluidized bed and the conventional exchanger produced

identical values for the mean temperature in the stack.
Fig. 8.8a shows that o fter the first five hOuIs, the
ined by the fluid bed, at any time interval,

ined by the shell and tube

value obta

is cooler than that obta

ifferential in the mean temperature

exchanger. The d

e cooling cycle.

increases with time along th
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(vii) For both types of cooler, the maximun heat

removed from the stack ocurreg at the beginning of

the cycle. The cooling rate tends to decrease towards

the end of the cycle. Fig. 8.8b shows that up to

45 hours, the amount of heat removed from the stack
by the fluidized bed is larger than that removed by
the shell and tube exchanger. The difference between
the two values of heat removed is larger at the begin-
ning of the cycle. After 45 hours, the values of
heat removed by the two coolers are almost similar.
This means that the fluidized bed extracts heat from
the stack more quickly than the conventional cooler.
However, towards the end of the cycle, the shell and
tube exchanger catches up and even tends to overtake

the rate of fluidized bed cooler.
(viii) The temperature of the gas entering the down-
comer was lower in the case of the fluidized bed than

the case of the shell and tube exchanger. This is

valid at any time interval as shown in Fig. 8.8c.

(ix) From Fig. 8.8d, the temperature drop in the

fluidized bed is greater than that in the conventional

exchanger. The difference in the drop is larger at

the beginning of the cycle, and diminishes with time

up to the end of the cycle.

(x) The temperature of the gas leaving the f1luid bed

ing the stack is always lo
g the shell and tube

wer than
cooler and enter

the temperature of the gas leavil

wn in Fig. 8.8e and seems to be

exchanger. This is sho

; iid d (ix).
consistent with observations (viii) an (ix)

179

jas




(x1) The maximum temperatures ip the coils are alw
Iways

located near the core for botp cases of the fluidized

bed and the shell and tube heat exchanger

8.8.2 Comments

1. The above comparisoms of the two types of cooler
were based on an idealized initiagl state, whereby
the coils were everywhere at 900K. 1In reality, at
the end of the heating cycle there is a considerable
temperature variation throughout the coils. The
model was used to calculate the total cycle time with
the two types of cooler. In these tests, the
fluidized bed produced the same proportional decrease
in the cooling cycle time, as with an idealized
initial temperature. The probable explanation to
these similar results is that at the beginning of
the cooling cycle the temperature gradients in-the

coils tend to decrease before a significant amount

of heat has been removed and the temperatures start

to drop See Fig. 8.9a and 8.9b where typical changes
in the radial temperature profiles of the coils are

shown. These graphs are plotted for the bottom

coil at its half height.

2. The use éf 4 fluidized bed as 2 cooler incorpor-

problems of pressure drop and particle

ates some
It is possible that a shallow

entrainment in the gas.

ble diffuser plate would overcome

bed with a suita
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the high pressure problems. 7he pressure drop would
u

also be reduced by passing part of the gas, rather
than the whole gas flow, through the bed: but this
would reduce the amount of heat removed from the load,
The entrainment of the fluidigzeq particles in the gas

could be avoided by using a sieve plate at the exit

of the bed.
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Table 8.2 - Comparisons of Com

puted and Measured Results

Weight | Type of Heating | Cooling Total
Load (tons) data Time Time Annealing
(h) (h) Tine
(h)
measured 28.0 31.0 59.0
L31 65.21 computed 26.0 34.0 60.0
dlffo % —7% +9% +2%
measured 30.5 36.0 66.5
L41 73.07 computed 36.0 33.0 69.0
diff. % +18% -8% +4%
measured 45.5 34.0 79.5
L42 70.80 computed 52.5 . 44.0 96.5
diff. % +15% +29% +21%
measured 42.0 37.0 79.5
- 143 75.33 computed 33.0 44,0 77.5
diff. % -21% +20% -3%
measured 64.5 38.0 102.5
L44 77.23 computed 54.5 53.5 107.5
diff. % ~16% +40% +5%
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Table 8.3 - Comparisons of Differep

in a Stack of Coils

U Limiting Temperatures

Weight | Type of Heating | Cooling Total
Load (tons) Run Time Time Annealing
(h) (h) Time
(h)
Run 1 26.0 34,0 60.0
L31 65.21 Run 2 34.5 64.0 98.5
diff. % 33% 88% 64%
Run 1 17.5 31.5 49.0
L41 73.07 Run 2 33.5 55.5 89.0
diff. % 91% 76% 81%
Run 1 24.0 40.0 64.0
142 70.80 Run 2 42.0 60.5 102.0
diff. % 75% 51% 59%
Run 1 33.0 44,5 . 77.5
L43 75.33 Run 2 47.5 57.5 105.0
diff. % 44% 29% 35%
Run 1 54.0 53.5 107.5
L44 77.23 Run 2 54.0 53.5 107.5
diff. % 0% 0% 0%
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Table 8.4 -

Comparison of Open ang Tight Coils
\\

Heating Cooling Total
Load Time Time Annealing Consumed
(h) (h) Time Fuel
(h) (kg)
131 open 48 .5 31.5 80.0 1668
giff % 46% 99 259 19
L41 open 36.0 33.0 69.0 1606
tight 17.5 31.5 49.0 1561
diff % 51% 5% 29% . 3%
142 open 52.5 44.0 96.5 2123
tight 24.0 40.0 64.0 1883
diff % 54% 9% 34% 11%
143 open 56.0 53.5 109.5 2538
tight 33.0 44,5 77.5 2220
diff % 70% 17% 41% 14%

185




Table 8.5 - Results of Stacking Arrangements

Load H;?}Eéng ngiing Anggfxtll:ilng Fuel
(h) (h) Time Consumed
o | m (h) (kg)
1] 2 26.0 34.0 60.0 1565
1 3 25.5 34.0 09.5 1591
2 1 31.5 54.0 85,5 1700
3| 1 31.5 58,5 90.0 1709
2 3 41,0 85.5 127.,0 1780
3 2 41.0 87.5 128.5 1740
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Table 8.7 - Sensitivity

Study of Fan Capacity

} /._,
le
Cyc RUN 1 RUN 2 RUN 3
Heating: time (h) 17.5 18.5 16.5
% change » +69, 69
Cooling: time (h) 31.5 35.5 29.0
% change +13% -89
Total Annealing
time - (h) 49.0 54.0 45.5
% change +10% -7%
Consumed Fuel ;
kg 1561 1479 1621 i
% change -5% +4% i
Total Heat into Stack
kWh 12510 12230 12740
% change -2.2% +1.8%
Total Pressure Drop , a5 35
mm.w.g. 19.46 8.38 .
-57% +82%
% change
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TABLE 8.10a - Results

0f Fluidiseq Bed Cool

191

e .. TBIPERATURE (K) In:
(g&ﬂ&) Coil 1 Coil 2 Coil 3 Coil 4 %’%a; a;?ef—o
¥)
1 899. 8 89¢. 8 898.7 892.8 8.4 | 7258 Tl s .
2 B98.7 898.7 897.8 898.6 880.5 | g7z 143:3 ;::j fcu
3 896.4 8YE.€ 894.4 896.2 869.7 | 6.0 o] o ~ x
! 5929 &9, 580 892.4 1 8%.7 | 6107 120.6 | 4052 ;4
5 887.8 885.2 882.8 867.4 847.5 | 606.1 52 | s i
6 881.1 B81.7 874.4 881.1 836.2 | s599.3 m.2 | sssn o
7 872.7 874.0 864.5 873.2 824.¢ | so01¢ 076 | 4s¢.0 4.1
§ 8c2.8 BeS ¢ 853.2 863.7 812.5 | s85.1 104.6 | 480.3 4.3
2 821.2 8559 841.7 852.6 801.8 | 578.0 102.1 | 4758 RE
10 835.5 845.4 828.2 840.2 700.2 | 573.0 00.5 | a3 e
11 825.2 833.9 §14.8 826.& 778.4 | 567.2 07.0 | 470.2 41
12 811.4 821.9 801.1 812.6 766.6 | 561.5 94.5 | 467.C 4.08
13 797.0 809.2 787.3 797.9 754.7 | 555.8 92.1 | 463.7 4.0
14 782.3 796.2 773.6 782.9 742.7 | 530.1 89.7 | 460.5 4.00
15 767. 4 782.9 759.9 778.0 7308 | 534.4 87.3 | 457.2 2.9¢
16 752.5 769. 4 746.5 753.2 718.8 | 538.7 B4.9 | 433.8 3.90
17 737.6 755.9 733.3 738.6 706.2 | 532.9 82.5 | 450.4 3.8
18 722.9 742.4 720.5 724.4 695.1 | S527.3 8.1 | 447.0 5.7
19 708.3 729.1 707.8 710. 4 683.4 | 3521.2 77.8 | 443.6 B¢
% 694.1 715.9 795.3 696.¢ 671.8 | 3515.5 75,4 | 4401 5.63 *
2l 680.2 702.8 683.1 682.7 660.3 509.6 73.1 436.6 3.53
22 666.5 690.1 671.2 €70.9 645.0 503: 8 70.8 433.0 “f
23 653.3 677:7 659.5 658.4 637.8 | 498.0 68.5 | 420.5 wa
% 640.3 665.5 648.1 646.3 626.9 492.2 66.3 | 426.0 dzt
25 627.8 €53.5 636.9 634.6 .| 616.2 486.5 64.1 ﬁ: :;g
26 615.6 641.7 625.9 622.2 605.6 | 480.8 61.9 8 o
3 59.2 | 416.1 2.9¢
27 603.7 630.1 615.2 612.2 595.3 | 475.3 ° o e
7. I

28 592.2 618.8 604.7 601.5 585.3 | 470.2 : j 4;9 : -
* o811 607.7 504.5 . 5! 5??'4 464'2 52:5 406:2 2.72
c 570.3 596.9 584.5 581.0 565.8 | 459 e | s 0 62
31 559.¢9 586. 3 574.8 571.3 5.5 | 454.4 49.8 39;5 e
x 549.6 576.0 565.3 561.8 547.3 | 449.2 48-0 - S
33 540.1 565.¢ 5%.0 °52.6 ol 46.3 392.9 2.38
X 530.7 55€. 1 547.0 543.8 529.8 439-2 44:6 380.7 2.31
3 521.5 546.6 538.2 535.0 521.3 ‘2'5 0 | 3865 2.23
36 512.7 537.3 529.6 526.6 51?.1 :24-8 O )16
37 504.2 528.3 | 521.3 518.4 50:-? 420:2 ;.0 | 380.3 2.08
38 49€.0 516.5 513.2 510.5 49 '9 a5 7 3.4 377.3 2.01
¥ 488.0 571.0 505.3 502.8 488. 1.3 37.0 | 374.3 1.94
40 480.3 502.7 497.6 495.3 “8?'6 407.1 x.6 | 3714 1.818
4 472.9 494.7 490.2 488.1 :z;z 402.9 34,3 | 368.6 iza
42 465.7 486.9 482.9 481.1 61'0 208.8 33,0 | 365.8 o
13 458.8 479.4 475.9 474.2 :55’; 4.0 31.8 26632 1es
4 452.1 472.1 469.0 1.6 | 80| o | w6 | B0A T
5 4457 465.0 462.4 __&5,1_.'2’-»——-;;“ 2572 29,5 | 357.7 -
46 43¢%.5 458.2 455.9 435.0 4: 5836 28.4 | 395.2 o
47 433.5 451.6 449.7 448.9 3;5 2800 07,3 | 352.7

18 427.7 445.2 443.6 443.0 : /’________________..L—--—-———""‘"

ot




TABLE 8.10b - Results of Shell and Tube

AX. TEMPERATURE (K) Iy wean . Heat henr
HOURS Coil 1 Cotl 2 Coil 3 Coil ¢ T T from Stack
(H ) L 1. 1 z?')) lo‘\-s\c}m '
1 899.8 899.8 899.7 899.8 891.7 4
2 898.8 898.8 898.0 898.7 881.7 702.4 129.5 572.8 4.00
3 896.7 896.8 895.0 896. 4 871.7 673.5 117.1. | 556.4 3.20
4 893.5 893.7 890.5 893.2 861.6 565.6 110.0 546.5 3.90
5 888.9 888.2 884.5 888.9 851.4 644.8 105.2 539.8 3.:2
6 882.8 883.6 877.0 883.1 841.1 635.9 101.6 534.3 ;3.86
7 875.4 877.3 868.1 875.9 830.7 628.3 98.5 529.8 ~.s4
95.8 525.7 3.
8 866.6 869.9 858.1 867.1 820.2 621.6
9 856.6 861.6 847.2 856.9 809.7 | 615.3 93.4 | s21.9 3.82
10 845.9 852.2 835.6 845.5 799.0 609.3 91.0 518.3 3.81
1 834.2 842.1 8.5 833.2 788.3 603.5 88.8 514.8 3.78
12 827.1 831.3 811.1 820.0 | 777.5 597.8 86.6 511.3 3.76
. . : 70
13 809.4 820.0 798.6 806. 4 766.7 | 592.1 84.4 507.8 3.73
14 796.4 808.3 786. 1 792.6 755.8 586.5 82.2 504.2 3.70
15 783.0 796.3 773.6 778.7 744.9 580.8 80.1 500.7 ;of
16 769.5 784.1 761.4 765.0 | 734.0 575.1 78.0 491@ 3'1
17 755.9 77.1.8 749.4 751.5 723.2 569. 4 75.9 493.5 3.;;,
18 742.4 759.6 737.5 738.1 712.4 563.6 73.7 189.9 3.
19 729.3 747.3 725.9 725.1 701.7 | 557.9 71.6 186.2 3'3~
' . 3 .37
20 716.4 | 735.3 T4.4 | 712.4 691.0 532.1 69.5 482.5 >
21 703.7 723.3 703.1 | 700.0 | 680.5 | 346.3 67.5 4;586 3.90
. ' ; 540.5 65.5 475. .22
692.0 688.0 670.2 5 ; |
22 691.3 711.5 ; 4 o
7 - 8 63.4 171,
681.1 676.3 659.9 534,
3 679.1 699.9 in e
; 667.2 688.4 670.4 665.0 649.8 429.1 61.5 467.6 o
. ‘ 54.0 639.9 523.4 59.5 | -463.9 :
25 655.6 677.2 660.0 | 6 : o
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CHAPTER NINE

CONCLUSIONS AND COMMENTS
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CONCLUSIONS AND COMMENTS

9.1 Conclusions

The results of the investigation of the performance
of a batch annealing furnace, obtained by using mathema-
tical modelling are presented énd discussed in Chapter 8.
The general conclusions about the effects of the investig-
ated design factors and operating parameters are as
follows:

(a) Location of Limiting Temperature. The results in

Chapter 8.2 show that the model represents the process
of heat transfer in the furnace fairly well. This model
predicted the location of the limiting temperature at
the centre of the coil laps with a slight shift towards
the hollow core of the coils. The overall limiting

temperature in the stack would be the limiting temperature

of the top coil.

(b) Coil Opening. The thermal expansion of the steel

sheets, forming the coil, may cause the coil laps to
open and hence reduce the effective thermal conductivity
in the radial direction. This would effectively prolong

the annealing cyclé by about 30% from that of a situation

in which the coils behave like hollow solid cylinders.

This effect could be eliminated by increasing the winding

tension in the coils and/or heating from within the

central core of the stack,




(c) Stacking Arrangement. For any stack of coils, there

is an optimal stacking arrangement of coils. ® It is

found that, the largest coil should be placed in the
bottom position of the stack. The positions of the remain-
ing coils have less effect on the heating and cooling

rates in the furnace. This is because the Burner belt

is situated around the bottom coil.

(d) Optimal Convective Heat Transfer Rate. Sensitivity

studies of the effects of the dimensions of the convector
channels indicate that the height of the chaﬁnel has a
significant effect on the rate of convective transfer
between the inert gas in the plates and the ends of the
coils. The effect of the channel width 1s not so
pronounced. This may be due to the fact that the hydraulic
mean diameter approximates to twice the channel height if
the width-to-height ratio is comparatively large. An

optimal ratio of width-to-height has been predicted as

9'

The rate of convective heat transfer is also dependent

on the fan capacity. The investigation of this effect

shows that a bigger fan capacity would produce faster heat-

ing and cooling rates but would increase the use of fuel.

In practice, the optimal fan capacity could be obtained by

an optimal badlance petween the annealing rate and the

consumption of fuel.

214




(e) Recycle of Flue Gas. - The recycle of hot. flue gases

to the firing zone of the furnace, has been proven to

make .. the thermal efficiency:'therms per ton of steel'worse.
However, the gas recycle would reducé'the heating rate
expressed in terms of tons of éfeel‘per hour. An optimal
recycle ratio could be obtaiﬁed byjkeeping an optimal

balance between heating rate and thermal efficiency.

(f) Cooling. The comparison of é fluidized bed cooler
with the conventional shell and tube exchanger showed

that the former would produée faster cooling than the
latter. However, the fluidized bed is accompanied bf
practical problems of high pressure drop and possible
entrainment of bed particles in the flowing gas. Passing
part of the gas, instead of the total flow, through the
bed and using a shallow bed may/oﬁercome the first problem.

For the other problem, the use of a sieve plate at the

gas exit from the bed~wou1d be a reasonable solution.

9.2 Comments

As mentioned in Chapter 1, mathematical models are
only reliable if their validation is confirmed by testing
them in practical situations. Inrthis work, industrial
measurements have been used to confirm the reliability
of the model. Although a fair agreement has been obtained,
the conclusions'drawn by using this model would need to be

confirmed by practical industrial tests.
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Implementation of the optimal design factors and
better operating conditions, which have been demonstrated
by means of the mathematical model, may.be constrained
in practice. For example, the optimal stacking arrange-
ment is limited by the size of coils available for anneal-
ing. Another constraint is the availability of suitable
lifting cranes. In the case of the cooler and the fan,
the change of the present equipment may cause a Space
problem in the base. For the optimal channels of convector
plates, all the existing plates would need to be scrapped.
Stacks containing a mixture of new and old plates could
produce unexpected flow distributions. Reversing the
direction of flow of the inert gas in the stack would
enhance heating from the central core. The furnace and
cover would need to be completely redesigned if the
furnace is required to be fired axially up a central

duct within the hollow core of the stack.

Since the objectiw of any industrial investment 1is
making profit, the cost factor will control any process

development. This work has been confined to technical

aspects only and no monetary analysis has been investiga-

ted. Nonetheless, the above conclusions are worthyof

some investment to test them on existing furnaces.

9.3 Suggestions for Further Work

(a) Although the mathematical model has been verified
with some industrial measurements, the optimal design

factors and operating parameters have to be tested
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experimentally. This would need to be done on a full-scale
furnace, by fabricating test convector plates, installing

a fluidized bed and a bigger capacity reciréulating fan.

(b) Experimental simulation of convective heat transfer in
the channels of the plates is another field which could be
investigated. The simulation would verify the predicted
effects of the channel dimensions and could be used to

investigatethe optimal shape of the channel.

(c) The mathematical model of effective thermal conductiv-
ity in the radial direction of the coil could be further
developed to include a relationship between the coil
opening and the residual tension in the coil. From such

a relationship, the initial tension required to prevent

the laps separating during heating could be predicted.
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APPENDIX A.1

Composition of Steel

The composition of the steel used in this work is given
24
in table 248 by Spiers< ) "Technical Data on Fuel', 1961.

This composition is as follows:

Iron 98.96%
Carbon 0.23%
Silicon 0.11%
Manganese 0.63%
Nickel 0.07%

Tabulated data on the physical properties of steel and
gases at different temperatures were obtained from the
literature. From these data, the physical properties were

correlated as polynomials of absolute temperature by using

the least square technique.
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APPENDIX A.2

Thermal Conductivity of Steel

Plot 1 repr

esents the following polynomical

T T .2
£,%100 = 3.836 + 11.52*(55p) ~ 0.314*(1555)

3
T T
+ 0.301*%(3559) 0.11%(7557)

for T < 1080K

Plot 2

for T = 1080K:

K_*100
S

il

repr

- 4

1.365 + 1.089*(1666)

220

(1)

?plot 1

FAN

>plot 2

The data on the thermal conductivity of steel Ks was taken
from Spiers(24), table 252 as the following:
Reported Cond. Reporteg Cond. Correlatid Cond.
. _ cal KS*10 Ks*lO“
Temp K hs'aﬁﬁf i L
mK mK
273 0.124 5.192 5.188
373 0.122 5.108 5.117
473 0.117 4 .899 4.893
573 0.110 4.605 4.594
673 0.101 4,271 §.268
773 0.094 3.936 3.931
873 0.085 3.559 3.572
373 J.076 3.182 3.150
1073 0.062 2.596 2.592
1173 0.063 2.638 2.642
1273 0.066 ;.763 2.751
1373 V.068 2.847 2.860
1473 0.071 2.973 2.969

esents the following straight line equation

R e s
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APPEIIDIX A.3

Coefficient of Linear Thermal Expansion of Steel

Spiers(24) in table (250) gave the linear expansion
as follows:
- Temp. K Peported Coeff. Correlated Coeff.
e w108 Oc w108 k71
100 12.18 12.18 ]
200 12.66 : 12.63
30C 13.08 12.07
) } plot 1
400 13.47 13.51
500 13.92 13.96
600 14 .61 146 .40 )
700 16 .88 14 .88
800 12.64 12.65 plot 2
900 12.41 12.41
1000 13.37 13.37
1100 16 .32 14 .32 plot 3
1200 15 .27 15.27

These data are correlated by-three functions as

follows:

Tor the temperature T < 975K, the following straight

line equation represents the coefficient

T (1
)\*106 = 10.52 + 4'443*(i—o_6'6) )

The coefficient of linear expansion is given by the

following polynomial in the temperature range of

975Kk < T < 1173K
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6 T T
k3 = - — — ——
M¥10° = 65.41 - 41.41%(555p) - 22.22%(555)

3

-10.06*(36%6> + 22.39%(—r 4

1000

6 _ (e
and 1*10° = 1.234 + 9.53*(15p5)

for T > 1173
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APPENDIX A.4

Volumetric Thermal Capacity of Steel

This is the heat capacity per unit volume calculated
as C = Cpp,where p and Cp are the density and specific
heat of steel. The density of the steel changes with temp-
erature because of the expansion of steel. Therefore, this
density is calculated from the thermal coefficient of
linear expansion A and the temperature change AT as follows:
p

0O

p T e—————————————t

'(1+A*AT)3

where p g is the density of steel at 20°C and

o, = 7873.3 kg /m .
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| >\*106 5 c *104 Reported Cap)Correl. Caé.
Temp. K 1 p kg/m p C g_\g_ﬁg C }g\g@
’ kWh/kg/K m K m K
273 - 7873.5 1.279 1.007 1.012
373 12.18 7844 .8 1.312 1.077 | 1.062
473 12.65 7814.0 1.465. 1.145 1.150
573 13.08 7781.5 1.510 1.222 1.238
673 13.47 77476 1.710 1.325 1.322
773 13.92 7711.4 1.907 1.471 1.441
873 |  14.41 7672.8 2.140 1.642 1.669
973 |  14.88 7632.5 2,191 | 2.13U 2.122
1073 12.64 7639 .4 2.605 1.990 1.868
1173 12.41 7615.5 1.849 1.402 1.583
1273 13.37 7566 .0 1.814 1.373 1.297
1373 14 .37 7511.6 1.826 1.372 1.380
1473 15.27 7456 .1 1.812 1.396 1.392

The above data were correlated by three polynomicals

as follows:

2 3

T T T
- 34.29%(1557)

C = 1.857 - 8.141*(1000) + 26'64*(T666

4

* 16.24*(T6%5) (1)
for T < 970K
C - 4.920 - 2.853*(7500) (2)
for 970K < T ¢ 1250K
(3)

T
c = 1.222 + 0’115*(3666)

for T > 1250K

[ X2 N~
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APPENDIX A.5

Volumetric IEnthalpy of Steel

This is the enthalpy of a unit volume of steel at

temperature T with the enthalpy at 273K as a datum. This
T

is calculated by the integral H = /  C(T)dT where C(T) is
273

the volumetric thermal capacity at temperature T given.in

Appendix (A4).
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é E
Temp. K Reporteé Egthalpy Correlated Enthalpy
H* 100KV /m H¥100K#h /m°
273 - _ \
373 126.8 126.0
473 286.6 263.2
573 6£25.3 421.1
> plot 1
673 616.8 612.2
773 B62.2 849.9
873 1158.5 1148.8 |
973 1791.6 1783 .0 ) |
1073 1860.3 1844.7 | piot 2
1173 1376.7 | 1365.9 ) |
1273 1472.9 | 1445.6 g
1o - o cus A 1597.9 | 7 plot 3 E
1473 1781.4 1760.1 lJ V

The above table was correlated in the following

functions of temperature

3
T
H, = -385 + 164u*(————)-1230*(100 + 1186*(3550)
4
T T ¢ 900K (1)
re SN
T500) “0e
2 L3
H, = -9021 + 12004*(10 ) + 1350(1g55)  + 3019%(7geg) |
s |
5506*(——2—) (2
- 1000

for the temperature range Of 900K < T < 1237K.

3
H_ = -493 + 1.523xT for T > 1273K. (3)
v
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APPENDIX B.1

Thermal Conductivity of Nitrogen

The following data of thermal conductivity of nitrogen

Kg was calculated from the data given in table 3.285 by

Perry(Bo)
Reported Cond. Correlated Cond.

Temp. K | g %10° K %10°

g g
(kW /m/K) (kW/m/K)
273 2.282 2.369
373 2.918 2.929
473 3.483 3.490
573 : 4.066 4 .051
673 L.647 4.611
773 5.c¢1 5.172
873 5.782 5.732
973 b.348 6.293
1073 6.879 6.854
1173 7.385 7.614
1273 7.879 7.975

The .above data was sitted by the following straight

line equation:

-8
K = 8.384*10’6 + 5.606%10 *T
g
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APPENDIX B.2

Specific Heat of Hitrogen

Spiers listed the mean specific heat of gases at
constant pressure between OOC and TOC in table 174. The

specific heat of nitrogen is tabulated below and converted

to kVh/Kg/K.

Reported Corr. Cp *104
Temp. K Cp C *104 g
& Pg Kih /kg; /K
kcal/kg/k 1oWh kg /k

273 0.248 2 .88¢ 2.88%
373 Ue248 2.88¢4 2.8585
473 0.249 2.896 2.694
573 £.250 2.908 2.9C7
673 0.2572 2.931 N 2.9279
773 ‘ Ja254 . 2.954 2.952
873 0.256 2.977 2.977
973 0.258 3.001 3.00G4
1073 0.261 3.035 3.034
1173 0.264 3.070 3.064

1273 0.266 3.094 3.095

Trom above, the specific heat was fitted as follows

_ _ -4 3

c = 9.93%10"% _ 3.401%107%x*T + 7 093%x10=L1xr2 _ 3,704%10 T
D v
g

18 4

+ 8.051%10 ~ T
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APPENDIX B.3

Thermal Enthalpy of Nitrogen

The enthalpy of gases'above OOC is listed against

temperature by Spiers in table 176. The enthalpy of

nitrogen is shown below.

Reported Enth. Corr. Enth.
Tenp. K Hg H H

kCal/kg ) © Vg
Kih/kg kWh/kg

273 - - —
373 24.8 0.02&8 0.0253
473 9.3 0.0582 C.0571
573 75.U0 9.0879' (1.0889
673 100.7 0.11¢5 0.1207
773 127.0 0.1496 C.1526
873 153.6 0.1812¢ 0.1844
973 i80.8 J.2133 v.2162
1073 208.9 0.2469 £.2480
1173 237.2 0.2814 0.2798
1273 266.1 0.3155 0.3117

This enthalpy was expressed by a straight line equation

H_ = -9.34*%10
g

2
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‘APPENDIX B.4

Functions of Physical Properties of Nitrogen

The thermal conductivity and the specific heat of
nitrogen are shown in Appendices B.1 and B.Z, The
dynamic viscosity of nitrogen is taken from table 148
by Spiers' 'Technical Data on Fuel'. These properties

are tabulated as follows.
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APPENDIX B.4

Functions of Physical Propertiss

of Nitrogen

i

Temp. | Yg ! 0° |, *10° FY*104=Cpg‘4KO' ® g'4 FA*104=Cpgl/3 ng/ 3 ugl/ 3
K g/cm/s | kg/m/h
Reported Correlated | Reported Correlétedi | ;
273 166 5.98 1.942 1.944 1.359 1.357 |
373 209 7.52 2.054 2 LUL7 1.4864 1.474
473 247 8.89 2.140 2.143 1.581 }.581
573 282 10.15 2.230 2.234 1.679 1.68C
673 313 11.27 2.325 2.324 1.778 1.774
773 342 12.31 2.414 2.41¢ 1.870 1.865
373 368 13.25 2.500 2.4723 1.958 1.954
973 393 14.15 2.583 2.561 2.045" 2.040
1073 417 15.01 2.660 2.660 2.123 2.122
1173 440 15 .84 2.729 2.721 2.195 2.195
1273 461 16.60 2.793 2.750 2.262 2.258
The first term FY was correlated as follows:
FY*lO4 = 1.595 + 1.55*%(T/1000) - 1.276*(T/1000)2
+ 1.133*(T/1OOO)3 - 0.399*(’1‘/1000)4
The second term FA was fitted by the following polynomial
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PA%10% = 0.041 + 1.895%(T/1000) - 1.692%(T/1000)
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The I'low Sheets of the Computer Program for Calculating

e s

Transient Heat Transfer in the Anneualing Furnace
> N .

Main Program

( start > ;
input data \

initializations

cale. stack weight

print sftack data \

N

calc. adiab. flame temp.

calc. stack & gas initial enthalpies

@ -

update time

calc. heat into stactk & gas

set surrounding temp

equal to atmos. temp.

©




@

call FIRING

calc. furnace temp. profile vs height

—

call DISTRIBN

call CONVECTORS

call CORE

O

calc, coeff. of estimate & final solution

i=IL :j=JL-1
call PARAMETERS , call COVER
calc, coeff. of estimate and

final solution matrices

o= NCOILS

| i=IL :j=JL :call PARAMETERS,
call COVER, call TOPLATE

calc., coeff. of estimate and

final solution ma trices




v

=1 = 1,Jl-1:call PARAME TERS
calc. coeff. of estimate and

final solution matrices

Y

| =1
call

calc. coeff of es‘rimateaand

final solution

.} =JL , call PARAMETERS i=1 = j=IJL
TOPLATE, catl  PARAMETERS

calc. coeff, of estimate

matrices & final solution matrices

j= 1 i=2,IL-1: call PARAMETERS
calc. coeff. of estimate and final

solution matrices

j=aL o i=2,1L-1
call PARAMETERS , call TOPLATE
calc. coeff. of estimate and.

final solution matrices

R T e,

call ESTMTRIDIAG to compufe estimate B

e
Sy

calc.

coeff. for final solution matrix

T S TS
SR Om R et 2

call TEMPTRIDIAG to calc. final temp. Tj

s

sonessosmn

RS VO Gl A BV SR ED S IO

S

et

T AT
e

R A o o S U

AU AL i



Y

L=1,IL: j=1,JL TP.

1

T..

calc. average wall temperature
between coils m & m+1

cale. min. & max. femps. in coil m

m = m+ 1

calc. min. & max. femps. in stack Tn &1x

calc. mean "remp. in stack J

print gas and stack

temp. distributfion




SRATE = TOTW/ STIME

print  soaking rate

& total heating rate

o cycle = -1

HTIME = TIME
HRATE = TOTW/ HTIME

print  preheating rate \

cycle=0
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e oy e
R

Subroutine DISTRIBN

( CALL )

m = 1, NCOILS
calc. no. of vel. heads due +to holes in plates
calc. no. of vel. heads due to edges of plates
cale. Dlar=max(DCp 5, DCpy )
cale. EAL, EB,, ECq

i
R R R

T e o g

calc. ED, EA(NCOILS+)

T

NUM = NCOILS +1

e

FRAC(NUM) = 01

Y

FCUM = FRAC(NUM)

e U

R

TS i W

N = NUM-1

cale. AR¢ , ARy, OFRg

P s o =S

R ey S Lt R

SUM1 = AR + AR + AR

Pt

e
MR N e

A Py = SUM
]
calc. FRAC(N)

FCUM = FCUM + FRAC(N]




A A e R K

7

cale.  Se¢es Syc o Ses

SUM = Sec +Suc + Scs

calc. FRAC(N)

FCUM = FCUM + FRAC(N)

FRAC (NUM) n = 1, NCOILS+1

FRACINUM) = | ) Acin)
FCUM F(n)-FLOW&FRAC(n)

n = 1 NCOILS
print FRAC (n), Fin],

total flow, fofal press.drop

( return )
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Subroutine CONVECTORS

( caLL )

calc.  Digr = max{DOp, D0ma)
TG (m,IL) = TGA(m,j)
P =1L
calc. distance-to-diameter ratio X

calc. enfry effect factor Y
calc. conv.H. T. coeff.
= i-1
calc. TG(m,i)
N /,< 1




Subroutine IFPIRING

( CALL )

calc. view factors

calc. black emissive powers of gas & cover

calc. total mols of gas

cale. Prgp & Poym

calc. Hadvigs correlation

calc. gas emissivity

solve radiosity eguations

calc. furnace gas temp.

calc. heat losses

calc. firing rate

calc. thermal efficiency

furnace gas temp. firing

print
rate and fhermal efficiency
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Subroutine COVER

( CALL )

call RADATA

e e D e e
e R S o

e Ao S

calc. cony. H. T coeff.

calc. rad. & conv. fluxes

solve for cover temp.

calc,” gas temp. in  the annulus

be tn. the cover & fthe sfack

( return)
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Subroutire CORE

( cate)

m=NCOILS

calc. JL, set

J

= JL

Fcor = F(m+1)

calc. viscosity & enfry'effecf factors

calc. H. T. coeff.

Y

=

update Hcor

calc, viscosity & enftry effect factors

calc. inner surface

temp.

calc. gas Temp.
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1

JL

calc.

Fcor+ F{m+1)

Fcor

Tgc(m,})

TBAS

return
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APPENDIX D

The Computer Program for the Annealing Furnace

DOCUMENT FURN

MASTER ANNEALING
AR R R N Ak Rk R R R AR Ak AR A AN AN AR kAR ARk sk hr Rk A Ak kA Ak ok ok ko k&
* THIS PROGRAM SIMULATES VHE ANNEALING CYCLE IN A LIFT-OFF =
* FURNACE. THE STEEL IS LOADED IN FORM OF COILS STACKED ON *
* EACH OTHER WITH CONVECTOR PLATES BETWEEN THEM AND CHARGE =
* AND TOP PLATES AT BOTTOM AND TOP OF THE STACK *
* RESPECTIVELY. *
* *

LA SRS R EEAR Rl REL R Rl R R R R R g R Y 2 R 22T,

NOTATTION:

e W G - - -
- S RS EmessSES

- G D WD G -

M SUBSCRIPT FOR COIL

1 SUBSCRIPT FOR RADIAL POSITION IN COIL(M)
J SUBSCRIPYT FOR AXIAL POSITION IN COILCK)
K SUBSCRIPT FOR TIME INTERVAL

s NelaNaNaoNaNasNaoNasNasNeNasRaEsNesNaNaNaaNaNaNeoNelaNaNaNaNaNalaReNeNalNalalielele

DC (M) OUTER DIAM OF COIL(M) b
DCOR(M) INNER DIAM OF COIL(M) é
H(M) TOTAL HEIGHT OF COIL(M) %
DCOV DIAM OF INNER COVER %
HCOV HEIGHT OF INNER COVER ’
DPLAT DAIM OF CONVECTOR PLATE

DHOL DIAM OF THE HOLE IN THE CENTRE OF THE PLATE

DREF DIAM OF REFRACTORY WALL

DCAS DIAM OF OUTER CASING OF FURNACE

HSTACK MAX. STACKING HEIGHT

HFUR HEIGHT OF PORTABLE FURNACE COVER

DR(M) SIZE OF RADIAL SPACE INCREMENT IN COIL(M)

DZ (M) SIZE OF AXIAL SPACE INCREMENT IN COIL(M)

NC (M) NUMBER OF CHANNELS IN CONVECTOR PLATE(M)

B1(M) HEIGHT OF CONVECTIVE CHANNEL IN PLATE (M)

w0 OQUTER WIDTH OF CONVECTIVE CHANNEL

Wl INNER WIDTH OF CONVECTIVE CHANNEL

VLEN RADIAL LENGTH OF CONVECTIVE CHANNEL




asNsNEesEaEasNesNsNeNesNeoNeNaeNaNeNelNaNeNeNaNaoNaNalaleloellele e

OO 0O 00

NC
DT
TO
EX
KC
TF
NT

Cy

NT

NC
TC

TC
TC

1

1

5

6
1

**  OTHEIR NOTATIONS:

R A e - - - ————

AN FAN CAPACITY IN Mxx3/H

EMISSIVITY OF STEEL

cMISSIVITY OF INNER SURFACE OF COVER
OILS NUMBER OF COILS IN STACK

LENGTH OF TIME INTERVAL IN HOURS
INITIAL TEMPERATURE OF STACK AND GAS
AIR AIR FED PER KG STOICHIOMETRIC AIR
OEF HEAT TRANSFER COEFFICIENT OF REFRACTORY WALL
LU TEMPERATURE OF FLUE GASES LEAVING THE FURNACE
IGHT FLAG FOR CORRECTION OF RADIAL CONDUCTIVITY
1 FOR TIGHT COIL '
~ () FOR COIL THAT OPENS BY HEAT
CLE FLAG INDICATING ANNEALING CYCLES

1 FOR HEATING CYCLE
0 FOR SOAKING CYCLE
-1 FOR COOLING CYCLE
YPE FLAG FOR TYPE OF HEAT EXCHANGER USED AS COOLER
1 FOR SHELL AND TUBE HEAT EXCHANGER
0 FOR FLUIDIZED BED COOLER

ONT FLAG INDICATING POSITION OF TEST COIL IN STACK
0 INDICATES THERE IS NO SPECIFIC TEST COIL

ON1 MIN. TEMP AT THE END OF HEATING CYCLE

ON2 MIN. TEMP AT THE END OF SOAKING CYCLE

ON3 MAX. TEMP AT THEZ END OF COOLING CYCLE

DIMENSION NC(5),DC(5),DCOR(S),H(5),DR(5),DZ(5)

DIMENSION F(5),81(5),WGT(5)

DIMINSION BHTC(5,8&),THTC(5,8) ,HTCOR(5,9),QCLN(5),QCL1(5)

,05(5,9) _

DIMEKSION TGEB(S5,8),TGT(5,8),TGP(5,9),TGA(5,9),T6C(5,9),

TGO(5),TEI(5),TCOV(5,9),TF(4D), TFRN(5,9)

DIMENSION TMIN(S),IMIN(S),JMINC5),TMAX(5) ,IMAX(5) ,JMAX(5)

DIMENSION U1(8,9),U02(8,9),U3(8,5),U4(8,9)

DIMENSION V1(8,9),V2(8,9),V3(8,9),V4(8,9)

DIMENSION TW(5,8),TP(5,8,9),T(5,8,9),E8(5,8,9)

INTEGER CYCLE

e THE DIMENSIONS OF THE COVER,THE FURNACE AND THE COILS

« ARE READ FORM A SEPERATE DATA FILE. THE DIMENSIONS OF

e THE CONVECTIVE CHANNELS AND THE EMISSIVITY OF METAL e
»

. .

- — - A G- W TR Gl G G W S - -

AS WELL AS CONTROL TEMPERATURES AND TEMPERATURE OF
THZ FURNACE GAS ARE READ FROW THE SAME DATA FILE.
Srp (110012 NCOILS,KPD 3 OEF
READ (1,1001) NCOILS,KPU,DT,TH,:%AIR,RC
READ(1:1002) DCOV,DHOL,DPLAT,DR:F,DCAS,HCOV,HFUR,HSTACK

,CFAN

IF (NCOILS .EQ. 3) GOTO 1 . i
READ (1,1003) (DC(M),H(M) ,DCOR(M),DR(M),DZ (M), M=T,NCOILS)

READ(1,1004) (NC(M),B1(M),M=1,NCOILS+1)

GOTO 6
READ(1,1103)
READ (1, 1104)
READ (1,1005)
,TFLU
READ (1, 1006)

(DCCM) H(M) ,DCORCM) ,DR(M),DZ (M), M=1,NCOILS)
(NC(M),B1(M), M=1,NCOILS+1)
NTIGHT .NTYPE,DCLR,VLEN,E1,E2,WI, W0, TTCOV

NCONT,TCONT,TCONZ,TCON3
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C

INI;ingz: THE VARIABLES AND ARRAYS
NSOAK =0
NCOOL =0)
KPR=KPQ
CYCLZ=1
TIMZI=0.0
DO 2 M=7,NCOILS+1
TGI(M)=600.
2 CONTINUE
DO 10 M=1,NCOILS
II=IFIXC(DC(M)=DCOR(M))/(2.%DRC(M))I+0.7) 4]
JISIFIXCH(M) /D2 (M) +0.1)+1
TGO (¥)=500.
IF (% .6T. 1) GOTO 21
IL=11
JL=JJ
GOTO 23
21 IF (IL .GT. II) GOTO 22
IL=11
22 IF (JL .G6T. JJ) GOTO 23
JL=JJ
23 b0 10 I=1,IL
0O 10 J=1,JL
TP(M,1,4)=T]
ES(M,1,d)=70
TGA(M,J)=TGI(M)
TGP (K, J)=TGL(M)
TGC(M,J)=500.
TW(M,15=T0 ,
IF (M .EQ. NCOILS) TW(NCOILS+1,1)=TO
‘CONTINUE
TGO(NCOILS+1)=500.
TBAS=600.
TDIF=600.
TFAN=6UU.
PRINT THE STACK DATA
DO S M=1,NCOILS
IL=IFIX((DC(M)=DCOR(MI)/ (2. %DR(M))I+D.1)+1
JLEIFIX(H(M)/DZ(M)+0.1)+1 A
VCOIL=0.7854*H (M) % (DC(M)**2=DCOR(M)**2)
WGT(M)=7.,9%VCOIL
VOL=VOL+VCOIL
TOTW=TOTW+WGT (M)
HH=HH+H (M)
5 CONVINUE
HPLATS=81(1)+0.01
DO & M=2,NCOILS
4L HPLATS=HPLATS+2.*B1(M)+0.01
HPLATS=HPLATS+B1(NCOILS+1)+0.01
WRITE(2,20u1)
DO 3 M=1,NCOILS s 810
'RITE(2,2002) M, NC(M),
:§§$E(§:2003> MoDCCM),DCOR (M), H (M) ,WETCH)
3 CONTINUE
M=NCOILS+1
WRITE(2,2002) M,NC(M),BT(M)
WRITE (2,2004) TOTW

-
<
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C COMPUTE THE ADIABATIC FLAME TEMPERATURE
FHEAT=14 .564+1 425+EXAIR
FMIX=1.417 J05%EXALR
TADB=2200.
123 FFN=? .9?1E-Q*TADB-O'Z.303E-8*TADB**2+1 J721E-11%TADB%x*3=5
1.82E=15*TADB**4=FHEAT/FMIX
FFD=2 .971E~4+44 .605E=8%TADB+5 . 164E~11*TADB**2-2 .328E-14
T*TADB **3 .
TADE=TADE~FFN/FFD
IF (ABS(FFN/FFD) .6T. 2.) GOTO 123
PERCNT=(EXAIR=1.)%100.
WRITE(2,2005) PERCNT,TADB
WRITE(2,2007)
C COMPUTE THE INITIAL GAS AND STACK ENTHALPIES
CALL STEZELVENT(TO,FVD)
QSO=VOL*FVD
CALL GASENTH(TO,FE)
FLOW=2.048EL*CFAN/TO
QGO=FLOW*FE
CALL STEELVENT(TU+10.,FVT)
Q@S1=VOL*FV1
QPLO=QSI*HPLATS/HH
QPL1=QS1*HPLATS/HH
DO 13 M=1,NCOILS
VV=0.7854% (DC(M)**2=DCOR (M) **2) xH(M)
QCLO(M)=yV*FVO+QPLO/FLOAT(NCOILS)
QCL1(M)=VV*FV1+QPL1/FLOAT(NCOILS)
JLEIFIX(H(M)/DZ(M)+U.01T)+1
DO 13 J=1,JL
QS (M, J)=(QCLI(M)=aCLO(M))/FLOATIL)
13 CONTINUE
assS=acL1¢(1)-acLiC)
CALL GASENTH(TC+50.,FE)
FLOW=2.C48E4L*CFAN/(TO+50.)
QGI=FLOWXFE
K=K+1
DO 117 M=1,NCOILS
117 QCLC(M)=QCLI(M)
QPLO=QPL1
TCC=850.
60TO 8
C ° START A NEW TIME INTERVAL
15 K=K+1
il 55 ) UAND.(CYCLE .6T. 0)) DTGA=DTGA+3.

IfF ((YIME .GE. oY
1F ((CYCLE .LT- 0) AND c(NK .LE~ 1)) DTGA=-80.

IF (NK .GE. 10D DTGA=DTGA=5.
TCC=TCOV(1,3)
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o CAng%igE THE CURRENT ENTHALPIES OF STACK AND GAS
b0 12 M=1,NCOILS
IL=IFIXC(DC(M)=DCORCM)IDI/ (2. 4DR(M))+0.1)+1
JLEIFIX(H(M)/DZ(MI+0.1)+1
QCLT(M)=0.0
b0 11 I=1,1L-1
DO 11 J=1,JL=-1
R=DCOR(M) /2 .+FLOATC(I=1)*DR(M)
V=3.1416*DZ (M) *DR(M) x(2.*R+DR(M))
TY=CTP(M,I,J)+TP(M,1,J+1)+TP(K, I+1,J)+TP(M,1+1,0+1))/4.
CALL STEELVENT(TT,FV)

11 QCLT(M)=QCLI(M)+V*FV
QS1=QS1+QCL1(M)
12 CONTINUE
QPL1=QGS1*HPLATS/HH
@s1=0Si+QPL1 :
QCL1(1)=QCL1(1)+QPL1/FLOAT(NCOILS)
QSS=QCLI(I)-QCLO(D)
CALL GASENTH(TBAS,FE)
FLOW=2.U48EL*CFAN/TBAS
QG1=FLOW*FE -
8 QSTAK=QS1-QS0
QGAS=QG1-QG0
WRITE(2,20U6é) QSTAK,QGAS
0S$S=QSS/DT
QSTAK=QSTAK/DT
| QGAS=QGAS/DT
C CALCULATE THE FURNACE TEMP. NEAR THE BOTTOM COIL

IF (CYCLE .LE. 0) GOTO 133
CALL FIRING(QSTAK,QGAS,DREF,DCAS,DCOV,RCOEF,TFLU,TADB,

TTCC,HFUR,FRATE,E2,EXAIR,T”AXX,TFR,FHEAT)
FUEL=FUSL+FRATE®DT
WRITE(2,2016) FUEL
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¢ COMPUTE PROFILE OF FURN ; e .
JL=IFIX(H(1)/DL(1)+UT§§+:EFP. “WITH FURNACE HEIGHT
DO 7 J=1,JL

7 TERN(1,J)=TFR
JLT=1
DO 9 M=2,NCOILS
JLEIFIX(H(M)/DZ(M)+0.1)
9 JLT=JLT+JL
CDIF=(TFR=TFLU)/FLOAT(JLT)
TF(1)=TFR
DO 16 J1=2,JLT
16 TFI1)=TF(J1-1)-CDIF
JT=0
DO 18 M=2,NCOILS
JLEIFIX(H(M)/DZ(M)+C.1)+1
PO 17 J=1,JL
JT=JT+1
17 TFRN(M,J)=TF(JT)
18 JT=JT-1
GOTO 23
C DURING COOLING SET FURNACE TEMP. EQUAL ATMOS. TEMP.
133 DO 28 M=1,NCOILS
JLEIFIX(HM)I/DZ(M)+0.1)+1
DO 2& J=1,JL
TFRN(M,J)=Tn
28 CONTINUE
C COMPUTE THE FLOW DISTRIBUTION IN THE CONVECTOR PLATES
33 CALL DISTRIBN(NCOILS,H,VLEN,DC,DCOV,DHOL,DCLR, DCOR,DPLAT
?,HSTACK,CFAN,TGC,TGI,TFAN,TDIF,NC,B?,WO,WI,FLOH,F)

C COMPUT:Z PROFILE OF GAS TEMP. AND H.T.COEFF. IN CONV PLATES
DO 115 M=1,NCOILS
IL=IFIX((DC(M)=DCOR(M)II/(2.*DRIMII+.1I+1
JLEIFIX(H(MY/DZ(M)+. 1)+
IF (M .GT. 1) GOTO 37
Jv=1
caLL CONVECTORS(NCOILSpIL,JL,M,JV,DC,DCOR(M),DR(M),TWiF(M)

1,BHTC,NC(M),B1(M),wO,WI,VLEN,TGB,TGA,TGO(M))

Jv=JL

CALL CONVECTORS(NCOILS,IL,JL,M,JV,DC,DCOR(M),DR(M),TH
1,F(M+1),THTC,NC(M+1),B1(M+1),UO,NI,VLEN,TGT,TGA,TGO(M+1))

60TO 115
37 po 39 I=1,IL
TGB(H,I)=TGT(M=1,1)
BHTC (M, I)=THTC(M=1,1)
39 CONTINUE
Jv=JL
CALL CONVECTORS(N
1,F(M+1) , THTC, NC(H
115 CONTINUE

COLLS,IL,JLPM,JV,DC,DCOR(M),DR(M),TU
+1),51(M+1),uo,ul,VLEN,TGT,TGA,TGo(M+1))
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¢ COMPUTE PROFILE OF GAS TEMP. AND H.T.COEF IN CORE OF STACK

CALL CORE(NCOILS,H,F,B1,DCOR,DHCL,DZ,TP,TGO,TGC,TBAS,
THTCOR)

IF (CYCLE .LT. 0) GOTO 14
TDIF=TBAS+DTGA
TFAN=TBAS

C CALCULATE THE TEMP. DISTRIBUTION COIL BY COIL
14 DO 120 M=1,NCOILS
IL=IFIXC(DC(M)=DCOR(M) I/ (2. xDR(¥)I+0.1)+1
JU=IFIX(HM)/DZ(M)+0.1)+1
ACOIL=3.1416*DC(M)*DZ (M)
DO 20 I=2,IL-1
R=DCOR(M) /2 +FLOAT(I=-1)*DR (M)
DO 20 J=2,JL-1
CALL PARAMETERS(NTIGHT,M,IL,I,J,DCOR(M) DR(M),DZ(M),DT,
iTP,ALPH{,ALPH2 ,ALPH3 FF,FC)
C CALCULATE THE COEFFICIENTS FOR ESTIMATE AND TEMPERATURE
U1(1,J)=-ALPH1/Z.
U2(I,Jd)=%.+ALPH1

U3(1,J)=—-ALPH1/Z.
UL(I,J)=ALPH1/2.*(TP(M,I,J*1)+TP(M,I,J-1))*(ALPH2+ALPH3)

1% TP (M, I+1,d)+(ALPH2-ALPH3) TP (M, I=1,0)¢+ (1. =ALPHI-2.
2xALPH2) *TP(M,1,J) /
V1(1,4)=(ALPH3=ALPH2)/2.

V2(1,d)=1.+ALPHZ
V3(I,J)=-(ALPH2+ALPH3)/2o
VA(I,J)=-(ALPH2+ALPH3)/2,*TP(M,I+1,J)*ALPH2*TP(M,I,J)+

1(ALPH3-ALPH2)/Z.ﬁTP(M,I”T,J)
20 CONTINUE
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C CALCULATE THE CCEFFICIENTS FOR TH
" . ENT! R THE BOUNDA

C THE OUTER PERIPHERY OF THE COIL RY CONDITIONS
1=1IL
J=1

CALL PARAMETERS(NTIGHT,M,IL,I, R y -
1TP,ALPH1,ALPHZ,ALPHB,F;,;C) Lrd DEORMID DROM),OTCHO, 0T,
CALL COVERCIL,JL,M,J,DR(M),DZ(M),ET,E2,DC,DCOV, DREF,FLOW
l,FRAlE, iDIF,TGA,lFRN(M,J),TP,H,F’EG’E‘_]’EXAIR,TCOV'K,
2QOUT,CYCLE)

TERM=2.%DZ (M) *xBHTC (¥, I)/FC

PHI=2 .*DR(M)/(FF*FC)

EQ=EQ*PHI

QOUT=GQOUT*PHI

QS (M, J)=ACOIL*GQOUT

U1(I,d)=0.

U2(1,J)=9.4+ALPHI/2.%(2.+TERM)

U3(I,J)==ALPH1
CUL(1,3)=(1.=ALPHI/2.%(2.+TERM) =2 . %ALPH2~(ALPH2+ALPH3) *
1EQ) * TP(M,1,J)+2.*ALPH2*TP(M,I-1,J)+ALPHI*TP (K, I,J+1)
2+ALPHI*TERM*TGE(M,I)+(ALPH2+ALPH3)*QOUT

V1(I,J)=-ALPH2

V2(1,J)=1.+ALPHZ+ (ALPH2+ALPH3)/2.*EQ

v3(I,Jd)=il. .

V4 (I,J)=(ALPH2+(ALPH2+ALPHZ) /2. *EQ)*TP(M, I, J)~ALPHZ*TP
1(m,I-1,4)

DO 30 J=2,4L-1

CALL PARAMETERS(NTIGHT,M,IL,I,J,DCOR(M),DR(M),DZ(M),DT,
1TP,ALPH1,ALPH2 ,ALPH3,FF,FC)

CALL COVER(IL,JL,M,Jd,DR(M),DZ(M),ET,E2,DC,DCOV,DREF,FLOW
1,FRATE,TDIF,TGA,TFRN(M,J),TP,H,F,EQ,B1,EXAIR,TCOV,K,
2G0UT,CYCLE) '

PHI=Z .*DR(M)/ (FF*FC)

EQ=CO*PHI

QOUT=Q0UT*PHI

QS (M, J)=ACOIL*QOUT

U1(1,J)=-ALPH1/2.

U2(1,Jd)=1.+ALPH1

U3(I,Jd)=-ALPHI/2.

U&(I,d)=(1.=ALPH1~
142 % ALPH2*TP(M, 1=1,J)+ALPH
2)+ (ALPHZ+ALPH3)*QOUT

V1(I,J)=—ALPHZ ;
VZ(I:J)=1.+ALPH2+(ALPHZ+ALPH3)/(.*EQ

o wALPH2=(ALPH2+ALPH3)*EQ)*TP(M,1,J)
972 % (TP(M,1,J+1)+TP (M, 1,J=1)

v3(1,J4)=0. _
Vz(l J)=(ALPHZ+(ALPH2+ALPH3)/2.*EQ)*TP(M,I,J) ALPHZ2=* TP

1M, 1-1,4)
30 CONTINUE
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J=JL

CALL PARAMETERS(NTIGHT, M
1TP,ALPH1,ALPHZ,ALPH3,I;t;é§II,J,DCOR(M),DR(M),DZ(M),DT,
1 ERATE, 1016, TER, FRNGL ) Tr o et s XA T ek
ZQOUT’CYCLE) ’ ’ ’ JH,F,EG,BT,EXAIR,TCOV,K,
IF (M .2Q. NCOILS) GOTO 32
TERM=2.%DZ(M)*THTC(M,1)/FC
PHI=Z2 .*DR(M)/(FF*FC)
EQ=EG*PHI
QOUT=QOUT*PHI
QS(M,J)=ACOIL*QOUT
IF (M .2G. 2) TCC=TCOVI(M,J)
GOTO 36
32 CALL TOPLATE(NCOILS,IL,JL,DC,DCOR(M),DCOV,DPLAT, DR(M) H
1,HCOV,TP,TVCOV,E1,E2,TFLU,QF,B81,HH, I, CYCLE)
QTOP=2.%QF*DZ(M)/FC
36 U1M(1,J)=-ALPH1
U2(1,J)=1.+ALPH1/2.%(2.+TERM)
uU3(I,Jd)=0.
IF (M .EG. NCOILS) GOTO 51
U4(I,J)=(1.—ALPH1/2.*(2.+TERM)-2.*ALPH2-(ALPH2+ALPH3)
1%EQ) xTP (M, 1, J) +2 %ALPH2*TP (M, I=1,J) +ALPHI*TP (M, I,J=1)
SeALPHI*TERM*TGT(M, 1)+ (ALPH2+ALPH3) *QOUT
GOTO 52

51 Uz(I,J)=1.+ALPH]
UL(I,J)=(1.-ALPH1-2.*ALPHZ—(ALPH2+ALPH3)*EQ)*TP(M,I,J)

1+ALPH1*TP(M,I,J-1)+2.*ALPHZ*TP(M,I—1,J)+ALPH1*QTOP
2+ (ALPH2+ALPH3)*QOUT

52 Vi(1,J)=-ALPHZ
V2(I,J)=1.+ALPH2+(ALPH2+ALPH3)/Z.*EQ

v3(1,J)=0.
VA(I,J)=(ALPH2+(ALPH2+ALPH3)/2.*EQ)*TP(M,I,J)-ALPHZ
1xTP(M,I-1,J)

THE INNER BOUNDARY OF THE COIL
I1=1
J=1
CALL PARAMETERS(NTIGHT,M,iL,I,J,DCOR(M),DR(M),DZ(M),DT,
1TP, ALPH1,ALPH2 , ALPHIFF,FC)
BETA=2.*DR(M)*HTCOR(MPJ)/(FF*FC)
TERM=2.*DZ (M) *BHTC (M, I)/FC
u1(1,J)=0C. _
U2(I,J)=1.+ALPH1/2,*(2,+1ERM)

giiilj;::?LiilpH1/2,*(2°+TERM)—2,*ALPH2~(ALPH2-ALPH3)

1*BETA)*TP(M,I,J)+ALPH1*TP(M,I,J+1)+Z.*ALPH2*;P(?,I+1,J)
2+ALPH1*TERM*TGB(M,I)+(ALPH2—ALPH3)*BETA*TGC( ,4
vi1(1,Jd)=0.
V2(I,J)=1.+ALPH

=-ALPH2 _
xizilj;:(ALPH2+(ALPHZ~ALPH3)/2.*BETA)*TP(M,I,J) ALPH2
’

1xTP(M, 141,

2+(ALPH2~ALPH3)/2,*BEVA
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DO 25 J=2,JL-1
CALL PARAMETERS(NTIGHT M, IL, -
TTP,FLPHT,ALPHZ,ALPHS,F;,ch 1,J,DCOR(M) ,DR(M),DZ(M),DT,
BETA=2.*DR(M)*HTCOR(M,J) /(FF*FC)
Ur(l,J)=-ALPH1/2.
Uuz(I,Jd)=1.+ALPH1
U3(l,J)=-ALPHI/2.
UL(I,J)=(1.—ALPH1—2.*ALPHZ-(ALPHZ-ALPH})*BETA)*TP(M,I
1,J)+ALPH1/2.*(TP(M,I,J+1)+TP(M,1,J-1))+2.*ALPH2*TP(M,
21+1,4)+ (ALPH2-ALPH3)*BETAXTGC(M,J)
vi(r,a=0.
V2(I,J)=1.+ALPH2+(ALPHZ2=ALPH3)/2.*BETA
V3(I,J)=-ALPH2
VL(I,J)=(ALPH2+(ALPHZ—ALPHB)/2.*BETA)*TP(M,I,J)—ALPHZ
1xTP(M,1+41,d)
25 CONTINUE
J=JL
CALL PARAMETERS(NTIGHT,M,IL,I,J,DCOR(M),DR(M),DZ(M),DT,
1TP,ALPH1,ALPH2 ,ALPH3,FF,FC)
IF (M .EQ. NCOILS) GOTO 26
BETA=2.%DR(M)*HTCOR(M,J)/(FF*FC)
TERM=2.%DZ(M)*THTC(M,I)/FC
GOTO 29
26 CALL TOPLATE(NCOILS,IL,JL,DC,DCOR(M),DCOV,DPLAT,DR(M),H
1,HCOV,TP,TTCOV,E1,EZ,TFLU,QF,B1,HH,I,CYCLE)
QTOP=2.*QF*DZ(M)/FC
29 U1(1,J)=-ALPH
U2(1,J)=1.+ALPH1/2.*(2,¢TERM)

U3(1,4)=0-
IF (M .EQ. NCOILS) 6OTO 61
U4(I,J)=(1.—ALPH1/2.*(2.+TERM)“2.*ALPHZ-(ALPHZ-ALPHS)

T*BETA)*TP(M,I,J)+2.*ALPHZ*TP(M,I+1,J)*ALPH1*TERM*TGT
Z(M,I)+(ALPH;-ALPH3)*BETA*TGC(M,J)+ALPH1*TP(M,I,J-1)

GOTO 62
61 U2(1,4)=1.+ALPHI ~ |
UL(I:J)=(1;-ALPH1°2,*ALPHZ”(ALPHZ—ALPHS)*BElA)*TP(M,I

1 J)+ALPH1*TP(M,I,J“T)*ZN*ALPHZ*TP(M,I+1,J)+ALPH1*QTOP
’

o4 (ALPH2-ALPH3) *BETA*TGC(M,J)
62 v1(1,J4)=0.
V2(I,Jd)=1.+ALPH
Vv3(I,J)=—ALPHZ
VLI, J)=C(ALPH2+
1#TP(M,1+41,4)

2+(ALPH2‘ALPH3)/2,*BETA

(ALPHZ—ALPHS)/2.*BETA)*TP(M,I,J)-ALPHZ
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C THE BOTTOM BOUNDARY OF THE COIL

J=1

DO 35 I=2,IL-1

CALL PARAMSTERS(NTIGHT,M |
1TP,ALPH1,ALPHZ,ALPHBTI;:;EE'I'J'DCOR(M)'DR(M)'DZ(M)'DT’
TERM=2.%DZ(M)*EHTC(M,I)/FC

U1(l,d)=0C.

U2CI,d)=1.+ALPH1/2.%(2.+TERM)

U3(I,J)==ALPH1
1ﬁ2ii;i;=§l;:?%zTZ(;g;£§.+TERM)-Z.*ALPHZ)*TP(M,I,J)+ALP
! L1, H LPR2)*TP(M,1+1,J)+ (ALPH2-ALPH3)
2xTP(M,I-1,J)+ALPHI*TERM*TGB(M,I)
VI(I,Jd)=C(ALPH3I=ALPH2) /2.

V2(I,Jd)=1.+ALPH2

V3(I,J)=-(ALPH2+ALPH3)/2.

VG (I,J)=ALPH2*TP(M,1,J)=(ALPH2+ALPH3)/2.xTP (1, 1+41,J)+
1(ALPH3=ALPH2)/2.%TP(M,I-1,4)

35 CONTINUE
¢ THE TOP BOUNDARY OF THE COIL

J=JL

DO &it I=2,IL-1

CALL PARAMETERS(NTIGHT,M,IL,1,J,DCOR(M), DR(M),DZI(M),DT,
1TP,ALPH1,ALPH2 ,ALPH3 ,FF,FC)

IF (M .EQ. NCOILS) GOTO 43

TERM=2.%DZ(M)*THTC(M, I1)/FC

GOTO 464
43 CALL TOPLATE(NCOILS,IL,JL,DC,DCOR(M),DCOV,DPLAT,DR(M),H

1,HCOV,TP,TTCOV,ET,E2,TFLU,QF B1,HH,I,CYCLE)
QTOP=2.%QF*DZ(M)/FC

L4 UT(I,J)=—ALPH1
U2(1,d)=1 . +ALPHT/2.% (2 +TERM)
uz(1,d)=0.

IF (% .EG. NCOILS) GOoTO 71
UA(I,J)=(1.-ALPH1IZ.*(2,+TERM)-2.*ALPH2)*TP(M,I,J)+ALP

1H1*TP(M,I,J-1)+(ALPH2+ALPH3)*TP(M,I+1,J)+(ALPH2-ALPH3)
2*TP(M,I—1,J)+ALPH1*TERM*TGT(M;I)
GOTO 72

= + 1
a Bzéi'j;=1;.5kigH1-2.*ALPHZ)*TP(M,I,J)*ALPH1*TP(M,I,J'1)
7*(AL;H2+ALPH3)*TP(M,I+1,J)*(KLPHZ“ALPHB)*TP(M,I-1,J)
2+ALPH1*xQTOP
72 V1(1,4)=(ALPH3=ALPHZ) /2.
V2(1,J)=1.+ALPH2

( ,J)=—(ALPH2+ALPH3)/2.
5f<§ J)=ALPH2*TP(M,l,J)“(ALPH2+ALPH3)/2,*TP(M,I+1,J)+

1CALPHI=ALPH2) /2% TP (M, 1-1,4)
40 CONVINUE :

C USE ADI TO SOLVE F
CALL ESTMTRIDIAG(M, IL,
po 50 I=1,IL
DO S0 J=1,
VLI, d)=Vh

50 CONTINUE

OR THE ESTIMATE OF TEMPERATURE
JL,U1,U2,U3,U4,ES)

JL
(1,J)+ES(M,I,J)
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¢ USE ADI TO SOLVE FOR THE GRID TEMPERATURE
CALL TEMPTRIDIAG(M,IL,JL,V1,V2,V3 . V4,T
bO 100 I=1,IL AR VD
00 100 J=1,JL
TP(M,I,d)=T(M,1,4)
¢ COMPUTE THE AVERAGE WALL TEMPERATURE BETWEEN COILS
TF ((J -NE. 1).0R.(J .NE. JL)) GOTO 100
T.1) 6OTO 26

IF (M .6

IF (J J2Go 1) Tw(M,I)=TP(M,I,J)
IF (J .E2Q. JL) ST=TPMM,I,J)
6G0TO 100

&6 IF (M .LT. NCOILS) GOTO &7
IF (J JEQ. 1) Tw(M,I)=(ST+TP(M,1,J))/2.

IF (J .EQ. JL) TW(M+1,D)=TP(M,I,J)
60TO 100
87 IF (J .EQ. 9) TW(M,I)=(ST+TP(M,I1,))/2.
IF (J .EG. JL) ST=TP(M,I,J) .
1C3 CONTINUE
C COMPUTE THE LINMITING TEMPERATURES IN COILS
¢ LL IS A FLAG: LL=1 FOR MIN. TEMP. & LL=1 FOR MAX. TEMP.
LL=0
CALL TLINMIT(M,LL,IL,JL,IMINCH), JMINCH), T, TMINCMD)
LL=1

caLL TLIMIT(M,LL,IL,JL,IMAX(M),JMAX(M),T,TMAX(M))
IF (N .5@. NCOILS) TCOV(M,JL)=TTCOV
IF (M .EG. 1) TGI(M)=TGA(M,1)+DTGA
IF (M .NE. 1)TGI(M)=(TGA(M-1,JL)*TGA(M,1))/2.+DTGA
120 CONTINUE
TGI(NCOILS+1)=TGA(NCOILS,JL)+DTGA
C  COMPUTE THE MAX TEMP IN THE STACK
TMAXX=TMAX (1)
Do 127 M=2,NCOILS
1F (TMAXX .GE. TMAX(M)) GOYO 127
TMAXX=TMAX (M)
127 CONTINUE
C COMPUTE THE MIN TEMP IN THE STACK
TMINM=TMINCT)
DO 135 M=2,NCOILS
1F (TMINM .LE. TMIN(M)) GOTO 935
TMINM=THIN(M)
135 CONTINUE
¢ OUTPUT THE CURRENT RESULTS
TIME=TIME+DT
WRITE(2,2008) DT
WRITE(Z2,2010) TIME .
IF (ABSC(TMINM) .LT. TCONT) 6OTO 128
Ns=ns T0 130
F (NS .EQ. 1) GO
iF (ABS(TMINM) .GE- TcoN2) GOTO 130

1F (ABS (TMAXX) LE. TCON3) coTo 130
128 IF (TIME .LE. 1.0) GOTO 130
IF (K .EQ. KPR) 60TO 129

GOTO 134
129 KPR=KPR+KPO
130 M=NCOILS
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IL=IFIX((DC(M) =D " _
WRITE(2,2021) FORMIIC2L DR (1) +0.1) +1
MN=M+ 1
WRITE(2,2011) MN, (TG -

108 WRITE(z 2012y w1l EAL
JEIFIX(H(MY/DZ (M) +0.1)+1
IL=IFIXCCDC(M)=DCOR(M) )/ (2 .%DR(M))+Y D +1

110 WRITE(2,2014) J,TGC(N, 4, (T(H,T1,4).1o1.1L) . TGA (¥, J)

1TCOV(M‘IJ),1FRN(M,J) ’ ’ ’ ’ ’ ’
J=J-1

IF (J .GT. 0) GOTO 110

WRITE(Z,2013) TMIN(M),IMIN(M) ,JNMIN(M)
WRITE(Z,2015) THMAX(M),IMAX(M) , JMAX(M)
WRITEC(2,2U011) M, (TGB(MM,I),I=1,IL)
M=M-1

IF (M .GT. C0) GOTC 108

134 CALL TMEZANCNCOILS,T,DC,DCOR,DR,DZ,H,THM)
DO 132 M=1,NCOILS
QCLO(M)=QCLT(M)

132 CONTINUE
WRITE(2,2017) TMINM,TMAXX
WRITE(2,2018) TM
WRITE(2,2020)

145 QPLO=QPL1
QS0=GS1T
RG0=Q61
1F (NSOAK .GT. 0) GOTO 147
IF (NCONT .EQ. CO) GOTO 146
TMINM=TMINC(NCONT)

1646 IF (ABSC(TMINM) .LT. TCON1) GOTO 15
IF (NSOAK .GT. () 60TO 147
HTIME=TIME
HRATE=TOTW/HTIME
WRITE(2,2026) HRATE
NSOAK=K
cycLe=0
WRITE(2,2009)

1647 IF (NCOOL .GT. GOTO 149
IF (NCONT .tEG. O GOTO 1458
TMINM=TMIN(NCONT)

14% IF (ABS(TMINM) LT. TCONZ) GOTO 15
IF (NCOOL .GT. ) GOTO 149
STIME=TIME~HTIME
SRATE=TOTW/STIME
WRITE(2,2028) SRATE
HCRATE=TOTW/TIME
NRITE(Z,ZCSO) HCRATE
NK=NK+1
NCOOL=K
CYCLE==1
WRITE(2,2019)

149 CALL COOLER(NTYP
TOIF=TFAN
NK=NK+1
IF (NCONT .EQ. g) GOTO 150
TMAXX=TMAX(NCONT)

£, CFAN,TBAS  TFAR)
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150 IF C(ABSC(TMAXX) .GT. VTCON3Z)
CYIME=TIME~STIME-HTIME
CRATE=TOTW/CTIME
TRATE=TOTW/TIME
WRITE(2,2032) CRATE
WRITE(2,2034) TRATE
WRITE(2,2036) FUEL
STOP

1001 FORMAT(Z2I5,4F10.0)

1002 FORMAT(SFi1).0,/4F10.0)

1003 FORMAT(SF10.0,/SF1D.D,/5F1D.O,/5F13.0)

1103 FORMAV(SF10.0,/5F1C.0,/5F10.0)

1004 FORMAT(15,F1n.p,/15,F10.0,/15,F10.0,/15,F10.0,/15,F1o-o)

1104 FORMAT(15,F1n.u,/15,F10.0,/15,F10.0,/15,r1b.0)

1005 FORMAT(2I5,8F8.0)

1006 FORMAT(IS5,6F10.0)

2001 FORMAT(//27X," STACK DATA *',/27X,' ===:::::::::',//2Qx’
4* ALL DIMENSIONS IN METERS',//' NO.',3X,' 0.D.',4X,* I.D.T
2,4%,% HY.',3X," WTo(TON) *,3X,*VANES® ,3X," V. HT.")

2002 FORMAT(13,39X,16,3X,F7.3)

2003 FORMAT(13,2(2x,F?.2),F8.2,3X,F7.3)

2004 FORMAT(SBX,é('-'),/33X,F6.3,/33X,6('='))

2005 FORMAT(/® THE EXCESS AIR =' F5.2,* %',/" THE ADIAB *,
1% FLAME TEMP =',F7.0)

2006 FORMAT(//* HEAT INTO STACK=",E10.4,° (KWH)',/

1' HEAT INTO GAS =',£10.4,° (KWH) *)

2007 FORMAT(///10x," START KEATING NOW®,/12x,17(*="))

2(J08 FORMAT(/' TIME INTERVAL=®,F5.2,° H.")

2009 FORMAT(///10%," START SOAKING NOW®,/12X,17C*="))

5010 FORMAT(/' TIME ELAPSED =',F6.2," H.")

2011 FORMAT(/* GAS TEMP IN PL(’,I?,')',6F6.U,/)

2012 FORMAT(® COIL NO.(*,12,"):")

2013 FORMAT(/10x,"* MIN TEMP IN COIL =°,F6.0,3%,° LOCATED AT I=°
1,11, & J=*,11)

2014 FORMAT(/,2X," J=t,12,F8.0,3X,6F6.0,F7-0,F6.0,F2.0)

2015 FORMAT(/10Xx," MAX TEMP IN COIL = ,F6.0,3X,° LOCATED AT 1=°
1,11," & 4=',11) '

2016 FORMAT(/SX,' TOTAL FUEL BURNED SO FAR =%, F6.1,

2017 FORMAT(/5X,' MIN TEMP IN STACK = F7.0,3%,

1' AND MAX TEMP IN STALK =*,F7.0)

20418 FORMAT(/25x," THE MEAN TEMP. OF STACK :°,F?.?ZB

2019 FORMAT(///10X,°’ START COOLiue'wow°,/12x,1?( =%))

2020 FORMAT(/ZSX,SS('*')) . yez

D021 FORMAT(/9X,* TGC®,6X, " 1=17,2X 0 1=2°,2%,0 153 0
dax.v 1=hv,2x,t 1=5°,20,0 1=6T,3Ke TGA',2X, " T

2,2%,° TFUR") . a '
2026 ;OR;AT(/1OX,' THE HEATING oUTPUT ngE1ov3,ﬂ E;g:;:eg‘g
2028 EORMAT(/10x,' THE SOAKING QUTPUT = LE10.3, .

2030 FORMAT(/10xX,° THE OVERALL HEATING QUTPUT =0 ,g10.3,

1 (TON/H.)")
2032 FORMAT(/10x,' THE
2034 FORMAT(/10x,' THE
1' (TON/K.)") i
2036 FORMAT(/10x," THE [OTAL FUEL BURNED
END

GOT0 15

(KG)*)

COOLING QUTPUT =“,E10a5f” STON/HW)')
OVERALL ANNEALING QUTPUT = ,E10.3,

v F8.1,°  (KG')
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***********,***************************************
+ SUBROUTINZ OF GUASS ELININATION TO SOLVE THE WATRIX OF =
« THE FIXST ESTIMATE OF TEMPERATURE PROFILE IN THE .
*****‘k**********************************************EOIL .
SUBROUTINE ESTRTRIDIAG(M, L, L. U1,02.08.06 e8y
g;nszgigw u1és,9>,u2<8,9>,u3<8,9):u423 5y £505.8,9)
E N AC9),E(9), o) A4
b0 Sh 121,10 C(9),0(9),Xx(9),BETA(9) ,DELT(I)
bo 10 J=1,4L
ACII=UTCT, I
B(J)=U2(1,)
CII=UBCL, )
D(J)=ULCI,d)
10 CONTINUE
SETA (1) =B (1)
DELT (1)=D(1)
b0 20 J=2,JL
BETA ) =E (J)=AC*C(J=1) /BETACI-1)
DELT (J)=D(J)=A(J) *DELT(I=1)/BETACI=1)
20 CONTINUE
J=JL
X(J)=DELT(J)/BETALI)
30 J=d-1
X (J)=(DELT(I)=CII*X(I+1))/BETAW)
If (J .67. 1) GOTO 30
bo 40 J4=1,JL
Es (M, 1,4)=X ()
40 CONTINUE
S0 CONTINUE
RETURN
END

****i*k********i***‘k***'k'k**ﬁ****ﬁﬁt*kﬁ*****ﬁ**ﬁ***#*i**i***

« SUBROUTINE OF GUASS ELIMINATION TO SOLVE THE MATRIX OF *
« THH FINAL SOLUTION OF TEMPERATURE PROFILE IN THE COIL *
************i******k*****k***‘k*ﬁ'*i”kk**************tfﬁr*****&**
SUBROUTINE TEMPTRIDIAG(M,IL,JL,V1,v2,v3,v4,T)

DIMENSION V1(8,9),VZ(B,?),VS(S,?)fV4(8,9),T(S,S,?)
DIMENSION A(8),E(S),C(B),D(S)ﬁx(8),8ETA(8),DELT(8)

po 50 J=1,JL
po 10 I=1,IL
ACI)=Vi(I, )
B(I)=v2(I,J)
C(1)=v3(I,
D(I)=V&(I, )
10 CONTINUE
BETA(1)=B(1)
DELT(1)=D(1)
po 20 I=2,IL
BETA(I)=B(I)-
DELT(I)=D(I)~
20 CONTINUE

ACI)*C(I=1) [BETACI=T)
A(I)*DELT(I-"U/BETA(I““H
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I=IL

X (1)=DELY(I)/BETACI)
1=1-1
X(I)=(DELT(I)=CCI)*X(I+1))/BETACD)
IF (I .67. 1) GOTO 3C
DO 4U I=1,IL
T(M,1,d)=X(1)
CONTINUZ

CONTINUE

RETURN

END

30

40
50

* *****i**************************t************************‘k

SUBPROGRAM TO CALCULATE THE COEFFICIENTS OF THE MATRIX

OfF THE PARTIAL DIFFERENTI

AL EQUATION. THIS CALLS THE

SUBROUTINES OF CONDUCTIVITY AND THERMAL CAPACITY OF

OF GAS CONDUCTIVITY AND

CORRECTION FOR RADIAL CONDUCTIVITY

********.****k********************************************

*

*

*

« STEEL AS WELL AS THOSE
*

*

SUBROUTINE PARAMETERS(N,M,IL,I,J
A2, A3, FF,FC)

DIMENSION TP(5,6,9)
R=DCOR/2.+FLOAT(I=1)*DR

CALL STEELCOND (TP(M,I,J),FO)
CALL STEELCAP(TP(M,I,J),FP,FR)
IF (N .EQ. 1) 6OTO 15

CALL STEELINEXP(TP(M,I,J),FL)
CALL GASCOND(TP(M,I,J),FU)
C1=FL*FC/FU

IF (I .EG. 1) GOTO 5

1F (TP(M,I-1,d) GELTP(M,1+1,0))

CALL RADCOND(TP(M,I-T,J),TP(M,I,J),TP(M,I+1,J),R,DR,

1C1,FF,FD)
60Y0 20
S IF (TP(M,I,d)
CALL RADCOND(TP(M,l,J),TP(MFI,J)
1FF,FD) .
GOTO 20
FF=1.
Fp=0.
772FC/(FP+FR¥TP(M,1,33)
A1=17%*DT/DI¥*2
A2=7Z*DT*FF/DR*%2
A3=ZZ*DT*(FF/R+FD)/(ZE*DR)
RETURN
END

15

20
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.GE - TP(M, I+1,4)) 60TO 15

_DCOR,DR,DZ,DT,TP,AY,

GOTO 15

iTP(M,I+1iJ),R,DR,C1,

*
*
*
3
*
*
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:***:*************************************************.****
- IHESngiPROQRAM SOLVES THE HEAT BALANCE EQUATION OVER =
THE COCLER TO COMPUTE THE TEMPERATURE OF THE INERT
***L:AVING THE COOLER AND ENTERING THE STACK | GAS:

* Kk Kk kkkkkkhkk kA Ak kk kb kkkk k& & &

SUBROU]INE~ COOLER (N’PATE'TH';‘E;************************

A=2.93E=4

B==3.40E~8

C=7.225-11

D==3.79E-14

E=8.05E-158

TC=500.

U=206483  4*RATE

IF (N .EQ. 1) GOV0 10

Q==567.0G+2 . 167*TH=-1.182E=3* [H**2+4 ,07E-7*TH**3

GOTO 20
10 Q=0.938*TH-278 .641
20 FN=UX(A/TCH+B+C*TC+D*TC**24 ExTCx%3) % (TH=TC)~Q

FOSUK(TH* (=A/TC**24C+2 XD*TC+3 *EXTC*%2)=B-2.%C*TC-3.

T*D*TC*x2=4 *EXTC**3)

TC=TC=FN/FD

IF (ABSCFN/FD) .GT. 1.) GOTO 20

RETURN ‘

END

*************************************‘*******************t*’*
* THIS IS THE CORRELATION OF THE THERMAL CONDUCTIVITY OF *
* STEEL WITH TEMRERATURE X
****************‘k************i****i**‘k*‘k*******************
SUBROUTINE STEELCOND(T,FC)
IF (T .GE. 1080.) GOTO 10
FC=3.836E-2+41.152E~4AT=3 A40E=7*T#*2+43,007E=10%T*%3-1
1.1E-13xT*x*4
60TO 20
10 FC=0.01365+1.089E=5%T
20 RETURN .
END

- hk %
***********************w&&***t**%#t#t#**&**ﬁ*ﬁk*ﬁ*ﬁﬁﬁ*#* %
THERMAL CAPACITY®

* THIS THE CORRELATION OF THE VOLUN%ZE;C :
*x OF STEEL AS A FUNCTION OF TEMPERA 3
**********************ﬁ**kﬁk**&ﬁ%**k###ﬁtﬂ%kkﬁﬁﬁﬁ#ﬁﬁ*w&#&iﬁ
SUBROUTINE STEELCAP(T,FP;FR)
FP:U.6352+2.14555“3*T°3,873? .
FR=2.1455E-3-7.6262E’6*T*9w4035t
RETURN
END

EnéﬁT*ﬁ2+3E13é5E€9*Tﬁ*3
=QuTaxg
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********************************* *
* Kk ok ok ok k k hhkkhkhkkkkhkhkkhkhxkkkkxk
e

* THIS IS THE VOLUMETRIC ENTHALPY
x A FUNCTION OF TEMPERATURE Of STEEL CORRELATED As -
*

de vk % e gk gk ok sk ok Kk ok sk gk ek ke de ok ok %k ok sk k ki k ok k ok
SUBROUTINE STEELVENT(T’FV) ***********#***************i*
IF (T JLE. 900.) GOTO 1D
1IF (T .GT. 1273.) GOTO 20
FV=—9029.+12.004*xT+9.35E~ i9¢E
A LxT+4.35E-3%T#%243 [ 0(9E~6%T*x%3~5_506E=9
60T0 30 '

10 FV=-385.2+1,642%T-1.23E-3*%T**x2+1 18EE-6*T**3+4( 285E-10
T R*d
GOTO 30

20 FV=-4G2.541.5225%T

30 RETURN
END

**********t*******************i********t****t***********t

* THIS IS THE FUNCTION OF THE THERMAL LINEAR EXPANSION =
* OF STEEL WITH THE TEMPERATURE *
***********i*****************************t***ﬁ***********
SUBROUTINE STEELINEXP(T,FL)
IF (T .LT. 975.) GOTO 10
If (T .GE. 1173.) GOTO 20
L6 .541E-5=b 141E-8+T=2.222E=112T*x2=1.006E-14xT**34
12 .23GE=17*T**4
GOTO 30
10 FL=1.052E=5+4  4L3E=9*T
GOTO 30
20 FL=1.224E=6+9 53E=9%T
30 RETURN
END

hk dkk kkok k kkkkkk *****‘k***-k'k'k*t**ﬁ***ﬁ'*k**&k*****tﬁ**t****

*x THIS IS THE SUBROUTINE FOR THE CALCULATION OF THE *
« CORRECTION FACTOR OF THE THERMAL CONDUCTIVITY IN :
x THE RADIAL DIRECTION

**************i**************ﬁ*ﬂ**tﬁ&ktk
SUBROUTINE RADCOND(T7,TZ,T3,R,DR,C19FF9FD)
FF=1./(1.+C1*R*(T3-T1)/€2°*DR))
FD"C1*((T3-T1)/(2.*DR)+R*(T3°2°*T2%T

1*R*(T3-T1)/(2.*DR))**Z
RETURN

END

w**&t*wﬁh*ﬁﬁféﬁ

1)/DR**Z)I(1B¢C1

-k*k*k'ﬁ"ﬁ’**&*‘&&**#%ﬁﬁr*ﬁkﬁﬁ%#ﬁ&*&ﬁ%ﬂﬁ'ﬁ

*x THIS IS A FUNCTION OF THE PHYSICAL PR?;E?ZiiEQZF THE i
x GAS IN TERMS OF TMPERATURE EXPRESSED .

" **(,4)*K**(.6)IMEW**(o4) ek kA
***ii******************'k'k**ﬁ"&*ﬁﬁ'*‘k**‘k‘kﬁ‘k?k&#é’v‘fﬁ'&ﬁ'»‘eft-k
NE GASPROP(T FY) - SRR
isizoggéa-4+1.555»7*§~132?6Ea10*rﬁw2@?«1335 1347w
13.988E=17*T**4
RETURN
END

********i********%**ﬁ****
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h kkodhkhk kkdkkkkkkkkhkohoh k ko
khkkkkkhkkhkokk %k %
khkRkk kR hkkhkk k ko
* ok ok ok &

* THIS IS A FUNCTION OF THE PHYSICAL PROPERTIES OF THE - *

= c = RE
* CP**(1/3)*K**(2/3)/MEH**(1/3; SSED AS FOLLOWS *
*

Akkkkk kAR K kR Rk Rk k ke kkkkkkk khkhkkk k& k& &
SUBRCUTINE GASPROPY(T,FA) Ak kkkhkhkkkkhhkkkk &
14 . 412E=17*Txx4 E=10*Ta*2+1 [ 36E=-134Tx*3~
RETURN
END

khkdkhkhkkhkhhkkdrkkhkhkkhkhkhkkhkhdkhkdbhhkhkkhkhkhhkhkkthkkhkhkhkhkrkhkk kkk kg

* THIS CALCULATES THE SPECIFIC HEAT OF THE INZRT GAS *
* AS FUNCTION OF TEMPERATURE *
K hkk ko kkk k Rk kA Ak kR Ak ko kkkhkkk Ak hkkk ok kk kk k& kkk k k&
SUBROUTINE GASPHEAT(T,FS)
FS=p2 .92E=4=3,4014E-8%T+7 ,223E~11%T**2=-3.794L5-14%Tx*34
TBLUSE=18*Tx¥i
RETURN
END

**********************************************************
* THIS IS THE RELATIONSHIP OF THE ENTHALPY OF THE INERT *
* GAS WITH TEMPERATURE *
**t***************************************************t***

SUBROUTINE GASENTH(T,FE)

FE=—% .34E=2+43 . 182E=4xT

RETURN

END

************************************ﬁ*&********i*****#***

* THIS IS THE THERMAL CONDUCTIVITY OF THE INERT GAS AS *
* A FUNCTION OF TEMPERATURE *

************************#**#*****ﬁk***kﬁ*****ﬁ***&****ﬁ*ﬁ

SUBROUTINE GASCOND(T,FU)
FU=8 .384E-6+5.606E=8x*T
RETURN

END

****ﬁk**t*ﬁ*##ﬁﬁﬁ&ﬁ*tﬁ*ﬁ*ﬁﬁﬁﬁ

OF THE COMBUSTION PRODUCTS *
DF TEMPERATURE #*

&ﬁﬁ#ﬁﬁﬁﬁﬂ*k%w

*****t****************w*#*wﬂ*
*x THIS 1S THE SPECIFIC HEAT
* CALCULATED AS A FUNCTION
******ﬁ******************ﬁ*k&éﬁ
SUBROUTINE SPHCOMPROD(T,FO) _ ’
FO=2.972E~4+2 . 503 E-8%T+1 J721E=1 e Txx2=5 .819E 15&Te%3
RETURN -
END

&ﬁﬁﬁﬁk&ak%&kﬁ%
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Ak kK Kok Kk ok ko kK Kk Kk kK ok kK Kk ko ok kk ok kK Ak k ko k ok kkkk kk kA ok ko k&
*

kkkhk ko khk kK kkhkk Xk k % kok & &
KK kok ok ok ok ok kokok ok ok ok
Xk kkkdkkkok k kkk &
* % k

THIS SUEBPROGRAM CALCULATES THE FLOW DISTRISUTION OF «

NITROGEN EETWEEN THE CONVECTOR :
PRESSURE DROP IN THE Stack. oo ANP THE TOTAL

*

SUBROUTINE DISTRIBN(NCOILS,H,VLEN,DC,DCOV DHOL,DC
n A4 ’ , ’ , [_R'
;Egﬁo@?EgAT'HSTACK'CFhN'TGC’TGI'TFAN'TDIF'NC,B,wO,wl
DIMENSION NC(S),H(5),FRAC(S) ,F(
1EC(5),DCOR(S),DC(S),TGC(S,9),B(§;’TGI(S)'EA(S)'EB(S)'
1i8;§;iégCOR(NCOILS)/DHOL)**4—1.)*(1.-(DHOL/DCOR(NCOILS))
DO T4 M=9,NCOILS
SCOV=C((DCOV=DC(M))/(DCOV=DPLAT) ) &x4=1_)%x(1.-((DCOV~
1DPLAT )/ (DCOV=DC(M))) x*x2)
Y=(CFAN/DCOR(M) *%x2)xx?
IF ((M .EQ. 1).0R.(M .EQ. NCOILS)) GOTO 5
IF (DC(M) .GT. DC(M+1)) GOTO 5
DLAR=DC(M+1)
GOTO &
5 DLAR=DC(M)
IF (¥ .GT. 1) GOTO 7
AL=(DLAR-DCOR(M))/2.
GOTO &
7 AL=VLEN*(DLAR=DCOR(M))/(DPLAT-DCLR)
& EA(M)=1.8645—9*(CFAN/(NC(M)*B(M)*WO))**2*(1.+.O1*AL/
IWI*(1.+WO/WI+2 .*xWO/B(M)))
EB(M)=6;UASE-Q*SCOV*(CFAN/(DCOV**Z—DC(M)**Z))**2
EC(M)=2.L17E=8%H(M)/DCOR(MI*Y

10 CONTINUE

D=6 ULSE-9*SORFxY
NUM=NCOILS+1
EA(NUM)=1.8645—9*(CFAN/(NC(NUM)*B(NUM)*HO))**2*(1.+.01

1*AL/NI*(1.+WO/WI+2.*WO/B(NUM)))
WRITE(2,101)
FRAC(NUMY=.1

15 FCUM=FRACC(NUM)

N=NUM-1
TI=(TGC(N,T)+TGC(N+1,?))/ZB
PDCC=EA(N+1)*TGI(N+1)
PDUC=EB(N=-1)*TDIF
PDCS=EC(NI*TI
SUMG=PDCC+PDUC+PDCS
FRAC(N)=FRAC(N+1)*SQRT
FCUM=FCUM+FRAC(N)
PDSTAK=SUMI

(SUMT/(EA(N)*TGI(N)))

20 N=N-1

SCC=EA(N+1)*TGI(N+1)*FRAC(&+T)Q*2
IF (N .EG. 1) GOTO 21
SUC=EB(N—1)*TD!F*FCUM**Z

GOTO 22
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21 SUC=ER(T1)*XTDIF*FCUM*=%?2 .
22 SCS=(ECI(N)*xFCUM®x2+
SUmM=SCC+SUC+SCS ¢ ED*(FCUM-FRAC(N+1))k*2)*TI
FRAC(N)=SQRT(SUM/ (EACNI*TGI(N)))
PDSTAK=PDSTAK+SUM
FCUM=FCUM+FRAC(N)
IF (N .GT. 1) GOTO ¢0C
IF (ABSCFCUM=-1.) .LE. .U05) GOTO 25
FRACINUM)=FRAC(NUM)/FCUM
GOTO 15
25 TOTF=0.
bo 100 N=1,NCOILS+%
F(N)=FLOW*FRAC(N)
TOTF=YOYF+F (N)
WRITE(2,102) N,F(IN),FRAC(N)
100 CONTINUE
WRITS(2,104) TOTF
WRITE(2,103) PDSTAK
101 FORMAT(/' THE FLOW DISTRIBUTION IN CONVECTOR PLATES:®
1,7/7° NO."®,4X," FLOW(KG/HY®,6X,' FRACTN.')
102 FORMAT(S(I3,4X, F11.2,8X,F7.4))
103 FORMAT(//*' TOTAL PRESSUKRE DROP IN THE STACK=',F7.4,
1" (MM .W.G)"Y)
104 FORMAT(IX,9C'="),/10X,F8.2)
RETURN
END

* % % % Ak Ak khkkkhhkkhkxkx&k ***********************************
THIS IS THE COMPUTATION OF THE PROFILE OF THE HEAT *
TRANSFER COEFFICIENTS AND THE GAS TEMPERATURE *
DISTRIBUTION IN THE CONVECTIVE CHANNELS OF THE *
CONVECTOR PLATES. THIS CALCULATION IS BASED ON THE *
FLoW DISTRIBUTION OF THE INERT GAS BETWEEN PLATES ™
*********************'k*************t******************
SUBROUTINE CONVECTORS (NCOILS,IL,JL, M, J,0C, DCOR,DR,TH,Fy
1CHTC,NC,B, W0, WI,VLEN,TG, TGA,TGO)

DIMENSION DC(S),TG(5,8),TGA(5,9),Tu(5,8),CHTC(5,8)
IF ((M .EQ. 1).AND.(J .EQ. 1)) GOTO 5

IF ((M .EG. NCOILS) .AND.(J .EQ. JLD) GOTO S

IF (M .LT. NCOILS) GOTO 3

IFf (M .2G. NCOILS) GOTO &

GOTO 7

3 TF (DC(M) .GT. DC(M#1)) GOTO 5
DLAR=DC(M+1)

IF (J .EQ. JL) TG
GOTO 8
4 1F (DC(M) .GT. DC(M=1)) 60TO 3
DLAR=DC (M=1)
GOTO 8
7 DLAR=DC(NCOILS)
GOTO &
S DLAR=DC (M)
TG(M, IL)=TGA(M,J)

8 AL=(DLAR-DCOR)/2-

IF (J .E@. 1) 6070 9

*
*
*
*
*
*

(M#IL)z(TGA(MyJL)+TGA(M+1,1))/2,




T OO OOOD

DO 17 I=1,1IL

17 TWM, DD=TWw(m+1,1)

9 USVLEN/ (2. x(W0-WI))
I=1L

10 Z=FLOAT(I-1)*DR
WaWI+{(W0-WwI)x2 /AL
X=U* CALOG (WO/W)+(WO=W)/B)
IF COX 26T L4) AND.(X LY.
io. o8 .L1 24.)) GOTO 15
GOTO 20

15 Y=0.418+0.204*ALOG(X)

20 CALL GASPROP(TG(M,I),FY)
DI1=.023*%FY*(F/FLOAT(NC)) **(_.8)
CHTC (M, I)=D1x(W+5)*%x(_2)/(Y*W*B)
CALL GASPHEAT(TG(M,I),FS)
RR=DCOR/2.+1Z
TERM=3.T476%(2 .*RR=DR)*DR*CHTC(M, 1)
IF (M JEQ. 1) .AND.(J .EQ. 1)) TERM=TERM/2.
DEN=F*FS+TERM/ 2.
I=1-1
IF (I .LT. 1) GOTO 30
TGN, I)=((F*FS=TERM/2.)%xTG(M,I+1)+TERM*TW (M ,I))/DEN
IF (I .GE. 1) GOTO 10

30 TGO=TG(M,1)
RETURN
END

******t*********************************t*************x****

THIS SUBROUTINE CALCULATES THE TEMPERATURE OF THE
FURNACE GAS BASED ON THE COMBUSTION ADIABATIC FLAME k
TEMPERATURE. IT ALSO CALCULATES THE RATE OF FUEL *
FIRING IN THE FURNACE TOGETHER WITH THE THERMAL *
EFFICIENCY OF THE FURNACE.

********************'k***********************************i
SUBROUTINE FIRING(GSTAK,QGAS,DREF,DCAS,DCOV, RCOEF,TFLU
1, TADE,TCC,HFUR, FRATE,E1,EXAIR,TCONT,TFR,FHEAT)
S16=56.71E=12
IF (TCONT .6T. 1000.) 6OTO 10
F21=DCOV/DREF
F23=1.-F21
F31=F21
F33=F23.
EP]=SIG*TCC**4
EPG=SIG*TADB**4
TOTMOL=10.879+9.868* (EXAIR=1.)
PCO2=1.017/TOTHOL
PSUM=2.978%PC02 -
PR=(0.875%PSUM* (DREF =D i oRusd
F=.82§Zg+1?536*PR—5.676*PR**2¢17a46*PR**3 30.31+PR
1426 .7 1%PR**5-9 .29 1#PR* %6
EG=(2.7-TADB/TU0U.)*F

»*

* % % % * *
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Al=1.
AZ==(1.-E1)*(1.-EG)
AS=ET*EPT+EC*(T.~E1)*EDG
#B1=-(1.-EG) *xF31
E3=1.-(1.-EG)*xF33
BS=EG*EPG
W3=(AS*B1=AT*B5)/ (A3*B1=A1%B3)
W1=AS=A3%W3
W2=EG*EPG+(1.-EG)*(WI*F21+4W3%xF23)
TFR=(W2/81G)**x(0.25)

10 CALL SPHCOMPROD(TFLU,CP)
AA=(1.+17 .O5*EXAIR)*CP*TFLU
TOPLOS=.7854*DREF**2*xRCOEF*(TFLU-350.)
BB=3.1416*DCAS*RCOEF
SIDLOS=B8B*HFURX((TFR+TFLU)/2.-350.)
FRATE=(QSTAK+QGAS+TOPLOS+SIDLOS)/(FHEAT-ARA)
WRITE(Z,102) TEFR

102 FORMAT(/%5X," TFUR =',F8.0)
EFF=QSTAK/(FRATEXFHEAT)
WRITE(2,101) FRATE EFF

101 FORMAT(/15x," THE FIRING RATE =',E10.4,* KG/H
1* THERM. EFF.Z',Fé.Z,' %)
RETUKN
END

************************************************
« THIS PROGRAM CALCULATES THE TEMPERATURE DISTR
+ AND THE PROFILE OF HEAT TRANSFER COEFFICIENTS
* CORE OF THE STACK.
******************************i***********i*****
SUBROUTINE CORE(NCOILS, H,F,B,DCOR,DHOL,DZ,TP,
1, TBAS ,HTCOR)

DIMENSION F(S),H(S),B(B),TGO(S),TGC(5,9),TP(5
1DCOR(5),DZ(5) ,HTCOR(5,9)

M=NCOILS

JEIFIXCH(M) /DZ (M) +.T)+1

JL=J

FCOR=F(M+1)

TGC(M,J)=TGO(M+T)

Y=0.25

IF (TGC(M,Jd) .LT. TP (M,1,4)) 60TO 8

1=1.

GOTo 9 -
2=(TGC(M,J)ITP(M,1,J))*ﬁ(=49)

O 00

HTCOR(M,J)=0.0Z79*Z*FY*F
PTH=.01 .
HCOR=PTH+B(M+1)

5 J=J-1
HCOR=HCOR+DZ (M)
X=HCOR/DCOR(M)
IF (X JGE. .&4) coT0 10
Y=.25
GOTO 13

',115X,

*kkkkkkkk

IBUTION =

IN THE *
*

*kkk ok kk kk

T60,T6C

»8,9),

FY)
CALL GASPROP(TGCL(M,J), COR**(.B)/(Y*DCOR‘”)**(1'8))




Y Y YT DY

10 Y=.4618+.204*%AL0G(X)

' §Z1STGC(M'J*1) LT TRMM,1,041)) GoTo 15
GOTO 18

15 Z=(TGCIM, J+ D/ TPUM, 1,0+1)) %% (.49)

16 CALL GASPROP(TGC(M,J+1),FY)
CALL GASPHEATCTGC (M, +1),FS)
HTCORC(M,J) =027 9% Z*xFY*FCOR®* (., N
Tw:(TP(M,T,J)+TP(M,1,J+?))/2S BI/LYADCORCH) ¥+ (1.8))
TERM=3.1416%DZ (M) *DCOR(MI*HTCOR (4, )
DEN=FCOR*FS+TERM/Z.
TGC(M,J)=CCFCOR*FS=TERM/2,)*TGC (M, +1)+TERM*TW) /D EN
IF (J .GT. 1) GOTO 5
HCOR=HCOR+PTH+2 .xB(M+1)
IF (M .2@. 1) TBAS=TGC(M,J)
TTEM=TGC (M, J) .
FTENM=FCOR
m=m-1
IF (m JL7T. 1) GOTO 20
JEIFIXC(H(M)/DZ (M)+.1)+1
JL=J
FCOR=FCOR+F(M+1)
TGC(M,J)=(FTEM*TTEM+F(M+1)*xTGO(M+1))/FCOR
HCOR=HCOR+PTH+B(M+7)
X=HCOR/DCOR (M)
IF (X .GE. .4) GOTO 35
Y=.25
GOTO 40

35 Y=,418+.204*ALOG(X)

L0 IF (TGC(M,J) .LT. TP(M,1,J)) GOTO 48
2=1.
GOTO 49

48 7=(TGC(M, /TP (M, 1,J))xx(.49)

PROP(TGC(M,J),FY)

“7 ;:\'EBR%Q?JF;.—:Q,Uz?g*‘z’*F;*FCOR**(.8)/(Y*DCOR(M)**(1.8))
GOTO 5

20 RETURN
END

*k kK
**********************************************;;Ez;;;E ’
* THIS SUBROUTINE SOLVES THE RADIATIVE Aig 280  oHPUTES®
* HEAT TRANSFER AT THE TOP CONVECTORHZLQTACK "
* THE HEAT FLUX TO THE TOP coiL IN T .

* k&

*t***********t********ﬁkt*ﬁﬁ***************;;;;*;;:;;:DR

SUBROUTINE TOPLATE(NCOILS,IL,JL,DC;DggRE cvc[E)

1rH,HC0V,TP,TTCOV,E1,EE,TFLU,FLUX,89; 1,

DIMENSION DC(5>,51(5>,H(5>,TP(5,8,

1F (CYCLE .LT. 0) TFLU=300.

PTH=.01

THIK=81(1)+PTH

M=NCOILS

DO 10 N=2,M

THIK=THIK+2 .*B1(N)+PTH
10 CONTINUE



THIK=THIK+PTH+B1(NCOILS+1)
DISH= .25
HSS=HCOV~HH-THIK
A=DCOVx*x2+44 %D COVHXHSS+4 %D SH*2
B=DC (M) **2=-DCOR*%2
sumM=0.
RAD=DCOR/2.
DO 20 II=1,IL-1
TEMP=(TP(M,II,JL)+TP(M,II+1,JL))/2.
C=2.%RAD*DR4DR**?
SUM=SUM+C*XTEMP*%4
RAD=RAD+DR
20 CONTINUE
TTOP=(4 .*xSUM/B)*x (,25)
30 T=(TTOP+TTCOV)/2.
TATM=TFLU
CALL GASPROPY(T,FA)
A1=5 671E=-11%ET*E2*A/(E2*A+E1%(1,-E2)*B)
A2=92U.16*DPLAT**2*FA/ (T%B)
A3=224L 29%xA*FA/(T*E)
AL=7 .372E-11%E2*A/B
IF(CYCLE .LT. 0) GOTO 35
FA1=zAT*(TTCOVA*4—=TTOP*x*x4)+A2*x(TTCOV-TTOP) **(4./3.)
F2=A3x(TATM=TTCOV) *x* (4 ./3.)+A4x(TATM**x4=-TTCOV**L)
E=F2-F1
DE=—64 % (AT+AL) xTTCOV**3=4 /3. %x(A2%(TTCOV-TTOP) **
1C3 /3. )+A3*(TATM=TTCOV)**(1./3.))
GOTO 50
35 IF (TTCOV .GT. TTOP) GOTO 40
F1=A1*('TTOP**A—TTCOV**4)+A2*(TTOP-TTCOV)**(4./3J
F2=A3*('rrcov-TATm)**(A,/3,)+AL*(TTCOV**4-TATH**6)
E=F2-F1
DE=4.*(A1+A4)*TTCOV**3+4./3.*(A2*(TTOP-TTCOV)**
1C1./3.)+A3*(TTCOV=TATM)*x(1./3.))
G
L0 F2121E?T7cov**4-¢70p**4)+A2*(TTC0V-TT0P)**(4-/3J
Fi=-F1
F2=AZ 4 (TTCOV=TATM) %% (4. /3.)+ALx(TTCO
E=F2-
DE=§.i2A1+A4)*TTCOV**3+4./3.*(AZ*(TTCOV-TTOP)**
1(1./3.)+A3*(TTCOV—TATM)**(1,/3-))
50 TYCOV=TTCOV-E/DE
IF (ABS(E/DE) .GT. 1.) GOTO 30
IF (TTCOV .GT. TP(M,1,JL)) GOTO 60
FLUX=-A1*(TP(M,I,JL)MéwTTCOV**“'A
1TTCOV) %% (4 . /3.) ‘
GOTO 70 -TP(M,1
60 FLux=Z1*(TTcov**A-TP<M,I,JL)**‘)*A2*(TTCOV TRt
1,dL) ) *xx (4 ./3.)
70 RETURN
END

Vkxl-TATMx%4)

2w (TP(M, 1,400
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- 5 *

THIS SUBPROGRAM SOLVES THE Engpoy ;;t;;;***f********
THE OUTEZR PERIPHERY OF THE COIL,THe INN:; BETWEEN
INERT GAS AND THE COKBUSTION PRODUCTS gp oo RsTHEX

x
%
*
+ AMBIENT ATMOSPHERE. FORM THIS HgaT BiLiR ey

« AMBLENT ATHOSPHERS | THI NCE THE

* HE COVER AT THE AXIAL LOCATION Ts
*

*

*

CALCULATED. IT ALSC CALCULATES THE TEMPERATURE

PROFILE OF THE NITROGEN IN THE A
NN = -
COVER AND THE STACK. ULUS BETWEEN THE

*******************************i*****

SUBROUTINE COV ER(IL,JL,M,J’DR’DZIE1****************
TFLOW, FRATE, TDIF,TGA, TFURN,TP K, F,EQ
1QOUT, CYCLE)

DIMENSION DC(5),FG(5),F(5),TP (5,8,
1(9),'fGA(S,?),TGP(S,?),B1(5),H(§)8 7 ATeou(s, ) ceoek

CALL RADATA(DC(M),DCOV,DREF,Z2,EXALR, TFURN,TERM)

PTH=.01

AIR=17..05%EXAIR

HMD=DCOV=DC (M)

IF(M .EG. 1) GOTO &

FG(M)=FG(M=T)=F (M)

GOTO 5

L FG(M)=FLOW=F (M)

5 D1=.0279%DCOV/ ((DCOVHDC(M))I** (1, 8)%HNMD)
DU=.0279*DCOV/ (C(DREF+DCOV) x%(.8)* (DREF=DCOV)*DC(M))
IF (M .EQ. 1) GOTO 6
BM=81(1)

HM=0) .

DO 3 MM=2,M

BM=3M+2 . xB1(MM)

3 HM=HM+H (MM=1)

HCUM=BM+HM+FLOAT (M) *PTH+FLOAT (J=1)%DZ

GOTO &

HCUM=B1(1)+PTH+FLOAT(J=1)*DZ

X=HCUM/HMD

IF ((X .6T. 1) ANDo(X .LT. 24.)) 6070 10

IF (X .GE. 24.) GOTO 9

Y=.25

GOTO 15

9 Y=1.

. GOTO 15

10 Y=.418+.204%ALOG(XD

15 CALL GASPHEAT(TGP(M,J),FS)

CALL GASPROP(TGP(M,J), FY)
CALL SPHCOMPROD(TFURN,FO)
CCOEF(J)=D1*FY*FG(M)**(98)/Y*2*DZ*CcOEF“))/zocov*

* N ¥ ¥ N ¢

*
,E2,DC,DCOV,DREF,
+B1,EXAIR,TCOV,K,

oo O~

DI=EXP((0.7854*(DCOV+DCIMI)*

1FG(M) *FS))
ggz;fgsséii1/((1.-E2)/EZ+DC(M)/DCOV*(1:€1)/E1+1J
C3=DD*FY*((1.+AIR)*FRATE)**(-8’
gé:i:iézs;lgéIE§BV*(1sc1./DS)/(FO*(1.+AIR)*FRATE*
1(DCOV4DC (M)))




TCOV (M, J)=600,
IF (CYCLE .LT. 0) GOTO 16
CALL NEWRAPH1T(C1 c
1(M,IL,d)) P CEr L3, ChDEL, TCOVN, ), TruRN, Tp
GOTO 17 .
16 C5=0.429%DCOV/DC(M)
C6=7 .371E-11%E2
CALL NEWRAPH2(C1,C2,C5,C6,
77 Eo=c7+4,*c2*TP(M:IL:J)1*§ TCOVAR, J), TRURN, TR (N, 1L, 0))
QOUT=C1*TCOVIM , J)+C2*x(TCOVI(M,J)x%4+3 TP (M 1L J)esd)
CALCULATE THE TEMP. OF THE GAS IN THE ANNULUS
IF (M..EG. 1) GOTO 18
IF (J .2@. 1) GOTO 19
GOTO 20
18 1F (J .EQ. 1) GOTO 21
GOTO 20
19 TGA(M,J)=TOPG/D3+(1.=1./D3)*(DCOVXTCOV(M,J)
14DC (M) * TP (M, IL,J))/(DCOV+DC(M))
GOTO 25
20 TGA(M,J)=TGA(M,J=1)/03+C1.=1./D3)*(DCOVXTCOVIM,I)+DC
1M *TP(M,IL,J))/(DCOVHDC(M))
6OTO 25
21 bT6=20.
IF (CYCLE .LT. ) DT6=0.
TGA(M,J)=TDIF+DTG
25 TGP(M,J)=TGA(M,J)
IF (J .EG. JL) TOPG=TGA(M,J)
RETURN
END

SUBROUTINE NEWRAPH1(C1,C2,C3,C4,X%,TC,TF,TP)
10 F1=CI*(TC~TP)+C2* (TCx*4=TP*x4)

Fo=C3k(TF=TC)+CLxTF* (TFx%x3=TCx*3)

E=F2-F1

DE==C1-C3-2 %CL*xTFaTCx¥*2=4 ,*cz*rcup(c3+z.,*cz.ﬂru3

1=C4*TChk*k3) *X

ER=E/DE

TC=TC-ER

If (ABS(ER) .GT. 1.) 60TO 10

RETURN

END

SUBROUTINE NENRAPHZ(C?yQZ,CS,C6,TC,TA,TP)
10 TM=(TC+TA)/2.

(5=C5/TM Tees)

F1=C 12 (TP=-TC)+C2% (TP&®a=IL™" )

FZ:CS*(TC—TA)**(4./3a)+C6*(rC**k TA¥*4)

E=Fi-F2 - ¥x(1./3.)

DE=-C1-4.%(C2+C6) *TC**B“Q,/S-*Cs*(TC TA)

ER=E/DE

TC=TC-ER

1F (ABS(ER) .GT. 1.) GOTO 10

RETURN

END
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**********************i‘**********
« COMBUSTION GAS EY HADVIG'S CORRELATION ANTHE :
« COMPUTES THE RADIATIVE COEFFICIENT In Tp pooo'
« FLUX TO THE COVER SIDE. HE HEAT
*******'A*.*'**‘k**************************************:
SUBROUTINE RADATA(DIAM,DCOV,DREF,E2,EXAIR,T,TERM

F(2)=.02668+1.235%1=5.676%25%2417 0601543535, 5100
1x*b+26 .7 1% 1% *5=9 29 1%xZ %%6 -2 1%
TOTMOL=10.87949 .868*(EXAIR=1.)
PC0O2=1.017/T0THOL

PSUM=2.978%P(02

PR=C.35«PSUM* (DREF-DCOV)

1=PR

F1=F (2)

1=2.%PRK

F2=F (D)

£3=(2.7-T/1000.)*F1

A=E3/ (2.-F2/F1)

B=A/E3-1.

C=B*DCOV/DREF

D=1.3%22%DCOV/DIAM .
TERM=(1.3452%(1.4C)/ (1. +B+C)*EZ)+ (1. =1.3%E2)/RI/D
RETURN

cND

****‘k**‘k*****k******************t*****tti*******t**i
« THIS ROUTINE CALCULATES THE MININUM AND MAXIMUMN *
« TEMPERATURES IN EACH COIL OF THE STALK %
*********‘k*'k****k**********************t*t**********
SUBROUTINE TLIMIT(M,L,IL,JL,I11,44,T7,TL)
DIMENSION T(5,8,9)
I11=1
Ji=1
TL=T(M,11,dJ)
bO 30 I=1,IL
00 30 J=1,JL
IF (L .6T.0) 6070 10
IF (TL .LE. T(M,1,J)) 60TO 30
G0TO 20
10 IF (TL .GE. T(m,I,J)) 6070 30
20 TL=T(M,1,J)
11=1
JJ=J
30 CONTINUZ
RETURN
END
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SUZPROGRAN - R e e g s

#  THIS SUSPROGRAR COMPUTIS THE Quennlr e @i
= L Qi:r\'ALL WM g T

ey Y Oy oy

w  IN THE wrOLz STACK 2% STESE rarr e “
" > = Iy < 2 o iy 2 o + &2 ) L = s N \"x“" COELQ& 5%
“i{:i‘ftsu:x’rxwx‘xmxwrx*!iﬁ'i*ii&i!’ei‘kii—%i&%i\k%!’t‘" =
PRSI ok = R e A F ok s ) T i
SURROQUY INGZ E“:QRQNCOELsﬁfﬂQE,EQ@%VE% v et N
DIMENSION TCS,&,3),DC0R(S) nres *oUR LT Ty,
oM Lwrb S aC ¥ #gQRi}a”QQv@}}?%éS% R
TIOT=0. =
TVoL=U.
DEM=C .
53 20 M=1,NCCILS
IE=IFIXCLDCIM) —DCORIMIIZ (2 %DRENY Yo _Tet
JL=IFIXIRIMYIDZI(®Y+ 1)+
50 10 I=1,1IL
pO 1D J=%,JL
TTOT=TTICT+T(M,1,4)
1C CONTINUSZ
DEN=DEN+FLOAT(IL=JL)
TVOL=TVOL+ . 78S54=(DC{M)«x2-DCORIMIenZ ek (4)
YR
20 CONTINUZ
TAY=TTOY/DEN
CALL STEZLCAP{(TAV , FP,FR)
RINSTVOL*FPxTAV
T®=400.
30 FN=0_8352#TM+2 (146235 TM=x2-3 8 13E-uTheeTe T VETET-Pe

TTMxx4-HIN/TVOL
FD=U.635244 (29 1E-3*TM=T. 144E-5*%TM*%2+ 7 2538E-8xTM#23
TM=TM-FN/FD
IF (ABS(FNLFD) .G6T. 1.) GOTO 30
RETURN
END
FINISH

d ok o
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