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ABSTRACT

Mathomatical modols aro dovelopod for a stoam reforming
furnace in both tho stoady stato and unstcady state modes
of oporation. The ono~dimonsional radiation field in a
participating medium is rosolved into various classocs of rays
which distributo radiant energy to tho furnace tubes carrying
tho procoss gas,

Rosults predicted by the model are found to comparc
satisfactorily with valuos mocasured on an actual plant.

A proliminary analysis of tho thermal shock offects that
ariso during transiont conditions in the furnaco is mado and

limits on tho safo rate of change of load level are indicated.



CONTENTS

CHAPTER PAGE NO.
1 Introduction -~ Scope of the Project 1
1.1 The industry based on the reforming of hydrocarbons 1
1.2 Process Daescription 3
1.3 Ressarch Objectivos 8
2 Formulation of a Gencralised Model 11
2,1 Special features of a reforming furnace 11
2.2 Some methods of furnace modelling 12
2.3 The State Variable Equations 14
3. The Steady State Model 1 22
3.1 Reduction of the State equations to the steoady
state case 22
3.2 Thermodynamics of steam reforming 26
3.241 Methanation 26
3.2.2 Reforming of Methans 27
342.3 Shift equilibrium 27
3e3 Equilibrium calculations 28
3.4 Comments on the simplifying assumptions made in the
steady state model 30
4. Evaluation of the Stcady State Model paramaters 34
4,1 Theoretical flame temperature 34
4,2 Furnaco gas absorption and emission coefficients 37
4,3 The overall coefficient of heat transfer betwcen
40

the tube wall and process gas



iii.

CHAPTER PAGE NO,
5. Solution of Steady State Model 1 46
5.1 Consideration of numorical mothods of soclution 46
5.2 Results from steady state model 1 51
5.2.1 Feedstock 54
5.2.2 Steam/carbon ratio 55
5¢2.3 Air/fuel ratio : 56
5.2.4 Combustion air prshcat 56
6. Steady State Model 2: Formulation and Solution 58
6.1 Formulation of a model based on tho actual gcomatry e
of the furnace 58
6.2 Heat flux recsived by tha tubes 61
6.3 Equations for hesat transfer inside the tubes 64
6.4 Solution of Model 2 65
6.5 Comparison of results obtained with those from
Model 1 67
7. Plant Data Acquisition: Comparison of Recorded data
with Steady Stato Modsl predicttions 72
7.1 The data logging system 72
7.2 Comparison botwesn logged data and values predicted
by Model 1 76
8. The Dynamic NModel 81
8,1 Object of a dynamic model 81
8.2 The dynamic model equations for the furnace 83
8,3 Procoss gas side lags 84
8.4 Conduction within the refractory wall 87
8.5 Strategy of the complete solution S0
8.6 Comparison betwesn logged data and values
91

predicted by the dynamic model



iv.

CHAPTER PAGE NO.
9, Consideration of the Refractory Spalling Problom 100
10. Conclusions 111
10.1 Conclusions resulting from this work 111
10,2 Possible arseas of furthor work. 117
APPENDIX

A Dorivation of oxpression for monochromatic

intonsity of radiation

B Calculation of Chemical Equilibrium
c Computer Results from Model 1
D Formulation of one- and two- Dimensional Models for

a tubular reactor.

REFERENCES

NOTATION,



IST OF FIGURES

1.1 Simplified flowsheet for lesan gas production
1.2 Flowshaet for Gas Council hydrogenation process
2,1 Schematic diagram of a Reformer

2,2 Absorption spectra for 802 and H20

2,3 Radiative transfer terms for Gas and solid compononts

3.1 Equilibrium gas composition: variation with temperature
for naphtha reforming

3.2 Equilibrium gas composition: variation with temperature
for natural gas reforming

3.3 Equilibrium gas composition: variation with pressure for
naphtha reforming

3.4 Equilibrium gee composition: variation with steam/carbon

ratio for naphtha reforming

3.5 Variation of heat of rcaction with temperature for naphtha
reforming
3.6 Variation of heat of reaction with temperature for natural

gas reforming
4,1 Evaluation of emissivity paramatars

5.1 Stato variable profiles

5.2 Steady state heat flux and tempsrature profiles

5.3 Range of major output variables for maximum and minimum
throughputs

5.4 Effect of using excoss combustion air on furnace ocutlet
temparature .

6.1 Comparison of temperature profiles obtained from Steady

State Models 1 and 2

6.2 Comparison of hsat flux profiles obtained from Steady State
Models 1 and 2

6.3 Gensral shape of furnace tempsrature profiles showing

model analogy of co~current heat exchanger



6.4
7ol
8.1

5.1

vi.

Terms in thse heat flux balance equations for Model 2
Moasurements taken around the raformer
Furnace tempsrature responses in unsteady state

General shape of stress profiles through refractory slab,



vii,

LIST OF TABLES

3.1
4,1
4.2
4,3
4.4
4.5
6.1
5.2

6.1

6.2
6.3
7.1
7.2

8.1
8.2
8.3
8.4
8.5
9.1
9.2
9.3
9.4
9.5

9.6

Comparison betwesn 1= and 2- dimension tubular reactor models
Theoretical flaeme tempasraturss for naphtha fusl
Theoretical flame tempesratures for natural gas fuel
Values of emissivity paramaters'Y'and.fb
Parameter values required to evaluate heat transfer coefficient
Summary of parameter valuss for design flowshcet casc
Phases of integration cycle
Input data for steady state model 1 for various total throughputs
Operating conditions and parameter values for Modsl 2 - Design
flowsheset cass

Steady State Profilaes from Model 1
Steady State Profiles from Model 2
Plant data recorded by logger

- Te7 Comparison betwsen values taken, (a) from plant instruments
(b) from data loggoer, and (c) predicted by Model 1
Measured and predicted temperature responses for test run 1
Measured and predicted tomperature responses for test run 2
Measurad and predictod temperature responsss for test run 3
Moasuraed and prodicted temperature responses for test run 4
Mean differences betwsen predicted and recorded temperatures
Propaerties of tha refractory walls
Input flourates for stross analysis runs
Stress profiles for test run 1l
Stress profiles for tesst run 2
Stress profiles for test run 3
Stress profiles for test run 4.



1,1

1,

CHAPTER 1. INTRODUCTION - SCOPE OF THE PROJECT
e R N e o S — —— Sy oy SN e T ri-rresmmy e

The Industry Based on the Reforming of Hydrocarbons

The major sources of industrial hydrocarbons are deposits of
fossil fuels. There is a closs correspondence batwesn the volatility
of a fuel and its carbon to hydrogen ratio. On a weight for weight
basis, this ratio is approximately 3.0 for natural gas, rising to
S.6 for light petroleum distillate, 7,8 for heavy fuel oil, 15.5
for a typical bituminous coal and over 30 for anthracite (1).

Concurrently with the increase in the carbon to hydrogen ratio
there is an increase in the average number of carbon atoms per molecule.
Natural gas consists largely of methane with small amounts of ethane,
propane and butane. Light distillates, in general, are straight-
chained paraffins in the Cg to Cq range, containing also small
quantities of benzens. Heavy oils are complex mixtures of the higher
paraffins, whilst the solid fuels are multi-ringed structures
containing several hundred carbon atoms per molecule.

An important part of the chemical and allied industries is
concerned with transforming the complex carbon compounds found in

naturally occurring fuels intoc simpler gaséous mixtures. The procedure

involves two principal operations - “cracking", the breaking doun

of carbon chains or rings into smallor molecules by the action of heat;

and reforming, tho reduction of the carbon to hydrogen ratio, gensrally
using stcam as the source of additional hydrogen. By manipulating the
severity of the cracking conditions and tha amount of steam employed
and by using special catalysts to promote certain reactions while
inhibiting others, tho product composition can bes varied to suit
different demands (2). These demands fall into two categories: the
gas may be used as a fuel or it may serve as the starting matorial for
the manufacture of other chemicals.

At moderate temperaturcs with no steam present, large paraffin



2,

molecules are ruptured by the breaking of carbon-carbon bonds near the
middle of the chain and the fragments form a lowsr paraffin and an olefine.
Rs the temperature increases, the lower paraffins formed tend .to crack
further producing still lowser paraffins and increasing amounts of free
hydrogen as the carbon-hydrogen bonds now break. The olefines now becoms
diolaefines and then aromatic compounds and if the temperature increases
still further, the aromatics are progressively dehydrogenated to multi-
ringed tarry substances and eventially to carbon. At these temperatures
even the simplest paraffins are cracked into their constituent elements =
carbon and hydrogen.

The picture changes when a hydrocarbon is heated together with steam.
Initially, the chief products are still the lower paraffins and olefines,
but the excess hydrogen tends to saturate the olefines forming mors paraffins,
As the temparature increases, the paraffin molecules become smaller and a
significant incroase in the breaking of carbon-hydrogen bonds occurs. Free
hydrogen is produced whilst the relsased carbon atoms form oxides with oxygen
from thoe steam, This is an idealisation of the reactions - in practice, a
considerable amount of tar and carbon is formed in a purely thermal cracking
process even when a large excess of steam is employed.

In general, the higher the hydrocarbon used as a feedstock, the more
difficult it is to stop the reactions at intermediate stages. With rogard
to reforming reactions, coal may only be fully gasified with steam to produce
"water gas" - a mixture of carbon monoxide and hydrogen. Naphtha (light
petroleum distillate) on the other hand, yields substantial quantities of
methane at moderate temperatures, As the operating temperature of tho
naphtha-steam reaction is raised, the methane is progrossively
converted to carbon oxides and hydrogen.~ The methane richeproduct

forms :the basis of the town gas manufacturing proocoss whereas the

hydrogen-rich gas-.can bo troetod::to produce -oither purae hydrogen or
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a hydrogen-carbon monoxide mixture known as "synthusis gas". Hydrogen
is usod to manufacturs ammonia and for various hydrogenation processos;
synthosis gas is tho starting point for several important reactions,
including mothanel production and the "Oxo" procsss for making othor
alcohols and carbonyl compounds (4) (5).

Tho advantagos of naphtha and natural gas over solid fuels dua to
their lower carbon to hydrogen ratios ars enhanced by the greater ease
with which thoy can ba handlod in the fluid state. This facilitates
full mochanisation and automatic control in theso plants with tho result
that they have gonerally replaced coal-based processes for the manufacture
of town gas and hydrogen (6). .

The particular reforming process studiod in this project involves
tho manufacture of town gas. An important foeature of such plants is the
frequency with which their operating levels must be changsd to moet
varying domands, unlike ammonia plants, for oxampls, which normally
oporate continuously at their design capacities. If in the future
manufactured gas is only roquired for peck loads this aspesct will bocome
oven more marked ond hence considsrable savings may be made by changing

frem onu operating level to another in an optimal. manner. This point

will bo discusscd further in Sec. 1.3 when the ovorall objectives aof the

rescarch are stated.

Procoss Dascription

The actual plant studisd is the No.l strvam of the North Eastern Gas

Board's Dewsbury Works. It can use either naphtha or natural gas as the

raeformer feedstock. In common with most other plants nowadays, Town's

gas is made by a two-stage process. First, the hydrocarbon is reformod

3
to givo @ "loan gas" of calorific value approximatoly 380 Btw / ft™;this

is thon enriched to a calorific valus of 500 Btu / pt> by butano or

natural gas. It is possiblo to maks a full toun gas in a single, continuous

roforming oporation (7), but carbon deposition on the catalyst tends to
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be axcessive unloss unoconomically high steam/hydrocerbon rotios are
uscd. Honco most plants that manufacturs rich gas in ona stage must
smploy poriodic regoneration cf thu catalyst - they afo cyclic in
operation and work at low pressures.

Lean gas production requires a reformer oxit temporatura of about
750°C, midway botwson tha temperatures nccossary to produce a full town
gas (GUOOC) and hydrogen (900°C). The catalyst in tho present plant is
a specially promoted nickel-based ceramic which was developed by
Imporiel Chemical Industries Ltd. in the lats 1950's, knouwn as ICI 46/1.
This catalyst parmits the use of an economically low steam/hydrocarbon

ratio without significant carbon deposition on the catalyst. In addition

tho procoss can be run at higher prassures, which increases the throughput
for o given aroa of plant and saves compression costs where the gas is
to bo fod into o high pressure town gas grid.

Fig. 1.1 is a simplificd flowshoet of the process. Naphtha is first
prehsated, then mixed with a stroam of hydrogen-onriched recycle gas
prior to being vaporiscd and suporhaated to the required temperature for
hydro-desulphurisation. This is done before entry to the reformer to

avoid poisoning the catalyst; it means that subscquent sulphur removal

from the make gas is unnscessary.

Dasulphurisation is accomplishod in two stages., First, the naphtha

vapour and rocycle gas pass through a bed of zinc oxide in the primary
desulphuriser at 350-400°C which absorbs most of the sulphur compounds.
Then in the secondary desulphuriser certain "hard" organic sulphides are
roduced to hydrogen sulphido by reaction over a special molybdenum
catalyst. Anothaer bed of zihc oxido below tho catalyst removes the
hydrogen sulphide produced. This vessol is also maintained at around
350-400°C. Fer succassful operation of the molybdonum catalyst, the
emcunt of CO2 in the recycle gas strcam should bo kept to a minimum.

Tho dosulphurisod vapour is mixod with suporhostod stoam to glvo an
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approximate ratic of 3:1 botwoon tho lb.-moles of steam and lb,-atoms

of carbon in tha feud. If the reformer feudstock is natural gas, it
enters tho process train at this point since vaporisation and
desulphurisction are unnecussary. Tho steam and hydrocarbon pass th the
rcforming furnace at 400°c and a pressure in the region cf 450 psi.

All reforming reactions arv endothermic to some degreo so that heat
must be suppliesd to maintain them. A reformer, thon, comprises
essentially a furnace in which tha heat sink is an array of catalyst-
filled tubes through which the roacting gases are passed. A more
detailod description of &tho furnaco geometry is given in Chapter 2.

Waste heat from the reformesr flus gasss is recoversed in a convection
saction consisting of a steam superheater, the naphtha vaporiser and the
combustion air prcheator. Gases leaving tho air heater are discharged
into the atmosphers via a chimney.

Lean gas leaves the reformer tubes at 750°C and 400 psi. It first
passos through the primary make gas waste heat boiler, which raisss high
pressure steam and coois the loan gas to 390°C, the required temperature
for tho shift reaction. This makes use cof the wsll~known water gas
roaction whercby tho ccnvorsion of carbon monoxida and steam to carbon

dioxids and hydrogen is favourod by low tomperatures. Thad catelyst is

chromia~promoted iron oxide. Duc to the exothermic nature of tho procoss

the gas tempcraturoe on sxit from the CO shift converter has risen to

430°c,
Heat is recoverod from the lsan gas stream in a series of plant items.

The shift canvartod gas passes through the socondary make gas waste heat

boiler which raises more high pressure procass stcam; then through a heat

oxchanger which prohsats thn foodwater to the boilers; subsoguently

through the naphtha preheater, tho carbonato roboiler and two other heat

oxchanger items not shown in Fig. 1.1 . These arc firstly, a low-pressuroc

boiler which raisas stsam to de-acrate tho raw boilor feedwater and
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socondly an air-ccoled series of finned tubss,

Then tho gas ontors the bzse of the carbon dioxide absorption
column, its temparature having fallen, by this time, to about 100°¢.
Condensaticn begins in the gas stroam after the fsedwater heater.
Tharefors, the water produced in this and all downstream exchangers has
to bo removed by knock~out drums and after suitable degassing, the
condensate is returned to the boilor feed tanks. By-passos are
installed around sach hoat exchanger to facilitato temperature control
of the gas.

Carbaon dioxide is dissolved out of ths make gas for two reasons:

to control the specific gravity, and to provide a recycle hydrogen
stroam substantially free from 002 for tho desulphurisation procosses.
Howesver, only part of the carbon dioxide is to be remcved from the main
make gas stream, whilst tho minimum possible concoentration is desired
in the recycle stream. The arrangemunt adopted is a division of the
absorber into two sections, with tho gas éff=-take pipe for the rocycle
stroam situated at tho top of tho towsr and a second off-take pipe for
tho makna gas in betwsen tho soctions. In this way the lean gas stream
is split, tho recycle gas boing almost complotely strippod of 802, but
tho make gas only partially so. Further adjustment in the upward
dircction of the make gas 002 content is possible by means of a by-pass
around the louwer section of the absorber.

Absorption of CO,, is carrisd out by scrubbing the gas with a

2
solution of 30% potassium carbonate which is pumped to the top of the

column and allowed to trickleo down through tho packing. The potassium
bicarbonate formed is transferred from the base of tho sbsorber to the
top of tha stripper column by the difference in pressure betwsen the
two columns. In tho base of tho stripper there 1s a roboiler to

rogenarate the potassium carbonatoc. The stripped 002 is ventod to

atmosphere from tho top of the stripper and tho regencrated carbonata
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solution is raturned to tha absorber,

Recyclo gas from tho absorber is passod through an air cooler
and thon g knock-cut drum to remove condonsate. It is then compressed
to over 500 psi before jeining the liquid paphtha @ownstroam of the
naphtha prehcater.

Provision is made in the prosent plant for enriching tho loan gas
stream with either natural gas, liquified potrolsum gas (usually butano)
or by the Gas Council's hydrogenation process which uses part of the
naphtha feadstock as tho basis of the enrichmant. If the lean gas is
'cold=-enriched", i.a. with an external source of natural gas, or butane,
it passgs through an air cooler from which it emorgos a few dagroes abovo
ambient temperature. After condensato romoval, it is mixed with the
enriching slement before procwading to the gas drying column where
traces of water vapour are removod by scrubbing with glycol. The final
gas entors a delay volume to guard against off-spocification gas and is
then odorised, metered and fed into the grid.

The hydrogenation process is a thermal cracking reaction in which
naphtha vapour and lean gas ars contacted at 750°C and 350 psi. Both
high tempoeratures and high pressuros are necessary for the hydrogenation
to occur; otharwisc large quantities of unsaturatod hydrocarbons will
appear. Tho mechanism of the rcactions is barcly understood. No
catalyst material is actually used but it seoms necassary that a trace
of sulphur be present in ths naphtha and a fairly high poarcentage of 002
in tho lean gas stroam (9).

A small amount of raw naphtha is thorefore blended with the

desulphurised stream before entry to the hydrogsnator vessel. The

roquirod C02 content is obtained by adjusting the by~-pass around the

absorber. In acddition a small quantity of stoam is loft in the lean gas

stroam to prevent carbon formation. Fig 1.2 gives the flowsheet of the

hydrogenation procoss.
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Producsts obtained from the hydrogenator are principally methana
and ethans, with a little ethylene and somo aromatic compounds which
are subsoquontly stripped from the gas and eddod to the furnace burnor
fuel. Tha reactions ars somewhat exothormic so by using tho sonsible
heat of the product gases to preheat tho imgoing reactante, no extornal
heat source is required. The calorific valua of the rich gas lios
betwoen 750 and 800 Btu / re2, Finally, tho rich end lsan gas strosams
combine and are dried in tho glycol absorber before feeding to the
grid,

Clearly, the hydrogenation enrichment process is the most economic
if cold enriching foodstocks command a significant price premium.
However, this is becoming loss so as the availability of natural gas
increasss so that the present trend is to enrich the roformed naphtha
with natural gas.

Rosearch Objectives

Thero are several aspocts of gas-making plants that make computer
control and modolling appoar attractive. As stated previously,
variations in ambient tomperaturs result in fluctuating demand for touwn
gas. Consequently, reforming plants must be capable of operating over
a wide range of throughputs and be able to switch from one opcrating
level to another as rapidly as possible., Thoe establishment of an optimum
sot of controlled variables at a given operating level is the objoective
of stoady stato optimisation, whilst moving from one opsrational level
to the desired level along an optimal path is the basis of dynamic
optimisation and control studies.

If the Gas Councilt's hydrogenator is uscd, therc arises an
intorosting fuood-forward contrel problom, since tho variation in tho lean
gas state on oxit from tho shift convortor will affoct ths products
omorging from thc hydrogenator. To operate tho hydrogenator in an

optimum manner, thorefore, it is necessary to anticipate and counteract
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the offects of thuse disturbances by altering its control settings.

The staaq-rnising systom on the other hand is a good illustration
of foedback control. As indicated in Fig l.)l, process stoam is raised
in boilers using tho waste heat of both tho flue gas and mako gas
streams, Thesu boilars are all connected to a common steam drum, so
from the steam-raising viewpoint only the total excaess heat availablo from
the furnace is important. This quantity is defined by the differsnco
botween tho hwat roleased by the burnors and tho heat required to
maintain the endothormic chomical ruactions. Thus the steam prossure
is doterminedprimarily by a feadback loop to tho burnor fucl flouwrate.

It was decided that the ultimate aim of the projsct should bo the
implementation of supsrvisory control on a gas-making stream with special
attention being paid to the dynamic behaviour of the system as it moves
from ons load levol to anothar. It was considored that steady state
optimisation would not bring about a comparabls reduction in operating
costs becausa the systam is fairly tightly constrained, primarily by the
need to achisve correct gas spocification and to maintain sufficicnt
waste heat capacity for steam generation. Hence the range of possible
oporating conditions for a given throughput is limited and conventional
analogue instruments will normally maintain tho process close to those
sot points,

Essentially, the thermal oconomy of tho procuss determines its
viability. A cortain fraction of the hydrocarbon fecdstock has to be
burnt in order to reform tho remaindor. Waste heat from the furnace is
then utilised in the goneration of process steam. It 1s evicent that
the reforming furnace plays a Key role in this system and it is on this
that the major effort should be concontrated.

A koy elomont in optimisation and control studies is the
development of a mathematical model of the process. If the aim is
supervisory control in the unstoady state, tho model must be ablo to

porform the following functionst
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i) Prodiction of thao depondont process variables from tho independent
ones. Obviously, effoetive control action con bo oxerciscd only if

tho consequonces of a given action can be forsoen. In particular,

the transicnt bohaviour of tho system in response to a changa in the
input variebles must be analysod to ensure that constraints on cortain
paramoters are not violated.

1i) Computation of tho optimal, time-depondont control vector roquired
to bring the process to a new operating lovel. Tho literature on this
subject is extonsive (10) (11), but is almost always concerned with
lumped~-parameter representaticns and often with such inconveniences as
time lags and non-linaarities discounted. Since many chemical plants
cannot bo described adequatoly in these terms some simplification of

the modol is callod for. Several technigues arc availabla for doing
this (12).

The present work is concernod with tho tevelopment of a dstailed
dynamic model of tho roforming furnaca at Dewsbury which can bo checkod
against data recorded from the plant. First a generalisod model is
formulatéd in terms of state variable equations, then a subset of theso
solved fPr the steady state case. Rosults from this model are chockad
against in-plant data. A second stoady state modol is alsoc doscribed
which follows moro closely thao actual geomotry of the furnaces. Finally,

tho full dynamic model is solvad and this too compared with values

recordod from plant tusts,
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CHAPTER 11, FORMULATION OF A GENERAL ISED MODEL

Special Features of a Reforming Furnace

Furnaces consist ossentially of refractory-linod enclosures, insids
which there is a moans of transporting the hoat sink into and out of the
furnacu volume in batch-wiso or continuous mannor. Apart from electric
furnaces, the heating medium is the body of hot combustion gases
within this voluma so that the predominant mode of heat transfsr, even
at modorate temperatures is by radiation.

Fig 2.1 shows a schematic side elevation of a typical reformer.

It is of rectangular construction and contains thres rows of catalyst-
packed vertical tubes down which the process gas (heat sink) flous.
Burners are distributed over the roof arca, firing downwards into thoc
furnace volume between the tube lanes. The number of burnars esmployed
is less than the numboer of tubes; normally between one quarter and one
third as many. One of the aims of successful reformer design is to
ensurs that, at a givon horizontal level, the configuration of burners usecd
gives as nearly uniform a heat flux as possible to evory tubs,

The fuel used by tha burnsrs is either natural gas or naphtha,
mixed with a small amount of aromatic hydrocarbons if the Gas Council
rich gas hydrogonation process is in operation. Liquid naphtha is first
atomised with air beforc reaching the burnor nozzles. The flue gases
pass downwards and are romoved through ducts built into the floor of the
furnace.

It is clear that the layout of a reformer is rather different from
that of stoam~raising furnacos which have their bank of tubes around
the walls of the combustion chamber and the flue gas outlet somowhera
in the upper part of the furnace. Such an arrangement means that the
gasgs are welle-mixad, of substantially constant composition and

tomporature. In fact, the Topsoe roformors are side-fired with the flue
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at the roof of the furnace (14) so that these furnaces do, to a
reasonable approximation, approach uniform conditions.

Calculation of tho radiant heat transferred betwcen the gases
and tube bank is then possible by defining a single geomstrical quantity
known as the "mean beam length". This was dona by LOBO and EVANS (15)
and still forms the basis of design and performance modelling mothods

for these furnacss.

A straightforward lumped parameter treatment liko this cannot hold
good for a top-fired reformer. 1In the upper region of the furnacs,
tho jotting action of the burners will induce turbulent recirculation
of the combustion gases so that here their temperature will bo fairly
constant. Below this region, howsver, the gas temperature falls
steadily with increasing distance down the furnace as heat is transferred
to the tubes., This stable temperature pattern causes the gas to travol
in plug flow down tho furnace, parallel with the flow of steam and
naphtha with little recirculation or bagk-mixing. Any formulation of a
model for a reforming furnace must take account of these gradients in

the radiation field, which transforms it into a distributed parameter

problem,

Some_Mothods of Furnoce Modelling

There are many methods of analysis available for avaluating the heat
transfaor characteristics of industrial furnaces., The degrees of
sophistication and consoquent mathematical complexity of these will
vary enormously: a satisfactory model is one that retains all essentieol
features of tha system but is nevortheless open to numsrical cvaluation
in terms of the computing facilities available.

The inadequacy of simple lumped paramater troatments of the Lobo
and Evans typa has already beon mentioned. This is true even for theo

steady state cass. Certailn refincments are possible to taks account

of the mutual shielding of adjaccnt tubes, reflection of radiant flux
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from the refractory walls on to the tubes and tho fact that tho gas does
not absorb ant omit radiation at constant rate for all wavelengths
(rolaxation of the grey gas assumption)., Those are all described in
HOTTEL's chapter in the book by McAdams (16). It is always necessary
howsver, to assumo constant temperzture throughout the furnace volums.

One methed which does, in principle, deal with non-uniform
temperature distributions in furnaces is the "zoning" method developed
by HOTTEL and co-workers (17) (18). This involves dividing the boundary
surfaces and furnace volume into a matrix of isothermal compartments.
Exchange equations for sach pair of compartments are set up and the
result is a system of linear equations whose variables are ths various
radiant fluxes. By further sub-division of the compartments, the
accuracy of the solution can be improved to any desired extent.

Uhile this techniquo is perfectly sound in the steady state cass,
it doss not readily lond itsolf to oxtensi.n to the unsteady state.
Also there ars two drawbacks when applied to a reformer; first, the
isothermal ccmpartments must be at least two-dimensional because the

tube planes a icuylar to the gas tempsrature variation. This

meoans that the nett transfor ‘of heat in thoe gas phase is vertical,
whereas that botween gas and gulid boundariss is horizontal so the
ossentially onn~-dimensional nature of the problom is dustroyed.
Secondly, thaerc is the convestive flow of heat transported by tho bulk
flow of procoss gas - this is not easily superimpoeed on the flux
balanco equations.

The completely general problem of radiative transfer in a non-

isothermal, absorbing and scattering medium has been considered by

numerous authors in recent years, Basically, the problom is treated

in a similar manner to conduction and convection studies by compiling
an snorgy balance on an arbitrarily located volume element in thse
radiation field. Howover, absorption and emission of flux will take

place over finite path lengths resulting in an integral expression for
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tho heat goneration term, and congequently, the equation expressing
consorvation of enorgy will bo an integro-differential ones. Fundamental
derivations aro to bo found in the works of CHANDRASEKHAR (19) and
KOURGANOFF (20). Tha one-dimensicnal problem with a non-scattering
medium is cutlined in Appendix A.

Even if all the system parametors are available, the solution of
equations such as thaso is very difficult. Therefors, although the
problem can be formulated, its epplication to cngineoring systems is
limitod. Somo oxamplas are available in the literature (21) (22) (23),
and tho review article by CESS (24) presants perhaps the simplest cases
that can be considered. Any realistic treatment of a roformer needs to
consider simultaneous radiative and convsctive transport of heat with
spaco-varying boundary temporatures. Papers by CHEN (25) and
VISKANTA (26) studied a problem similar to this assuming steady stats
conditions prevailed, but found that tho mathematical difficultiecs were
severa,

Clearly certain simplifying assumptions must bo made in the
analysis befors solution is possible and fortunately thoss are available.
First, howovar, the general problem in terms of state equations will be
discussod.

2.3 The State Variable Equations

Tho physical stato of a systom at time B8 may be characterised by a

finite numbsr of real quantitiss, X, X2 ¢..-.. Xp. Those variaoblos

constitute tho state vector x. To control the system, thers must be
a number of quantities that are susceptible to independent, external
manipulation; this control voctor u = (u, U2 eeessee Un ) is also a
function cf tima.

Any sot of mathematical equations which rolate the output state
variablos to tha input variables, controlled variablos and timo is known
gs a dynamic modol of the system. Theo basic laws which govern the

bohaviour of physical systems such as ths conssrvation of matter, enorgy
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anﬁ momentum, lead to formulation of tha model in terms of differential
equations. If the state variables aro spatially variont, the model
will be describod by a sct of partial differential equations in space
and timo; othorwise they becoms ordinary differentisls with time as the
only independoent variable,

For roasons that were discussed in Section 2.1, it is not podsible
to regard a reformer as other than a distributod parameter problom.

Thus the simplast form that the state equations can take is ths vector

equation
x= F(z,20) e (2.1)
whoro f is in gonoral a non=-linear vector function and 3¢ the substantial

(total) derivative of tho stato voctor. Considsring only one spaca

dimension, this bocomss,

;%“ ¥ !‘.gc.-%}:- = £ (x4, 0) cmmmmm (2.2)
ox V éx = F RS2 N (2.3)

The rseformaer may be charactaorised by two separata streams of gases

flowing down the furnace which interact thermally. As in all furnace

probloms, the important variables ars the enthalpies of the two gas
streams that constitute the source and sink of heat, plus the radiation

flux within tha furnace enclosurc. The components of the state vector

bocome,

x:(Hﬂ)HF’Q) ------- (2.4)

—

In addition to the vector of state variables, tho modol equations
must contain thoso quantitios that are externally ﬁanipulated, namely
the control vaecter y . For a roformer tho principal ones are the
steam/carbon procoss food ratio, inlet temperature and flowrate of

procoss feed and the mass flow of fusl to tho burners. All of these can

in fact, ba dircctly related to tho state variables chosen; for instance
tho process facd parameters may be incorporated within the process

enthalpy }{P and the burner fusl flowrato detormincs the flame
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temperature and hence tho onthalpy of the fluo gas,}{g. It is not
thereforo proposed to distinguish explicitly a szparate control vector
within tho model equations at this stage. With this simplification,
tha model equations now assume the general form
x = .f(EC_»(J) e (2.5)
whoere f is still, of course, 2 non-lincar vector function.
An oxpression for thu conservation of enecrgy taken over an

incremontal volume of the furnace is (27),

Sty + VT 3Hp + dQ@ = SR —— X))

Chy ('QJ + 053 3913 i PEST

or, more conciseoly, ( )
na My =0  eeema- - (2.7
6 (}43 VY Q )

This assumes thet the strcam temporatures and the radiation flux
are constant ovor any cross section of the furnace so that the
problem is limited to one spatial dimension. Energy changes within
tha gas strcams dus to thermal conduction,‘thermal expansion and
viscous dissipation are neglscted.

It is usoful to de-couplec the diroct thermal effects of the flue
gas cnd process gas - that is, to assume that there is no direct transfer
of heat from tho flue gas to the furngeo tubos and thence to the process
gas by simple conduction or convection. Instead the flua gas only
absorbs and omits radiation flux in certain regions of tha spectrum and
it is this flux that interacts with the tubes which offectivoly comprisa
the heot sink of tho furnace.

Thus the two onergy balances for the gas streams becomsj

D Hg - f(pxca*-h.kks"fg“) d) eamemee (2.8)

whera tha subscript )\ rofers to the monochromatic valuss and Tg and Tg
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are the flue gas and tuba skin tomperaturos at timefa and distance <t
from the furnace roct.

To obtain a =imilar rolation for the radiation flux torm tha
equations of transfor for the radiation beams in tho furnace enclosure
must bo considerer! in more detail, Tho total flux term (Rcan be expressed
in terms of the monochromatic intensity of radiatiodZ; y propagatod ocvor
a solid ang10 w at direction ¢ to the normal. Thus:

/ Ixcespdwdh e (2.10)

%' fand dw = sin 4 d ¢ eq. (2.10) beeomes

= 2w ffT)\/Ldu S —— (2.11)

It is shouwn in Appendix A that the squation for I) between two parallel

ll

Puttlng ,u

plates ina non-scattaring medium is given b( the two equations:

(o) =10 p)e ™ i M)y ﬁ-")ff oo (2.12)
T (7 ) ‘.L(To,-p) (T")~—-JTL gL dt ———— (2.13)

where tha optical depth parameter U is dafincd asT =f;p)\d% and

t is a dummy variable of integration. Tha integral ter;s in Eqgqs (2.12)
and (2.13) are due to enorgy cmitted in the direction of the beam from
tho finite volume contained in the solid angle dw. Becauss this enorgy
originates over ¢ finite path lengths, it causas the equation of transfer
to become an integral cquation.

In the context of a reforming furnace, the sourcs functionTlAInust
contain terms for radiant emission from the tubes and furnace refractory
wvalls and similarly, the abscrption coefficient includos absorption
by the solid surfacss as well as by the furnace gas.

Tha intogro-difforontial equations developed above are extremely
difficult to solve unlass considerable simplifications are made. There
are throo general categories of simplifying assumptions: they are,

(1) a directional averaging of tha angular distribution of flux
intensity, (ii) approximations for the radiant heat source terms, and

(1i1) assumptions rogarding ths spoctral emsrgy distribution of the
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absorption and emission of radiation by the flus gas.,

Those of the firet category r0cognisc the inherent difficulty of
evaluating the ti-'fIAJw (orf]_ c{/u‘ if axiol symmetry sxists).
If 1‘Acun bae cana*d?red as independent of‘/L this problem, of course,
disappears. By dofining "mean intensities"_I\ and:LN of the radiation
field for thy downward and upward hemispheres respectively, such a
relation is obtained. Thess beams arg,

'C) = JI d/“ fI (* ,i“‘)d/“L —C RV
so that the radiation intensity is a function of the distance Q:only.
This technique is callsd the Schuster - Swarzchild approximation and
provides a very useful tool for tho solution of many engincering
problems in radiation transfer,

The original differentianl equation of transfor developed in

detail in pendix A ig:
>c 1) 432 I, (2, pm) = Vb‘(-b,/u)

Since from Eqs (2.14)

JRal e p)dp =
and,
f/udlx (‘b f&)d/«l j ,‘)/u_)dd =

the equngion of transfor may ba re-written as two equations, namely,
d
i"d’i‘A +/3/\I,\ rl‘)\\.,/d.)
-——L dI)‘ - )’l
e

Now an epproxdmation is required for the sourcd tarm?lAin order to

=1 d1}
_d_%(% ) dp _2_d1 ()

‘\.\r

Nl-—
O
‘p

¢
T
‘ﬁ

avoid integration over the finito path lengths used in setting up Egs

(2.12) and (2.13). Ono well-known technique makes use of ths Rosseland

equation, or optically thick approximation. This postulates that the

radiaticn is fully cttemwated after passing only a short distance

through tho medisen, so that the transfer processes will dopend only

cn the local temparaturc of the medium, thus providing a relation between
tho radiant onergy emitted from a particular element with the emissive

powsr at that point (28). Hcuwsvor this does not take intc account
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radiation fluxes from the solid surfaces and cannot be valid anyyhere
near the boundaries. Hence the usefulness of the Rosseland equation
in the case of an industrial furnace is doubtful (29).

The other limiting case (the "optically thin" approximation) when
the medium has negligible self absorption and interchanges flux only
with the boundary walls is also inapplicable to this case.

The basic assumption made in the present treatment is that in
passing through each incremental volume of the furnace, the radiation
beams will be attenuated by an amount proportional to the absorbing
power of the flue gas, furnace tube surface and refractory surface within
that increment., The beams will be augmented by emission terms dependent
upan the emissive powers and local temperatures of these materials within
the same increment. This means that instead of integrating the source
term over a finite path length, the mean value of the emission at a
given horizontal level is taken as the sum of the individual emission
terms for the gas tube and refractory surfaces at that level.

This also circumvents one problem of using the Schuster-Swarzschild
approximation. Since the horizontal components of flux intensity no
longer exist, the beams should not intercept the catalyst tubes. Clearly
this is unacceptable, but if the solid surfaces are considered to be
uniformly dispersed throughout the radiation field, which is
effectively what has been done, the radiant beams and solid components
can now interact.

The monochromatic flux balance esguations become;

4
9 = (B - €t ot - &r or )In +ABTe" 4 6t aBTe +E 8 BT,

ot . . ~--=(2,17)
" Ur - (B -6 ot Eror ) I +BrBTo"s 8 BTy + Bra BT,
--=(2.18)

To obtain the total flux intensity it is necessary to integrate I;_

and Ih: over the entire spectrum, i.e.

+ _® + - ® -
1-/0‘1Nd,\and I_/;I,\_dk
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Carbon dioxide and steam, ths principal products of hydrocarbon
combustion aro found to absorb and emit thermal radiation only in
cortain ciscrete wavebands (see Fig 2,2). In tho intervening parts of
the spoctrum, the gases arn substantially transparent, in the way that
gases like oxygen with symmetrical molecules are for all wavelengths.
A useful approximation to tho spectral distribution of absorbing pcwer
consists of dividing the entiroc wavoband of intercst into two regions;
(a) tho absorption rogion, which comprises, a fractionlp'of the total -
spectrum, and (b) the transparent region fraction (1 -IP).

By this means I may bg classificd into twoc groups, I and Iy which
ropresent averages of the radiation intonsities falling respoctively
insidc or outside the absorption bands. Applying this process to the

two beams It and I-, the flux intensity is finally decomposed into four

groups, thuss

= T* - * e 2,20
I 1o * IQ + Ib +1b ( )
Henco the state vector x becomes,
= Yo oTv e R— N
X = \Ha.Hp\lc ,Ia.,I;,\lb) (2.21)

The full set of cquations for the system will comprise six diffoerential
cquations, onc for cach component of thu stato vector. Togothor theose
will satisfy tha conservation of energy oquation (2.7). For the steady
stato caso, the equations will be ordinary differcntials with distance
down the furnace as tha indepsndont variable., The dynamic equations will
ba partial difforentials although the time derivatives of the radiant

beams aro neglected., The torms in ths oquations are shown diagramatically

in Fig. 2.3.

é_i_’_'_g + Vg Q_ﬂs = -ZPG(*JT;- +’BI;+ ﬁI; ----- .= (2.,22)

e ot ’

dIz = (-8 -&ia, -8,0,) T +ﬁ5\{,-,-3u* EaBY T+ Ea6 15
-—= (2.23)

dv



Unit volume of gas. :
Tube surface area (T) per unit volume = 2q.

Refractory surface area (R) per unit volume =2a_.
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Fig. 2.3 : RADIATIVE TRANSFER TERMS FOR
GAS AND SOLID COMPONENTS.
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~dla - (’ﬁ~gtot‘2rar):[; il f?,{a\{;"'&u * ikatE‘PTﬁq+gravéq’T"L:2 24)

dx

dIy = (-geo, ~Sa ) ID + G0, (-¢)e Y + £ fy) e T - (2.25)

-dIf = (-8 -6 0 )T+ Eean (-9 )T Sa (ing)e Ty oo (2.20)
az
dMp + Vo olp =&a (Ta+ Ta + Ip+ly, —25T) e (2027)

oG ot

It is seen that the six equations (2.22) to (2.27) contain the
rofractory wall and tube skin.temperaturcs as dependent variablaos.
Before any solution can ba attempted, Tg and Tt must be obtained in
terms of tho dependent state variables. This is discussed in Sec. 3.1
for the stoady state model, and Sce. 8.3 for tha dynamic. Similarly,

discussicn of the appropriate boundary ccnditions for the six differential

equations for both steady statc ond unsteady statc are laft until these

cases are considered in more dotail,
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CHAPTER III. THE STEADY STATE MODEL (1),

PSS B

Roduction of the Stata Equations to ths Stoady Statse Casa

The manufacture of lean gas is, of course, o continuous process.
Even though the load levels are changod morc froquently than those of
most chemical processes (sos Sec. 1.3) stoady state conditions should
oxist for a major proportion of tho time. For most design purposes, a
model which enables furnaco performance characteristics to ba ovaluated
for different geometrios and input conditions will suffice. Provided
that changos in the control variables are made slowly, capacity lags
within tha system may be neglectod and the model becomes a steady state
analysis. Only when optimisation and control strategics ars to bo
considered does a dynamic modol of tho systam beceme mandatory.

It is therseforc proposed to study the steoady state modsl first.
This should be mathematically moro tractable and provide results which
arc more casily choecked against valucs logged from the plant itself
and against publishod data. Moroovor, many of the paramcters required
in tho steady stats model aroc unchanged in tho dynamic analysis, so
that useful indications of the sensitivity of the furnace to
porturbations in these parameters may bo obtained.

The assumption that the furnacoe is opercting under conditions of
stoady stato means that svory paint on tho boundary surfaces is in
thermal equilibrium with tho radiation fiold at that point. Honce thore
is no accumulation of haoat in the sulid components or gas stroams.

With referaence to tho set of cquations (2.22 to 2.27) doveloped in
Soc., 2.3, it is cloar that all partial derivatives with rospoct to time
may bs sot equal to zero.

Equations rolating the tubo skin tompesrature and rsfractory wall
fomperatura which appear in Egs. (2.22 to 2.27) to the other
dopendent variables arc obtained by writing local flux balances. Ffor

Tts at any horizontal level of the furnace this equation takes the form,
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+ 10 « I0 + 1 :

-ze T %) . (3.1)

heTy = 1)) E:-* (13
The torm on tho right hand sida of Egq.(3.1) is the nett heat

flux absorbod by ths tubes. It is linked with the hoat absorbed by tho

procoss gas stream by a convective heat transfer cosefficicnt, Aec .

If tho procuss gas temparature prcofile is known, or may be ecalculatod

indepandantly of the radiation fiold equations, this rolation will

onable T4 to be cvaluated. |

Similarly, tho rofractory tomparature at any position & down the

furnaca is givon by the esquation,

S = gr(IZ*-I;-*I; +I; 26T )
Y —— (3.2)

where § is tho nott flux obsorbed by the refractory slab. Becauseo
thero is a temperature gracient betwoon the hot inside face of tho
refractory and tho outsido face at ambient conditions, thars must be

a nott flow of heat through the slab thicknoss. Howevor, it is a
roasonable approximation to assums that tha convection of heat from the
furnaco gas on to tho insido faco balances thc heat conductsd through
the wall (30), both being small in comparison with tho radiant fluxes
involvad. Then, the natt rediant intsrchange between the iqsido
rofractory surface and the furnace volume is zero. UWith g = 0, ths
refractory tomporature in terms of tho radiation beams follows

immediately.

In tho differential squations, absorption and ocmission terms for

tho refractory becoms, for example,

dld = e - b Iy vyl NIZ4Ig
d¥ 2
T A D - (3.3)

or, dla" o . -Eo0,I" +{Z8e T --er(3)
2
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The full sat of steady state equations may now be stated:

dig” = (- B - Epag=-Eroar) 1a' ﬂ({JE‘qu'
d% +Ll}.§..1.'.23£.1‘+ tpftaté ) C A (3.5)

-Q_IQ.- = ('ﬂ ‘.Etat-grﬂr) Ia-+ ﬁsuéTga
de +}u_€_,r,§_:;. I+Lp£tat6 Tt e (3,6)
2

f’.:.[.t.’: (-€¢at - & ap) Ilf»f(l--f)“f,rcu-.I

L]

da
*(1-‘f))ft0té P (3.7)
ndIb- = ("' Et at = E r ap ) Ib— + (1 ‘%) 8 r ar C 1
da 2
(=YY E parp et e (3.8)
Heat balances on the furnace gas and procoss gas stroams aro:
l 4 + -
dg = -2BY 6T +g (It + 7))  emee- - (3.9)
i Ay p
9—3-% = ..E..t.z.?.t. (I -2 0 Tta) ------- (3.10)

This set of six , simultancous, ordinary differential equations,
(3.5) to (3.10) is mssentially that given by ROESLER (31) who
presents a steady state modsl for a roformer assuming that the complote
procoss gas tocmperaturs profile is available in advancs.

Six boundary conditions must be spocified. Thoss for the
radiation boams arc darived from flux balancos at the floor and roof
of the furnace, assuming that no nett radiant flux is absorbed thores.
Consider the position at tho furnace roof. The flux striking the rocof
is Ia. R Ib- s of which a fraction E,. is absorbed. On re-smission,
fractions (/) EY (Io” + I 7 ) can interact with the gas and (1 -~ ).

@gr ( Ic;_ + Ib- ) cannot. Therofors, the beam I of will compriso

tho reflected portion of the 1 o beam, plus the torm l{) & (I +In)

That is,
I13= (1-8)T o « PpEp(Iq + Ip) -mmm-mm- (3.11)
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Similarly, Ig will compriso the roflected portion of -Ib- plus tho torm

Q-9E (T + Iy )
I = Q-E Iy ¢+ =YIE (I + Tp ) ------ (3.12)

Exactly analogous rolations ara found by writing flux balances at the

furnace floor.

1a = QeI + ) & (I + 1) = (3.13)
Ty = G=&II + -y) g, (Id + I,0)-mmem- (3.14)

Tho initial condition for Hp is dofined by the anthalpy of tho
process feed prior to its ontry into tho reformer tubes. In the case
of Hg, tho initial valuo may be sot squal to Gg Cg T* where T* is tho
theorotical flemc temperaturc. Howevar, turbulence induced by the
burnor jets dustroys the plug flow regime in tho top part of the furnace
causing heat to be sproad over a finito volume, and thus lowering tho
actual flue gas tomperature considorably. ROESLER suggests that this
is most sasily taken account of by first, sctting the initial condition
for Hg equal to Gg Cg Tgo, where Tgo (<:T* ) is thao gas temperature
at the furnace roof; then distributing tho resulting heat doficit
over a cepth of furnace corrasponding to the ponot;ction dopth of tho
flames, If the gas adjacont to the furnaco roof is in equilibrium with

tho local rediation fiold there, an estimate for Tgo will be given by

Tgo = ”;// (In* + 12" ) = <eee- -(3.15)
25

The relationship betwoon tho furnace gas temperature profile Tg
and the variables of the state equations is readily obtainable since Hg
diroctly represonts the sensiblo hoat flow of the gas. Henca,

Tg = Hg / Gy Cg  =meme- .
Tho procoss gas temperature profile, Tp which enters the state

oquations via Eq. (3.1) must alsu be dorived in terms of thase

variables. 1In Roesler's paper, the functional relationship of the
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process gas températurc to its enthalpy is not dofinud. Clearly, however,
it is considerably nore complax‘than for the furnace gas stream.

An ondethermic chemical reaction occurs betwoen naphtha and steam
so that a given quantity of heat sbsbrbod by thc process gas stream
will not bo fully reflacted by a risa in its tompsrature; somo of the
heat is absorbod by the choemical reaction. The means by which this
function is doetermined is doscribod in the following section.

Thormodynamics of Stoam Reforming.

Any aestimzta of the hoat load on the furnaco requires a knowlodge
of the various chemical reactions occurring within the c;talyst-fillad
tubes and tho conssquent amounts of hsat absorbsd or released by these
roactions. Experience has shown that with modorn reforming catalysts
the process gas mixturc approaches locol chemical equilibrium at the
prevailing temperaturs and pressure (32, 33, 34). The approach to
final equilibrium is limited, not by kinetic reaction rates but by tho
rate at which heat can be transferred to the reactants. By assuming,
therofore, that the kinetics of sll important reactions are infinitely
fast, the gas composition may bo prodicted directly from its
temparature, pressure and the inloet foedstock composition.

The mixturc cf paraffinic hydrocarbans of the Cg to Cg range that
constitute naphtha may be reformed in a variety of ways. There is a

reasonable measure of agreemont howsver, (335, 36, 37) that the process

can be conveniently classified into throos main stops. These aro?

3.2.1 Mathanation

The initial stago of the process involvos tho breaking up of tho
carbon chain into msthano. A little carbon dioxida, hydrogen and a
traco of othano are thought to be formed also. The methanation
reaction prccecds essentially to completion betweon 400°c and 600°C.
DENT (35) gives tho stoichiometric formula,

Jn + 1

(";1~)H20—;( 5 )c;+4,~(..”.4..-)¢302

Cn H2n + 2 +
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Other authors include molecular hydrogen on tho right hand side. Tho
reaction is slightly exothermic.

3.2.2. Reforming of Methane

Above 600°C the methane fsteam reaction proceods rapidly to
equilibrium. Carbon monoxide and hydrogen are the principal products

tho stoichiometry being written as:

4 t H20 —_— Co0 «+ 3H2 ------ (3.18)

This reaction (laeft to right) is strongly endothormic and it is

CH

during this stage that ths major hoat input is required.

3.2.3. Shift Equilibrium

Parallel with the mothane/steam equilibrium, tho well known water
gas shift equilibrium must alsc hold true, i.oc.
0 + HO —> 0, + HS8 = ec=ce=- (3.19)
2 < 2 2

Once the methanation process is complete, the gas will consist of

five chemical species, - CHd, co, 002, H2 and H20 which was initially

in considerable excess. A typical overall equation for lean gas production
is givon by ANDREW (38), on thae basis of each atom of carbon processed.

+ 1,13 HO - 0.27 CO + 0.43 C02 + 1.58 H2 + 0.30 CH4

CHy 1 2
mmmemn(3.20)

In a second paper, ANDREW (39), discusses how tho reforming
process may ba uscd to manufacture a wido range of product gasos by
carofully selecting the opsrating conditions for the reaction. The
particular oquilibrium mixture of gasos obtained is strongly dependent
on tho process parameters - temperature, pressure and the ratio of the

molecules of steam to atoms of carbon in the fead. There ars tuwo

limiting possibilitios:
(&) At low tomporaturs, high pressure and low stoam to carbon ratio,
the naphtha is roformed to give tho maximum amount of mcthane but

comparatively little of this is furthor roformed to oxides of carbon or
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hydrogon. Eq.(3.17) goos to completion but the methano/stocam aquilibrium
is woll over to the left,

(b) At very high temperatures, lowcr prassurcs and a high stceam to

carbon ratio, the methane formed by Eq.(3.17) is almost fully converted
to carbon oxides and hydrogen. The equilibrium of the methane/steam
reaction is pushed well over to the right.

Equilibrium Calculations

If tho temperaturo, pressure and number of lb - atoms of ocach
elemant prasent in a reacting mixture ere specified, tha composition
at thormodynamic equilibrium in terms of certain chemical species is
determined. The idsntities of the species prosumod to be presont have
to be selected g priori. The method of obtaining the equilibrium state
of the system is outlinod in Appendix B.

For a stoam to carbon ratio of 3, porcentage compositions (by
volume) of the process gas for naphtha reforming at various temporatures
are shown in Fig. 3.1 . The unreacted steam has boen eliminated,
Fig.3.2 givas the equivalent results for reforming natural gas.
Qualitatively, the two graphs are almost identical which is to be
expocted since the first step in naphtha roforming is methanation, and
natural gas is largely methanc anyway. The amount of mothane prasent
falls off drastically with incrocasing temperature indicating its
prograscive conversion to carbon oxides. The 002 contont goesﬁthrough
o distinct peak, which shows that it is formod initially by tha methana/
steam recction but at higher toemperatures, the shift equilibrium
favours conversion to CO.

Figs. 3.3 and 3.4 illustrate how tho compositions vary with

pressure and steam to carbon ratio for naphtha reforming. Clearly the

changes arc far less pronounced than with tomperaturs. It is scen that
the mothane content is the most strongly varying component and is in

groatest concentration at low temporaturos, low steam ratios and high

pressuras - a result in agreoemont with that given by ANDREW (39).
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Since the heat of combustion per mole of methane is much highor
than for CO or hydrogen, the mothane content has the greatest influsnce
on the calorific value of the lean gas. Therefore careful control of
the furnace to ensurs that the final equilibrium conditions are correct
is sssontisl. This is espscially true during start up or whon o load
increase is schecduled. During start-up, steam and nitrogon are
passod through thes tubes initially, the hydrocarbon feed is then
switched in and the stoam/carbon ratio gradually narrowsd. Until the
plant is very nearly at steady-state, the make gas is vented.

Once the make gas compositions have basen obtained it is easy to
compute the heat of reaction for the process.

If ¥,; 1s the number of moles of component i present at

cquilibrium and:sz theo moles of i in the feed, ths standard heat of

reaction at 298°K is given byt

n
e Sy Tonty o
1=1

vhers H is the standard enthalpy of formation of component i at 298°.

fi
To convert this to tho requircd hoat of reaction at Tb (OK) the formula
A = BDHYyy +  P{Acp dTp  —--e- (3.22)
P 29

is usod, where QA Cp is the differonce in the molar specific heats of
products and reactants. Usually thess are suppliod as quadratic
functions in tomperature; DODGE (40) for example tabulates these

cooefficients. Working to this precision is worthwhile becauss of the

importance of obtainingA HT accuratoly.
P

The variation of O HT with tomperature for diffeorent steam ratios
p

for reforming naphtha is shown in Fig.3.5. The corresponding graph

for natural gas reforming is given in Fig.3.6.

At low temperaturss, the overall reaction for naphtha raforming

(but not for natural gas) is slightly exothermic (4 HTp negative),
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becomes thermally neutral at around 500°C and only strongly endothermic
above 600°C. This corresponds roughly to the preheating of the naphtha
and steam in the upper parts of the tubes, with the main reactions
tccuring further down. Therefore, the assumption that equilibrium
exists at all points down the tube length is a reasonable one to mako
as raegards the distribution of hocat consumed by tho process gas.

The enthalpy of the procoss gas is the sum of its sensible heat

plus the heat of reaction term. If the enthalpy par unit mass is U,

this sum may bae exprossod as,
L

L
H
U+ & = [Cp dTp dz + rf AHrp . dE =eemee- (3.23)
Gp da o T

o]

whero’fﬂ is the ratio of the 15 - atoms of carbon in the process gas

to its total mass. Taking a mean value for Cp, tho first integral may

be evaluated and Eq. (3.23) becomas, : : .

Hp =Gty (To-Tou) + e'f," Hp . L de emeeee ~(3.24)
p =Gl (T Tp ) T

Eq.(3.24) provides tho nacossary relationship betuween Tp and Hp. In

conjunction with Egs. (3.10) anc (3.1) it enables a check to bo made

to determine whether tho flux received by the process gas stream is in

agreament with its assumed temperature profile. The computational

procedura must, of course, bo iterative, but discussion of this is

delayed until Chapter 5 when all other parameters required in the

model have been assembled,

Comments on the simplifying assumptions made in tho steady stats model.

Apart from the basic assumptions stated in Sec.2.2 which wors
inhorent in using tho Schuster-Swarzschild approximation for theo
radiation field, thore are several othor physical phonomena that have
beon neglocted without affocting tho doseriptive detail in order that
the mathomatics remain tractable. Many of these simplifications have
already been montioned, othors have been included by implication rathor

than stated explicitly. A list of ths most important assumptions made
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and thoir probable validity is sst out balow,

(a)

(b)

(d)

(o)

In tho radiation field the transfer of hoat by concuction and
convaction is considered nogligiblo compared with that transfoerrod
by radiation.

Mlodification of tho flue gas omissivity by tho luminosity of the
flamos is neglected., The problem of flame luminosity has beon
studied extensivoly on an empirical basis and thors is genoral
agreomant that the principal factor involved is tho density of
carbon particles in tho flames (41). However, except when the
burners cre first ignitod at plant start-up, the flames do not
appoar to be luminous and occupy only a small volume of the fufnaco
onclosura, Whon paramotric sensitivity tests wore porformed on the
stoady stato modol, an arbitrary change of thoe flus gas omissivity
was madoc and no substantial changes in tho heat flux and temporature
profiles were apparont, so that no account will be taken of the

flame luminosity.,

The tubos receive a constant radiation flux at all points on their
circumfercncos ot a givon horizontal level, - that is, radial
symmotry of heating about the central axes may ba assumed. In fact,
some shielding effocts botween adjacent tubes is inovitable, but
any precise account of this would clsarly ba very difficult to
formulate. The justification for neglecting asymmetric effects
can only ba, therefore, that the uncertainty of tho flux
distribution around thc tubes is as largo as the correction that
would be made by accounting for it in ths modsl.

Chemical equilibrium exists at all positions inside the catalyst
beds. This hypothesis was dealt with in the previous section

and was considored at least as accurato as any kinotic data aro
likely to be.

Implicit in the statements of Egs. (3.1) and (3.23) is ths ons
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dimensional troatment of the heat transfer processes occurring insido
the furnace tubas, It has boen shown by FROMENT (42) and

CRESSWELL (43) amongst others, that a one-dimensional model for

a tubular reactor is totally inadequate when highly oxotharmic
reactions are involved mainly bocause of their inability to

prodict "hot spots" or instability problems. By contrast, the
ondothermic reforming processes do not givo rise to thesa
difficulties and so the only criterion of validity for the one=-
dimensional approach is whother its prodicted temperaturc and
composition profiles ares in agrocement with those from the two-

dimensicnal modsl.

To varify this point, one - and two - dimensicnal models were set
up for a particular heat input q (). Constant prossure, physical
properties and superficial mass flowrate were assumed. The

. mathomatical details are given in Appendix C.

The comparison that must be made is between Tp (l), ocbtained from
Eq. (3.24) and Tp(z) found by averaging Tp (r) over ths cross
soctional area of the tube, where the suporscripts refoer to the

dimensionality. Tp(z) is given by:
R
(2 2 [ T () rdr e -(3.25)
o

The comparison was made for several differsnt heat inputs and
A'HTp versus Tp functions and no significant discrepancies were
revealed, Tablo 3.1 shows the results of such a computation using
a constant heat input of 12000 CHU/hr.ft2 end a cubic function for

[\HTP in torms of tomporatura.
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AXTAL CENTRE _— TUBEUAL BULKMEAN fb(l)oc.
Pos(rt)  TEmP(2)c TEMP(2)°c  TEMP(2)°C
5 545,9 712.5 630.0 642.4
10 689.7 827.2 759.7 764.5
i~ 15 742,2 838.6 791.4 784.8
i 20 7415; B11.5 “}77.0 775.0 B
C a8 211 7122 747.2 753.1 E

TABLE 3.1 Comparison beotween l- and 2-dimensional tubular
roactaor modols.

Comparison of tho fourth and fifth columns roveals that little
discrepancy is intrecduced by using a simplified, one-dimensional
analysis. This is chiofly bocauso the problem is only mildly non-linear,

unlike tho uxponential dependence of the sourco term on tamporature found

in kinetically controlled reactions.

It should bo mentionad that it is possible to apply model reduction
techniques (44) to enable tho ossential foatures of the two-dimonsional
modol to bo retained whilst only having to be concorned with a one-
dimansional computation procodurc. Howaver, on exercise of this kind

will not:bo undortaken hore.
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CHAPTER 1IV. EVALUATION OF THE STEADY STATE MODEL PARAMETERS
TR AT RTINS TR T S T T AR R TR ST N

=T T

Uhon constructing a process model of a system it is dosirable that
all the date for the model be derived from fundamental exemination of
the physical and chemical mochanisms that operate. This is rarcly
possible, howsver, and so rocourse is usually made to doscribing certain
proccesses in terms of phonomenological parameters whose valuss can
only be derived by empirical methods. In the prasent modol, the
numbor of such paramaters necossary is limited to two; they are (1) the
flue gas radiation absorption coefficient, and {ii),the overall
coefficient of heat transfer botwsen tho tuboe skin and tho process gas.
To thosa may bo added a third, (iii) the theorotical flame tomporature
which does correspond with a closely defined physical situation but the
calculation of which roquires slightly mors amplification.

Physical property data and the geometrical quantitioes are all

readily available.

4,1 The Thooretical Flame Tomperature

Ono of tho most importaont parameters in tho model is the
tomperaturo that thu burnor flames would roach if tho combustion of

the hydrocarbon fusl wore porformod adiabatically ~~that is, with no heat
radiatod to the tubas or lost through the walls of the furnaca.

In fact, of courso, a substantial part of the heat roleased will
be transforred to the tubes, thereby lowsring the actual flame
tomporature by sevoral hundred degrocs. The theoratical flame
tomperature T* is important however because it provides a diroct

~

measure of the total hoat available to the furnace according to the

relation
* *
Hp' = GgCgT cmammen(4,1)
*
Hg is ossentially tho initial condition for tho set of state

equations (3.5) to (3.10) with the radiation beams as intermodiate
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variables whoso coupling squations predict hcw part of this heat input

is distributed to the output stream Hp.

*
The valuo of T is calculated from a straightforward enthalpy

bolance. Taking o datum temperature of 298%K this gives:

Z N, [ (Hf’zga )jL + Cpy (Ta=298) _] ————— (4.2)

i1 = gll roactants
= Z Nj[ (Hfpgg)y + Cpy (1= zge):]

J = oll products
whoere Hppgg are the enthalpios of formation of the components in the
gassous phass at 298°K, Cp araifﬁéir spacific heats and N tho molar
flows. Tha temperaturc Ta is the temporaturo to which the fusl and’
combustion air havo boen preheatod prior to the reaction.

The, combustion equation may be written as:

CHy + (#+ 1) 0, == 0 + 2 OHQ aeeeee- (4.3)
where the hydrocarbon fucl may be sither naphtha (as an atomised liquid)
or natural gas. The valuc of n for naphtha is approximately 2.1, a
reasonable stoichiomstric formula being CoHys, whilst natural gas
consists vory largely of mothane togothor with smaller amounts of othane
and propana. The value of n for this is taken as 3.7 .

Although Eq. (4.3) is writton as a reversible reaction, the
oquilibrium is very far in the directicn of complotes combustion. If it
is assumed that tho reaction procoods to completion, the molar
quantities of reactants‘and products present can bo obtained, and henco
tho valua for T*.

At 2000°C - a level to which T* will rise under certain

Co anedl O
conditions - CO, is almost 5% cissociated to ks ebemesia (45). Heat

is abstracted by these endotharmic reactions, thus lowering the truse
theoretical flama temperaturc considerably. However, it is important
that T* should bo estimated on the basis of the actual conditions
oxisting in the furnace whero the measured flame tompesrature would

seldom rise abovo 120006, rather than on conditions that would exist



at the theorotical temperature of 2000°C.

effocts will be takon into acecount.

Honce no dissociation

] *
Table 4,1 gives calculated values for T for various air preheoat

tomperatures Ta and excess air percentages when the fuel is naphtha.

Table 4.2 gives the equivalent valuo for burning natural gas.
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|

- - DEGREES __OF ___AIR __PREHEAT
B { | 0% 100°¢ 200% | 300% | 400%
b - " s At S it R ‘
_Porcentage ! o | 1930 2048 2125 | 2221 2317 |
i ; 1 s
; Excess ' 104 ;| 1764 ' 1862 1959 [ 2055 ) _ 2151 !
i ! f !
L Ar | 20% | 1622 1721 ! 1819 , 1916 2012
* : ‘ i ‘ ¢
- P0F 1502 ) 1601 _ .4 1699 ., 1796 . 1603 —
. ' f : ' ! !
f . LADE [ 1406 1506 ! 1605 | 1703 1800
[ O l H H
sop | 1315 | 1415 1515 1614 | 1712
TABLE 4.1 Thooretical flame tomporaturus for a naphtha fucl.
! e mene s emnn o oot et . —
' DEGREES  OF  AIR  PREHEAT
I Bt Sy } I R w R e
' 0% 100%C 200°C 300%c ; 400°C
L.‘..-d»--- Bt greirsts > 2] 2 2 & ermtmen Snma B W .-i‘ ‘c
! : : i
Percentagos | O 1870 j 1967 2065 2161 | 2256 J
Y. . .. .-‘.J“--..».a—-.‘. ....-.F- - o - _...'é...... v ——————
Excess 10% | 1709 |} 1e07 1905 ; 2002 ; 2098 |
e sage s S
Air ' 20% | 1576 | 1674 1772 | 18s9 | 1965 .
S BOuuUN Ao iU SSaiott SUpmiot M
{ 30% | 1454 1553 1651 ; 1748 | 1845
i 407 | 1m0 1 1450 1549 | 1647 | 1745 |
| " " T - o T
5 | 50% ! 1265 | 1365 1465 1564 | 1662 !

- st

Tablo 4.2

Theoretical flame temparatures for naturel gas fuel.
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4.2 Furnacc Gas Absorption and Emission Coefficisnts.

An assumption that is commonly made in radiative transfer problems
involving a participating medium is that the chbsorbing powor of tho
medium is independent of tho spoctral ensrgy distribution of
ineident radiation; similarly, the radiant enargy emitted is also of
constant intonsity ovor the entire spectrum. This is the sc-called
"gray" gas assumption and its usofulness lies in tho fact that all
radiation travelling a given distance through the gas is attenuated
by a ccnstant fraction, no mattor wherc that radiation originated
For a grey gas, thereforc, all beams will ultimately bo absorbed aftor
passing through a sufficiocntly largo quantity of gas, whereas a real
gas has certain rogions of transparcncy ("windows") in its spectrum,
so that tha absorptivity will never roach unity. If the madium is
isothermal, the excess flux emission predicted for & grey gas will
roughly compensate for insufficient interchange between the boundary
surfaces, but when dealing with differential changos of flux
intensity, the grey gas assumption is unlikely to prove very accuratc,

Consider a monochromatic beam of intonsity I)(o) at ono boundary
of a gas mass and intonsity I (L) after passing through a thickness
{ of tho gas. Taking an elomont of thickness dx at a distance X from
tho sourco, tho change in intensity of thoe beam is described by thoe

oqudtion

d Idx x = - T’(XGII\@) ——————— (4.5)

whera }(;‘is tha mass absorption goofficient of tho madium. Integration

of Eq. (4.5) gives

I,(1) = I, (0~ For Y

Tha f‘exc:toral-"‘f“/oﬂ,s reprascnts the fraction of tho original
beam which has penotratod as far as X = 4, i.e. the "transmigsivity"

of tho gas. Clearly, the romaining fraction has boen absorbod, so
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that

Ay = 1 -,Q,(;j(“@L mmemen (4.7)

It is impractical to consider radiaticn of svory possible
wavolength and then integrato over the entire spoctrum to obtain tho
global quantities. Instuad, tho range of active froquencies is
subdivided into finite "bands" within which the radiation proporties

are assumed constant. The band absorptivities are defincd as @

wo s udA eemeen (4.8)

Ay

whero Al and ?\2 aro chosen such that the monochromatic absorptivity
is zero for each value., Tho global absorptivity becomes:

o = Z RN T ST % S (4.9)
whore U; are the %ractiOns of the spectrum corresponding to the i'th
absorption band. In the proscnt circumstances, sll absorbing
frequencies are lumped into ono band with tho gas being considerod
transparant in the remainder of the spectrum.
Eq. (4.9) thon takes the form,

X = Y (1- kel ) m=emmm= (4.10)

Turning now to the emission of radiation from the gos, tho
monochromatic omission por unit time and par unit volume may ba

axpressod as (46):

B\ = 4 j(apa 5T3'* — (4.11)
This assumes that tho medium is in local thormodynamic equilibrium.

As boforo, the band model is employed and emission in the i'th band

will ba
] _ e e
Ef = 423.&@65 —— VR V)|
or, using the twoi - band approximation,
T8
E = 4}(!{;&675 — (4.13)

The density of tho participating gas is obtained from its
equation of state. Assuming it obsys the idoal gas law at the low

prossure and high temperature involved, this will give,
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/Dg - fon S (4.14)

so that the emissivity and absorptivity finally becoma:
- Pg M
Eg = y (1_0%—%1‘) ------ - (4.15)

Charts of emissivitiocs for various gases are normally given as
plots of € g versus Tg with tho product Pg? as parameter.  HOTTEL(47)
gives a chart of £ g for esquimolar CO2 and H20 mixtures which is very |
useful, especially when the burnor fuel is paphtha, becauso the flue
gas thon is very nearly equimolar in 002 and H20. If natural gas is
the fuel, Eq. (4.4) shows that with n = 3.7 the flue gas will contain
a substantially greater proportion of H20 which may lsad to some
dieorepancy if this chart is used. In this casc, tho sum of the
separate omissivitios must be found, and a small correction mado to
account for tho mutual opaquencss of the two gases in cortain spoéiél
bands.,

The unknown parameters jk. and qj may thus be estimated from

conventional emissivity charts by the equations:

E Q/Péé — OO = (/) o omon e (4.16)
g€q / gXm (4.17)
apgt /Ayl 0 = RTg '

Selecting a ropresentativo furnace temporaturs of 100000, a graph
ofng varsus Pg may be drawn as shown in Fig. 4.1. As a check on
the values obtaincd for&y and K, the curvos are also drawn for two
othar temperasturos 500°k and lSOOOkL The results obtained are shown

in Tablo 4.3, whore the mean molocular weight, M is taken as 3l.

500 K 1000 K 1500 K
W 0.62 0.53 0,39
”1
ad 744 560 512

Table 4.3 Values of yb and K
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Henco the volumetric absorption coefficient, /3 becomass

3= PokK = 1 WL memweee (4,18)

Pg will bo taken as constant throughout the furnace volume for a

particular fuel and air flowrates and must be aestimated from tho

stoichiometric equation (4.3). Tg, of coursa, will vary down the length

of ths furnace.

The Overall Coefficient of Heat Transfer between the Tube Wall and
Procoss Gas.

—

Radiant heat flux arriving on the outer skin of a furnaco tube
must be transferred to the process gas flowing through the catalyst bed
inside the tube. Thers are numercus equations for the prediction of
an overall heat transfer coefficient for packed-bed reactors. Most
follow the example of LEVA (48) who corralates the data in terms of the
modified Rsynold's number and the ratio of tube to particle diameter.
However, the great majority of these correlations deal with small,
spherical particles through which air, at atmospheric pressure and

moderate temparaturs, is being blown. This does not correspond at all

closocly with the situation existing in reformer tubes. Here, ths
pellots are porous cylinders with a hols bored through tho axis, half an

inch in longth and outside diameter, packed in to a 5" bore tubo through

which high pressure steam and naphtha flow. Tho temporature ranges

batwesn about 400°C and 750°C.
Rather than using a straightforward correlation of the LEVA type,
therefore, it is better to attompt to identify sach of the heat transfer

mechanisms separately. Coefficlients are obtained for sach process,

then suitably combined into an overzll heat transfer coefficient. In

this way, extrapolation beyond the scopa of the experimental data is

anly nacessary for somc of the less impcrtant mechanisms.
Apart from convection of heat by the bulk flow of gas along the

tube axis, haat transfer processes inside tho catalyst bads may be

classified into throo groups:
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(1) conduction through the stainless stesl tubs wall, thermal
conductivity Ky.

(11) heat transferred through a thin film immodiately adjacent
to the inside tube wall surface, coefficlent hy .

(1i1) heat transferred within the central core of the bed. The
assembly of gas and catalyst pellets are considered as a
quasi-homogeneous solid through which heat 1s transported
by "effectiva" conduction. The effective tharmal conductivity,
Kg is thus a singloc parametsr which enables all modes of hoat
transfer within the central core to be described by a simple
conduction-typa oquation.

Theso threc paramaters may be combined to give the overall heat
transfer coefficient by the rolation

1 = 1 4+ tyRy + Ry weamaee (4,19)

F;;. hy Ku Rm 4 Ko
where Ry is tho logarithmic moan of the inner and outer radii of tho
tube,

The film coofficient h; should contain terms for both the convectiveo
transfor of heat through the film of fluid adjacent to the tube wall
and also radiative transfer from tho wall to tha innor core of the bed.
Early correlations of the form Ny = f (i18) neglescted the radiation
contribution. YAGI and WAKAO (49), for example, correlated their data

with that of FELIX (50) and PLAUTZ and JOHNSTONE (51) by the equation

g.8
hi ds - 0.18 ( ds GH ) rrrrrre) ( 4.20)

Ke Mp
Lator work by YAGI and KUNII (52) do take the radiation contribution into

account by defining a "static" heat transfer coefficient. Their

ralation is

hi ds = Hi°ds . 0.054 ( dsGp ) cmemees (4,21)

(cp /b )
Ks Kg M T ke

The derivation of hy® is given in a previous paper by the same
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authors (53). Two radiation transfer coefficients are raquired to
describe radiant heat flows from the tube wall to the pellets and to
gas voids near the wall,

These will take the form :

3
heg = g 26—5 - e — (4,22)
3
hry = 5 Tay  ====em- (4.23)

1l & J__‘ l -Es
2(1 - §) €s

Clearly, the gas emissivity, Ep will be very low because of the short

path length for radiation within the bed. In addition to hrg and hry,
certain geometrical parameters are also required in the squation for
hio - these are supplied in the form of graphs obtainad from

experimental results for various packing arrangements., It is found

that h; ° increases rapidly with temparature and also with pellet
diameter, since the increass in the mean volume of void spaces in the
bed will increase thermal radiation. With a system such as that
occurring in reformer tubes, static and dynamic components of the
heat transfer coefficient should bes of comparable magnitude.
Evaluation of the effective thermal conductivity, K; may also be
performed by Yagi gnd Kunii's method. A simpler one, however, is that
due to ARGO and SMITH (54) who seock to define separate transfer
mechanisms for the pellets and gas voids, i.s.
Ke = O (Kp+Kpg +Kpag )+ (1 =§)Kg ~  mmee—m- .
where the first term represents heat transferred through voids in the

bed by molecular conduction, convective transport and radiation. The

full equation for Ky is:

KB = KP + Gp Cp dg + 4 SES ds 5 Tﬂ\l 3 + (I-S) hs Ks ds ""‘"(4025)
Pem 2 Is 2Kg + G +7 hg Os

The last term is the modified form proposed by BEEK (55) as a composite

term for all fluid-to-particle heat transfer mechanisms. The Psclet

number for mass transfer pam occurs because convective transport is
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more easily measured from mass transfer data where radiation and
conduction effacts arc absent. Pep is obtained as a function of the
Reynold's number from a graph by FAHIEN and SMITH (56) who used the
relation pe, / (1 + 19.4 (%ﬁ%) %) as ordinate and Rg as abscissa.

In fact, Pg, is substantially constant for Reynold's numbers in tha
turbulent region, This ieaves only hg, the particle-to-flulid

heat transfer coefficient to be estcblished. Here it is insvitable thot
a correlation is employed which is not strictly applicable to present
conditions, but tho discrepancy rosulting in the overall coefficient
should not be serious. For Reynolds numbers greater than 350, HOUGEN

and co~-workers (57) give the equation

2/ -0.41
hs ) Cp p L 1.06 Re —————— (4.26)

For fluid properties such as pru;;and Kp it must be remembered that

the process gas is a mixture of gases, so that the values used should be
weighted accordingly. Anothar problem concerns the correct valus to

use for a characteristic dimension of the pellsts, dg. As previously
stated, their shape is far from spherical so it is necessary to use a
relation such as effectivo diameter = 6 x volume / Total surface area.
For practical purposes, sufficient accuracy is achieved by using
ropresentative values far the fluid and tube wall temporatures in Egs.
(4.22) and (4.23). A rigorous use of varying temperatures would require
additional iteration in the solution of the model - something to be
avoided if at all possible, and because of the approximations, is not
really justified.

Table 4.4 gives typical values for all physical properties cmployed
in deriving the overall heat transfer coefficient, htg. In view of the
empirical nature of ths derivation the accuracy of valucs obtained must
be doubtful; nevertheless, it is probably adaq;ate bacause the radiation

fiold equations are insensitive to changes in the process gas tcmporature.

Table 4.5 is a summary of the parameters calculated.
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cocfficient,

SYMsoL QUANTITY QALUE. | UfogA
4 inside tube radius ) 0.2‘08 "“'"“'“‘“ft.
Rm N ‘-mi;slkggén of innor and:;;;;Q‘*"r”EEEEB ft.-“w‘u
Ky tubo motal thormal conductiuit; 12.0 | cHu/ne re2 Oc J.
SPORRE S e et e -
dt ] tube inside diametor 0.416 ft.
e - R e e s e e A .
ty wall thickness 0.0313 ft.
C——— e aaa - k5
B ds mean particle diameter 0.027 fte
Ka | particle‘ t;;'r:n:iwc.o‘r;:j‘t;;“!‘::\’/;.i-_;;m' 0.3 ) C}—iU/hr f‘t2 ¢
€ | porticlo emiseivity |08 | -
T;Q~‘MQ.‘~;;;;;;;}£;{;;;;;;;£J;;‘*._m. 1006. - %
d v‘;n‘i:j‘ fractio: of ‘l‘:.t;d. T “0.:4“‘_ “""""‘": T
Rtn |  Peclat N for mass transfer | 11 -

_ ;s;‘tw - :ic}:};}:s.suv‘e‘locity gggﬁorﬁ:‘f’szic o) 0-65 CHU/1b o
Kp gas thermal conductivity 0.06 | CHU/hr £t °OC
N R I T
hy © sea Ref (5‘3). T 40 cHu/ne £t2 OC

| Re‘h“ul“a‘ﬁ;él};;éogg;nolds ;;;ber 650 -
e | s e (a2s) T | ciuhe e °cu
ke | oo Ea. (4.28) j'ii'.{'” cHu/he £t O
hi wo £, (4.21) | 1110 | cHuhe el ° ° |
| Mo | ses fa. (a19) | 745 | oWheeet o
TABLE 4.4 Paramater valuos required to evaluate hsat transfer
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TABLE 4,5

SymooL QUA&f;{;:.‘”u‘. VALUE UNITS N
Gg Suporficial mass flow of fluo gas 91.6 1b/hr fe2
Gp Suporficiﬁi 6&39 flow of process 73.7 1b/hr ft2
Cg Specific heai; ;‘%.t;iue ;as o 0.32 | cHu/1b%
Cp ‘ S;;ocific heat. o:;.x:ocess gas 0.65 | CHU/1b°C
T* | thaoretiégzh;lggg“;;;;;;;E;;g“..4 2220 IOK )
W fraction of absarbing wuveléggths 0.53 -
- ‘P‘g‘ | partial pros<sur.e. 'of’ 70132- + H 0 0.25 atm. L
X radiation absorption .co‘offic‘i.e’nt %0_| 42 17t
| hig  overall heat tromsfar cooffiotent |  74.5 CHU/he. ft2 °
r"‘“:& ) .tibe emissivity.:_:i -“ h 1 0.:.945‘5“. -
£, refractory uall emissivity 0,60 -
*wcﬁ;m+;hi1f effectivo tube surfaco g 0.05 | ft”
Qr half refractory tube surfagiua.u. 0,106 Ftt
L hoight of fué;;;ew 26,5 ft
gl penaérati;n depgg.of—flamos | 8.0 ft
S SR AR SO

Summary of Paramster Values for design flowsheet case.
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.SOLUTION OF THE STEADY STATE MODEL (1),

E 3 = P~ oy ot e S oy ST IILS

N o et
DRIDITSN

CHAPTER Y.
L e B

5:& Consideration of Numerical Methods of Solution.

It is important that the solution algorithm for the steady state
modsl should be as efficient as possiblo because when thes solution
of the dynamic modol is undertaken it becomes nocessary to evaluats

tho pscudo-steady statw profiles at cach finite increment in tho time

domain.

Tha steady state system of equations to bo solved is

dx
= = f(ZXTo Tt Tp) = ==me=-- (5.1)
dz

whoro % = (Hg, Hp, Ia*, Ia", Ib*, Ib” ) wecemma- (5.2)

In addition there are subsidiary equations relating Tg, Tt and Tp

to the components of X. These may bo written as:

.

Tg Hg —=enm-= (5.3)
Gg Cg

hie (Tt = Tp)= -‘:‘2-“- (Ia* + To™ + Iv* « Ib™ = 2 Tg ¢ ) ==onn(5.4)

Ho =GpCp (Tp=Tp") + & L (5.5)

whera tho last torm in Eq.5.5 is tho cubic oquation in temporaturc
reprosenting tho heat of roaction function.

Bafore solution of tho radiation cquations is possible, tho
procass gas temporature profile, Tp and henco the heat sink within tho
furnace (Eq. 5.5) must bo specified. Tho strategy then is, first of
all, to assume values for Tp at all positions z down the furnace so
that tha tubo skin tomperaturc profilo can ba computed from Eq. (5.4)
Noxt, the radiation oquations (5.1) are solved and tho profilo for
Hp obtained. This is a measure of tho distribution of heat flux
received by tho tubes. Eq.(5.5) is then used to determine how
accurately this profile fits in with the profile of hoat consumption
that was predicted by the initial assumption of Tp. Finally, Tp is

adjusted and the radiation oquations (including that for Hp) are
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integrated again. The whole schesme is then repeated a sufficient
number of times until the profile for Tp has converged,

Considsring fir;t the radiation system alone, it is seen that
tha fourth-power dependency of the radiant intensity on Tg and Ty make
the system non-linear. Furthermors, Eq.(5.4), tho loeal flux
balance condition on the furnace tubes is a2 non-linear algobraic equation
which has to bo solved many times during the integration of tho
diffarential oquations. Clearly this algorithm should be as efficicnt
as possiblc,.

Probably the best method of solution for non-linear unimodal
algsbraic equations is the Fibonacci sequential search mothod. A
fine illustration of the technique and relevant theory is given by
WILDE (53). A series of "exporiments" or evaluations of the squarc
cf the function f (Tg) = 0 are porformed until the value of T, that
gives a minimum is found. KEIFER (59) shows that the special
usefulnass of the Fibonacci mothod is that the interval in which the
minimum is assumed to lie is subdivided in én optimum mannar for all
soarch-type methods. In other words, the minimum is found to a given
accuracy by tho fewsst possiblo experiments.

Since boundary conditions for tho beams are pruscribed at both

onds cf the domein of integration, the systom beecomos a two~point

boundary valuo problem. Tho two goneral mothods of solving probloms

of this kind are, (a) itoration on tho boundary conditions at onc ond,
and (b) matrix mothods. Tho latter orc well suited to linear

cquations but with non-linear systems their attractivenoss rapidly

diminishes as tho numbor of equations incroasos. Tho basis of the

boundary iteration approach is to assume additional conditions for
thoso variables whose correct valuos are not specifisd at one boundary,
usc an initial-valuc intogration routine to procesd to the other

boundary, then check whether the requirecments at this boundary arc in
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fact satisfied to within some roquircd tolorance. This will not be
the caso generally so some logical moans of adjusting the assumed
conditions must bo made until ultimate agreoement is reachad.

Thoro are many olegant mothods of doing this but thoy are only
useful if the variables at both boundarics either have spocifiod valucs,
or are glven as oxplicit functions. In tho prosont casa this is not
so; inspoction of Eqgs. (3.11) to (3.14) rcvoals that at tho roof of
the furnace the downward travalling beams Ta* and Ib* arc given in
terms of those beams travelling upward and convorsely at tho furnaco
floor. This implicit arrangement doos inhibit the formulation of
rapid convergence techniques for the problem and so rather simplo

iteration procedures have to suffice.

With regard to the computational efficiency of boundary iteration
methods, much depends on the inhorent stability of tho sot of
equations. This is a point that has to be considerad most carefully
here bocause of the nature of the genoral solutions for each beam.
Remembering that the radiant bcam oquations consist ossentially of an
attenuation torm plus an omission torm, it is clear that the solution
takos tho following genoral form:

L = T2 & 4% A J— (5.6)

If a co-ordinate system is takon with tho origin fixed at the roof
of the furnace and all tho equations integrated in tho downward
direction thon those boams that do in fact travel upwards will contain
the factor.LfKz in their solution. Thaorefore small rounding orrors
in tho ovaluation of thaso beams in the upper part of the furnace will
vory rapidly lsad to much larger errors further down. To avoid this
each beam must be intoegrated along tho direction of its propagation
so that the exponential terms aro all decaying with increasing valuses

of the independent distance variablse,



Tho nead to do this provents tha six equations being solved

simultaneously in one march down the length of the furnace.

a cyclo of operations is set up whersby the squations are solved

sequentially, koeping those quantitios not immecdiately affectod in a

Instoead
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particular integration phasa as constant profiles stored as discrete

functions in the computer memory.

integration in the full cycle of operations.

Table 5.1 shows tha phases of

Phase Number Variableos Direction
1 ™
[T 7 w w ] dom
) - 3 o Ia~ , Ib o up
4. - ~°~-“~~**;;~~"~~-*~'H~ ‘éown
Table 5.1 Phases of Integration Cycle.

To start the series of calculations, tho entire profilaes of tho
boams Ia*, Ia~, Ib* and Ib~ must be given assumed values and storod

in tho computer. Since there is little guidance available on the

likely shapes of thase profiles, convergence could ba slow. With more

experionco, tho starting values can be chosen more accuratoly and the

convergance procogs speedod up to soma extont.

As soon as a new profile has been found in any phase of the

computational cyclo it is immediatoly incorporated into subsequent

phases in the cyclo. Thus, for example, the now profile for Hg which

is obtained in the first phase is used in place of the flue gas

tempsrature, Eq. (5.3) in ths subsequent phasos 2, 3 and 4. This is

obviously desirable so that the computation is aluways making use of

the most recent information availablo,

Any one of several initial-valuc "marching" methods, could be

used for the solution of tho differcntial squations. A convenient one
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with rogard to automatic computation is tho fourth-ordor Rungo-Kutta |
procoss. This has low truncation gorror and requiros no spociol starting
algorithm. Changos of stop longth to accommodate various dogreas of
non-lincarity and to chock for stability of tho solutions aro possiblo
and theso wore madoe automatic in the adaptation by GILL (60) of the

basic Rungo-Kutta mothod,

Evaluation of tho tubc wall temporaturs profile from Eq.(5.4) is

porformad once por cycle, not in ovory phasc. As indicated oarlior tho

Fibonacei seoarch tochnique was usod in ordor to keop tho computing time
to a minimum,

Tho problom has boon changod from that of solving a sot of
difforential oquations simultancously with boundary conditions spocifiod
at ocach ond of tho domain of intcgration into osscntially an iterativo
initial value problem whoreby intogration procecds in sach co-ordinato
diroction in turn. Tho initiol valuos of cach variablo arc then comparod
and suitably adjusted.

Boundary conditions for tho beoams 1a+, 1a~ and 1b* and 1b~ arc not

availablo as oxplicit values but rathor as implieit functions. Thareforo

it is arbitrary which values at = = 0 are changod for the noxt itoration

cyclo, (apart from Hp at & = 0 which is dofinod by tho condition of the

procoss food), so long as ultimatoly tho profilos aroc all stablo and tho

boundary conditions satisfied,

Tho interaction by the beams in tho boundary equations can load to
oscillations in tho solution. Some form of damping botwecn successive
iteration cyclos is advisable at least during the initial stages of the
integration procoss. A simplc mcans of doing this is tho use of a
woighted moan of the curront and praevious vgluos calculated. A fouw trial

runs to discover an optimum valuo for this weighting paramoter arc woll

worthuwhilo,

The program to solvo tho stoady stato modol was written for the

ICL KDF9 Digital Computor.
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5.2 Rosults from the Stcady State Mocel (1)

Thae puréose of this saction is to discuss tho profiles that
cmergo from various runs of tho modol and to oxamine tho sonsitivity
of the model to changss in some of tho definad paramctors,

As a first oxample tho data presented at the end of the preceding
chaptaor will be used. These are figures obtained from the dasign
flowsheet for ths Dewsbury No. 1 Reformer and should be typical of
thoso found in practice. (In fact the plant was normally run at
considerably lowar throughputs). The socond set of data is for tho
maxXimum possible level of operation for peak load circumstancas, and
finally, results are given for the reformor operating at 40% of the
design rate - the so-called "minimum make" condition. In all
of these threes examples the air to fuel ratio is fixed at
approximately 17 to 1 and the steam to carbon ratio at 3 to l. This
enables all the paramsters with the excaption of the heat transfer
coefficiont, hty to remain almost constant. For instance, the air
to fuel ratio principally determines tha theorstical flamc
tomzoraturc and flue gas ;bocific heat; the stoam to carbon ratio
dotarmines the nrocoss gas specific hocat and the quantity of heat
consumed by the chemical reaction on a por unit mass basis.

The geometrical and optical parameters are, of course, uniquoe for a
particular furnaco.

In addition, the inlot tempseraturcs arc constant at their valuos
given in tho flowshocet. Hence only three quantitics remain to be
varied for these three runs - Gg, Gp end, by virtus of its dependency
on tho rato of flow of process gas, the coofficient higc. Ths

appropriate valus for this is acquired from the procedurcs described

in Chapter IV. Table 5.2 shows tha actual figuros employed,



Quantity | Units Minimum Dasign Maximum
o lio/ethe | 365 | 916 . . 1008 _
|G Qayeine |z | 7 | oo
htg cHu/hr 762 % | se.6 | 745 1 B2.9 |

Table 5.2 Input data for the SteadyState Model (1) for changing

total throughputs.

Fig 5.1 depicts the profiloes predicted for the stato variables
for tha flowsheet input data. The most interosting is that for Hp, tho
hoat demand curve for tho reaction. It is cloar that the major portion
of thc hoat is consumed in the upper scction of the furnace, whilst
further down, the curve becomes much flatter, indicating a diminishing
hoat roquirement. This is a feature of top-fired roforming furnaces
which do provide a heat input configuration that fits in woll with the
requirements of the process.

To some extent, this is in contrast to furnaces which ara fircd
from tho side by burners placed along tho length of tho tubos, such as
those doscribed, for oxampla, by HACKETT, ot al (6l). Theso aro
designod to give a substantially constant heat flux gprofile along the
tubo length rather than the rapid preheating of the steam=hydrocarbon
mixture that is requircd.

Fig. 5.2 shows tho steady state heat flux and temperature profilos
for tho flowsheet dosign case. The flux profiles reprasent,
respoctively, the natt amount of radiant flux travelling downward
through the furnaco at given horizontal planss, and the flux transferred
to tho furnaco tubes at particular points down the length of the
reformor. Their equations may be written as:

A" = 18t + bt - 1a” - 7 emmmmen (5.7)
AI{; = g;— ( Iat + 1bY + 127 4+ Ib” - 26 T¢ 4 ) mmme——- (5.8)
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In the upper zono of tho furnace whoro the gas is being
recirculated, the values of L\1I* aro not vory maeaningful. Below
this zono, the temporature is stable and thore is a nott downward
flux with a maximum valus roughly halfuway down the furnaca, then
diminishing to zoro at the furpaco floor.

The refractory temperaturc profile Tr is obtained from a local
flux balance on the rcfractory wall, nssuming this to be adiabatic

at steady stato s=
s * "+ bt 4 17 4 5.9)
=5~ (1a% + Ia"+ '+ Ib") = 28r € Tp ' emm—--m (5.

Examination of ths profiles shouwn by Fig.5.2 reveals that although
the gas temperatures undergo large variations on passing thfough the
furnace, tho temperatures of the tube walls and refractory linings
aro far morc nearly constant. This is important from the mechanical
aspects of reformsr design, particularly regarding the furnace tubss.
Fairly high stresses are unavoidable in reformer engineering and at
the temperature level involved, the metal croeps. Clearly tho metal
will be working most officiently if the amount of creep is constant over
the ontire tube length. Tho curve for Tt in Fig. 5.2 shows that this

condition is adequatocly met in top-fired furnacos. In side-fired ones

there iz generally a dofinite poak in tubo temporature toward the bottom
of the furnace, assuming that tho procoess gas passes downward through

tho catalyst fillod tubes.
The computer print-out for tho flowsheot casec from which Fig.5.2

is drawn arc contained in Appondix D. Run 1.

In Fig.5.3 profilos aro given for two extrome cases of total
gas throughput. Soveral interesting points omerge . Firstly, the
temperature profiles of tho process gas and tube wall (not shown) have

dofinito maxima abcut halfway down the furnaco at low flouwrates,

wvhereas no such peaks are apparent at high flowrats., As stated

carlier, the lifo of the tubes ;:n cnhanced if thoeir tomperature
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profiles are substantially flat. A soccond point is that the make gas
composition is primarily detorminsd by the outlet temperature, clearly,
thereforo, it is wastoful to hoat the maka gas to a high temporature
in the upper part of tho furnace and thon let it fall to tho correct
exit volus. Howsver, this is precisely what happens at very low
flowratos and a look at the profiles for radiant heat flux input to the
tubos (Fig.S.S) shows why. The ratio betwecn the heat flux at the top
of tho furnaco to that at the floor is approximately 6 to 1 for the
lowsst flouwrates, but only 3 to 1 at the highest. In the former case,
then, tdo much heat is concentrated in the upper parts of tha tubes.

The conclusion is thercfore, that the furnace operates moro
'cfficiently at high rather than low throughputs, es indeed it was
dosigned to do. Howover, a substantial part of the timo is spent
working at the lower makes.

The effects on performance of varying the operating conditions in
the furnace will now be considered. Computer print-outs for all these

runs are collected in Appendix D; only tho temperature profiles are

normally shouwn.

5.2.1 Feondstock

Tho altornative to naphtha as the roforming feedstock is npatural

gas. A comparison is made botwoon the two feedstocks for idontical total

throughputs, heat inputs and steam to carbon ratios. Comparing runs

4 and 5, it is evidont that much higher temperaturcs are achicved when
using naphtha as the foed. This is to be expocted since the endothermic
hoat of reaction per’unit mass of hydrocarbon is highor for natural
gas rofoeming (compare Figs. 3.5 and 3.6) and thore is tho samo
quantity of heat input available in both cases.

At first sight it may appear that there is no drawback to
reforming natural gas atlow tempsraturcs since the unrcacted methane can

still remain as a constituent of tho final product. Howsver the
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cquilibrium is such that bolow about 74008 the total amount of steam
romaining unconverted rises very rapidly. Thus at 67B°C, the outlot
temporaturce of the process gas for these conditions prodicted by Run 5,
thero would be so much stoam to condense out of the system, re-vaporisa
and superheat that the whole process would bo quite uncconomic. Hence
to achiove the desiroed outlot temperature of 740°C to 750°C for

natural gas roforming it is necossary to use highor fuel/process fead

ratios than for the equivalent conditions using naphtha.

5.2.2 Steam/ Carbon Ratio

Muns 5§ and 6 illustrate tho effects of varying tho steam to carbon
ratio betwsen valuos of 2: 1 and 4 ¢ 1. The fesdstock and burner fuel
are both natural gas. Tho parameters which are varied arc the
coofficients for the equation of heat of reaction as a cubic function
of process gas temperature, representing the relevant curves in Fig.
3.6.

It is socn from the print-outs for tho two casses that tho
variations in heat flux and temperaturo profiles are not very great - a
fact which the process operators take advantage of in "trimming" tho
plant in torms of total lean gas make. That is, tho quantity of gas
made can be changod within certain limits by altering only tha steam
to carbon ratio, koeping the burncer fucl and air flow sottings
unchanged and using the same amount of feedstock, without upsetting
the furnace tehparatures voery much.

Tho lower limiting value of the steam to carbon ratio is about
2 : 1 because below this the risk of depositing carbon on the catalyst
becomos too great. Tho upper limit is detormined simply by the
availability of steam which in turn is dependent on the waste heat
recovaered from the flue gas and process gas streams. If tho exit
tomperatures are too low tho process may "run out of heat" and hence

of stcam raising capacity. This is most likoly to occur when reforming

naphtha at low throughputs.
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5.2.3 _Air/ fuel ratio

A sorios of runs woroc made to determino the process gas exit
tomporature achicved by burning a given quéntity of fuel but varying
tho amount of oxcoss combustion air employed. Tho procass gas fead
.conditions were constant.

Fig.5.4 shows tho rasults of thasoc runs. Cloarly the burner fucl
consumod to achicve a dasirad outlet temperature of say 750°C varies
markedly, from 2400 1b/hr at the stoichiomotric quantity of air to
3000 1b/hr at 30% excess. Tho zoro excess curve is slightly
unrealistic sincoc it is unrocasonable to expoct porfect mixing of fuel
and air and so in practice a certain amount of fusl would be unburnt.
However, it would soem that more carsful control over the air flow
used, with the aim of steying around the 10% mark, would ba beneficial,

Frequently the plant works in the region of 30% excoss, without counting

stray loakages into the furnace.
Complete rosults for two cases are shown in runs 7 and 8. Theso
are for air to fusl ratios of 16.5 and 19.5 respectively, corresponding

to combustion air excessas of 10% and 30%. Thore is a large differenco

in the thooretical flamo tem-eratures calculated; 2225°K against'1945°K
which illustrates clearly how uxcess air "dilutes" the heat input. The
tube flux profiles arc interesting also; tho differences between maximum
and minimum fluxes for the 10% oxcoss case aroc distinctly higher than
for the 309 oxcass caso. This is duo to the extra flow of fluc gas in
tho socond case (Run 8) pushing heat further down the furnpace. This
could be usoful at low throughputs becauss it would flatten out tho
sharp peaks in tomperatureo oxperienced by the reactor tubes. However,

there would stil bec a ponalty to pay in torms of the extra fucl

consumption necessary.

9.2.4. Combustion Air Prcheat

It was romarked in Sec. 5.2.3 that tho thoorstical flamo

tomnerature had a most important bearing on the make gas outlot
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temperature and hence on fusl consumption. Obviously, it is
advantagoous to increase the flame temperaturc without increasing tho
fuel flow or reducing the air oxcoss to unmanageablo margins. This
can be dgna by increasing the temperature to which the combustion
air is prohcated prior to entry into the furnace.

Runs 9 and 10 illustrate tho differsnco this can make using air
preheat temporatures of 300°%c and 400°C rospectively. It is soen
that there is more than a 20°C increase in the make gas outlet
temperature in the socond run - a most useful increaso in the thermal
duty of the furnace has thus beesn achicved.

Whan reforming natural gas no vaporisation or supoerhcating is
required and it is usual to work at somewhat lower steam to carbon
ratios than with naphtha. This moans that less waste heat is required
for process feod heating and for steam raising. Sinoo tho mako gas oxit
temperature is fixed by tho required gas composition, any modifications
to the existing wasto heat utilisation must be made on the fluc gas sido,
It doss not scem possiblo to lower the flue gas exit temperature
whilst koering tho same make gas exit temperature without a major
ro~.osign of ths furnaco goomotry.

Howover, thecre remains the possibility of taking more hoat out of
the fluu gas train in the ais prohoater and less in thoe waste heat boiler,
The extra air proheat temporaturoc raises tho thooretical flamo

temporature as stated. Basically, heat is re-cycled around the furnaca

instoad of being lost through the flue gas stack.
. 0
Further runs on the model indiente that cvory additional 10°C riso

in the proheat tomperature at normal throughputs saves approximately

0.0% in fual usage.
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CHAPTER VI ... STEADY STATE MODEL_(2) FORMULATION AND SOLUTION.

PRy

Formulation of a mouel based on the actual geometry of the furnacs.

In tho formulation of the goneralised model in Chapter II, use was
made of the so-called Schuster-§:arzch11d approximation to resolve the
angular distribution of flux intengity into two beams travelling in
opposing vertical directions through the furnace. In order that thase
beams might intercept the furnacs tubes and refractory walls, it was
considered that the solid surface areas were uniformly distributed
throughout the volume of the enclosure. It was as though the beams wers
being propagated through an interacting medium whose absorbing and
emitting power was due not only to the furnace gases but also to tho
solid surfaces. Clsarly, this model reduces tho description of the
reformer geomatry to ratios of tube skin and refractory wall surface
areas por unit volume of furnace, whereas it may well bo supposed that
the detailed layout of the tubes and burners has an important bearing
on the ultimate performenceachioved.

The purposo of developing a sscond model then, is two-fold.
Firstly, somoc means of assessing tho validity of neglecting the detailed
geometry of ths furnaco is desirablo; obviously this is something that is
not immediatcly apparent. Socondly, the analysis used in model 2 is
more closely akin to that normally employed in ongincering radiative
transfor problems, and will thds serve as a valuable check on tho first
modol.

The starting point for the present troatment is the closc analogy
that can be drawn betwoen a reforming furnace and a co-current hcat
oxchanger. Basically, tho process gas flows downuards through the
tubes and recoives heat from tho flue gas flowing through tho "shell",
also in the downward direction. The coupling equations botwoen the two
streams aro given by radiation flux balancaes inside the furnace
enclosure, rathor than by using a compositc heat transfer coefficient

which is generally the caso in hcat-exchangor calculations.
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leformers arc fired by gasoous‘br atomisaed hydrocarbon fucl so
that combustion occurs vary rapidly and the temperature initially
attained approaches the theoretical flame temperature in the vicinity
of the furnace roof., The flue gases cool continuously as thay flow from
burners to outlet. Recirculation of the gas in the upper compartment
due to the jetting action of the burners destroys the stable
temperature pattern thers, but the principle is still vaelid. Howsver,
it is not possible to use the profile of gas temperature falling
monotonically from theoretical flame temperature to its exit value
as the basis on which to calculate the heat flux to the tubes., This is
because although the furnace is long compared to the distance of the
path from source to sink, it is not permissable to neglect radiation
in the direction of the gas flow as being of minor importance.

The effect of this on the analysis of the problem is analogous
to a situation in which the tubes of a heat exchanger ars made of very

thick copper, so that a large amount of heat is conducted along the

length of the exchangerinstead of just through the walls. In this case

the quantity of heat conducted would clearly depend on the temperature

gradient along the length of metal, which would not be available

until the coupling equations had been solved. In short, it is

necvessary to adopt an iterative means of solution. Similarly with
reformers, the downward radiant flux depends principally on the flue
gas temperature gradient, but this is not known until the flux balances

have been esvaluated.

The total hoat input to the furnace per unit cross sectional area
L

of roof, per unit time is described by the term Gg Cg T*. If Tg is

the exit flue gas temperature at the furnace floor, the amount of heat
leaving via this stream is Gg Cg TgL. In the intervening space, ths

resulting difference of heat Gg Cg (T* - TgL) has been distributed to
the tubes, thereby raising the enthalpy of the process gas by an equal

amount. This is shown diagramatically in Fig. 6.3. The top curve
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reprosents the heat input function and tho bottom one tho tomporature
of the procoss gas, The initial valuos for these (at tho furnaco roof)
arc tho thooretical flams temperaturc T* and tho inlot food temporature
Tp0 rospoectivoly.,

Taking a point in the lowor rogion of theo furnace whers the gases
are in plug flow, it can bo soon that tho heat flowing down through tho
furnace consists of the sonsibla heat of the bulk flow of flue gas
together with theo downward radiant heat flux. If the heat input at any
ono point is characterised by tho temperaturs Ti this squation may be
uritton:

GgCg dTi = GgCg dTg 4 dgy we=me=- (6.1)
da 'hg‘ -y

where q, is the downward radiation flux component. Integration with

respoct to & gives
Gg Cg Ti = Gg Cg Tg + qu + K
At the furnace floor, radiant energy is conserved, so that q, = 0

and Ti = Tg. Hence in oquation 6.2 K = 0 so that

Ti = Tg + qU _______ (6.3)
GgCg

This rolationship is only true of tho plug flow rogion; in tho upper
zoﬁe, where mixing of tho gases occurs, the tomporature is fairly uniform,
Evaluation of the net downward radiant flux roquires a knowledge of the

average distance tfavalled by besams of radiation, i.0. the moan beam length

of the gas body. The shapo of tho gas body may be takon as a rectangular
parallelipipod with dimensions 1 ¢ L s L, L —> ©O, PORT (64) gives
tho corroct valuo of beam length B, for vory low partial prossures of
absorbing gas, as twics tho shortast dimension, this factor diminishing
as Pg is incrcased. Thus qy is found by considoring that, on average,
a given point roceives flux from half a beam longth above it, and

radiatos to an equal distance bolou,

The oquation for the downward flux becomes

av (2) = &E€g 1% (24 8/2) ~6Eg 70" (2 - B2)  cmemm- (6.4)
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Near the top and bottom of tho furnace, the equation for qy requiros
flue gas temperatures at points beyond the roof and floor. Howsver,
radiant energy must be conserved at both ends of the furnace, so the
roof and floor act as perfect mirrors or planes of symmetry with
régard to the vertically travelling fluxes. The fluo gas temperaturs
profile is thereforas extended symmetrically by the relations

To (2); —%2& 2<o0 v mmme (6,5)

Tg (2)3 L<zLLr B/g

n

Tg (-2)

To (L + =)

1

and equatien 6.4 is then valid for all =.

Heat flux received by tho Tubes

The next factor to be considered is the heet flux to tho tubes.
This is not an easy problem because sach part of the surface of a
tube interchanges heat flux with every other part of tho furnace,

rather than being solely dependent on the temperature of the flue gas

in the immediate vicinity. Nor, of course, does each tube "see" the

same surroundings, because the centra row of tubes is flanked by the
outer lanes, whereas the latter face a refractory wall on one side.

Mutual shielding of tubes in thes same row is a further complication .
It is clearly impractical to deal with cach tube individually because
of this shielding affect; instead sach row of tubss has to be
considored as a plane wall whose effective surface arsa is reduced by a
suitable "shape factor" depending on the ratio:

Outside tube diamster / centre to centre distance between adjacent
tubes, A method ofevaluation of such factors for a bank of tubes
with a refractory wall behind was devised by CHAD (65), and a later
more accurate method by R0OSS (66). The factor is defined as that
fraction of the radiation incident on a bank of tubes which is
interceptod by unit area of a plane passing through the tubc axes.

The centre row of tubes is obviously a plane of symmetry, and all

. three planes are of infinite extent in tho sense that the flux pattern

of the tubes at the ends of the rows is not altered by the proximity
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of the refractory walls., It is also assumed that each slement of

tube surface "sees™ the sams proportion of refractory surface as any
othar element; this is reasonable because tho refractory surface
temparaturc is fairly uniform throughout. However, the flue gas
temperature varies mors widely, and some averaging of the heat fluxes
received from a hemi-spherical shell centering at a given point, with
radius of half the bsam length is required. As an approximation,
therafore, an effective flue gas temporature, Te, is defined by taking
the mean value of the flue gas temperatures half a boam length away in

eithar direction.
To(2) = 1L (Tg (G +8/2) + Tg (= -B/2)) -
2

Fig. 6.4 shows the mathod of ccmputing the radiation fluxes in the

furnaca. The outer tube planes are assumed to receive identical

fluxes, but the coentre planc is considered separately. Taking the outer

plane first the sketch shows that it "sees" a refractory wall on one sido

and a mirror image of itself on the other; the "mirror" being

situatod halfway between the outer and centre planes. Flux arriving

at the tube plans from the refractory walls is labelled q,, that from

the mirror O e

In the present analysis, the gas is taoken to be grey. It is
oasily shown that the radiant flux falling on unit area of tube plans
on one side is given by &g & Te4, where Te (a) represonts the

appropriate gas tomperature at that point down tho furnace. Thus the

total flux R/to the refractory wall is
4
R = Fr (e 68 Tg "+ am (1= xt)) (1 -Eg74 Frbg" 5 To* =-(6.7)

wherg Fr is tho amount of refractory surfaco area associated with unit
area of the plane. The first term denotes the emission of flux from
the tubes, and tho sscond term the flux from the mirror sido which
has passed through the gaps between the tubeg; both fluxes being

partially attenuated on subsequent passage through the gas. Theo
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fractions xu,(1 - xt) to bo used are obtainod from Hottel's chart
for radiation falling directly on ono face of the leading row of a
bank of tubes,

In tho stoady state case, ths refracbory wall is not a net
absorber or emitter of flux; therefore the exprossion for qp hecomes

ar = ET&Te 4 + uwrp (1 -Egt) R mameme (6.8)
whera w is the fraction of flux originally emitted by the refractory
that eventually arrives at the tube planes - eithar directly or by
reflection. It may bo shown that it is equal to 1/ (1 + €gF).

On the other sids of the tuba planse, the flux m1 striking the mirror
is composed of the emission from the tubes together with the fraction of
qr that has passed through the gaps botwsen the tubes, i.s.

M= Egm &Te® + (xt E£ &TtY 4 qr (L = xt)) (1 -E™) 2 —-ee- (6.10)

Beam lengths required in the evaluation of Egr and Egm arse taken
as 1,7 times the distances betwsen tha appropriate parallsl planes (64)
- in the first case thesse ars the refractory wall and the tube plane;
in the second case, the tube plane and the mirror. The tubes
themselves can only absorb a fraction x_of the flux coming from both
sideé (am + gr) and emit an amount xt Et € Tt4 to both sides.

Therofore, the net flux sbeorbed by either of the outer rows of

tubos is given by
gt =x(ar+an - 2Ec ¢ Te4) cmeemem (6.11)
For the centre tubs plane, the sffect of the refractory walls is
far less. To a good approximation, the flux arriving at this plene
from both sides is qp, and so the net heat flux to the tubes is given by
gt = 2 X (qp - E¢ O’Tta) ------- .
Sinco equation 6,11 describes the net heat flux to two rows of
tubes, and equation 6.12 the flux to one only, an average value of the
heat flux is obtained by taking a weighted mean of these expressions,
giving

gt = X (Gp+2%m =3E & Tg® )  =meem- - (6.13)
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[ ey V-

The development of equations for heat traonsfsr mechonisms within
the tube 1s similar to tho procedure adopted for model 1. The
enthalpy of tho process gas is the sum of two components - the sensible
heat and tha heat consumed by the endatharmic chemical reaction.

Using the same nomenclature as section 3.3, the process gas enthalpy

becomes
Gp dU = GpcCp dITp + Gp AHTp =mmemee- (6.14)
da dz ,L C

This may be integrated with respect to # to give

U=cp (Tp - Tpo) + ‘Y.fLAHTE T (6.15)
o

which is identical with equation (3.27).
Clearly the increase in process gas enthalpy is equal to tha

net rate at which heat is appliod to the tubes, since in the steady

state thare can bs no accumulation of hoeat within the system. If U

is the total length of the three tube planes in the horizontal direction

the equality may be written

Gp dU = W.qt (=)
da
The finmal equation is derived from the original co-current hoat

exchanger analogy. The rate at which the procoess gas enthalpy increoases

must be equated notonly to the nat flux absorbed by tho tubes, but

alsc to the rate at which the heat input function decreases. This
gives
Gg Cg d Tj = Gp dlV 00000 eeeeee- (6.17)
d g d =
and intograting with respect to # gives
------- (6.18)

Gg Cq (Ti - T¥%) = U
Gp
which is valid for any position & down the length of the furnace.
The tube wall temperaturc profile is related to Tp via the overall heat
transfer coefficient (ht,) by the squation

at = hte (Tt - Tp)
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6.4 Solution of Modsl (2).

Although graphical solution of the squations would be feasible, it
is quite impractical in viow of the largo number of runs that are
required to test the model adequately. Therefore, as before, a
numerical method is sought which is suitable for programming on a
computer,

It is immodiately apparent from the foregoing sections that the
equations themselves ars fairly simple. The difficulties that are
likely to arise are concerned with matching various profiles to the
roquirements of different equations. For esxample tho process gas
enthalpy curve must agree with equations (6.16) and (6.17) whilst ths
flue gas temperature profile has to satisfy (6.3) and (6.4).

Iterations such as thess are likely to give rise to oscillations in the
profiles obtained in successive solutions. An attempt may be made to
dampen thesse oscillations using a method based upon a low degres

polynomial spline technique (67).

Tho steps used to obtain correct profiles for the model are
summarised below:
(i) An initial estimate of the profile of the heat input curve Ti is madas,
Tho value at 2 = o is the theoretical flamo temperaturs T¥* and tho curve
fells monotomically from this valuoc to the flus gas oxit temperature,
TgL (as yat uﬁknown) at the floor of the furnace.
(ii) Now a flus gas temperature profile Tg that is compatible with tho

Ti curve is sought. First, a shape must be assumad for this curve such

that in the top recirculation zone the temperatures is constant and in
the lowar plug flow regime falls linearly to the exit valve. The nett
downward heat flux is evaluated from Eq (6.4), then Eq. (6.3) is used

to check if the resulting curve for Ti agrees with the assumed profile
for Tg. If not, the latter must be altesred until acceptable agroement

is reached,

(11i) The next step involves calculating the radiation heat flux
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absorbed by the tubes, using the equations developed in Sec. 6.2.
This procedurc requires values for the tube wall temperature profile
which as a starting guess can be taken as constant.

(iv) Equating the right hand sides of Egs. (6.14) and (6.16) enables
the process gas temperature profile Tp to bo calculated . Again,
howaver, it is nacossary to itorate since a profile for Tp must be
knoun bofors the term 4 HTp can be calculated and hence the equation
integrated.

(v) The tube wall tomperature profile and tho process gas tempsraturc
profile are linkad by Eq. (6.19). A revised curve for Tt is nou
provided and ths hesat flux to the tubes refialuated. The sequence

of operations to calculate qt, Tt and Tp is therefora repeated until
all are in agrecmont.,

(vi) Fipally Eq. (6.17) is used to check whother the assumed profile
for Ti is correct or not. In gensral it will not be, so steps (i) to

(vi) must be repeated until the correct profile for Ti is obtained.

The only input valuas known arc tha theoretical flame temperature
and tho process feed temperature; the complete set of profiles have
to ba genorated by a process of repeated iteration. In addition to
the overall iterative loop for the heat input curve, thore are two
major'loops within it for the flue gas and tube wall temperature
profiles. The second of theso includes another iteration loop to deal
with the process gas temperatures. Both tha Tg and Tp curves require

the local smoothing technique indicated earlier.

Computer run times for model 2 were considerably higher than

those for model 1 - by a factor of 5 usually. It proves difficult to

obtain a profile for Tg which enables Eq.(6.3) tp he satisfied at every

point in the plug flow regime of the furnace. As many as 30 iterations

on Tg may be needed before succossive profiles diffor nowhere by less

than 0.1% (about 1°C). Similarly the "loop within a loop"
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arrangoment described in stops (iii), (iv), and (v) is inhorently timo
coneuming. Considering that perhaps 8 to 10 iterations are necessary
before Ti converges via the outermost loop, it is clear that some of
the sub=-routines are employed several hundred times and the computing
time required inavitably reflects this.

Comparison of results obtainaed with those from flodsl 1.

To make a valid comparison between results obtainod from the tuwo
models tho same basic input data must be used. The first run performad
was for the design flowshest data whose values are tabulated in Table
4,5 Certain paremeters which have no direct counterparts in model 1
must also bo ovaluated., Table 6.1 is a list of tho operating conditions
and parameter valuas for the design flowshest casa.

Fig. 6.1 shows a comparison between the temperaturs profiles
obtained from the two models for thae flowsheet data. The corresponding
radiant heat flux profiles are given in Fig. 6.2 Soma significant
differences are observed. The flueAgas temperature profile for model 2
is considerablg above that for model 1, whoreas the reverse is true for
the process gas tempsratures. Moreovaer, ths shapes of the flue gas
temperaturc profiles arc gquite different, a distinct peak predicted
by model 1 is not rovealed in the output from model 2. It appears
that model 1 predicts that more heat is oxtracted from the flus gas
and transferred to the process gas. But not only is the total quantity
of heat transferred more, the distribution of the heat input profiles
are different. The profiles for qy, shown in Fig.6.2, domonstrates
that modol 2 calculates a greater differonce betwsen the heat flux
to the tubaes at the top of the furnace and that to the tubes lowsr
down. This gives rise to mors rapid heating of the process gas and
tubes at tho top of the furnace than lowser down rosulting in a definita
poak in the Tt curve for model 2; model 1 predicts a flatter tube wall
temperature over most of tho tube length. Similarly the pesk in the

rofractory wall temperature profile is more pronounced in the modol 2



run and is pushod further to the top of the furnace.

68.

g

C—— oo
Symbol Quantity Valus Units
Gg Superficial mass flow of fluc gas 91.6 1b/hr pt2
Gp Superficial mass flow of procass gas 73.7 1b/hr £t
Cg Spacific heat of Flue gas 0.32 | chu/e’c
Cp Specific haat of procoss gas i 0.65 CHU/lbOC
T* theorotical flume temp. 2220 k
gq" "mirror" side gas emissivity 0.31 -
Egr refractory sida gas emissivity 0.34 -
gZr refractory wall emissivity 0.80 -
hee overall heat transfer coeff. 74.5 | cHu/nr ££2°0
b _{ . heloht of furnace __ ______.o.26.5 ) fte |
~.lj. . Ses s -.«P-enqo-t.rntlon depth Of f‘lamss_... e v e . .....‘....-Q. 0..-. -.n:d-n-h--‘-nn‘~¢--?a->.‘ - aaay
F amount of refractory surface por 1.73 -
LoD ..l unit area of tube skin surface | 7 . . . __1
x fraction of tube ski? equivalent to 0.43 -
e v s e mafaeaeeaae - - e -+ = . PL2NE. sUTTACH e ceenecomadiie wreedcoomnants o omama
Et tube skin omissivity 0.93 -
w total length of tube plancs 72.0 ft.
TABLE 6.1 Operating conditions and parometer values for Model 2 =

Daesign flowshest cass.

e B B Tl P B P e b B B b e b BB B S G e 0o e o il S

A sccond run at a lower throughput - about 60% of the dosign make-—

is considered. The relevant operating conditions are:

Burnaer fuel flouwrate 1840 1b/hr.
Air to fusl ratio 16.9
Process Gas flowrate 26400 1b/hy.
Stoam to Carbon ratio 3.0 o

Theoretical flame temperaturc 2180 K

The resulting profiles from models 1 and 2 are set out in Tables

(6.2) and

(6.3) respectively. 0On comparing thess it is seen that the

same discrepancios betwecn the two models ars observed at low

throughput as at high, and it must therefore be concluded that there

are inherent differcunces in ths two analyses which will not be rosolved
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by fitting cortain parometors. For instanca, thae omissivity
parameters Egm and Egr can bo adjusted until tha outlet stroam
temperatures are identical for the two models., However, this
distorts.tho tube wall and refractory temperature profiles such that
quitoe unrealistic valucs are predicted in the upper zone of the
reformer.,

When the models are compared against in-plant data it is found
that the exit flue gas, and make gas temparatures pradictod by model
1 arc far nearsr the observed values. Also no sharp psak in the
tubo wall temperature profile is measured. Add to this tha much
lowor computing time required for model 1 and clearly this model is
the one to adopt, particularly for extension to the dynamic casa.

Howsver, tho daevelopment of model 2 has been worthwhile, because
it provides a useful physical insight into thd problem and helps

clarify tho abstract formulation associated with model 1.
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BB M. Al Bess B - - et S Beuds: i

| DISTANCE | FLUE GAS REFRACTORY'[FLUX TO !TUBE SKIN | PROCESS
| DOUN TEMP. TEMP. TUBES i TEMP, GAS
L_F URNACE L i , TEMP,
| 0.0 | 1005.6°c! 972.7°c |16,224.0 . 615.5°C 399.0°C
| ' CHU/hzft .
— i - - e e ]
1.1 | 1025.2 | 976.5 ’15,369.0 656.6 451.8
2.1 i 1088.5 E 961.9 fia,slgjg 693.3 500.3
| 3.2 | 1151.6 |  967.6 113, 036.0 727.8 544.5
1 T * = =
4.2 | 1196.4 | 991.9  |13,040.0 757.1 584.3
5.3 | 1215.4 —f 993.5  |12,183.0 780.7 619.8
6.4 12070 | 091.7 E11,212.0 | 799.9 650,8
7.4 } 1170.3 i 906, 6 ;10,248.0 | 012.8 677.0
8.5 j 1103.9 j 979,2 | 9,289,1 B 821.8 698,7 ;
9.5 10579 | se9.7 | s,02.0 | 620.0 | 76.2
10.6 ! 1031.1 959.5 7,486.5 | 830.8 729,7
11.7 j 1011.5 949.8 6,822.5 830,9 739.9
12.7 g 995.1 940.6 6,223,2 830.8 747.4
S
13,8 ; 980,7 | 932,0 5,750.6 829,2 752,6
14.8 i 9677 | 9241 . 5,309.8 628,0 | 756, |
15.9 i 555.8 | 016.8 j 5,018.0 824.7 758.0
17.0 | 044.9 | 910.0 | 4,744.8 821.8 758,9
18,0 | 9346.9 | o03.9 | 4,512,3 819,0 758.9
19.1 | 925.8 B98.4 | 4,318.6 B16.2 758.3
20,1 917.5 893.4 4,191,8 812.8 757.1
21.2 | s810.0 889.1 ‘“.‘j 4,049,8 - | 610.5 755.6
2223 . 903,3 885.4 | 3,991.9 807.2 753.7
23.3 897.5 862.4 i 3,949,7 804.4 | 751.9
24,4 | e92.5 8a0.1 } 3,948.4 801,6 750,0
25.4 j 888.4 | 678.6 | 3,941.0 799.9 748.2
26,5 § 865.2 '{ 877.9 ' 3,081.5 798,2 | 7465

TABLE 6.2 Steady Stats Profiles from model 1.

i
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]TUBE SKIN

——

| DISTANCE | FLUE GAS nsrnncron;[u~hrLux 0 PROCESS
Fggﬁxcs TEMP. TEWP. | TUDES TEMP. GAS |
| l ! TEWP. |
0 o(ft)I 1169.3%| 987.4% | 20,247 ﬁ”}f;z 669,0°C 399°¢C ’
. ! . . ’ r.v: . ...-1...................}
1.1 1169.3 | 993.5 19,415.0 707.2 448,3 |
211 1169.3 | 999.6 18,575.,0 741,8 08,1 |
3.2 1169.3 |1005.6 17,744.0 772.8 536.2
4.2 1169.3 | 993,4 -EE;;;;;I;“. 786.7 | 574.0
5.3 1169.3 | 981.9 14,3790 797.7 606.0
j 6.4 1169.3 | 968.4 12,865,0 804.3 632.7
i 7.4 1169.3 | 955.3 izjgaz.o 808.6 654,7
| 8.9 | 1169.3 | 945.3 1 10,512.0 812.5 672.4
| 9.5 1128.4 | 949,5 10,251.0 823.9 6872
! 10.6 1090.1 | 953.1 9,998,9 834,0 700,7
1107 1048.1 | 954,6 9,680,3 841.9 712,8
;12,7 1008.2 | 956.2 9,410,3 848.9 723,5
13.8 976.7 058.7 9,214,1 { 855.8 732,9
14.8 -1 980.3 938.8 { ‘0,639.1 j B47.9 740,8
15.9 1 903.1 919.0 ..SL-.?.LU.O.?.'?_ ”*iasa.‘g 745.5
f 17.0 [ 981.2 891.9 5,801.5 j 824.7 747.3
|10.0 | 980.2 | 865.9 4,792.5 | B10.2 746,35 |
19,1 981.2 848.7 | 4,225.6 799.4 743.1
20.1 970.2 853,3 4,512,2 799.4 739.3
| 21,2 957.2 858.1 4,618,0 800,7 736.5
i 22,3 930.1 852,5 4,629.3 796.0 734,3
| 23.3 904,4 847.5 4,512,7 791,9 7317
24,4 893,2 852,0 4,751.6 792.7 729.3
25.4 903.6 857.1 4,997,.6 794.3 727.6 .
! 26.5 | 917.3  |e62.4 | 5,23L.1 796.4 72647
TABLE 6.3 Steady State Profilos from model 2.
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CHAPTER VII, PLANT DATE ACQUISITION: COMPARISON OF RECORDED

DATA WITH STEADY STATE MODEL PREDICTIONS.

= e~ by a s KPP RIS SR PRSNGSR I A L~ SR

Mathematical models of chemical plants or items of plant
equipment fall into two main categoriss. The first of these uses the
inputs to the system and attempts to predict the resulting outputs
by identifying the physical and chemical processas occurring within
that system. The second type of model differs from this becausas it

employs the observed rslationship betwgen the inputs and outputs to

infer which mechanisms are most important and to fit numerical values -

to tho parameters thus dofined. Alternatively a relationship is
assumed that is merely convenient from statistical or computational
aspoects, such as the use of multiple linear regrossion analysis. Here
the physical basis of the modsl is lost and it may not be possible to
determine other internal variables of the system which cannot be
measurad diroctly.

In the case of inferential models, the necessity of obtaining
accurate data from the system is obvious. A little consideration,
howover, will show that a predictive model, such as that devoloped in
this work, has an squal dopendence on correctly measured inputs and
outputs. The roason is that except in very simple cases it is
impossible to doscribe a physical process precisely in mathematical
torms cven if the mechanisms of the process are all apparent. In the
complex situations that arise in industrial plant many interacting
phenomena occur, somo of which may affect the system in a random

fashion. The need is, therefore, for a fecdback of information from

the moasured plant cutputs via the model builder to update the basis

of tho model predictione.

The Data Logging System

It is possible to obtain the gensral operating characteristics
of a steam reformor by reference to the existing plant instruments.

These do, after all, provide the operators with sufficient information
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to control the plant and moot required product specifications.
However, the disadvantagus of using plant operating records are
considerable. Recorded variables aroc displayed by ink traces over
sgaled charts. Some of these are paper strips with linocar scales,
others have square root calibrations and still others are circular
in shape and are replaced every 24 hours.

Apart from the tedium of cbtaining plant data from these charts
the accuracy achiesved is likely to be low. Other important
variables are only indicated by the instruments and usually recorded
once per shift by the operating personnol. The validity of these
figures is even mors doubtful. These comments are true for essentially
steady state operation; for dynamic studies, some form of digital
data acquisition is indispensible, and this was the scheme adopted.

A Dynamco Data Logger linked to an Ohrtronics paper tape punch
was installed for this purposae. Up to 60 channels were available
for the input data each of which may be scanned in turn and visually
displayed on the digital voltmeter panel. The same valucs, together
with the appropriate channel numbers are simultanecusly recorded on
8-hole punched tape, the format being compatible with the ICL KOF9
computer. A complets scan of the inputs can be initialised at pre=-set
intervals, ranging from one minute to two hours, by means of an
automatic timer device. Other features of the system include an
intornal calibration voltage scurce and fecilities for obtaining
repeated scans of a single channel or continuous scanning of a selected
group of channels.

The quantities to be measured are shown diagrammatically in
Fig.7.l1. They are listed in Table 7.1 together with ths channol
numbers and plant instrument reforcnce numbars (where applicable).

All temperature measurcments arc made using chromel-alumel thermo-
couples which generate olectrical voltages in the 0 -~ 100 millivolt

rangs and thus provide dircet inputs to the data logger. Tha relation
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i

“AmOER jxr;\jslé?ggmsm VARIABLE NEASURED
e 00 j - Tubo Skin temperature 1l
! 01‘-_‘1“_.m;;_“‘_, Tube Skin tomperature 2
% 02 j - i Tube Skin temperaturs 3
i 03 ! - _J-j_gt_)_eus_lgn‘ temporaturo 4
i..,EEL :j - Tube Skin tamporaturo 5
'
: 10 TR 1112 _ ' Inlet Combustion Air temporaturoc
;....1.3. LTI 1103 4 Frocoss foed temporaturo
fe 2l TI 1104 !t _Make gos exit tomperature
; 16 f TL 1110 4 Flue gas oxit temperaturo
... 25 FRRC 1101 : Stoam flow to roformor e e e
26 PIC 1103 ___Furnaco Box prossure |
27 FR 1103 Burner fuel flowrate
28 T FI 1101 Combustion air flouwrate —
38 FR 1101 Hydrocarbon process foad flouwrate
i
45 FRC 1001 Rocyclc gas flowrate
29 T PRC 1103 Superhoated steam pressure
.57 _ | pr10oo3 J .Procass fued prossure at inlet .
TABLE 7.1 Plant data recorded by logger.

botwoon voltrge output and temperature is well-dsfined but slightly
non=-linuar. Transducers convart tha instrument air signals to the

diaphragm valves controlling the principal pressures and flows into
eloctricnl voltages which the loggsr can handle,

The thermocouple and transducor leads arc connccbed to terminals
in a common junction box. Multi-cored cables thon link thase
terminals with special plugs for the input gatas of the logger. The
thermocouple signals are calibrated by disconnccting each circuit
from the plant and switching an accurately measured voltage
corresponding to the voltage that would bo generated on to the
appropriate chennel. For tha transducers, the element is shunted

with standard rosistors which change the overall circuit resistanco
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in axactly tho samo way as tho transducer resistance changos over its
full range.

Cars must be taken to aensure that the signal input linss are
shielded and that so far as possible, common-mode voltages are
eliminated.(68) Thess arise when the two transducor leads are earthed
at different locations dus to ths remoteness of sensor and rocaivei’(ﬁg).
Otherwise they are picked up on the transducer lines with consequent
degrading of the valid signals. In addition, the logger incorporates
an analogua filter as an option to limit the frequency bandpass of the
channel. This cuts down normal mods noisse, but sufficiént bandwidth
must be retained to reveal the genuine process dynamics.

Daespite these pracautions it is still probable that fluctuating
responses will be obtained bacause of short-term fluctuations in the
measured variables themselves. Thersforao digital filtering is
performed on the logger output valuss to acquire both steady statao
levels and transiant movements of the system. For steady state
values this means, in practice, scanning the whole saet of channels
repoatedly and teking a. moan value for each variable, neglecting any
pcints that are clearly spurious. Thae smoothod data is then
convartad into corrasponding temporaturcs, pressures and flouwrates
using tho appropriato calibration curvs,

One final manipulation is necessary for the temperature roadings =
the so-called "radiation correction". A thermocouple probe located
in a strong radiation field establishes an oquilibrium temperature betwsen
thoso of gas and the immediate surroundings. It is this steady state
tomparature rather than the truo gas temperaturse which is recordod
on the logger. A correction should alsoc be applied to the tube skin
temporaturs moasursments although the magnitude of thesoc corrections
will be smaller than those for the gas streams. The method of

astimating the radiation correction is supplied in the book by ECKERT

and DRAKE (70).
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7.2 Comparison botween logged data and valuos predicted by model 1

Industrial plants never completoly achisvae steady state operation
because random fluctuations of the systom parameters prevent it., It
will bo arbitrarily assumaed, howover, that the reformer is at steady
state if nono of the measured quantities has altered by more than 1%
either sido of its mean valuo in any four hour period. During the
20-month pariod whon the data was rocorded, such occasions wero
comparatively uncommon.

In that time, certain paramoters of the system insvitably change -
the catalyst activity deoclines, the emissivity of the tubes and
rofrdctory walls changes and the heat transfer coefficient botween
tube skin and process gas will be reduced. Nor, of course, are the

data loggsr and punch immune from such offects; in the dusty conditions

of the control room damage can casily ocecur to the input-gate contacts.
Hence differences in the model accuracy are to be expocted because
these long-term changes cannat boe included in the model in any
systomatic fashion,

Six casos are set out below to demonstrate the ability of modol
1 to prodict the output temperatures correctly for various load lcvels
and with either naphtha or natural gas as the feedstock and burnar
fucl. A broad consideration of Tables 7.2 to 7.7 shows that tho input
quantities recorded on the data logger ars in substantial agrssment with
the plant instrument readings, although the pen-and-ink flowmater
charts could not bo read with very great precision, Aftor the
radiation correction had been applied to the output temperatures, the
logged values were consistently above those indicated by the plant
instrumont, probably indicating this correction was not allowed for
in its calibration.

The logged furnace tube temporatures are in close agreement with
values predicted by the model, especially at high levols of throughput,

Only tho fluo gas oxit temperature is markedly lower than the model
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i VARIAELE MEASURED - PLANT LOGGE] MODEL (1) 1
' B INSTRUNENT . L .
! Burner fuel flouw zk;ﬁmujzzz;“
-] A .ow (Naphtha) _j__ 2960 2302..
|_Combustion aix flow . Bk . 48000 . _| 50980 —
| Process naphtha flow " | 8900 0850 __
Suporheated stoam flow - 34600 .1 34420 g
Recycle gas flow C 290 _.260.1
Combustion air giﬂfﬁLjmeh:E 330 333,5
Inlet process gas‘tqmax*‘:;+‘-_‘ 400 402,5
Exit flue gas temp, " 885 900,2 904,6
Exit procoss gas temp. {1752 ..749.9 746.8
Tuba temperaturs 1 ) 740.7 738.0
Tubo_temperature 2 ) 828.6 833.0
Tubo temperaturs 3 ) 835.0 832.5
Tube tcmperaturs 4 " 822,3 8l4.7
Tubo temperature 5 ot 806 817.3 805.1
TABLE 7,2
VARIABLE MEASURED PLANT LOGGER | MODEL (1)
INSTRUMENT
lfhre
Burner fuel flow (Naphtha) 2530 2506
Combustion air flow __/8/A 42900 43300
Process naphtha Plouw ‘ - 7610 7495
Suporheatad stoeam flow " 30200 29640
Rocyele gas flow - 340 269,2
Combustion air inlet temp.°C 330 336.2
Inlet process gas temp. » 398 401,8
Exit flue gas temp. N 078 873,5 8687.3
éxit procoss gas temp. " 750 754,1 747,.,0
Tube tamperafuro 1 b 749,80 737.6
Tubo temperaturs 2 " 826.0 828.7
Tubs temparature 3 ™ 835.9 832.4
Tube tomperature 4 " 818,6 810,4
Tuba_temporature 5 ) 803 813.7 B00.2 |

TABLE 7.3
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—

Jown o mame e s PN - .
| VARIABLE MEASURED PLANT ' LoGGER | mopeL (1) |
| cmmemades .. INSTRUMENT | ... ; -
' i, ' ' :
(_Burner fuol flow (naphtha) . _  __ _ 1450 ’ 1389 L — !
| : . i
i Combustion air flow Afkc | 28700 ' 27910
__Process naphtha flow " | 4080 ' ___ 4023
I_Suporhoated steam flow _ “_ 19700 19530
[}
; Roeycle gas flow 290 201,8
i °
|_Combustion air inlet temp. © . . _330 ‘_}lrw...._ 333.8. .. .
1 ! t
i Inlot procoss gas tomp, 400 ; 392.6?
|_Exit flus gas tomp. . 805 ___ | 824,7 | 836.8
Exit process gas tomp. 5| 7an2; 731
i Tubo temperature 1 NS 715,2 699.7
- 1
b “ ; '
i_lli o_temperaturs 2 .. - . 2B4.51 | 798.3 |
_Tuba temperature 3 " oo, BO7.0 801.7,
Tubs temperature 4 _ Yl - 792.1 | 794,6
{.Tubo temperature 5 . " 763 | 77250 . 782.8
TABLE 7.4
[ PLANT | LOGGER | MODEL (1)
VARIABLE MEASURED INSTRUMENT !
Thji, |
:_Burner fuel flow (natural gas)i _ 2350 2431 | . ]
j
Combustion air flow AL 49000 as200_ !
t
[ Process natural gas flow " 6250 6380
| Suporheated steam flow ! 29100 28700
Combustion gir inlet temp, C 331 339.8
Inlot process gas temp. N 400 396.0
Exit flue gas temp, 't 872 886.4 902,9
Exit process gas temp. __ " 750 754.9 752.5
Tube tomperature 1 N 748.6 720.0
Tube temperaturaz 2 N 819.8 821.6
Tubs temperature 3 " 837.5 840,6
Tubs temporaturc 4 3 822.7 829,3
Tubo temporaturs 5 3 7292 ! 816.0 804.4

TABLE 7.5
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VARIABLE MEASURED wggg;gﬂ;ENT LOGGER | MODEL (1)
b /4,
- Burner fuol flow (natural gas 3020 3036
t_ Combustion oir flow b/, | 51500 56630 _ .
;
g_“_g'.rncess natural gas flow " _8440 8382 _ . )
: Superheated steam flou " 31400 30670 J‘
1 Combustion air inlet temp, °’C 324 320,8 ]
f Inlet process gas temp. N 1l 396 401,.3
L‘gxit flue gas temp. o j 886 929.7/ __941 g_wﬁ
' _Exit process gas temp, B 748 | 753,2{ __1746,5
:-_..'l_‘_ube tomperaturs 1 ! | 780.5 774.4 |
! Tube temperaturo 2 " } 832.8! 846,0
:_Tube temperatura 3 ! i 839.1 867,3
?‘:_..Iy_qeg_‘t_.e_nlg__e};g't_gr_tg_“d ______ ! ? 836.4 841.6 %
| Tuba tomnezsturs 5 Y 813 826,9]  825.7
TRELE 7.4
VARTABLE MEASURED PLANT  LOGGER | mMODEL (1)
INSTRUMENT |
14 (4, |

: Burner fusl flow (patural qas t 1500 1437
'__Combustion air flow * | 32500 30090
' Process natural gas flow ' 3820 T‘ 3892
|_ Superhoatod steam flou " 1590015400
‘” Combustion air inlet temp, °C 315 ' 322.1
;_mtnl'et process gas temp, " 402 400,8 :
o~ E%it flus gas temo. " 814 841,8 847,2 3
i___ﬁg(_i_i‘;_p_:;g_qg_g_s;__ggs temp.. v 754 752.4 761.5 ‘
| Tube temparaturs 1 N 698.7 ; 693,3

Tube temperature 2 - 783.5 } 798,9
ir Tube temperature 3 “ o : 829.1 f 820,2
‘ Tube terperaturs_4 “ 801.9 } 807.4 '
. _Tube temperatura § . 7723___ | _779.6 | 789.3

TABLE 7.7
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prediction. This may he dus to poor positioning of the thermocouple
probe or possibly air leakage into the furnace flues. An overall
heat balance on the furnace shows that the values predicted by the
model are more likely to be correct.

Uhen the furnace is operated at well below its design level,
the fit of the model to the data is less satisfactory. The reaction
zone recedes to a relatively short regieon near. the top of the tubas
whereas the model assumes that the heat sink is apportioned down the
whole length of the tubes. Also the estimate of the heat transfer
coefficient is uncertain at low flowrates of process gas.

In general then, tho steady state model proves an adequate
represcntation of the reforming furnace both both naphtha and natural
gas feedstocks. The furnace tube skin temparatures are easily the
most sensistive variables to use for testing the model because they are
in thermal equilibrium between the radiation field and the consumption
of heat by thse endotharmic chemical reactions on the process gas side.

The other major variables of the model aro tha mass flowrates, which

are determined by differential pressure measurements. Bearing in mind

the woll-known difficultics of obtaining these valuos accurately (71)

the performance of the model in the steady state cass is acceptable.



8.1

8l.

ggﬁpTER VIII THE DYNAMIC MODEL
= somene = s

Objeoct of a Dynamic Model

Industrial processes in which the rate of throughput of material
is frequently changed must operatsc under transient conditions for a
substantial part of the time. A town gas manufacturing plant is one
such process, and so there may bo much to bo gained by considering tho
plant dynamics in soms detail.

Therc ars two main areas of investigation in which knowledge of
tha transient behaviour of a system is necossary, Tho first is dynamic
optimisation and control studies which attempt to establish a time-
depondent criterion of performance as the system is brought from
one lovel of operation to another. Clearly, the model must predict the
consoquoences of a given control action in torms of the transient response
of the system, in order that an optimal control policy based on this
critorion may be formulatod. A uaefui,indication of whether the
dynamics of a process are important in control studies 1s obtained by
comparing tha average timo betweon significant disturbances with the

time taken for the process to settle down to a new steady stato after

o disturbance has occurred. If the two periods are of similar magnitude

then the systom dynamics should be considorod in any attempt at genuine
optimal control.

The second reason for studying the dynamic charactoristics of a
systom is to detormine whether important constraints are violated
during transient operation. Virtually gvery practical process is
subject to constraints. These take many forms, but may be broadly

catogorised as eithor physical limitations of the processing equipment

or rostrictions on the product specification. Physical constraints

arise on both the control and the process variables of the system:
thore is a maximum temporaturo that the furnace can attain; the flow

rate of process gas through tho tubes is restrictod by the pressura drop
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through tho catalyst bed; if the stsam pressuro is to be roised it has
to bo done slouwly bacause of tho finito capacity of tho boilers. Tho
last problem is a dynamic constraint - a maximum rate of change of a
quantity is stipulated within an overall limiting range of valucs.

Constraints imposed on the dependent process variables are gonorally
due to the machanical strongth of tho equipment materials. The maximum
pressura that the tubess can withstand is ona obvious example. Oynamic
constraints are particularly important hore, because thsy refloect the
danger of thermal shock offects in the furnace refractorics and tubas
when tho burners are turned up or down., It is this aspect that will be
of primary intsrest in the present work.

Dynamic models are obtained from thcoretical analysis, exporimental
data, or some combination of the tuwo.

As shown in Chapter II, the theorotical troatment gives rise to
stato variable equations of a distributed paramoter nature in the genoral
formulation. In practical control studies, tho system of oquations are

often roduced to a lumped paramoter representation, so as to reducoe the

mathematics of the problem to manageable terms. Usually some of tho state

variables choson to characterise the process will not ba diroctly
measurablo, although it is clearly desirable that some quantitics are
capable of boing chacked against oxperimental valuss,

If the model is to bo dozirved solely from experimentel data, tho
resulting model will be of the input-output-typao, that is, the dcpondent
variables of the model must be tho measurable output variables of the
systom rolated in some way to the input control variables. Often this
relationship will be derived from empirical, rather than fundamental
considerations, becausec the system is rogarded essentially as a "black
box" and tho internal foaturas are ignored; only tho change in output
This forms the

corresponding to a given change in input is required.

basis of many statistical modelling tochniquos to which a useful

introduction is given by SAVAS (72).
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8.2 Tho Dynamic Modol equations for tha furnace

Tho complete sst of state variable equations were derived in

Sec.2.3 For convenience they will bs restated hore:

Gq Sgngog + Gg Cg Q@Tg =—2/Bq-\P T94+ IBIa++ Fla-

o2
———- - {8.1)
+ - - - - + + 4‘ ¢
%1_%_ = B €Eran.- & %) Ia Bo y; Tg +£ea'_awac
+€.0,0¢ Y m—————- (8.2)
-3l =( - -E -E Ia- + Tl*-t- 1A
B—zg' ‘3 FOp t att) {)a'tp \2“ ¢a oyl
+&rc,,0"l‘J I
....... (8.3)
é_{‘b_:- =(-&rapr - & tag ) 1t +€tat(l-l,0)0"Tt4+
Q2 €r 2 1 -P) o T -eeeeee (8.4)
~d1,"  =(-Erar-Eyap) Iy +Erag (-9 ) o T
oz Eror (1 "(f’) o Tr 4 -=me=-= (8.5)

i &tHp , Qo = &t at (It +Ia”+ b + Ip”
-20TY)  meeeem- (8.6)

From tho above sot of squations, the only stato variables which are
ccnsidaied to have time dependencies on the enthalpicsof the flue and
proccss gas streams. Clearly, howsver, the major lags in the system
ere duo to tho heat cepacitiocs of the solid components of tho furnace
- in partichlar, the influence of tho refractory walls.

If the furnace burnors are turned up the new flame temperature
consistent with tho changed air-to-fucl ratio will be attained
almost immodiately. Likewiss, the wholo volumo of flue gas will
undergo a sudden temperature jump because the high flow rate causes the
increasod hoat contont of the gas in tho vicinity of the flame to be
rapidly carried to the lower section of the furnace. This will
produce an instantansous increase in the radiation heat flux emitted

by the gas and falling on the refractory and tube surfaces; tho ese
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in radiant flux, of course, being proportionally greator than the
flue gas tomporature increass.

Since the surface temperatures of the refractory and tubes do not
chango immodiatoly, tho flux they emit will likewise be initially
unaltered. Honce the surfaces absorb mors radiant flux than thoy smit,
with a consequaent gradual increase in tompoeraturse until a now equilibrium
position is attained. The excoss heat will gradually be conducted through
the thicknesénof the refractory slab and tube walls, thorsby bringing the
interior tomperatures (including that of the process gas and catalyst
pellets), up to their ncu steady stato valuos.

Basically, thercfors, the thermal lags in ths system are the
rosult of tho material components acting as additional heat sinks, so
that the full increase of available radiant hsat cannot bo realised
immediatsly. Conversely, when the burners arc turned down, ths various
componont heat capacitiss act as additional heat sources, which prevont

the radiant flux from falling immediately to its new steady state lovel

of intensity.

Process Gas Side Lags

Tho subsidiary partial difforential equations doscribing the
imbalance of heat in difforent parts of the furnace are derived by
mothods identical to those used for the original state eﬁuations.
That is, the substantial derivative of the enthalpy of a component,
which represcnts the accumulation of hesat within unit volumo during
unit time, is equated to an energy balance betwssn itself and other
external componants. The equation for the flue gas (8.1) is already
in this form, although, as stated abovo, its capacity term is
nogligible, and may be safely ignored.

Inside the furnace tubes, the process gas, catalyst pellets, and
alloy steel tube walls all have finite thermal capacities, and should

therofore be taken into account. An energy balance on the tube uwalls
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givos:

o‘”ﬁ'ct %"'99= 2 a hpy (Tp = Tt) = wemee- - (8.7)

+Etag (¥ + Ia” v+ s ™ -26 Tta)

For the fluid phase (process gas) the enargy balance is :

&Fp Cp .%.g_E + fp cpVp %_‘_rg = 2 aghy, (Tt'Tp)

+ag hpp (Tg=Tp ) = Gp DHA  coeeeee (8.8)
Finally, the oquation for the catalyst packing is:
(1-§) ps ts dTs | IRTC R Y e — (8.9)
dev

In developing the aboves equations for thormal lags on the procoss
gas side of the raeformor, it has been assumed that gradients of
tomperature and fluid momentum in a horizontal direction are absent.
Axial diffusion of heat in tho fluid is disregarded; so also is
conduction along the tube length, or betwsen vertically adjacent
pellets. The net rasult of those simplifying assumptions is that the
only spatial temperature*distribution needing consideration is that
of tha procoss gas down the longth of the tubes. This gives
riss to the term for the bulk flow of process gas, and represants the
only important modo of hecat transfer in the vertical direction,

Convaction and radiation of hoat horizontally through the tubes
is defined by the various hcat transfar coefficients which provide
lumped parameter approximations to very complex situations. The
duantity hry is equivalent to the overall heat transfer coefficient
hye dovoloped in Chapter IV; the fluld-to-particle coofficient heg is
determined from j - factor correolations such as those given by
CARBERRY (73) and HOUGEN (57). The various areas for heat transfer
corresponding to thaese coefficients are based on unit volume of the

roformer. Thus:

ay = Aw - o o 0 00 - (8;10)
L.Af
a = b (1 - 8 At
s - ) £ cmcmme= (8.11)
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Whors A, is the cross-sectional area of all the metal walls of the
furnace tubes, and A£ tho sum of the cross-sectional arsas of the
empty tubes,

Examination of equations (8.7) -~ (8.9) reveals that they are
coupled together and must bo solved simultansously. Furthermoro,
the system is non-linear because of tho inclusion of tho terms for
endothermic reaction heoat and tube-skin radiant emission. In'principla
equation (8.7) shous that tho process gas side equations should also
be solved in conjunction with those of the radiation ficld; but the
*latter are insensitive to changes in tube-skin temperature, so this
coupling may safoly be disregarded,

To complete the system description, the initial peturbations
that give rise to subsequent dynamic operation must be specified.
Usually, this takaes the form of stating new values for the dependent
variablas at the origins of both distance and time coordinates.’ In this
case, howsver, it is the radiant flux intensity and process gas flow
rate that change, uhereas the inlot temperaturos remain constant.

Also, the peturbations are distributed along the z - dimonsion, and do
not both occur simultaneously,

When tho furnace throughput is to be increased the burncrs are
first turned up, this quickly increases the flue gas exit temperature,
and, after a short delay, the amount of steam produced in the fluo
gas waste heat boilers. After the precssure in the drum has built up
sufficiently, the steam flow rate to the furnace can bo increased. The
naphtha flow rate is linked to this by an automatic ratio controller.
Thus, with regard to squations (8.7) - (8.9), the initial disturbance
is due to step-changss in the beam intensities Ia + etc. Then, after
a cortain time-lag, the process gas flow rate parameters Gp and Vp
are increased. It is assumed that the change of flow rate is also a

step function, and that the gas is incompressible; which means that an

alteration in Up at tho inlet (= = o) is instantly propagated to the
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lowsr regions ( 2 > o) of tho reactor tubas.

The non-linear interactivo nature of the process gas squations,
togothear with the separate peturbation conditions, precludes solution
by cnalytical methods. Howevor, numorical solution by finite
differences is not difficult. The new profiles for tube-skin
temporatures can therefore boe substituted back into the radiation
equations to update the beam intensities.

Conduction within the Rofractory Wall

When considoring the refractory wall, it is apparent that
neglecting temperature gradients in the horizontal direction -~ i.e.
through the slab thickness - is a gross assumption to moke. The inside
face temporature is in excess of 90000, falling to ambient temperature
through a thickness of about 0,75 ft., moreover, the thermal
conductivity of the refractory material is low, so that the chief
resistance to heat transfor occurs within the solid itself, rather
than at the two faces. A realistic troatment must, therefore, take
account of the lateral temperaturs distribution through the wall.

Tho equations governing the transiont state of tho refractory
wrll aro tho wolleknown, one-dimensional heat conduction equations,
tugother with a flux boundary condition on the insido face to couple

ic¢ with the radiation field:
2

pPr o Qv = K dy e (8.13)

99 s
= Kr,a_l__r) = hpy (Tg-Tr) + £ (Ta* + 1™+ Ib" + In” 201
\ d S§/8 = 11- 2 .
wmmmeen (8.14)
whore v (s,8) is the temperature distribution through the slab

thickness, and Ty the value of v at tha inside face (s = lp). In

oquation (8.14), the term (Tg =~ Tr) reprosents tho flow of heat into

the hot face by convoction, which maintains thc steady state tomperature
gradient. This amount of heat is eventually lost to the atmosphero

from the outer faca; thus tho second boundary condition should be of

the form:
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/
Kr bv) ; heg (V"TA)
kas s =0

However, in practico,the flux at the outer refractory surface
is negligible in the dynamic analysis of tha furnace, hanca, putting
hyo = ©2 this boundary condition becomos a prescribed surface
temporature

(V)S =0 = Tp
Tho appropriate initial condifioﬁ for the equations is the original
steady-state temperature profile through the slab, given by:

v(s0) = (Tp=Ta) § + Tp  =mmeeem (8.16)
4

Thare is a set of eoquations (8.13) - (8.16) applicable to each
horizontal increment of the furnaca. In the boundary condition at
the inside face, the radiation beams and surface temperature are
functions of &, the distanco down the furnaco, thus giving rise to
varying amounts of radiant flux to be absorbed by tho refractory.
Howover, vertically adjacent sets of equations are not.coupled bscauss
conduction of heat along the length of the rofractory wall is neglocted,
honce thoy may all be solved independently.

The radiant flux to the rafractory is not only a function of a;
it is also strongly time-dopendent. Immediately after the burncrs
have bosen turnad up, there is a large net flow of heat to tha refractory,
but as the surfzce temperature gradually rises, moro flux is cmitted
and the amount potentially available to raise the temperature further,
is reduced, Eventually, the radiation field and refractory surface
will once again be in thormal equilibrium., When this occurs, the
furnace has, 'for mﬁst practical purposes, rcached its new steady state.
The conddction equation will show that the interior of the refractory
slab is still in a transient stato, but this is of minor importanco,
Clearly, the major intorest is in thoc initial stagos of the dynamic

rasponse of tho furnacs.

Since the furnace radiation beams and temperaturs profiles are
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normally resolved into 50 discreto increments, it is nocessary to
solve 50 sets of equations for each time-step in the transient analysis
of the radiation field, that is, for each occasion in which a now

surface refractory temperature profila, Tr , is sought for

substitution into ecquations (8.2) = (8.5). A rapid computational

procodure must therofore be daveloped in order that the reformer

dynamics can be adequately established within the total computing time

available,

If, in the evaluation of new refractory temperature profiles,
the values inserted into the right-hand side of squation (8.14) are
those calculated in tho procoding time-step, the radiation and
conduction equations are effectivoly de-coupled. Of the two boundary
conditions to the equation, one romains linear, while the other is now

a prescribed flux condition, since squation (8.14) can now be found

explicitly. By lotting the flux term lag in this way, a little accuracy

is lost, but the problem is greatly simplificd. Solution of the

equations may be performed using either analytical or numerical -~ .

methods,

In CARSLAW and JAEGER (92), tho original functions v (s,% ) is

found., 1In its final form this is:

v = 2 / - —
“e O (.9!’ It + In % (-l)n{i erfc x) + 1 erfc xz}
kr r 20‘ -

“Q.‘.‘..."_IB__).S + Tp eeaa(8,22)

Ly

wherso X o= (2n + 1)L + s e (8.23)
2\42’_9

and xp = (2n+1) Ly-s —————— (8.24)

20(9‘.‘
r
Tho intograts of the complimentary error function for arguments X119 Xo

is available from standard mathematical tables, but for machine
computation, it is more convenient to expand tha function in an

infinito serics, and truncate after a suitable number of terms.
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8.5 Strategy of tha complets soclution

Solutions for the various component equations of the model have
beon discussed in the foregoing sections; here, the steps required
in tho overall modsl solution are set out.
(i) Initially the reforéris at steady state conditions, and the heat
flux and tempcerature profiles are cvaluated as in Chapter V,
0&) The system now undergoes a peturbaticn. In practical terms, the
fuel flowrate to the burners is incroasod, resulting firstly in more
heat being pumped through the furnacs, and socondly, in a higher
thoorotical flame tomperature bsing reached, since the combustion air
flow is not normally increased proportionally. To idealise ths
situation, it is assumed that the new initial flue gas temperature
is roached immediately, whilst the tube skin and refractory temperatures
remain at their original steady state values. Hence a now set of
profiles can bo made at ths instant of peturbation.
(iii) Clearly, there is now more heat flux irradiating the refractory
and tube surfacos than is emitted from them,so the noext step is to
find the rosponsse to this excoss of flux aftor a predetermined interval.
In other words, the sets of equations for heat transfer within the
rofractory slab and furnace tubes are solved. Ouring this period of
tima, the beam intensities aro assumed to romain constant - this
effectively decouples tho radiation equations from those for the tubes
and rofractory.
(iv) Revised profiles for Tr and Tt obtained in step (iii) are fed into

the radiaticn equations (8.1) - (8.5), and new valuss formed for the

beam intensities. These in turn cause the refractory surface and tube
skin temperature profilecs to be updated. This procedure of working
alternatoly within the furnace volume, then in the solid components,
using the radiant bsam intensities in the boundary conditions of the

unstoady state oquations onables the complete transisnt response of

the reformer to bs evaluated,
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8.6 Comparison betwoen logged data and valucs predicted by the dynamic modsl.

Tho dynamic offacts of the furnace that were considered werc
limited to those rasulting from deliberats changes in load levsl made
on the plant, Apart from short term fluctuations, the output
temperaturcs would drift upwards or downwards ower a poriod of sevaral
hours even though the inputs were ostensibly stoady. This was
presumably due to external disturbances influencing the system, such
as changes in the moisturo content of tho combustion air which can affect
the flame temperature quits markedly. However, no attempt was made
to méﬁﬁb these stogpchastic variations bscause it was considered that
they pose no real problems to tho operating personncl.

It is moro difficult to establish the validity of the dynamic
model by comparison with logged data than it was for the steady state
case, In the first place, unlike steady statoc values which can be
obtained by averaging a large number of scans over an almost indefinite
period, dynamic data must, in principle, be obtained instanteneously.
and definite trends discornsd from these over a fixed time period.

In practico it was necessary to limit tho number of points being logged
in tho dynamic runs to three - the exit temperatures of the flues gas
and process gas and the tuba skin temperaturs at the spproximate contre
of the heated longth. At pre-set times cach variable in turn was
sampled repeatedly for several seconds using the manual scanning

mode on the logger and averages then taken for each variable. In this
way the scanning of each variable was not strictly simultansous but it
was found to be too dangerous to roly on single scans so this
discrepancy had to be accepted.

Another difficulty in establishing satisfactory modsl
discrimination was that fairly small perturbations in the feedrate
variables must suffice to determins the furnace responsa characteristics.
Instead of raising the input quantities to their new throughput levels

in a single step change, the operators normally meke three or four
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smaller increasss, allowing the furnace to settle down to a quasi-steady
state after sach change. The smaller increments themselves are not
particularly good approximations to step-changes, especially when the
automatic control loop between tho fusl and process fecd flows via

the make gas exit temperature is baing usad.

Hence it is impossible to test the model properly direct from
genuine plant load changes; instead certain manipulations were performed
on the furnace specifically for testing the model, These involved
changing only the burner fuel flowrate, keeping the other inputs
constant, by overriding ths automatic loop schome. Howsver, the
magnitude of the changes were limited to approximately 6% of the
original steady state valucs.

In order to compare more easily the response predicted by the
dynamic model with the observed plant bshaviour, the model pafamaters
wore adjusted so that the relevant initial steady state outputs agreed
exactly with the logged data. This was done by altering the coofficicnt

for heat transfer between furnace tubes and process gas and also tho

optical parameters of the flue gas.

The results of four runs aro set out in Tables 8.1 to 8.4. In
addition, Fig. 8.1 illustrates a run whero the predicted and measured
wnitial stoady state outputs wers not made equal. At first sight, the

closenass of fit between tho model and data for tha test runs seems

ocxcellent, but it must bo remembered that thes perturbations are small

and well within the lincar region of thoe system. Considerable care

must be exercissd in extrapolating these results to cases in which the
perturbation is of the order of 20 or 25% of the steady state figurss.
Neverthelsss, the general features predicted by the model should
corrospond with roality even for thessc largsr disturbances.

Tho response to a step increase in the burner fuel flouwrate is a
delay followod by first order type increases in the output temperatures

to the new steady state lovels. There are thus three critoria which
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can conveniently be used to assess the goodnoss of fit of the model

in the dynamic test runs. Thesae ars: i) the initial time lags,

(i1) the final steady-state temporatures, and (iii) the time constants
of the furnace. Equivalont comparisons would be very difficult ta make
for furnaco perturbations made by the operators because it is not
possible to identify separatoly ths responses to each small perturbation.

The modol assumes that the time lag experienced by ths flue gas
temperature is equal to the residence time of the flue gas in ths
furnace enclosure. 0On the process gas side, the delay time is defined
as the time elapsed before the mean process gas temperature has risen
by IQC. (From the mathematical analysis, the process gas "knows" that
a rise in heat flux input at the bounding tube walls occurs at the same
moment that the flame tomperature increases so that in this sense the
tomporature begins to risc immediately. Howsver, the practical
purposes, the increasad flux must penetrate ths thermal resisfance of
the catalyst particles before any temperature change is manifest.)

An attompt was made to fit cach sect of temporature-time readings
to o simple function consisting of a dslay followed by a first-order
rise to the now steady state tomperature lovel. Howsver, the degroe of
corrclation was not high even with the theoretical model values. This
is not unexpected becauso the analysis is complex and only obeys the
first order response curve very approximately.

The four runs selected cover a wide range of operating conditions

The first two have naphtha as fucl, and feedstock; the last two uss

natural gas for both functions. Run 3 is for a reduction in heat input

whilst the others consider increases,

Tabla 8,5 shows the mean differences in temperature batween the

values predicted by the model and those raocorded on tho logger. It is

soon that the model consistently predicts higher flue gas temperatures
than those recorded and gives a faster response for both increasos and

decreasos in heat input. On the other hand, for heat increases, the
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(A1l temperaturos in °C and times in minutes)

Inputs
Initial Burnor fusl flowrate (naphtha) = 1862 lb/hr
Final L " " " = 1990 1lb/hr
Initial theoretical flame toemperature = 2084%
Final " " " = 2195%
Process gas flow {naphtha + steam + recyclo gas) = 27070 lb/hr
Outputs
LOGGER MODEL
S S
rime | 1) (3 ) ) n® e
!
o Jrzz@sw B20.5 _ i$854.1 746,31 820.5 854,1
| 1 (749.5 jbzo.s,_‘j_asg.s L746,3 | 820.8 866.7
2_ . 175L.3 }823.7 _;.859.4 [ 746.9 822.1 872.4
4 752.9 ___B25,5 !875.1 J 749,2 825.7 878.5
6 1756.0  826.9 ;878.2 751,8 . 830,7 881.9
8 l7sa.a :;831.4 ;877.6 755.0 835.2 884.,9
10 4!158.1 B837.2 . f‘ag’a.a 756.8 838.8 887.1
20 !758.9 ;839.6 ]aaz.n [ 757.4 | B841,5 888,3
30 §759,3 _.843.8 ;Leaz.g J' 757.8__| 842.0 888.6 ..o
40 [759.6___B45.1 _ |836.4 ._758.0 842.2 888.6
50 lugn.7 846.3 1 885.6 | 758,1 | 8423 868.6
TABLE 8.1 Measured and predicted temporature responses for Run 1.
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Initial Burner fuel flowrate (naphtha) = 2420 1lb/hr
Final " 1] " " = 2604 "
Initial theoretical flamo tempsrature = 2156 %K
Final n n " = 2261 %K

Process gas flow (naphtha + stoam + recycle gas) =

34360 1b/hr.

Outputs
LOGGER  mooeL ‘

] S IS B N ) R S (3 S (3 B A I I O
| o j 7448 |e1s.2 | e19.7 | 7469 | eis.2 | e79.7
1| 7461 612.6 Vesa.s | 7469 | o15.6 | 868.6
2 746.1 |8l1.4 B91.6 | 745.3 816.8 | 893.1
4 747,86 |815.2 605.2 | 746.2 820.5 | 898.2
6 % 752.7 | 824,0 900.1 | 751.3 825.8 | 901,9
| 8 ‘£> 756,0 ;8}7.3.-'~“.903.9 754.4 828.1 | 905.0
10 | 756.5 le30.1 | 906.7 | 756.7 829.6 | 908.5
“,jﬁi_f myégjé.“ithgfi“jij;EE?S A757;§ ‘L.féo.g o107
|3 f 757,35 [829.2 | 912.l { 758.6 | 83L.5 | 11,0
40 757.9  1834.9 ! o084 | 759.0 i 832.2 | 911.1
50 758.8 ;835.7 906,7 | 759.3 1 832.7 | 911.2
TABLE 8,2 fleasured and predicted temporature responses for Run 2,




Inputs

Initial Burner fusl flow (natural gas)

Final

Initial thooretical flame temporature

Final

Process gas flowrato (natural gas + steam)

3083 1b/hr
2679 1b/hr
2218 K

2294 %K

44800 1lb/hr

96.

Qutputs
. —_
| LOGGER . Moo
jrme | 70 | g () To(t) ) | (3 ] L) B
{_11‘*‘ 757.6 866.4 943.8 757.6 866,4 943.8
» __156,3 864,1 937.6 757.5 865,5__| _931,1
2. 1. 749.2 863,7 930.7 754, 863,5 925,3
o ! 7447 861.9 922,4 750.8 858,3 920.7
;~§~,.%-.]§9-5 855.6 915, 746, 0 850, 8 916,4
L 8.4 735._@___:,‘ 851.8 912.3 | _742.6 | _846.6 | 913,0
) ; |
.L.l.fl....j....?.f".ﬂ;}.-..;; ..Q‘U.-Z.---.-J}.Q.Q?.-E’..__i. 739,3 . (.843.3 | 910.2
20 _l 733.4 __ 848.5 ! 903.4 ? 736, 1 839.,2 907.2
30| 732,1 ~l 842.3 ;900 6 i 1733.1 837.0 __| _904,9
40 732.8 ; 839.9 | 895.9 | 730.8 B36.4 903,0
(50 1 7237 | 837.8__ | g95.2 i 729.4 035.8 902.6
TABLE 8.3 Measured and predicted temporature responses for Run 3,




Inputs

Initial Burnor fuel flow (natural gas)

Final " " ] " "
Initial theorstical flamo temperaturs

Final n " "

Process gas flow (natural gas + steam)

2085 1b/hr
2209 1b/hr
1938°%
1996%K

34570 1b/hr

97.

Qutouts

i LOGGER MODEL j

| Tine PRCER R RO R BN O N O N B O

P hamne -

L0 728,4 | 790,1 860,8 728.4 | 790.1 860.8

{_.3;__3 732.8 | 786.7 | 8625 | 728.4 | 790.1 | 870.0

! 2 723.1 790.4 871.4 728.4 790,3 876.2

§ 4 731.5 791.8 875.9 729.6 792.5 879.8 |
6 734.7 J_ 795.0 878.6 733.2 797.7 | 882.7 |

;8 738,2 | 799.0 880.0 737.0 | 803.2 884.6

20y .. 740.4 | 804,3 | B0l.4 738.6 | B807.6 | 8861

20 | 742,3 " eos.e | 880.6 739.1 | 609,90 | e87.0 .
30 _; 738,6 | 8l4.6 | 884.1 739.4 | 6119 | 887.2 |

4o | 74006 B16.1 | 683,3 739.5 | 812.4 887.3 _j

| S0 744.9 811.EL‘j 887.2 739.6 812.7 867,35

’

TABLE 8.4

Measured and predictsd temperature responses for Run 4.
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process gas exit temperature is found to incroase faster than the
model predicts althaough the final steady state temperatures are in fair
ngreement in Runs 1 and 2. When the burner fusl flow is reduced, the

Tp(L) curvoe shows a slower than expected response,

| : ’
Tp ! Tt o Tg ’

{ TABLE |
H 4 | .
!_8-1 4: -2.74 | 0,12 i 4,90
! ! Il ;
8.2 1 -0.39 | 1,27 ' 2,21
' !
8.3 3.29 | =3,38 1,39
! : | ,
8.4 . «-2,03 ' 1.04 i 4,30 !

TABLE 8.5 Moan differences betwesen predicted and

racorded temneratures (°C).

The recorded tube skin temperatures, Tt(s) indicate a slower than
prodicted initial rosponse but later the rate of change tends to incroase
and overtake the modol valuas. Again Run 3 is an exception; hore the
1lsgged values arc consistently higher.

Taking the test results overall it would oppear that the thearmal
damping effect of tho refractories has not been fully accounted for
whereas the process gas side lags are somowhat overstressed. Tho model
does provido a ¥easonabla approximation to tha non-steady state
'ehaviour of the furnace over a wide range of oporating conditions.
However, it must be emphasised that the perturbations made are small so
Lhat the tests are not very stringent onss. Moreover the initial steady
state values of the relsvant variablos are.compelled to be consistent by
suitablo paramoter astimation and the final steady states should be
gstimated accurately because the mothod of calculation employed ensures
the computation of a correct heat balanco. Henco tho recorded responscs
in Tables 8.1 to 8,4 should bo rogardod more as an indicatiom of the

state of tho system than as truc quantitative values.

Rosults from tha dynamic modol indicate that reformers are usually
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stable systems with fairly rapid response to load changes., Before
full advantage can bo taken of this for control purposes, particularly
during start-up and shutdown, it is necessary to check that excessive
thormal strosses are not doveloped in the refractory wall and tubec

motal. This problem is considered in the next chapter.
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CHAPTER IX CONSIDERATION OF THE REFRACTORY SPALLING PROBLEM

The most important constraint imposed on the furnace during non-
stoady state operation is concerned with the maximum thermal stressos
that the refractory walls and furnace tubes can withstand. A
theorotical troatmont of tho machanical failure of tho tubes would bo
mathematically prohibitiva. At the high working tomporature of tho
motal, thc calculatod thermal stresses are indeed high if no allowance
is mado for stross relaxation induced by croep deformation of the
matorial. In practice, howover, tho effocts of creep are all-
important. Bscause crocp rate is strongly temperature depandent, and
also varies non-linecarly with the imposed stresses, the resulting
strain rates in difforent parts of the tube aro complex functions of
the heat flux variation.

Moreover, it appears that creep rate depends in some manner on tho
past history of the motal and this is very difficult to explain in
physical terms. All that ecan bé stated with cohfidence about the
potontial tube failure problem is that it: is of a long-term natura,
For an immediate alteration in tho load level or other oporating
conditions of the furnace, tho roefractory linings aro far more

stscaptible to damago.

The problom of rofractory spalling arises boccauso of the non-

uniformity of temperaturc within thoe slab. Under such conditions, free

expansion of sach volume elesment cannot occur becausc the slements aro

constrained to remain in tho same body. The rosult is that stressos

within the body arc induced and thess may oventually sxcesd tho inherent

mechanical strangth of thoe material,

A linsar temperature gradient does not give rise to thermal

strossaos becauso the body is able to expand without producing

incompatible strains. A slab subjscted to a linear temperature gradiont

will, if froo to oxpand, form tho arc of a circle in which cach oaloment
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of the slab has expanded by an amount proportional to its temporature
increase, If the tomperature gradient is othor than linear, however,

there is no shape which the body can take up such that the expansion

of each element is exactly satisfied. Imstsad, the body will assume

a moan position such that some parts are in tension and the remainder
in compression. Clearly the tensils and compressive stressos must
balance ons another.

In addition to thoss stresses there will be those dus to the
bending of the slab., If the temperature distribution were
symmetrical about a plane through the mid-point of the slab thickness,
tho tensile and compressive strosses would likewise be symmetrical and
so no bending stresseos could arise. In this case, howsver, the fact
that one face is exposed to the hot furnace gases and the other to the
oxternal environment, gives rise to a mechanical couple about tho mide
plans. They are balanced by bending stresses distributed over tha cross
section such that the algebgic sum of the momants of all bending forcas
is zero.

As a starting point for the prosent analysis, the refractory walls
and roof are considered to be infinite, homogencous, flat plates. Now
the slab thicknasss is indesd small compared with the overall dimensions
of the furnace box so that stresses parpendicular to the planes of the
walls can safely bc neglected. It iéathe requirement of homogeneity of
the slab that the doubt arisos. The walls consist of many individual
firebricks, approximately cubic in shape and coversd with a layer of
hoat-resistant ceramic on the inside and insulating material on the
outside. The justification for assuming a homogeneous slab is that it
gives rise to a conservative estimate of tha ability of the rafractories
to withstand thermal shock.

This idsalisation of the situation will therefore be adopted at
least as a preliminary analysis. It is hoped that tho framework of the

model will lend itself to a more refined treatment of the stress
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analysis at some future date,

Variations in temperature along the vert£031 length of the
refractory slab are naglected in this treatment. At a particular
horizontal level z, the temperature profile through the slab
thickness may be denoted by T, (y, §). From these considerations it
can be easily shown that the thermal stresses at any point y within

the slab is given by the expression

b b
ey 8 = L E ) 12 T, (o @ dy =+ 12y |7, (y,9) ydy
. l-'t/ [zr i 11‘3 § y
o)
-T

!] ------- (9.1)

This is derived rigorously in the book by BOLEY and WEINER (83).

Thus to calculate the thermal stresses in the refractory at any time it
is necessary to find the temperaturs profile Ty perform the gquadrature
indicated and the stress components follow immediately. Since the
heat flux to the refractory is time-dependent, an analytical solution
is not feasible,

The case of a suddenly applied constant heat flux has been
investigated by HASSELMAN (84) whers gensral analytical solutions were
~derived. However, the calculated stressas for this treatment approach
constant values as time approaches infinity and this ia at variance
with actual conditions where the stresses achieve maximum values then
fall to zero when the slab temperature reaches a new steady state.

From the solution of the dynamic modal there exists a series of
refractory temperature profiles for each time step tasken in tha model,
These may be substituted into Eq. (9.1) and the stresses evaluated but
it was found that in the initial unsteady state phase, the numerical
procedures used to calculate stress values was subject to numerical
instability. It was concluded that the assumption of constant heat

flux input over a full time step in the overall solution of the modsl

could not be used successfully to predict the refractory stresses.
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Instead, the boundary conditions must be considered as timo-dopendent
in order that the stresses are obtained as smooth functions of both
slab thickness and time,

For an arbirary time variation of heat flux input, the temperature
or stress profiles at time 8 may be obtained by the application of

Duhamel's Theoram. It can be stated thus:

t
T. (v = J (] 3T (y, 8-T), dx -=ee=(9.2)
° A o8

In this and subsequent equations, the superscript zaro refers to

tho values applicable to a constant heat flux qo maintained over a time
interval Qﬂ}. The variable “C can be regarded as a subdivision of Qﬁ :
i.e. g (°¥) refers to the instantaneous valus of hoat input at time
T whore 0T {®

Integrating Eq. (9.2) by parts givess

T, (vs @) = ale) Ty, p)y L 1 da(T)  T° (v, ~-7) a7
0 : 0
q q s d T

The stress due to time-varying heat inputs can be obtained from
Ei;:( (that duc to constant g°) by direct application of Duhamel's

Thoorem without  first determining the temperature profile for the

varying case. The equivalent equation for the stress is:

Byy (i) = g (o) 6 20 B +_%_]dq () g (v:8 0 aT

':FT" q 9 d7°T
This equation shows cloarly how tho "history" of the thermal inputs
exparienced by the refractory slab influences the resultant strasé. It
is not sufficiont merely to know the instantanocous distributions of
q and T because the ratos of change of these quantities have a vital
bearing on tho stress lovels attained. In Chapter 8, analytical
solutions'wore devoloped for obtaining the temperature distribution
through the slab as a function of the hoat input and time. The heat

input is available only at specific timas (:) 2 (:} 3 (:) cecscne
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corresponding to the times at which the radiation equations are solvad
so that some approximation must be assumed for the dorivative of g
with respect to time., A negative exponential curve fits the variation
of q with time and thus its doerivative also.

The complote mothod of solution is as follows:
(i) Evaluate tho dynamic model as bafore and obtain tha hoat input to
the refractory wall at each horizontal increment down the furnace at

specific timo intorvals: () 2 (:} 3 (:) BtCesececccs

(1i) Find an analytical oxpression for the heat input function in the
form:

a=q ()2 "~ o (9.5)
where the coofficient ¢ in the exponent is fitted by a least squares
mothod,
(iii) Chooso a suitably short time interval'Tf having regard to the
conflicting requirements of high numerical precision and moderate
computation times. In fact, [ was chosen as (:) /10,
(iv) put t = (H) initially. Then for o sorics of time steps of
langth’\f, calculate the slab temperature distributions at times

t - Ufor corrosponding hoat inputs q (t -’If) obtained from the
cquation given in (ii). The error function exprossion, Eq. (8.22) is
used with a constﬁnt heat input g (t -’tﬁ from timo zoro to timo t -lf .
(v) Tho corresponding stressos@%é; (y, t =) at cach tima step ¥ are
then found using Eq. (9.1).
(vi) Equation (9.4) is now omployod which calculates thoe desirod stress
lovels at time (:). Tha integrals in both Egs. (9.1) and (9.4) must
be evaluated by numerical quadrature,
(vii) The whole process is repeated from step (iv) with t = 2 (B) !3(:),
etc. until such timo that the stresses havo clearly passed their maxima
and aro declining towards zero again,

Uith a 1ittle extra offort tho tomperaturo distributions at times

(:) 2 (:), 3 (:) esseses Can bo found and compared with thosec obtained



105,

without recoursc to Duhamel's theorem. In fact, thars are small
discropancios but thess are not important in avaluating tho other
tempoeratures in the furnacs.

In principle, the stress analysis should be dong at each horizontal
increment down the furnace, but a major limitation here is the amount
of computer time required., Tho complote dynamic model must be
ovaluated before steps (1) to (vii) can bo performed to obtain the
refractory stresses, Thorafore, the slab stresses are only calculatod
for two horizontal levels - at the furnace roof and at the place in
the wall opposito tho burner flames, i.6. facing tho hottest gas

temporaturae.

Soma of the inhercnt complexitics of tho problem and the
simplifying assumptions made have beon mentioned already. There are
though sovaeral othors in addition, and these are set out below.

The maximum stresses calculated will be those noccessary to initiate
a fracturse; whether or not propagation of the crack with consequent
spalling will occur is another problem. GRIFFITH (85) describes a
critorion for crack propagation based on the strain onergy in unit
volumo of the material. Howovar KINGERY (86) considers the value of
thosc quantitative prodictions quostionable and they are not included
hers,

N further important assumption concerns the omission of mechanical
traction or, body forces superimposed on the thermal stresscs that arisa.
In this caso tho most important body force is tho weight of tho bricks
and any loads that thay boar. These induce compressive forces in tho
slab which, as shouwn later, arc loss important than tensile stresses,

Othor assumptions includo noglocting the effoct of creep
doformation, taking constant mochanical and thermal propertios for all
temporatures and neglecting "ond effocts" at tho cornors of tho slab,

Regarding creop, a paper by HASSELMAN (87) dofinos a rolaxation time
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for tho strossos to decay by creep mechanisms. Based on typical grain
sizes and othor matorial propertiss for firebrick, it is found that, at
tho tomporature levels involved, the relaxation time calculated is vory
long compared with the time during which tho furnace undergoes state
operation,

The material property values required for firsebrick are sot out in
Table 9,1, The slab thickness indicatcd is for the roof and that part
of tho wall opposito tha burﬁar flames; further down ths wall is thickor.
An average temperature of 500°C was chosen at which to estimate the
matorial propertiss,

Several runs were mado on tho computer using tha dynamic model in
conjunction with a subprogram incorporating steps (i) to (vii). Four
cas@s are considercd hora., They all involve step changes in both
burner fuol flow and make gas throughput of soms 20% or more from the
original steady stato levels., Tho important input variables are
summarised in Table 9.2, It is seen that Case 1 involves a step
incroase from minimum make} Casc 2 is s stop incroase from normal make
to essentially the maximum load; Case 3 is a step reduction from normal
make and Case 4 a step reduction from maximum to roughly normal make,
Tha dynamic conditions for all theso cases are substantially more
sovare than would arise in practice.

The genoral shape of ths stress profiles for heating the slab is
shown in Fig. 9.1 (a).'  During the initisl steges, the outer surfaces
aro undor comprossive stresses whilst the bulk of the inner core is in
slight tension. The comprassive strosses then reach their maxima on
the wall surfaces (groatest on the hot face where the flux change is
mado) and tho flat tensile stress curve bacomes more peaked. Thon the
tensile stross achioves its maximum in tho interior of tho slab and the
curve assumes the shape of a skeuad parabola as shown in Fig.9.1 (a).
Tho compressive stresses have diminished. Finally, all the stressas

will bocome zoro again, although tho computations arsc not pursued to
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this point.

When tho raffactory walls are cooled by reducing the load, the
corresponding stress profiles are shown in Fig. 9.1 (b). The pattorn
is similar to the hoating caso except that tho tonsile and comprossive
parts of tho curve aro interchanged. Also the profile is loss skewed.
Hore tho compressive strassgs are of no intesrost bocause long baforo
their maxima arc reachod the slab would have failed in tension,

The salient foatures of the results obtained from the four
computer runs aro presented in Tables 9.3 to 9.6. At each time stop

the values of tha following variables ars given:

(a) Insido wall tempocrature Tr
(b) Heat flux to wall Qr
(c) Maximum tcnsile stress E max
+
(d) Maximum comprossive stross 5 max

The plant process oporators ars not allowed to raise tho load
lavel at such a rato that the rise in flue gas oxit temperature
exceods 50°C per hour. This is cquivalent to a rise of about 38°c per
hour for the rofractory temporatura. The changes resulting from Cases
1 and 2 aru oquivalent to changos of 42°c and 61°C por hour respectively
in the maximum hot faca rofractory wall temperaturs, but the maximum
tonsilo stresses induced never axcead 40% of the failurc level. The
comprassivo straesses ars loss than 20% of tho maximum, even though the
calculated comprossive strasscs are six timas tho tonsilo strassés. It
would, thorofore, appoar that the safety margin is ample and the furnace
load lavel could be increased more rapidly if tho ncod aross. It might
bo truer to say that tho problem of refractory spalling is not the
limiting constraint whon tho load lovel is being increased.,

Whon reducing the load tho program calculatos that tho ultimate
tonsile strongth is excecded whon the rato of change of temporature is

of the order of 65°C par hour. Thus when reducing the throughput,

considorably more carc must ba taken because the margin of safoty
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is so much less., It should be emphasised, howover, that thc analysis

is certainly conservativs.

TABLE 9,1 Propertios of thc Refractory Walls
Slab thickness 60 in.
Young's Modulus 40 x 106 psi
Poisson's Ratio ' 0 27
Thoermal Conductivity 840 cHU/hr ££°%C
Donsity ; 124 1b/ft°
Spacific Heat 0 24 CHU/1b°C
Emissivity 0 8o -ane
Tharmal expansion coofficiont 4 5 X 1076 o¢ -1
Ultimate tensile strongth 500 psi
Crushing (compressive) strongth 4400 4 psi
TABLE 9,2 Input flowrates for stress analysis runs
" Caso No.,  Flow(/b/ir)  Initial Valuo' Final Value
1l ~ Burner fuel ; 1500 : 1800
! | Combustion air 32000 32000 |
L Procoss gas 22000 i 26400
{ ; ) ; |
.2 ' Burnor fusl 2600 . 3100 :
o 7 ~ >
i . Combusticon air 54000 i 54000
1 L
14 »
' Procoss gas . 39000 § 47000 i
- o : )" 1
f . ,
3 ! Burner fuel ' 2600 g 2100
; ' l
: Combustion air! 45000 . 45000
- L f ,%
Process gas ' 39000 31000
H j {
| 4 Burnor fuel j 3200 . 2500 ;
; Combustion air 57000 ; 57000
ﬁ :
| Process gas | 48000 t 38000
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Case 1 : Increase from minimum make
Time (min) Tr ap & Tmax 6 “max
I"iti:ta::°ady 925.6 | 6945 0 0
0 925.6 ' :7‘1.0.8“‘ [ uUM T 0
1l 934,9 7162 84.2 l2.8
2 T 942,1 718.54*. 161.8 24,3 1
4 949,4 7209 252,8 38.9
6 953.8 7226 274,1 42..7.
L—.-‘ 8 956,6 -.'-7.2.4.0*‘ 298,5 o 48,2 N
10 958,2 [ 7251 315.0 50.3
20 I 960.5 7265 3‘(;6.2 52.4
30 T ;53.2 7272 293,7 53.9
4'0 ’ 965,0 - ...7.2‘7;. . 280.9.-” . 55,1
- 50 ) 966,5 727.7. 262,6 48,5
60 067.3 | 7280 | 234.2 39.4
Time (min) 7:(°C) qr([:HU/hr/i’i:2 & max(psi) | & max(psi)
fnitial stoady | joos.a | 12420 0 o
0 1005.4 12597 0] o
1 1017.6 12670 156.4 22,3
2 1027,1 “12705 304.9 43,7
4 1034,7 12736 397.4 ) 70.2
6 1040.3 12761 475,6 84,3
8 1046,2 12777 559.1 9l.1
10 1051,.3 12789 532.0 97.6
20 1056.8 12808 493,3 100.9
30 - 1059.9 12817 451,5 102.0
40 1062.5 I .]'.2823.-.- 380.8 103.3
50 1-063.8 1282.8‘ 297.8 92,5
60 1064.9 12831 188.7 74.6

Case 2 : Increase from normal make
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Case 4

Tim?min) T (OC) qr(CHU/hr/ftz) gmax(psi) Emax(psi) jl
M ate Y| 1032.6 | 10150 o o |
0 1032,6 10008 0 0 k
1 1022.9 9943 16,2 125.8
2 1014.2 9316 30.4 245.2
4 1007.9 ﬂyu.,gaga 56.5 299.5
6 w001.2 | 9877 63.8 342,6
8 996.5 9865 69.0 377.1
10 992.0 9855 73.7 368,2
20 985,8 o840 78.4 1 336?2
30 981.3 9832 80.0 284.4
40 5};.6 1 oeze 75.3 229,0
50 978.3 9819 62,7 158,6 ‘
60 -.;}7.4 9817 48,1 95,9
Case 3 : Reduction from nomai make
Time (min) Tr (%) | op(cHu/ne/et?)  Emax(psi)  Emax(psi)
tnitlal steadyl )o70.2 13008 0 0
0 1070.2 12774 0 0
1 1056.0 12681 34,2 189.4
2 1046,7 12646 61,3 319.9 |
- —
4 1038.1 12612 85.6 404.6
6 1031.4f& " 12583 104.1 472,0
8 1025,6 12562 118.5 521 ,4
10 1020,3 12547 128,5 549,7
20 1011.8 12530 135,9 496,3
30 1006.3 12525 ) 138,2 421,8
40 1003.0 12521 125.8 330.2
50 1000,2 12518 109,5 204,7
60 998.5 " 12518 B7.6 © 126.5

Reduction frommaximum make.
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CHAPTER X CONQLUSIONS

s e ose -~ o =
- - by “..

Lonclusions rosulting from this work

The principal aims of this work have boon as follows:
(1) To produco a dotailed mathematical model of a roforming furnaco
in torms of fundamantal radiation transfor concepts.
(ii) To check this model for the steoady state case using more
traditional furnaco modelling mothods.
(iii) To confront tho steady state models with data logged from a
full-scale plant in actual oporation.

(iv) To develop a dynamic modal of the furnace and appropriate

algorithms for solving it,

(v) To verify this model, so far as possible, with plant data logged
during spocial tests.

(vi) To consider tho problem of refractory spalling and its

implications for rapid load thanges to mcet varying consumer demand.

It is cvident from the description of the process given in Chapter
I that tho furnaco is only onc of many items of equipment on the plant,
florocovur, due to the endotharmic nature of roforming reactions, the
cconomic viability of tho procoss dopends to a large extont on the
officicnt rocovery of wasts hoat; tho aim'boing to ensura that tho
plant is solf sufficiont in heat apart from that supplied to the furnacao
itsolf. Still, it is the successful oporation of the roformor that

detormines hcw offoctiveoly this can bo dono, ospecially during load

lovel changas or othor disturbancos. Also, tho furnace roprosents the

major commitmcnt of capital expenditure and is subject to tho greatest

technical uncertainty (oxcept possibly the hydrogenator which is

rapidly doclining in importance). It is thercforo justifiable to

concentrate effort in a thorough analysis of the reformar,
Anothor major decision taken was to davelop both the steady state

and dynamic modols from theoorotical principles, employing tho minimum
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number of empirical paramectors possible, UWith tho facilitios available

for acquiring almost unlimited in-plant data, tha incentive for using

somo kind of curve fitting tochniquo scems strong. This was rosisted

for two roasons. Firstly, it is ossonticl that the model bo used
to axamino rogions outside the normal operating conditions so that if
tho model was fitted to data over a comparatively narrouw range, tho
confidenco in its predictions outside this rango would bc low. The
socond rcasen is that the oxpactod quality of ths data to be roceived
is not particularly high. Despito the procautions discussed in
Chaptor 7, the difficultios oncountered in astablishing the true stato
of tho systom in quantitative torms aro such that satisfactory modol
discrimination on a complotoly ompirical basis is most unlikely.

Tho stoady state model 1 usas Roosloer'!s treatment of the radiation
fluxos (31) on tho fluc gas sido of tho furnace, but extends tha

problom to considor tho thormal offects occcurring within the furnaco

tubos which Roosler assumos are fully defined a priori. Local

thormodynamic equilibrium is assumod in order to computse the tempaerature

and composition of tho process gas. Engineering correlations are uscd

for tho coefficiont of hoat transfor botweon the tubo walls and procoss

gas. An iterativo procedure is nocossary to obtain a solution of tho

compleoto model bocauss of tho thormal intoractions of tho flue gas,

tubc wall and process gas tomporatures and tho radiation fluxes.
Equilibrium compositions of tho process gas for various tempaoratures,

pressurcs and stoam/carbon ratios are given and tho rosults found to

agrco with published data. A sorics of runs of the complete steady state

medel arc mede for spocific plent studied in this work. The rosults

acquircd 1llustrato sevoral intorosting points. Thesoc aro:

(1) At low makes a sharp poak in tho tube skin temperature profile is
indicated which could lead to a shortened life for the tube motal.
Also, a substantial portion of tho furnace hoight is wasted because the

shape of the heat input profilo doterminas that the process gas has to
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be overheatod in tho upper scction of the furnaco, then gllowsd to

cocl to the desirod oxit temparaturo.

(i1) Natural gas roforming demands a higher fucl usage than naphtha under
cquivalent process oporating conditions. This is, (a) becousc the
cndothermic hoat of roaction is greater, and (b) as the temperaturs

falls the omount of steam not converted to combustible products increases
very rapidly,

(iii) 1t is seon that tho uso of a largc amount of excess air reduces

the heat recdiated from the flames and honea roduces the thormal
officiency of the furnace. A more careful control over the combustion
air input is called far.

(iv) A scheme for utilising a largo excess of wastoc hoat on the fluc gas
sidna that arises whon raforming natural gas is discussed. Tﬁis would
involve recycling the hoat around the refermer by incroasing the air
prochoat tomporature. From the model runs it would appear that a

worthwhilo saving in fucl costs could be made,

Tho formulation of model 2 is bascd on a physical analogy of tho

roformer with a co-curront heat oxchangar. The non-uniform fluc gas

temporaturo and consaquont transfer of radiant hoat in the dirsction of
gas flow is accounted for by assuming that for a given vertical
position in the furnace tho sourco and sink of tho vertical heat flux
component are, raspoctively, half a beam length upward and downward
from that point. Tho roof and floor of the furnacoc are assumed to act
as mirrors to the radiation beams. Similar averaging procoduros are
made for the horizontal flux from the fluc gas to the tubes. To
simplify calculation of this flux, balances are written on a singls
tubo plane and tho adjacont planc is considered as a mirror image of
the first,

In this way the boundary-valuo nature of tho radiation flux

cquations is circumvented., Howcvor, although this model is

concopti‘nally far simplar than model 1, the actual computational effort
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required to solve it is in fact Higher. Also, the program is loss

robust and requires reasonably accurato starting values. Prosumably,
this is duo to tho numerical instability that arisos during iterations

on the various furnaco profiles. Therofore, tho usofulness of this

model was limited essontially to checking thu rosults from tho first
model. It was found that tho tochnologically important variables, such
as tubo skin tcmperature, process gas temperature and the radiation
fluxes did agreo fairly well; othors, in particular the flua gas
temperatura profile, did rcveal certain discrepancies.

Tha validity of the modcl can only bc proporly established by
comzaring its proedicted valuos with those mecasured diroctly on the

plant. Somo of the state variables in tho modol are radiation fluxes,

and it would be prcfeorable to mecasurc theso directly. Although in

principle this tochnique is possible it is far esasior to convoert those
to procoss temporaturos in tho model and measure tho latter,
Although thao plant studied was extensivoly instrumented, the

appropriato temporatures wers not always moasurced and so for acceptable

modol vorification tho probos had to be re-located. Also in the strong

thermal radiation fiold, ell the readings had to bo corrocted befors

comparison with predictod valucs, othorwise they arc merely an indication

of tho stato of tho systom and are of no quantitative valuc., Tho

measure of agrocment achicved when comparing the model predictions
against in-plant data is satisfactory and gives rcason to believe that
tho model may be usod to simulatoe the performance of the furnace in
oporating rogions outside the prescnt limits,

Tho major original contribution of this work liss in the

dovelopmant of a dynamic model of the furnace from fundamental

theoretical principlos. In most industrial applications of dynamic

modelling, all physical concepts of the systom are jottisoned and the

transiont rosponso patterns simulated by statistical corrolation e
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techniquas. Although this mothod has mct with success in numorous
cesos, 1t is only suitable genorally when tho intugrity of the data is
high. Furthermaro, a soundly boscd thoorcticsl troatment can be usod
to study th:. transient rcsponses of varicblas which are not esasy to
measura diroctly, such as radiation flux, refractory tomporature and
gas composition. Extrapolation to cnses outsido tho linoar rogion is
also more Justifiable with a physical modsl even though tho modsl
vorification has bcon donc within the linear region., Finally, most
succassful "black box" applications have boen concerned with lumped
paramotor systoms. Very oftcn this assumption is quito unuarrantod
and this is cortainly truoc in tho casc of a reformor whore strong
gradicnts in tho radiation ficld compel any raalistic modol to bocome
a distributud paremctor one,

Modoel runs for the dynamic case indicate that each of the transient
profiles of the furnace tomporaturcs comprise a time delay followed
by an approximatuly first-order rosponso curve to a now stoady state
lavel. As oxpoctod, the rofractory walls act as tho most important
buffer to changes in tho radiant flux profiles and furnace tube
tomporaturus. On thoe other hand, changes in thc procass gas and tube
skin tomporaturos do not markaedly affoct tho flue gas side variables,
Honce, to a good approximation, in tho dynamic cese, tha process gas
sidu oquations may bs docouplod from the fluo gas sido analysis if the
latter is tho immediato sourco of interost,

In all tho tost runs mada on the unsteady state model, tho

magnitude of tho input disturbances assumed is far greator than would

be oxporionced undor normal operating conditions. Where thaso

circumstances could arise is whon changos in the procoss gas flow and

burner fuocl input are not properly synchronised. A sudden fall in the

process gas throughput could luad to a rapid increasc in tubo wall
tomporatures if no compensating roduction of fucl input is made;

similarly, prior changos in the hoat sink can bring sbout severe
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thormal shock conditions in thc refractory walls. Thoso abnormal
cenditions aro most liably to occur during start-up and shutdown of tha
‘ru?crmor.

Unlike tho steady stato caso it was not possible to vurify the
dynamic model with plant data loggod during routino unsteady state
oporation. Instoad, a numbor of spccial tosts wore parformod, whoreby
small changos in burner fucl input were madu, koceping othar variables
as stcady as possiblo., Tho traonsiont responsos of the tube skin, oxit
mako gas and exit flua gas temparatures woro loggod. It was found that
the valuas predicted by the dynomic model from first principles wore
at variance with tho recorded data, Howuver, if the initial stuady
stato model valuas of tho moasurad quantitios were forcod to agros with
the data (by suitablo paramotar adjustment) and the transient rosponso
alono idontifiod, tho Pit of tho model was soen to bo considorably
bottor,

Tho othar important aspoct of this work is tho analysis of the

rufractory spolling problom. This offoct is due to thormal shock

expericncud by tho rafractary during unstoady stato oporation, The
anslysis at prasent is of a proliminary nature only but it is bascd

on consurvativc anssumptions rogarding tho composition of tho slab

onu tho consequont strosses induced thsroin. It is soon that the

stross profilos are such that largae stressos aro induced on tha hat face
of the wall during transiont canditions but the stress in tho slab
intorior is substantially less. Givon that tho mochanical strength

of the fireclay matorial is an order of magnitude groater in compression
than in tonsion, this loads to tho conclusion that mochanical failure
due to rapid heating of the refractory is very unlikely. Convorsely,
quenching effects such cs might occur during plant shutdown are of far

more serious consequence beccuse then the hot face is under tension,
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10,2 Possibla Areas cf Further Uork.

With the advent of North Seo Gas, reforming plant for town gas
making is being phased out fairly rapidly. The remaining plant will
be used primarily to supply peak load demand so that the unsteady
state nature of its operation will become sven more apparent.
Moreover, it seems probable that the unsteady state operation of
furnaces in other chemical plants will assums increasing importance,
particularly those which are closely inter-related with other units
in a manufacturing complex. The techniques used to dsvelop this
model can readily be applied to similar systems,

Uith increasing interest in furnace dynamics there will coms
increasing demand for optimisation and control studies in both steady
and unsteady states. The need is for detailed, comprehensive models
based on a mathematicael interpretation of the physical processes taking
place. If the model is to form part of the actual control or
optimisation algorithm it must be used repeatedly in each iteration
of the computation. A major requirement here, then is for rapid

computer run times for the model.

Techniques of model reduction must, therefore, bs brought to bear

to reduce the dimensionality of the problem whilst retaining thae

essential detail,
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NOTATION

| oo — =

absorptivity of band 1

cross sectional area of furnace box

total surface aroa of tubes

totel cross sectional area of tube metal wall

helf furnace tube surface area per unit volume

cross sectional area of tube metal per unit volume of furnace
catalyst pellet surface area per unit voluma of furnace
beam longth for radiotion hoat transfer

procass gas spocific hoat

flue gas spocific heat

tube motel specific hoat

rofractory spocific heat

catalyst pollet specific heat

difference in molar spacific heats of products and reactants of
process gas

effoctivo catalyst pollet diameter
Young's modulus of oelaosticity for refractory slab
sourco emission of radiation in the i'th band
arca of rofractory surface associatod with unit area of tube plane
stato vector function
superficial mass flourate of process gés
n " w * fluoc gas

" " flow of process gas roferred to tho empty tubs
cross-sectional area

enthalpy of proccss gas stream

enthalpy of flue gas stream

[SHozga heat of rcaction of procoss gas at 298%

A Hrg

Heg

H*
9

he

hoat of roaction of prccoss gas at prevailing temperaturs
standard heat of formation of componont i

total heocat input to furnacce

overall tubo skin-process gas heat transfor coefficient, assuming
isothermal bed,



119,

coofficient of heat transfer through film of fluid adjacent to
tube inside wall.

coefficient for radiant heat transfer botween tube skin and catalyst
pellots,

coefficient for radiant heat transfer botweon tuba skin and process
fluid.

overall catalyst pellet-procass fluid heat transfer coefficicnt,
if bed not essumed isothermal.

ovorall tube skin-process fluid heat transfor coefficiont assuming

absence of catalyst pellets,
heat transfer coefficient botweon flua gas and refractory wall

hoat transfer coefficient betwson outside face of refractory and

ambience.

downward component of radiation intensity that interacts with

furnace gas.

upward component of radiation intensity that interacts with furnace

gas.

downward componant of radiation intensity that does not interact
with furnace aqas.

upward component of radiation intensity that does not interact
with furnace gas.

nott downward radiation flux

nott radiant flux to tubos.
offoctive tharmal conductivity for catalyst bod

contribution to offoctive bed thermal conductivity by convective

transport.

thormal conductivity of process gas

thermal conductivity of refractory slab.

thermal conductivity of catalyst pollots

total heated tubs loength

thicknass of gas through which radiation beam passos
penctration depth of flamos

rofractory slab thicknoss

mean molecular woight of flue gases



instantaneous heat flux to refractory walls at time

heat flux to "mirror™ in modal 2
moles of rcactant i in fusl combustion
moles of product § in combustion procass

numbor of carbon atoms in ono molocule of hydrocarbon fesdstock

or fuol,

Nussolt number for flow of process gas through catalyst bed.

Radiation heat flux within furnace enclosure
heat input to tubes at position 2 down the furnace
nott downward heat flux component (model 2)

hoat flux from "mirror" to tube plane (model 2)

hoat flux cmittod from rofractory wall (model 2)

—~~

b .

hoat flux to refractory wall during time step in which the

refractory slab temperaturec ond stress distributions

are evaluated.

gas constant

tube insido radius

logarithmic mean of innor and outor tubo radii

Raynold's number for flow of process gas through catalyst bed.

total flux to rofrcctory wall
thoorotical flamo temporature

combustion air prchoat temperature

averagg-g catalyst bod temperatura for ostimating overall

tubo skin - process gas heat transfer coefficiont.

tomperature of process gas
tomperature of flue gas
tomparaturc of tube skin

tomporature of rofractory hot face

(Tomperatures concernad with model 2)

tomporaturc that charactarises hoat input to furnace.

valuc of Tpatz=0

valua of Tp at 2 = L

120.
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"effective" fluo gas tomparature for purposes of computing hoat
flux to tubes.

ambient temperaturs
temporaturc at internal position within rofractory slab

dummy variable of intogration for expression for source radiation

procoss gas enthalpy per unit mass
control vector

velocity of procoss gas

velocity of flue gas

tomperature distribution through rofrzctory slab wall

]
fraction of spectrum corrasponding to the i th absorption band

groups of torms dofined by Eqgs.(8.23) and (8.24)

fraction of radiation passing through tube plane that is
intercopted by tubos

distance from sourcoc of beam propagation

state vector

numbor of molos of component i in the reformer foed -
number of moles of componont i in the product gas, at equilibrium
distance down furnaco (downward direction positive).
thormal expansion coofficiant of rofractory slab
thermal diffusivity of rofractory slab

fraction of monochromatic boam absorbed by gas
volumetric absorption coefficieﬁt of flue gas

boed voidage fraction

emissivity of procoss gas

cmissivity of flue gas

omissivity of tube wall

emissivity of refractory slab

cmissivity of catalyst pellets
fluo gas emissivity on refractory wall side of tube plane (model 2)
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flue gas omissivity on mirror side of tubo plano (model 2)
rett flux absorbed by refractory wall in unstoady state
radiant energy sourco function

time incremont

time variable

fluoc gas mass absorption coofficiont

viscosity of procoss gas |

cos’b

Poisson's ratio for refractory wall

density of process gas

donsity of fluoc gas

daonsity of tubc motal wall

donsity of refractory wall

density of catalyst pellets

Stefan-Boltzmann constant

stress distribution in refractory wall

optical dopth paramstor

continuous time variablo into which discraeto incremsnt(:)is subdividod
ratio of lb.-atoms of carbon in the process feod to its total mass
fraction of tho spectrum that can absorb and emit radiation
dircction of propagation of beam te tho normal

solid anglo ovar which boam is propagated
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APPENDIX A

———— o

To obtain a fundamental derivation of tho monochromatic radiant
intonsity Iy an cnergy balance is parformed on a differential volumoc
clemont of tha medium, I, is a functicn only of the local temporature
and ﬁptical parameters of the modium and doss not depond on the convected
flow of heat through tha furnace which is described by the ovorall
consarvation equations. It is assumed that the medium is statiaonary,
non-scattering and bounded by two infinite parallel plates, 0Only one=-
dimensicnal transfor perpendicular to the plates is considerod.

As a monochromatic beam of intensity I, passas through an incremental
slab of thickness dz, its intensity will diminish as a rosult oé absorption
by-tho madium but be augmented by thermal cmission from the volume
element. If the nett change in intensity is dIy , ths following

differcntial ecquation can be formulated:

cos ©dIx_ = = ﬁl\ Iy + .&ILA(Z) ——————— A.1)
daz 1L

whorec@ is the angle botwoen tho incident beam and tha normal to the
parallel platos, and 7LA (2) the thermal omission torm. An "optical

thicknoss" }j may be defined as

AL,)% DYﬁA da 3 T@\"" :jﬂ) da ——————— (A.2.)

Also /& = cos? —————— (A.3.)

It is convenient to identify separately the flux intensities travelling

in tha forward and reverso directiocns. Thus in the forward hemisphereo

(O é.fJ {:J. ) beams are denoted by the superscript + and in the roverse

hemisphare («l < M é. 0) by tho suporscript - The equation of transfer °
then becomes :\\

/1 dI; . I i - n ) (ﬁt*)
d’rk ™
G5 T = malm)

/LLd'?>\ ™

m——— (A.4.)
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Boundary conditions for equations (A.4) are taken as,
Izt ('lj\,/u) = IXN (o) U, =
IV Tr) = IX T T =Yor

Equations (A.4) arc ncn-homogencous linear equations which are most

—————— (A.5.)

ocasily solved by introducing an integrating factor of the form

B
FOTIN) = exn(ﬁ-}d'}.’,\) = g /R — (A.6)
The general sclution for I then becomas
I k) =g [r ?"LA ”fx ol'fg*d- ------ (A.7)

whore the constant of integration is eualuated from the boundary
conditions (A.5). Introducing the dummy variable t for the sourco

function integration, th%:equation for I* is

Y
I)"" (’I‘,"\ , M ) = )zj £V/’“7L,\(f)dt + 1 (O)F)

t = 0 ‘T;/‘A o ‘_E)
- TA
1.0, I;(‘KA,/u) = * (o, M)e -, "}?n)\(t)q-ﬁ% am==n(A.B8)

Similarly, the general oquatlon for I

I (LM =" [ 7*11,( ,) 02] m——meee (A.9)

Substituting the second boundary condltion of (A.5) into (A.9) gives the

integration constant Cy as Iy (?;A;/* )¢ ‘/7ﬁ and tho full ocquation for

IX bocomas: ("I’”‘-Y)\) o - (G-t)

15 (T ) = 1 (&x M0 - A1 (t) <_—/U— gt
N » (Mg o p Tt

Tha first torm on the right hand sides of Eqs. (A.8) and (A.10)
reproesents the absorption of radiation originating at the two plates,

Tha integral exprossions represent the emission of flux over the path

lengths of the beams.,
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APPENDIX B

Calculation of Chemical Equilibrium

Calculation of the equilibrium composition of a complox gas
mixture ontails, essentially tho minimisation of the Gibbs Froo Energy
function at the particular temperaturc and pressure. UWHITE st al (74)
and NAPTHAL! (75) treat tho problem as an axample of constrainod
optimisation using a steocpest descent technique whilst others, such as
ZEREZNIK (76) have demonstrated that the problem may be formulated as a
classic linear programming exercisa.

Consider a mixture of n chemical species containing 3& mols of

]
the 1 th species. The free enorgy (Gibbs) function may then be

oxprossed as:

n
F(y) = Zﬁ; ....... (8.1)
i=1

where Y = the set of compositionsly and
o :
Fi: 71 S +'1M P +¢r\, y,,_",,, ------- (B.2)
RT .
5,
The standard free energy function F~ 1s usually obtained from

tabulated values of the entropy (77). Determination of the
equilibrium compositions is squivalent to finding the positive set of

values for}{i which minimises Eq. (B.1l) and satisfies tho atom balance

constraints

n
ay i' = by J 21y 2, cooeceem
'LZ' J y sEmmmT (B.S)

vhoro thore arem different typos of atoms presont in tho mixture and

QA 13 is tho matrix of coefficionts indicating tho numbor of atoms of

cloment J in a molecule of spocios i . The total lb- atoms of olomont

J originally present is donotod by bJ.

White gt al porform theo minimisation by a stoopost doscont tochnique
using a quadratic approximation to locato the minimum along the diroction
of stoopest doscont and Lagrango multipliers to doal with tha constraints.

[
The problem is resolvad into tho solution of m + 1 linear algebric
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equations in  unknown Lagrange multiplisrs, the total number of molos
being the othor unknown. As such, the computation is almost trivial
excopt that degenerato casos may arise whore the rank of tho matrix
is less than m\, MNModificationgto obviate this problem have boen proposod
by STOREY (78) and NAPHTALI (79).

It is nocossary to specify in advance which chomical spocics are

prosont in tho mixturo at ocquilibrium. 1In tho presant case thosc are

chosen as CO, CO,, Hz, H20 and CH4. In addition sthana was included,

but its concentration was driven down to trace amounts at equilibrium,
Howaver, its inclusion in the program ensured that the matrix of atom
balance esquations (B.3) were linoarly indopendent and tho rank of matrix

Clij was equal tom , so that tho degenorate case did not arisa.
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APPENDIX Cs FORMWATION OF ONE = AND TUO -~ DIMENSIONAL MODELS FOR
A TUBWAR REACTOR.

An enargy balance on an elemental volums of a tubular roactor,
neglocting radial gradients of velocity, tompsrature and composition

leads to tho differcontial equation

Gp Cp 3Tp = - GpWAHT, (2) 4+ 2atq(a) =—ememm- (o.1.)
2 L

Constant prossure, physical properties and superficial mass velocity

aro assumad,

If the tomperature is now parmitted to vary in tho radial as well

as the axial diraction, a torm for radial heat transport is to be included

(80), Viz,
Gp Cp "g:J‘ = Ke(g 2;- . 1 ..EIE)" Gp WA H, (r,8)
r r r L

with boundary conditions:
dr

Ffﬂlr,;o = 0 ——————— (c.3.)
?%Elr=n = i S — - (C.4.)

Ko
Clearly, tho energy equation is a partial differontial ons with tho radial
varisble r as tho additional indepcendent variable.

The boundary condition (C.3) oxpresses tho radial symmetry of the

tomporature profils and (C.4.) reprasonts the hoat input to the system

and roplaces the last term in Eq. (G.1.).
It would be vory time consuming to have to computo A H1'p directly at

ovary point by tho mothod described in Sec.3.2, so it is convonient to

(-3
obtaint&. HTp as an algebric function of tomperature for given procoss
fead charactoristics. A leoast squares polynomial function of sufficiently
high dogroo to give low varicnce was employed (8l). Tho oquations then

contain Tp as the only dopondent variable provided that the heat input

profile q (2) is spocified,
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Eq. (C.1.) may be intograted by almost any initial-value routine
(tho inlet temporature is specified). On tho othor hand, tho boundary-
value, two-dimonsional model requires far mora computational offort,
LAPIDUS (B82) doscribes how this may be done and highlights tho stability
problems that arise with parabolic partial difforontial equations,

particularly with gradient-typo (Neumann) boundary conditions.
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HET FiRat.

+3
+3

+3

+3 .

+2
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+2
+2
+2
+2
»8

0 TUBES
FL?§3Illu +4

692
1eg92s

9¢1049y
7¢9885y
6e9153p
509305!
5¢0946p
44,3752y
Je8421p
3¢3538y
Je¢0119p
273620
2¢5470,
2643919
202567
202224y

394y
g:iozan
241328y
241110

127»
§:i388n

407y
g:%4axu
242082y

+4
+4
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
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BURNER FUEL FLOWRATE 1840 LB PER HOUR

AIR TO FUEL RATIO 1690

PROCESS GAS FLOWRATE 26400 LB PER HOUR
STEAM To CARBON RATIO 2400 C
THEORETICAL FLAME TEMPERATURE 218040 DEG K

|
DISTANCE DOWN FURNACE FLUE GAS TEMP REFRACTORY TEMP TUBE SKIN TEMP PROCESS GAS TEMP
0.0 906374y +2

UHLAT TN

S ona S¥D LunN  FooLs (IF

o1l Yy Noy?/b'D/ Wwpa LS

P

[ 4
L 4

/

9e3416p +2 5089010 +2 3¢9900, +2
lel} 9¢8340x +2 937659 +2 6e39}6p +2 4062474 42
2e1} 100428y +3 9¢4255p +2 6¢8310pn +2 501931” +2
3.2 100982p +3 9¢4773x +2 720329 +2 506951, +2
4,2 101346l +3 905!51! +2 Te5241p 2 6'1324p +2
5.3 114760 +3 95268y +2 776219 +2 6¢5040, +2
6e4 1¢13630 +3 9¢5064yp +2 795240 2 6e8120,4 +2
7e4 11001x +3 94562y 2 840720p +2 720594, +2
8.5 1203770 +3 943860y +2 Belblle +2 7e¢25195 +2
9.5 9¢9848n +2 9¢2973p +2 842063p +2 7e3936p +2
10.6 976650 +2 9262056y +2 820750 +2 Ted4937y +2
117 9¢6039y #+2 9¢1181xn +2 B8e2075s +2 7¢5603, +2
1247 9046529 +2 9¢0364p +2 B8e¢2063p +2 Teb012, 42
13.8 934100 +2 B8e9607p +2 841782y +2 7¢6209y &2
14,8 9¢228lp +2 848907y +2 Bel1452n +2 766263, +2
15,9 912470 +2 8e8259p +2 8e1160p +2 7e6208p +2
17.0 9003020 +2 Be76655 42 8407200 +2 7¢6080yp +2
18.0 89438y +2 Be7121p +2 8e0428y 42 745902y, +2
194] Be8652p #2 Beb6325 +2 T49988p +2 75683, +2
20,1 Be7940p +2 Bebl94p +2 Te9695¢ +2 Te5448, &2
21e2 B¢730)n +2 Be5811p +2 Te94159 +2 T7e51945 +2
22,43 Beb6736p +2 845487y +2 7¢89755 +2 7e4931,p +2
23.3 8262469 +2 Be5221y +2 T¢87920 +2 7046875 42
2444 Be5834p +2 8450219 +2 785245 +2 704451, +2
25.4 Be5507p +2 844892y +2 TeB8341s +2 704248y +2
26¢5 8e5271p +2 8¢4840yp +2 782310 +2 7¢4070, +2
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|  DISTANCE DOWN FURMNACE

0.0
le}
2el
3e2
4.2
53
6e4
7e4
8.5
95
1046
1147
12.7
13.8
148
1509
17.0
18.0
19.1
2041
21e2
2243
233
24.4

25.4
2645

7445060
»le75280n
~206898»
«20491090
103439

307668y

242333»

3e7665n

4¢52080»
4,48370»
4421330
3¢9120m
362150
3¢3484»
3e0864n
2483380
2¢58)8»
243308p»
2,0763n
l1e81650»
1455179
1e27620
9486920
6e8140m
365240
«1949010»

NET VERTICAL FLUX

=8
+3
+3
+3
+3
+2
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+2
*2
+2
»8

FLUX TO TUBES

14284y
1¢3234p
1e2249y
1e1336p
1403870
9¢4993p
8e54190
Teb670] ¢
679872
6+01800p
5¢4389yp
44904}y
4:4206p
4.1096p
3e8612p
3063103
3.5030p
343383p
342720p
341687y
340905y
Je]]138p
3¢0552p
J+0683p

3¢0805p
31009y

+4
+4
+4
+4
*4
+3
+*3
+3
+3
+3
*3
*3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
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BURNER FUEL FLOWRATE

1840 LB PER HQUR
AIR TO FUEL RATIO 16490
PROCESS GAS FLOWRATE 26400 LB PER HOUR
STEAM To CARBON RATIO 2400
THEORETICAL FLAME TEMPERATURE 21800 DEG K

DISTANCE DOWN FURNACE FLUE GAS TEMP REFRACTORY TEMP TUBE SKIN TEMP

S TYYALUN

T304 CNMNY YooLs(3IIFA

Vi

oILYyy NogYYd[/ W¥ILS

Z

»
L 4

/

PROCESS GAS TEMP
0.0 9047010 +2 9¢15059 +2 5¢77170 +2 3¢9900p +2
1e1 967210 +2 %6188l +2 621100 +2 495434y +2
2e1 140287 +3 92388y +2 65954, +2 5.0355’ +2
3.2 10863x +3 9¢29)1n ¢2 609493 +2 54773, +2
402 1012425 +3 9¢3277p +2 7e2312p +2 5¢8583, +2
53 1013799 +3 93358y, 42 794509, 42 6018179 +2
6e4 1¢1263p +3 9¢30%94yp +2 Tebl144y +2 604490y +2
T4 140888y +3 92503, +2 Te7218p 42 6066285 +2
845 }202410 +3 9¢16955 42 Te7780p +2 6e8257p +2
9.5 208244y, +2 940680 +2 78060y +2 6.9435” +2
1046 95867y +2 8¢9626n +2 7¢7901p +2 7402199 +2
11.7 9¢4068p +2 8eB8612p +2 7¢77800 +2 70702, +2
12.7 925170 +2 BeT7660pn +2 Te7450p +2 7e¢0947, +2
13.8 911170 +2 BebT769p +2 T¢7059n +2 71009, 42
14,8 8e9832x +2 85940y +2 7e6608p 42 70940, +2
15,9 Be86H49p +2 8¢5]70p +2 Teb]56p +2 7e¢0774y +2
1740 875574 +2 8e44509, +2 7e57050 +2 70532, +2
1840 Be 65525 42 83807, +2 752530 ¢2 7402405 2
1941 8456309 +2 8.32‘3; +2 7¢4851p0 +2 609926. +2
204} Be4789p 42 Be2682y +2 7e4350p +2 6e95%1p +2
21e2 804028y +2 822159 +2 7¢3960p +2 609245, +2
2243 8¢334%9p +2 BelB8l7p +2 7T¢3508n ¢2 648905, +2
2343 Bel2755p +2 Beld491yp +2 Teldlb66p +2 6¢8585, +2
24,4 Be2252pn +2 8e1245, 42 T7e¢2885p +2 6¢8283, +2
2544 841849y +2 Bel0Bby +2 7026055 +2 6e8004, +2
2645 8e1555p +2 B8e]1023p 2 724349 +2 6e7757, +2
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nY Yoo SFT7A0YS
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DISTANCE DOWN FURNACE

5¢9605»
»]eb65050
~2¢51320p
w2425320p
«100466p
Te3]56p
246350n
4420140
499742»
4493660
446567
443362
4402040»
37189
3¢4276n
301434y,
2486500
2¢588n
243059»
2,0183p
l1e7253n
1ed4192p
1e0958s
Te5524n
3.91360»
~1e4901n

NET VERTICAL FLUX

=8
+3
+3
+3

+3 .

+2
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+2
+2
-8B

T0 T
FL?§33203
102531!
lol779n
141003
1¢02640
905000!
'50659ll
787820
701429)
6041020
548568y
543265y
449322y
4.6082'
4-3510»
4¢1318p
3¢9480p
3¢797%0
3.66}10y
35953y
305189&
304990y
3¢4725p
304606y
34892y
3-52193

UEES
+4
4
+4
4
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
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BURNER F
< VEL FLOWRATE
3 AIR TO FUEL RATI 1840 LB PER HOUR
PROCE 0 16490
OCESS GAS FLOWRATE 264
o STEAM To CARBON RATIO 400 LB PER Hour
‘ ORETICAL FLAM ‘
LAME TEMPERATURE 218040 DEG Kk
DISTANCE DOWN FURNACE FLUE GAS TEMP
R 9¢7143n +2 v 580100 +2 S GAS TEMP
oy 2¢1 140324y +3 9023870 42 6424529 +2 309900, +2
2 - 1008945 43 7:280% +2 6463945 42 5254200 o2
K 1412690 +3 »3414g 42 6496765 +2 00366y 42
2.3 101404 +3 9037875 42 7026050 42 504785, 42
> Hipe it s buneent
% 845 Iﬂoqtan +3 9'3095' +2 7¢6608p +2 6.4023" +2
P 945 1902780 +3 9423345 3 7e7951n +2 6, Jior +2
1046 908697y +2 o tars 2 7486339 +2 073174 42
R 1157 94639]p +2 *13755 +2 7¢9134p +2 609182, 42
1247 8+94355 42 » ot 7Telb62
9¢3181n +2 7092449 +2 01628y +2
13.8 9 8¢8548¢ ¢2 7233
N 14.8 *1851p +2 8.7725" o5 7091340 +2 4 ls +2
N 15.9 9¢0639p +2 a.sm' 748804p +2 7-3736. +2
1770 8e9527p 42 Br6255y 12 7085248 42 - 0995 +2
R 18.0 8¢8506p +2 B.5E0e, o3 7¢8231p +2 7-3093. +2
0 1941 8e7571n 42 8450125 « 7077920 2 703060, 42
20,1 8e6716p +2 844472y *g 7473400 +2 7'2920' +2
2142 845939y +2 6-3991” ¢ T7e70470 42 7.2725. +2
N 2.3 845239p 42 44 LIDES 7466085 42 ©2494, 42
Bedbl6p + 0 +2 746315 Te2215, 42
S 23.3 % 2 86320 l s +2 »
24,4 804074n +2 8:29 g' 2 Te5876n +2 7019264 42
= 25.4 8036150 +2 0e2651s +3 Te3693m o2 Teisas] 2
26.5 803248y 42 8425408, . 7e5412p <2 7'1333' ‘2
8129815 +2 Be 2490, +2 705082 +2 7'1043- +2
©2490p +2 704960 +2 $07685 42

70053[‘ 2
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DISTANCE DOWN FURNAGE NET VERTJICAL FLUX FLUX To TUBES

9 NOY Voo S527v14 0%

X074 LUFH

CeQ 2498020

-8

1636090 +4

; le} ~1467900 +3 1027540 +4
201 -205680I +3 1¢1963p +4
3e2 ~2¢3389n +3 Je1262s +4
4,2 =lelbb62n +3 1¢0486p +4
5.3 572640 +2 06639 +3
6.4 2043958 +3 8e8556y +3
7e¢4 3¢97770 +3 Te9436p +3
845 4473020 +3 Te]732y +3
9¢5 4467900 +3 6436530 +3
10.6 49439508 +3 5¢7216n +3
117 407570 +3 5416654 +3
12.7 376660 +3 4¢7076n *+3
13.8 3447640 +3 4439]3p +3
14,8 3019808 +3 400943y +3
15,9 2493200 +3 38402 +3
17,0 2967330 +3 3e6842y +3
18,0 2441250 +3 3456510 *+3
19.1 2014900 +3 3¢4104p +3
20,1 188370 +3 3¢34820 +3
21e¢2 1460890 +3 32560 +3
223 1¢3244n +3 32555 +3
23+3 1¢0231n +3 Je1840p +3
24.4 7005930 +2 3418739 +3
25.4 367370 +2 3e2477p +3
2645 ~10490ln =8 3¢2670p +3
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BURNER FUEL FLOWRATE

AIR TO FUEL RATIO

2460

16¢50

PROCESS GAS FLOWRATE
STEAM TQ CARBON RATI]O
THEORETJCAL FLAME TEMPERATURE

DISTANCE DOWN FURNACE
0¢0
lel
241
3e2
4.2
53
6e4
74
845
95
10466
117
127
13.8
14,8
15.9
1740
18+0
1941
2041
21,2
2243
23.3
24,4
25.4
2645

35200
300

FLUE GAS TEMP

100146y
] 90348y
100996y
11637y
1208230
102267y
1021730
1017925
lelllle
1¢0646y
1403770
101800
1¢0016p
Pe8716n
9¢7405p
9e6207n
9¢511}n
994107
9¢3191n
92358y
9016070
90937y
903500
8+¢9850y
8e¢9441yp
849132y

+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
*2
+2
2
+2
+2
+2
+2
+2
+2
2
+2
+2
+2

222540

REFRACTQRY TEMP

948128y
98506y
949038y
92¢9601p
10002y
1400164
9¢9963y
99434,
9¢8675n
9¢7702¢
906674t
9456819
9e¢4749p
9¢3882p
9:3081»
962342y
P¢16630
9+ 1044y
90484,
89985,
Be9548y
Be9 |76y
B8e8873p
BeB641,
848490y
88427y

LB PER HOUR

LB PER HOUR

PEG K

+2
*2
+2
+2
+3
+3
+2
2
+2
+*2
+2
+2
+2
+2
*2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
*2

»

TUBE SKIN TEMP

6¢2110p
696394y
702259
7¢3667p
Teb65%60
7¢89754
840879
8420750
8e307060
8.35270
8¢3808»
803820!
843808y
Be3698p
8¢33680p
8¢3088»
842807y
B+2465y
8¢2184p
8e]l904yp
Belblle
Bel281le
8610010
840879
840708
8¢0440»

+2
+2
+2
+2
*2
+2
+2
+2
+2
2
+2
+2
+2
+2
2
+2
+2
*2
+2
+2
+2
+2
+2
+2
+2
*2

PROCESS GAS TEMP

309900'
45332,
50298,
504811,
58875,
62488,
be5626y
608276y
740473,
702225,
703587,
7e4610,
75358,
75880,
Teb2l4,
Teb406,
7e¢6486,
Teb487,
7e6420,
706299,
7¢6138,
7¢5954,
705762,
745571,
Te5376y
7¢5194,

*2
.2
*2
+2
+«2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
*«2
+2
+2
+2
+2
+2



N NTEYY
1240 X7+

Yoo STV

L VoY

CE

8494070

«2008420

=~3¢2654n
~3¢0976m»
“1e732%9n
3¢9203»
2¢7366w
4472070
5076140
5¢79520n
5¢4793p
50840
4468790
4,3092n
Je9503n
3460650
3427290
24940290
206099
202786»
1094200
16459310
1622800
Bed4372»
4437920
-~249802»

HET VERTICAL FLUX

~8

+3
+3

+3J

+3 -

+2
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+2
«2
=8

FLUX Y0 Tu

1e6689yg
le5766y
14935,
1641270
13295y

398y
}:§394a
1e044)y
9440]20
8e¢4803p
Te¢6193p
609343y
66368y
58044,
54548y
541279
4¢8452p
446345y
404341y
4.2728y
441559y
400955y
440519y
3¢9764y
39693y
440563

BES
+4
+4
+4
+4
+4
+4
+4
+4
+3
+3
+3
+3
*3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
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BURNER FUEL FLOWRATE

AIR TO FUEL RATIO

2460

19+50

PROCESS GAS FLOWRATE
STgAM TO CARBON RATIO
THEORET]CAL FLAME TEMPERATURE.

DISTANCE DOWN FURNACE
0.0.
lel

'

.
N

OV NOVMAWN
e ®» ® o e & o

~NOVMU AL WON

—
—

35200
3+00

FLUE GAS TEMP

9e6120y
97724y
10323,
]0915p
]+1369%9p
J01603p
101582y
101294y
100727
10299,
140034y
9¢8386y
946785y
945388y
944133y
902991y
Pel946yn
9¢0987x
90107
893040y
8¢8573yp
879159
87329y
8¢6818p
863872
86043y

+2
+2
+3
+3
+3
+3
+3
+3
+3
+3
+3
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2

194500

REFRACTORY TEMP

93046y
903430,
903988y
924605,
95110y
965369,
9¢5312y
Fe4936yg
964327y
93505,
942608y
9¢]723,
90885,
90100y
89370,
88697,
8¢8Q77,p
Be7509,
Beb995,
8e¢6535,
8eb128y
845780y
845491,
Be5269,
Be5]120,
Be5047,

LB PER HOUR
LB PER HOUR

DEG K

+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
*2
+2
+2
+2
2

TUBE SKIN TEMP

5¢87304a
642293
6¢5832p
608944,
7e¢1702p
704]]9.
7e5876n
Te7328»
Te8341p
Te8063yp
749256y
Te9524y
Te95360n
795360
709524y
7092560
7e¢9085y
T¢8963p
Te8683g
7+8353,
T28231»
779010
707780y
7¢7609y
7e¢7340y
7¢7328%

+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+*2
+2
+2
+2
+2
+2
+2
+2

3.9900,
444505,
408756,
52668,
506242.
5e9460,
602310.
64779,
66855,
608554,
6e9914,
70975,
Tel775,
7'237lp
7e2787,
743058,
7e¢3219,
703295,
7e329]y
703238y
Tedl4by
73020y
702886y
742736y
702583,
7e2444,

PROCESS GAS TEMP

*2
+2
+2
«2
2
*2
*2
+2
+2
+2
+2
+2
+2
*2
+2
+2
+2
+2
*2
*2
+2
+2
+2
+2
+2
+2
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DISTANCE DOWN FURNACE NET VERTICAL FLUX FLUX TO0 TUBES
0.0 - 5096052 =8 J]e4088yp +4
le} ~le77750 +3 1e3455, +4
2e]) w2¢91490 +3 1042833, +4
3.2 ~3,00530 +3 122755 +4
442 =240830n +3 1016770 +4
53 «4437770 +2 10966y +4
64 led919p +3 1e¢0244, +4
T4 302201! +3 904005; +3
8.5 4424140 +3 Be5713p +3
905 404353! "'3 707699n +3

106 4027950 *3 7¢0729y +3
117 4001460 +3 6+40585 +3
127 3¢72510 +3 5089170 +3
13.8 3443659 +3 504251y +3
14.8 ° 3e1603p +3 50051, +3
1549 208917D +3 4-7386u +3
170 2¢6298p +3 404644, +3
18.0 2437090 +3 4020275 +3
1901 2.!138» +3 440438y +3
20.1 1485040 +3 3e9377p +3
212 1e5822p +3 3e77255 +3
223 1e3025» +3 367292y, +3
2343 1400730 +3 36294y +3
2444 6996290 +2 3458584 +3
2544 3¢6274n +2 346208y +3

2645 ~194901n =8 3458825 +3
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BURNER FUEL FLOWRATE

AIR TO FUEL RATIO

2460

1690

PRQCESS GAS FLOWRAT?
STEAM To CARBON RATIO
TLEORETICAL FLAME TEMPERATURE

DISTAHNCE DOWN FURNACE
0«0
|
2e]
3.2
4,2
5.3
be4
Te4
8.5
9¢5
10.6
11.7
127
13.8
14.8
15,9
170
18.0
19.1
20.1)
212
2243
23.3
2444
25.4
2645

FLUE GAS TEMP

949089y
}+0098yp
1007150
1e1336y
11779
1019720
11897n
101543y
10898y
1004470
]«018l0p
9¢9859y
98239y
96811
925520y
9¢4341»
9¢328622
902274y
9¢1371p
90549y
8¢9806x
89142y
Be8558y
88057y
8e7644yp
8e73270

35200
3400

+2
+3
+3
+3
+3
+3
+3
+3 -
+3
+3
+3
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2

213000

REFRACTORY TEMP

95828y
96213y
96753y
947330y
Fe7769y
97939
97772y
97276y
Fe6552y
9¢5614,
946170
9¢3653y
92746y
941902y
9¢1122¢
90403,
849743y
89140y
848595,
88108y
8e7681y
8e¢7317p
8470} 9y
86790,
846639y
846573y

LB PER HOUR
LB PER HOUR

DEG K

+2
*2
+2
+2
+2
+2
+2
+2
+2
+2
*2
+2
+2
+2
*2
.2
+2
+2
+2
+2
+2
*2
+2
+2
+2
+2

TUBE SKIN TEMP

6405360
6e4490p
648200y
714210
74399y
Teb767n
7485120
7298660
840720y
8¢1331»
8elb6lln
8e¢1623p
Bel6230
B8elblle
841440p
Bell72n
8408910
8407080
840428y
8.0[47!
Te98660
Te95360p
Te92560
7e9134»
7e8963p
7¢87920

+2
+2
+2
+2
+2
*2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
*2
+2
+2
+2
+2
+2

PROCESS GAS TEMP

309900p
404946y
49583,
503818y
507658,
601087,
644087,
606650,
68782,
7e0511,
TelBd55,
72879,
703645,
704187,
704547,
704763,
704873,
7+4888,
7e4828,
Ted725,
744580,
704410,
704233,
7e4049,
7e3867,
73697,

+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
*2
+2
+2
+2
+2
+2
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~ DOWN FURNACE
DISTANCE gu

1ol
201}
Je2
442
53
6e4

Ted

8.5

9«5
106
1167
1247
138
14,8
159
17.0
18.0
1941
201}
21e2
2243
23.3
24.4
2544
2645

«199343y
=3¢06%9]n
2497140
»le7572n

185830
243552
4421300
5211 1m
5627400
5¢00220
4964660
4.2526»
3e93660
3¢60750
3629220
249837»
2468560
2039000
2408720
le7811n
1046360
1el12820

Te78120
4004020

~2¢9802n

VERTICAL FLUX
HET 0.0000

+3
+3
+3

3

*2
+3
+3

..‘.3

+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
*2
+2
~8

FLUX To TU

|e5482y
1e4703y
1e3967s
1e3297y
1258y
117010
140849,
9¢90360¢
9¢0120%
5.0391!
Te2932yp
6¢6600p
6+0830y
5¢5633p
51676y
486260
446043y
403394,
441568y
40100
348987y
3¢8453,
38065y

3610
g:;2965
Je7686yp

*

BES
+4
+4
+4
+4
+4
+4
+4
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
*3
+3
+3
+3
+3
+3
+3
+3
+3
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BURNER FUEL FLOWRATE

AIR 7O FUEL RATIO

2

16090

PROCESS GAS FLOWRATE
STEAM T0 CARBON RATIOQ
THEORETJCAL FLAME TEMPERATURE, .

DISTANCE DOWN FURNACE
040
lel
24}
3e2
4.2
5.3
6s4
T4
8«5
945

10.6
J1e7
1247
13.8
14.8
15.9
170
18.0
1941
20,
212
2243
23.3
24,4
2544
26¢5

35

460

200
3.00

FLUE GAS TEMP

1402129
10415y
11064y
161707
2155y
1023420
192249y
{21869
1+1187»
10720y
100449y
120252y
1«0088x
99428y
9e8115y
92696y
9¢58] 9y
94814y
903896y
9¢3062p
92309
9¢1637p
91049
9005469y
92«01360»
Be9825p

+3
+3

+3

43
+3
+3
+3
+3
+3
+3
+3
+3
+3
*2
+2
+2
+2
+2
+2
*2
+2
+2
*2
+2
+2
+2

22300

REFRACTORY TEMP

9+8785,
Ge9167n
99698y
10026y
10068y
140083y
1¢0063p
100110
Ge9352y
948381y
Pe73560n
P+6365y
95435,
944570y
Pe3768y
9¢3030p
902351'
9e¢1732p
Qe¢1172y
2¢0673p
9¢0236p
Be9864y
8+9558p
89329y
BeP176p
8e9112p

LB PER HOUR
LB PER HOUR

DEG K

*2
+2
+2
+3
+3
+3
+3
+3
*2
+2
+2
+2
*2
+2
+*3
+2
*2
»2
+2
*«2
+2
*2
+2
+2
+2
+2

TUBE SKIN TEMP

be2562n
6;6857'
70848y
7e4240y
TeT7169
796950
Beld452n
Be2807n
5.36490
Be4260p
8+¢43681s
Bed4540p
Bed3B81y
8e42710
504]50!
Be3820»
Be3527%
8.3247'
Be29b66y
Bel624y
B8s2]184y
Be1904y
Bel782»
Bel452y
B4]331s
841160y

+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
+2
*2
+2
+2
+2
+2
+2
+2

3.9900,
405441,
5¢0505,
55101,
549237y
6¢2907,
646082,
6.8782,
70999,
Te2781,
704160,
Te5195,
7¢5941,
Teb464,
Te6800,
706987,
Te7067,
707056'
Teb973,
706833y
706669,
Teb49)
706292,
706084,
7¢5886,
7e¢5706,

PROCESS GAS TEMP

+2
*2
+2
+2
+2
+2
+2
“2
+2
+2
+2
+2
+2
*2
+2
+2
*2
+2
+2
*2
+2
+2
+2
+2
+2
+2
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DISTANCE DOWN FURMACE

‘ 0.0
1ol
241
J.2
4,2
53
6e4
Te4
B8e5
95
1046
117
12.7
13.8
14,8
15.9
1740
1840
19.1
20.1
21e2
2243
2343
2444
2544
2645

NEY VERTICAL FLUX-

5:9605»
n2e1183n
w3e3262n
a3o1650l
=147855p

3¢7453p

2¢7609p

4477899

5¢8452p

5.5846!

5¢5637»

5¢1654»
447648n

4438060

4,0]178p

3:66909

3432780

2¢49932n

2466) 60

243283p

1e981 40

162200

1e2524»

Beb225n

404765#
=2e9802»

w8
+3
+3
+3
+3
+2
+3
+3
+3

*3

+3
*«3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
*2
+2
-8

1¢70Q46y
16108
lc5211l
1e4406¢
103562y
102586y
11635,
1¢0591p
9e6]152p
846004,
7+8083p
Te0376p
604864y
509659&
5¢5046p
51979
491720
4467300
444694y
4433530
4428720
4420170
4,0812a
4.1034y
4.0724p
41148y

FLUX To TUYBES

+4
+4
4
+4
+4
+4
+4
+4
+3
+3
+3
+3
*3
+3
+3
+3
+3
+3
+3
«3
+3
+3
+3
+3
+3
+3



1.

2,

5.
6.
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9.

10,
11.
12,
14,
15,
l6.
17,

18.

19,

20,

21.

22.

24,

25,

26.

REFERENCES

SPIERS, H.M., "Tochnical Data on Fucl", 6th od. (1962).

"Gas Making", published by The British Potroleum Company Ltd,
MESSING, R.F. and BRADLEY, J.W., Chem. Eng. 67 No.13, p 74 (1960).

Pot. Rof. 38 No,11, p 280 (1959)

REDMAN, J., J. Inst. Fuol, 36 p 329 (1963).
DENT, F.J., Inst. Gas Eng. and Inst. of Fuol Conf., Hastings, (1962)

DENT, F.J., COCKERHAM, R.G. and THOMPSON, B.H., 7th Intornational
Gas Conf., Tho Haguo.
THIBODEAV, R.D. and STEVENS, W.F., Chem. Proc. Eng. 46, p 410 (1965)
KIPINIAK, W,., "Dynamic Optimisation and Control", John Wiley, (1961).
TURNER, K., PhD Dissortation, University of Loods (1970).
TOPSDE, HALDOR, J. Inst. Gas Eng. 6 p 401 (1966)
L0oBO, W.E. and EVANS, J.E., Trans. Am. Inst. Chcm.Eng. 35 p 743 (1939)
McADAMS, W., "Hoat Transmission", Mc-Graw Hill, (1954).
HOTTEL, H.C., J. Inst., Fucl 34, p 220 (1961).
HOTTEL, H.C. and SAROFIM, A.F., Inst. J. Hecat Mass Transf., 8,
p 1153, (1965).
CHANDRASEKHAR, S., "Radiativo Transfar", Dovor Publications, (1960)
KOURGANGCFF, V., "Basic Methods in Transfer Problems", Oxford
Univ. Pross (1952).
USISKIN, C.M. and SPARROW, E.M., Int. J. Heat Mass Transf., 1
p 28 (1960),
VISKANTA, R. and GROSH, R.J. Intornat. J. Hoat ond Mocs Tronafer,
1, p 81, (1960).
WIEBELT, J.A., “Enginsaring Radiation Hoat Transfor', Holt,
Roinhart and Winston, (1966).
CESS, R.D., Adv. in Hoat Transfer, 1 p 1, (1964).
CHEN, J.C., Am. Inst. Chom. Eng. Journal, 18, p 253, (1964).

VISKANTA, R., Advances in Hoat Transfor, 3, Acadomic Pross, (1966).



27.

28,

29,

3a.

31,
32,
33,
34,
3S.
36,

37,

38,

39,

40,
41,
42,
43,

44,

HIRSCHFELDER, J.0., CURTIS, C.F. and BIRD, R.B., "Molocular
Thoory of Gascs and Liquids", Wilay, (1954).

EDDINGTON, A.S., "Thc Intornal Constitution of tho stars",
Dover Publications, (1959),

HOTTEL, H.C., Proc. of 1961-62 Hoat Transfor Conf. ASME Spccial
Locture, (1963).

HOTTEL, H.C., Notos on Radiant Hocat Transmission, Chom, Eng.
Department, MIT, (1938).

ROESLER, F.C., Chem. Eng. Sci., 22 p 1325, (1967).

CRIB, G.S., Brit. Chem. Eng., 9, p 366, (1964).

FOX, J.M. and VARZE, J.C., Ind. Eng., Chem, 40, p 65, (1964),

SOMER, T.G., Brit. Chom, Eng. 8, p 466, (1963).

DENT, F.J., Gas World, 161, p 275, (1965).

LIHOU, D.A., Chom. Proc. Eng. 46, p 487, (1965).

COCKERHAM, R.G., PERCIVAL, G., and YARWOOD, T., J.Inst. Gas
Eng., 5, p 109, (1965).

ANDREW, S.P.S. Private Commonitatioa

ANDREW, S.P.S., Papor dolivorod at tho AGM of tho Socicty of

Chomical Industry, (1964).
DODGE, W.F., "Chemical Enginecering Thormodynamics", McGraw-Hill, (1944),
THRING, M.W., Chem. Proc. Eng. 46, p 544, (1965).
FROMENT, G.F., Ind. Eng. Chom., 59, p 18, (1967).
CRESSWELL, D.L,, PhD Dissortation, Univorsity of Loods, (1969).
MeGREAVY. C. and TURNER, K., 19th Canadian Chemical Engincoring

Conforance, Symposium on Catalysis, (1969).

45, THRING, M.W., "The Science of Flames and Furnacos", Chapman and

46,
a7,
48,

49,

Hall, (1962),
JAKOB, M., Proc. Phys. Ray. Soc., 59, p 726, (1947).
HOTTEL, H.C., J.Inst. Fuol, 34, p 220, (1961).

LEVA, M., Ind. Eng. Chem., 40, p 747, (1948).
YAGI, S. and WAKAQ, N., Am. Inst. Chem. Eng. Jourmal, 5, p 79, (1959).



50.

51,

52,

57,
58,
59,
60,

61,

64,
65.
66.

67.

68.

69.

70.

71.

72,

73.

FELIX, T.R., PhD Thosis, Univorsity of Wisconsin, (1951).
PLAUTZ, D.A., and JOHNSTONE, H.F., Am. Inst. Chom., Eng. Jourpal,

1, p 193, (1955).
YAGI, S. fiND KUNII.,D., Am. Inst. Chem. Eng. Journal, 6, p 97,(1960).
Ibid. 3, p 373, (1957).
ARGO, W.B. and SMITH, J.M., Chem., Eng. Prog., 49, p 443, (1953),
BFEK, J., Adv. in Chem. Eng. p 203, (1962).
FAHIEN, R.WU. ond SMITH, J.M., Am. Inst. Chem. Eng.Journal, 1,

p 25, (1955).

HOUGEN ot al, Am. Inst. Chom. Eng. Journal, 41, p 445, (1943),
WILDE, D,J., "Optimum Sceking Mothods", Prentice-Hall, (1964),
KIEFER, J., Proc. Am. Math. Soc., 4, p 502, (1953).
GILL, S., Proc, Camb, Phil, Soc., 47, p 96, (1951).

HACKETT, R.S., Papor at Amsterdam Conferenco. "Application of

Automation in tho Process Industries", Inst. Choem,
Eng., (1967).
PORT, F.J., ScD Thesis, Massachusctts Inst. of Tochnology, (194G).
CHAO, K.C., Am. Inst. Chem. Eng. Journal, 9, p 555, (1963).

ROSS, G., Trans. Inst. Chem. Eng. 45, p CE272, (1967).
PENNINGTON, R.H., "Introductory Computor Mcthods and Numcerical
Analysis", Collier, Macmillan, (1965).
JURSIK, 3., Control. Eng. p 61, (1963).
IDA, E.S., Control Eng. p 107, (1962).
ECKERT, E.R.G. and DRAKE, R.M., "Heat and Mass Transfoer", McGraw-Hill,
(1959).
HOP, A.G., Paper at Amsterdam Conferonce, "Application of
Automation in the Procass Industries", (1967).
SAVAS, E.S., "Computor Control of Industrial Procossos,
McGraw-Hill, (1965).

CARBERRY, 3J.J., Chom, Proc, Eng., p 306, (1963).



74,  WHITE, W.B., JOHNSON, S.M, and DANTZIG, G.B,, J. Chom. Phys.
28, p 751, (19s8),
75.  NAPHTALI, L.M. J. Chom. Phys., 31, p 263, (1959).
76.  ZELEZNIK, F.J., Ind¢. Eng, Chem., 60, p 27, (1968).
77. LEWIS, G.N. and RANDALL, M, "Thormedynamics", McGraw-Hill, (1961);
78, STOREY, S.H. and VAN ZEGGEREN, Can. J. Chem. Eng., 42, p 54, (1964),
79.  NAPHTALI, L.M., Ind. Eng. Chem., 53, p 387, (1966).
80. SMITH, J.M., "Chemical Engincoring Kinotics", McGraw-Hill,
8l. GUEST, P.G., "Numorical fMothods of Curve Fitting", Camb. Univ,
Press, (1961).
82, LAPIDUS, L., "Digital Computationh for Chomical Engineeors",
McGraw-Hill, (1962).
83, - BOLEY, B.,A. and WEINER, G.H., "Theory of Thormal Stresses", Wiley(1960).
84.  HASSELMAN, D.P.H., J. Amer. Ceram., Soc., 46, p 229, (1963).
85, GRIFFITH, A.A., Phil. Trans. Roy. Soc., A22l, p 163, (1920).
86.  KINGERY, W.D., J. Amer, Ceram, Soc., 38, p 3, (1955).

87,  HASSELMAN, D.P.H., J. Amer. Ceram, Soc., 50, p 454, (1967),



	543575_001
	543575_002
	543575_003
	543575_004
	543575_005
	543575_006
	543575_007
	543575_008
	543575_009
	543575_010
	543575_011
	543575_012
	543575_013
	543575_014
	543575_015
	543575_016
	543575_017
	543575_018
	543575_019
	543575_020
	543575_021
	543575_022
	543575_023
	543575_024
	543575_025
	543575_026
	543575_027
	543575_028
	543575_029
	543575_030
	543575_031
	543575_032
	543575_033
	543575_034
	543575_035
	543575_036
	543575_037
	543575_038
	543575_039
	543575_040
	543575_041
	543575_042
	543575_043
	543575_044
	543575_045
	543575_046
	543575_047
	543575_048
	543575_049
	543575_050
	543575_051
	543575_052
	543575_053
	543575_054
	543575_055
	543575_056
	543575_057
	543575_058
	543575_059
	543575_060
	543575_061
	543575_062
	543575_063
	543575_064
	543575_065
	543575_066
	543575_067
	543575_068
	543575_069
	543575_070
	543575_071
	543575_072
	543575_073
	543575_074
	543575_075
	543575_076
	543575_077
	543575_078
	543575_079
	543575_080
	543575_081
	543575_082
	543575_083
	543575_084
	543575_085
	543575_086
	543575_087
	543575_088
	543575_089
	543575_090
	543575_091
	543575_092
	543575_093
	543575_094
	543575_095
	543575_096
	543575_097
	543575_098
	543575_099
	543575_100
	543575_101
	543575_102
	543575_103
	543575_104
	543575_105
	543575_106
	543575_107
	543575_108
	543575_109
	543575_110
	543575_111
	543575_112
	543575_113
	543575_114
	543575_115
	543575_116
	543575_117
	543575_118
	543575_119
	543575_120
	543575_121
	543575_122
	543575_123
	543575_124
	543575_125
	543575_126
	543575_127
	543575_128
	543575_129
	543575_130
	543575_131
	543575_132
	543575_133
	543575_134
	543575_135
	543575_136
	543575_137
	543575_138
	543575_139
	543575_140
	543575_141
	543575_142
	543575_143
	543575_144
	543575_145
	543575_146
	543575_147
	543575_148
	543575_149
	543575_150
	543575_151
	543575_152
	543575_153
	543575_154
	543575_155
	543575_156
	543575_157
	543575_158
	543575_159
	543575_160
	543575_161
	543575_162
	543575_163
	543575_164
	543575_165
	543575_166
	543575_167
	543575_168
	543575_169
	543575_170
	543575_171
	543575_172
	543575_173
	543575_174
	543575_175
	543575_176
	543575_177
	543575_178
	543575_179
	543575_180
	543575_181
	543575_182
	543575_183
	543575_184
	543575_185

