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ABSTRACT .

A two stage spray combustion system burning
residual fuel oil is mathematically modelled and optimised
on the pasis of experimental work performed on & pilot-scale
furnace, |

The object of this work is to determine optimel
system operation on an economic basis in order to prevent
high temperature corrosion by the elimination of excess air,
and to reduce.pollutant emigsion to acceptable 1evgls.

In particular, a solid emission of not more than 0.0040
kg solid/kg fuel is required.

The system consists of two nigh intensity
combustion chambers in series, separated by a hegt exchange
section. FPuel is fed to the first chamber only.
Combustion intensities of the order 10 MW m3 (10 Therm/
hr ft3) are achieved in each chamber &% a firing rate of
4 g/s (31.7 1b./hr.). Both air and steam atomisation are
investigated,

System operating limits are determined, in
particular the thermal stability (blowout) limit of the
second s?age at or near stoichiometric conditions is
measured, Experimental measurerents of the maximum
interstage heat removal using spray water cooling at blowocut
conditions are made, and then interpreted on & theoretical
basis to Qetermine the stability limits for industria}
conditions where cooling is achieved by indirect mesns
(without spray water).

Optimisation of the system is achieved on an
economic @asis using a constrained non-linear minimisation

technique,.
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NOMENGLATURE .
A1l dimeneions are in terms of S.I. Units

unlcss other wise specified.

Length I metre m
Mass M kilogram kg
Time T second 8
Thermodynamic
Temperature e degree Kelvin K

Derived units used

Force P newton N = kg mn/r
Energy E joule = Nmnm
Power P watt W= J/s
Symbol Dimensions

a particle radius L

AC total projected particle cross L2
sectional area,.

o]
Ai cross sectional area of inlet porss. L=
A projected particle cross sectional 1t
p area per unit voluue.

AX heat exchange surface area. L2

A cross scctional area of heat exchange 12

y tube.,

bS gstoichiometric coefficient. -

B Transfer number, ) -

BC Transfer number for combustion, -

e concentration, M/L3

c(x) constraint function. -

cq constant. L

CD drag coefficient. -

Cp molal heat capacity at constant pressure E/N6

c molal heat capacity at constant volume E/16
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Symbol., Dimensione

D diameter. L

Leq DMeen evaporative diameter. L

Dmm mass median diameter. L

Dp particle diameter. L

DSm surface mean diameter, 5

?P arithmetic mean diameter, L
L molar diffusivity. 12/1
E, activation energy. B/

P probability factor. -

1

F,(F, ) mess(molar)flow rate of fuel. /T
F,(F,') mass(molar)flow rate of atomising fluid. M/
F3(Fé') mass (molar )flow rate of forward air, M/T
F4(F4') mass (nolar )flow rate of recverse air., /T

FB(FB') total mass (molar) flow rate from stage 1. /7

F6(FS‘) total mass (molar) flcw rate from stage 2, M/T

F7(F7’) mass (molar) flow rate of stage 2 M/
inlet air.
FB(FS') mass (molar) flow rate of stage 2 1/
outlet air.
R m perfectiy mixed fraction of stage 2 well -
P mixed section.
g gradicnt vector. -
Gn number size distribution function, -
Gw welght sige digtribution function. -
hC convective heat transfer coefficient. E/LZQT
h,  overall heat tremsfer coefficient. E/I%0T
H Heggian matrix.
H, heat of combustion. /M
Hp heat of Fformation. /Y
H, heat of reactiomn., E/i
H, sensible heat. E/M
H enthalpy. E/M
k thermal conductivity. BP/18

kl—k15 censtants.,

ksi“ks6 rate constants.



Symbol.

H kg

O O 2 Q.

e Do
H

global are constant.

diffusional resistance constant.
equilibrium constant,

surface resistance constant.

microscale for turbulent mixing,
charactecristic dimension.

air loading.

charactezristic dimension of the
radiating enclosure.

spacific mass reaction rate, or mass flux.

mess of char per kg of fuel.

nass of soot per kg of fuel.

total mass of go0lid per kg of frel.
mass ratio of spray water to
combustion gas.

molecular weight.

masas flow rate,.

mass flow rate of air.

molecular weight ¢f carbon.

fractional number of drops (cquation 2,2)

Masselt number,

Prandtl number,.

Reynolds number,

number of char particles.
rnunher of scot particles.
total number of drops.

partial pressure.
displeccment vector.

pressure.

heat transicr rate.
change of gradient vector.

heat generation or loss.

heat generation or loss per mole of
OXygen.
convective heat transfer rate,.

radiant heat transfer rate.

Zi,

Dimensions,

T/L

M/T
/T
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interstage heat removal rata.
moximum interstage heat removal rate
limited by 600 K gas temperaturec.
maximum interstage heat removal rate
limited by blowout.

radial distaace,

molar rceacition rate (forward).

molar reaction rate (reverse).
molor reaction rate (net).

Gas constant.

ILaplace operator.
entropy.

time.,
temperature.,

convective mean temperoturc
(equation 2.44).

raediant mcan temperature
(equation 2.43).

surface ‘temperature,
wall tempcerature,

inlet gas temperature toc cooling tube,
outlet gas temperature from cooling tube,

steam temperature.

rclative velocity.

inlet velocity.

volume,

weight fracktion (equation 2.32).

noic froction.

state varicble vector.

slack variable vector.

molar ratio of 002 to CO at carbon
particle surfece.

constants.,

collision factor.

il
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F
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44
QO 4
N

Dimensionsg
reaction order constant.
turbulent mixing rate. pt
reaction order constant,

2]
surface tension. B/1°
reaction order constant.
water spray cvaporetion efficiency.
fucl spray evaporation efficiency.
oxygcn consunmption efficiency.
tobtal emissivity.
char emissivity.
soot ewmissivity.
non-luninous enmissivity.
latent heat. /M
equivalcnce ratio.
absolute viscosity. : FT/L2

. . . . 2 s,
kinematic viscosity. L=/
mean residence time. T
standard deviation.,
density. /17

. . P
liquid density. ¥/ T

Z
gas density. 1,/1,”
particle density. M/I?
char density. M/’

i %
soot density. /1

rinite change.,

Gamme function.



CHAPTER 1.

INTRODUCTION .

Mathematical models for the high intensity
combustion of residual fuel oils are developed in this work.
These models are then used in conjunction with minimisation
techniques to optimise the operation of a two stage
combustion reactor with independent interstage heat removal,
The optimisation of theoretical multistage gaseous
combustion reactors has been achieved previously, however
this is the first attempt to optimise an operating pilot—
scale spray combustion reactor,

Increasing use is being made of low cost high
intensity combustion systems as an alternative to the more
expensive natural and forced draught systems, Recent
restrictions on the level of solid emission from combustion
equipment and concern over excessive noise levels has led
to the further acceptance of the inherently quieter and
cleaner high intensity combustion chambers,

They have been employed successfully for the
combustion of distillate fuels, however use of low cost
residual fuels containing sodium, vanadium apd sulphur
impurities has met with only limited success, In
particular, combustion of such residual oils has led to
severe corrosion of heat exchange surfaces as well as
high pollutant emigsion and combustibles loss in the
exhaust gases,

Combustion control is the most flexible yet

economic method of approaching these problems, This method
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involves control of both the design and operation of the
system, in particular the accurate adjustment of fuel and
air so as_to exclude excess air and prevent high temperature
corrosion. A recent advance in combustion control
involves staged combustion with independent interstage heat
removal, which allows second stage temperature control
without altering fuel and air settings, This two stage
combustion concept improves heat transfer characteristics
by controlling the solid burden from the first stage and
then reducing it to acceptable levels below the statutory
limit of 0.,0040 kg gsolids/ kg fuel by combustion in the
second stage.

The object of this work is to assess the relative
merits of high combustion efficiency, high heat transfer
rates, low solid emission and the use of air or steam
atomisation, in a two stage high intensity (of the order
10 MW/m’) system. Puel is injected in the first stage
only and the system is operated so as to exclude excess
air completely. The optimal combustion conditions both
from an ecqnomic and operational point of view are
determined.

This system is analysed using chemical reactor
theory, and mechanistic and empirical models are developed.
In particular, an experimental investigation of the effects
of interstage heat removal on combustion stability in the
sccond stage is made and the stability limits at and near
gtoichiometric operation determined,

The optimisation study of the system is made

using a constrained quadratic minimisation technique known
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to be successful for non~linear systems, It was found that
the solid emissiqn limitations could easily be met using the
two stage system. .They could not, however, be met using a
single stage systen, The most economic mode of operation
for any first stage conditions is achieved whén interstage
heat removal is maximised. Up to 92% of the heat released
in the first stage can be removed inters?age-wisg at first
and sccond s?age equivalence ratios of 1.9 and 1.0
respectively.

The most ecconomic operation of the system to
geperate high pressure steam on an annual basis,consistent
with solid emission limitations,is achieved at two different
conditions depending on the value of the stecam produced.
When the steam generated is worth £ .00092/kg, optimal
operation is achieved using steam atomisation at a first
stage equiyalence ratio of 1.5, an atomising §team/fuel ma.ss
ratio of 0.9 and a fuel flow rate of 2.00 g/s. When the
steam generated is worth £ .00150/kg, optimal operation is
achieved uging steam atomisation at a first stage equivalence
ratio of 1,9, an atomising steam/fuel mass ratio of 0.9 and
a fuel flow rate of 3.20 g/s.

The investigation of system design indicates that
the second stage chamber should be redesigned, in particular,
the plug flow secction can be removed completely without

affecting system performance.



CHAPTER 2.

LITERATURE REVIEW,

The possibi}ity of burning heavy residual fuel
0il containing sodium, vanadium and suwlphur as impurities,
whilst preventing_high temperature corrosion and eliminating
pollution hazards, has led to the study of two stage
conbustion, In order to improve existing furnace design
and operation, & systematic study has been made of the
available information on two stage combustion, including
extensive experimental work on one existing pilot-scale two
stage furnace. These results have indicated that reductions
in both corrosion and pollution cen be achieved by gareful
regulation of the conditions within the furnace i.e.
combustion control._ This experimental work has shown that
the following study, which is a more detailed analysis of
previous results, is warranted,

The study requires the determination of system
criteria upon which the evaluation of the system is based;
the formulation and testing of models to describe the system;
and the analysis of the models and system to improve or
optimise design and operation. These findings may then be

used for tne implementation and control of a working system.

2.1, System Criteria.

Small high intensity combustion chambers are used
for process heatipg‘and in package boilers where speace
limitations occur. These combustors must produce clean
exhaust gases without causing corrosion of heat exchenge

surfaces, as well as being economic to operate.
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The determination of furnace desipgn and operating
criteria requires the dzfinition of the critical operating
and process dependent variehles. The application of the
combustion unit usually determines which variables must be
controlled a2::d which, in Ffact, can be controlled.

The system upon which this studr is based has bveen
described in detail previously (1,2). The system consisted
of a high intensity gasifier separated from the second stage
gas burner by & heat exchanger. The fuel uscd was a

reference rcsidual fuel oil as specified in Appendix 1,

2.1.,1, EHigh Tewmperature Corrosion.

The combustion of residual fuel oil
containing sodium, vanadiuvm and sulphur as inpuritics is
known to produce cosivustion products which, under oxidising
conditions, cause corrosion of heat exchange suriaces,.

HTUN (2) and ARCHER (3) have made extonsiv: snurveys of high
intensity residual Tuel oil combustion and have concluded
that combustion control rather than the use of additives is
one of tht most promising methods of controlling firesidce
corrosion in furnaces. Experinental evidcnce obtained by
hese workers indicated that potentially corrosive metal
oxides arz formed only in the presence of excess aix, The
formation of these compounds may be prevented by
stoichi?mc ric or fuel rich combustion in a wecll mixed
furnace.

Heat exchange surface temperatures have been shown
to influence the severity of corrosion resulting from
sodiun~vanadium compounds and metal sulphides which depogit

at the surface (4). Gas borne carbon is also dmowm to
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reduce corrosion under low excess alr conditions (5). The
control of furnace temperature and carbon formation can thus

be used to influence the rate of corrosion at heat exchange

surfaces.

In multistage systems, both the carbon loading
and combustion gas temperature at the exit may be controlled

by interstage heat removal as well as by equivalence ratio¥.

2,1.2, Emission of Pollutants.

The hazards arising from solid and gascous
pollutant emission from industrial furnaces has led to
legislation limiting the amount of pollutants that may be
dischdrged into the atmosphere (6,7). Early recgulations
were based on smoke number and overall acidity or alkalinity,
present controls however specify maximum levels for both
solid and gaseous pollutants.

Solid pollutants are generally fly ash and
carbonaceous solids, and are specified as a weight per unit
volume of dry exhaust gasges or as a weight per unit fuel.

In 1967, the Ministry of Housing and ILocal Government (6)
gpecified the maximum level of dust and grit emission fron
boilers and fuynaces with a fuel firing rate less than

0.35 kg/s as 0.4% by weight of the fuel fired., This
corresponds to a so0lid burden of 395 mg/m3 in the dry

exhaust gases at stoichiometric conditions for the residual
0il used in this study. For installations with firing rates
in excess of 0.35 kg/s, the maximum allowable emigsion
decreased linearly with firing rate to 0.2% of the fuel at

a firing rate of 3.58 kg/s. More recently, a recommendation

* Bquivalence ratio @ is defined as the ratio of

stoichiometric air required to actual air used for
combusgtion.
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has been made for an absolute maximum emission of 460 mg/m3
solids in the dry exhaust gas (7).

. Gageous pollutants from furnaces are usually
sulphur compounds such as hydrogen sulphide, sulphur dioxide,
sulphur trioxide, and gaseous mercaptans, More recently,
consideration has been given to the possible formation of
oxides of nitrogen in high intensity furnaces (8).

Control of solid emission can be affected either
by preventing solid formation or by subsequent removal,
The formation of carbonaceous solids in spray combustors is
controlled by choamber design and operation. Combustible
solids may be removed either by burning or by mechanical
separation using a scrubber, filter or precipitation system.

The formation of gaseous pollutants such as H2S
and 803 is prevented by fuel rich combustion (2,7). It
appears that the formation of 802 is also reduced, as a
larger fraction of the sulphur entering in the fuel is
retained in the solids formed (1,2). It is Xnown (8) that
the formation of oxides of nitrogen is favoured by air rich
high temperature combustion. Steam injection is known %o
inhibit the formation qf these oxides by lowering the
combustion temperature., Recent work by JASSER (9) has
indicated a 50% reduction in the nitric oxide emission from
domestic f.rnaces can be achieved by the reduction of excess

air from 50% to 0%.

2.1.3. Heat Generation and Transfer.

The generation of useful heat requires the best
possible utilisation of the fuel available with respect to

both combustion efficiency and the production of combustion
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gas suitable for the type of heating required. In most
cases it is desirable to generate heat rapidly within a
small volume while maintaining high combustion efficiency.
This leads +4o high intensity combustion characterised by
high specific heat release rates of the order 10 MW/mB.
High combustion efficiency, however, does not ensure &
combustion gas with good heat transfer characteristics,

Heat transfer in furnaces occurs ?redominantly
by a combination of convection and radiation. Many studies
have been made to determine the convective and radiative
heat trasnfer properties of solid laden combustion gases.
These have been reviewed by HOTTEL and SAROFIM (10).
Convective heat transfer is dependent on gas temperature and
velocity while radiant heat transfer which predominates,
depends on gas temperature and emissivity. The emissivity,
as well as gas temperature and velocity, is determined by
combustion conditions and furnace geometry.

High combustion intensity and high heat transfer‘

rates allow the use of smaller furnaces and heat exchangers.

2.1.4, Furnace Control.

A prercquisite for the modelling and optimisation
of a system is that the system is controllable, The
application of the furnace determines the degree of control
required whilst the design governs whether it can be
controlled i.e. controllability. Previous work on the
experimental system studied (2,3,11) has indicated that the
flowrates of a2ll inlet streams are controllable. Inlet
fuel and steam temperaturcs are controllable but.inlet air

and water temperatures are not. It is known (2,3) that air



and cooling water temperature as well as cooling water
flowrate have negligible effect on system performance.

A1l inlet flows and temperatures were controlled excluding
air and water temperature.

Consideration must be given to the use of system
models for future on~line control. While the
implementation of on-line control is not the object
of this study, the complexity of the models developed should

be noted with regard to potential computer control.

2.,1.5. ILconomy.

The simultaneous consideration of the preceding
criteria rcquires knowledge of the relative merit of each.
The best combination of design and operation in the context
of the chosen_criteria i3 determined by an economic analysis
of the systen.

The criteria can be related by considering design
and process variables in terms of capital, operating and raw
material costs as well as value of saleable products.

TOCKWOOD (12) has studied the design of package boilers
| considering the heat transfer criterion only in the economic
analysis, His work involves two simplifying assumptions,
i.e. the combustor is perfectly mixed at the'adiabatic flame
temperaturc and the emissivity is invariant, The analysis
is thus inapplicable tq industrial boilers as neither
condition is satisfied, This is, however, thc only study
detailing furnace design from an economic point of view.

The use of an economic criterion such as maximum
profit or return on investment appears to be the most

promising method of analysing the overall systen.
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2.2, BSystem Models.

Combustion systems are characterised by the type
of fuel burneq and can be classified as gas, liquid or solid
fuel reactors. Liguid and solid fuel furnaces are
heterogeneous reactors with oxygen present in the gas phase.
The only truly homogeneous combustion systems burn gascous
fuels containing no suspended particles,

Extensive use has been made of reaction models
to describe combustion processes using pulverised coal (13),
iso—-octane (14) or keroséne (15) as fuels. The basic models
have been extended to include the effects of mixing and heat
transfer (13,15), however the models have not been applied
to multi-gas fuel systems or systems where solid, liquid
and gas fuels react simuitaneously.

Fuel rich combustion of residual fuel oil involves
simuttaneous solid; liquid and gas reactions. In a ligquid
fuel gasifier, reaction rate and hence heat release rate
are controlled by mass transfer from a cloud of fue; drops.
In a gas burner, solids and gases react in parallel, tne
gases being kinctically controlled and the solids being mass
transfer or kinetically controlled.

_ | The progress of the reactions is as shown in
Fig.2-1, The initial steps involve the formation of a Ffuel
spray which is then evaporated to yield combustible gas and
a tarry residue. Soot forms from the gas phase whilst

char forms from the tarry residue.
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FIG.2-1  GASIFICATION AND COMBUSTION OF RESIDUAL FUEL OIL
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2.2+1s Tuel 0il Atomisation.

The use of twin fluid atomiserg for fuel oil
atomisation is well documented (16,17,18)., The
characteristics of the resulting spray size distribution (18)
have been described (19) by the use of a number size

distribution function, G

n .
_ m -x,. D% 2.1

where K .
g, = g-.bl 2,2

and § is the fractional number of drops less than diameter D.
Both n and m are constants.

The spray is completely defined if & characteristic
dimension such as the surface mean diameter Dsm or mass

median diameter Dmm is Imown.

T 3 ..
. _ § % D°aD -
sm e D° 4D )

£ Gy

dG D4 D : :
D = B =005 204
mm Je D’ano

Both the spray size distribution and characteristic
diameter are determined by atomiser design, fluid properties
and operating conditions. The constants in equation 2,1
have'been uwetermined from experimental measurements on sprays
(34). Ixpressions relating Dy, @nd D to atomiscr design,
fluid properties and operating conditions have been dcveloped

by NUKIYAMA and TANASAWA(16) and by WIGG (17) respectively.

5 v 0.45 ¢ \L.5
D = 5.85 x 102 /¥ +1684{ \ § 1000 |

! .__‘z 1000 -
sm v I3 \X}ﬁj’} ',l \ J / 2.5
5 0.2 »
_ 2 x 10 Sl +7F 0.1 XY«
Dy = == ‘/ f\ ‘ET;‘) (Fy )7 'K‘O“.‘B‘ 2.6

5,



gas/liquid relative velocity at the nozzle
exit

surface energy

liquid density

gas/liquid volume ratio at the nozzle exit
absolute viscosity

kinematic viscosity

fuel flow rate

atomising fluid flow rate

height of atomising fluid annulus

gas density

12a.
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2.2,2, Fuel Spray Gasification.

The rates of cvaporation and combustion of single
drops falling through & hot atmosphere have been studied (20).
From these studies, the effect of mass transfer on heat

transfer has been expressed using the transfer number B,

C_ AT ’
B = L __ 2.7

A

where C, is the heat capacity of the vapour, AT is the
temperature difference between the drop surface and the
surrolindings and A is the latent heat of vaporisation., TFor
evaporating drops where combustion and radiant heat transfer

occur, the transfer number is modified to

c. AT + H .
B o= £ ¢ 2.8
c P R

where Q. is the radiant heat ftransfer rate per unit of fuel

evaporated and HC is thc heat of combustion normalised with
respect to oxygen concentration.

This work has also shown that as predicted from
laminar boundary layer theory, the Nusselt number for moving
drops undergoing mass transfer NNu is related to the Nusselt

number where no mass transfer occurs, NNu’ viz.

Fe, = _du 2.9
! T+ B,

In combusti.n systems where the Prandtl number NPr is
approximately constant, the following equation in terms of

Reynolds number Ny has Been shown to apply (20).

_ ' 0.5 ’
R (0 +B,) = 2+ ks Moo 2,10
Expressing NNu in terms of mass transfor,
. 2 .
&
) S /A SR 2.11
v 4% AT 3t

where k is . thermal conductivity.
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Equations 2,10 and 2,11 may be combined and

integrated to give

D
& .
. A, !
S mp~d975 - .2k AT § at = 10" 2,12
2415l }t7\(1+Bc) 0

HOPKIVS and EISENKILAM (19) have shown that the
simplicgtion of the integral expressions to k4Dn is accurate
to + 5%, and that the rate of evaporation of a single drop

travelling at constant relative velocity is

l-n T
ab _ _ 1 D
& = e 2,13
5
where .
ks - EA(1+BC) k4 2.14
2k AT

The dependence of drop relative velocity on drop
diameter has been determined using the SCHILLER-NAUMANN
steady state drag ecquation for non-evaporating spheres and
the transfer.number concept to account for mass transfer

effects (20). For particles with Np,K 100 the equation is

smudv (1 + 0,15 05 0-%87) = Lo 0® (148) & 2015

HOPKINS (34) has solved equations 2.13 and 2,15
in terms cf initial velocities 7y and diarcters D0 assuning

Npo to be constant over small changes in v and D, viz

7 2 T
lcg v~ = k, | log D ) + Ik log(g—" 2.16
v 7 N Qe (5] e ()
. 5 '

where k6 = 375 % 10 Do 2,17
T - 950

k, = 446 v, 2,18

20.33

and T is the temperature of the surroundings.
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It has been shown that single drop evaporation
theory can be applied to unidimensional sprays (21) and that
for a spray with with an initial drop sigze distribution
corresponding to Gh in equation 2.1, with m equal ton - 1,
the fractional evaporation efficiency Aﬁ'v of the spray in an

incremental reactor is

R -k, At .
A’wv = 1 - exp """—E;'- 2.19

where all drops have the same initial velocity rglative to
the gas over the time interval A t. Equation 2.19 has been
used in conjunction with equation 2.16 for sprays with
varying velocities (34).

For plug flow reactors with mean residence time 737,

equation 2,19 becomes

f k -
£, = 1- exp( k_2_’l’) 2.20
5
and for perfectly mixed rcactors
k5 :
& = 1 = et 2,21
v kzq' + k5

Lquation 2,19 may be applied to any furnace or reactor if
the mixing history is known.

- Studies of the mixing patterns in furnaces under
cold (13,43) and hot (39) conditions using inert tracer (34 )
techniques have shown that high intensity furnaces cannot be
degcribed by perfectly mixed or plug flow models alone.

The analysis of residence time distributions in hot furnaces
has indicated that the mixing characteristics may be
duplicated by the use of perfectly stirred recactors in series
and recycle, In particular, it has been shown (34) that
this type of model represents the mixing oharacteristios of

the first stage combustion chamber used in this work.
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2.2.3. PFormation of Solids.

Pyre component fuel drops entering a high
temperature oxidiksing environment experience an ignition Qelay
until the drop reaches its saturation vapour temperature.

If? the reactor temperature is above thec ignition temperature
of the fuel vapour, combustion occurs and the drop is consumed.
The liquid temperature of wide cut residual fuel oils depends
on the fractional evaporation and follows the boiling point
curve of the fuel oil (22), hence fuel properties change as
evaporation proceecds, In previous analyses (34) this
increase in drop.temperature and change in fuel properties

has been ignored. Although the effect on gas composition

and temperature is small, at high evaporation efficiencies,
the change in the amount of char formed is up to 30%. The
properties of this residue or cher vary considerably depending
on fuel properties and operating conditions.

It is known that at least two types of solids are
formed during the gasificatior. of residual fuelﬁoil (1,2).
Soot, consisting of sub-micron carbon particles, is known to
form during hydrocarbon cracking reactions. .gSoot is denser
than, char, having a density between 1500 kg/mg' and 2000
kg/u> whereas char density is about the same as that of the

original fuel,

2.,2.4, Combustion of Gases.

Previoug quels developed to describe liquid fucl
fired reactors (14,15,23,24) have been based on the
agsumption that the fuel entered the combustion zone as a
vapour and that reaction rate was kinetically control}ed.

The combustion of kerosene (15,23) and iso-octane (14,24) has
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been analysed using collision theory of gases.

The volumetric reaction rate is

¢
. Ea ) kmole

r = FZ exp( T 2.22

m” 8 .
where Z is the total number of molecular collisions, and F
is a probability factor.indicating the fraction of collisions
that result in reaction. For a second order bimolecular

reaction
2

. 2\ 0.5 .
7 Of Xgq Xy (RT) T 2.23
where Xg and Xy are the mole fractions of the reacting

species. Lguations 2,22 and 2.23 are combined to give

~E.\/ » \2 -
ro= 0.5 2\ B
r = K x, x T exp ( RT\( RT) 2,24

where K is the rate congtant. For reactions other than

oL+
(P) 2,25

RT

second order, viz rcaction order o¢ +,B

-

-B
. o _B 0.5 a\
r = K X, Xy T exp ( Rt )

The constants o<, B , E, and K have been determined
experimentaliy (14) for nigh intensity combustors burning
single cogponent gascous fuels where the mixing characteristics
were known.

Combustion of multi-gas fuels is more difficult to
model using collision thecory because the number of constants
that must be evaluated is increased, and whercas Ea is
approximately constant for a single component fuel, it varics
with composition for mul ti-component fuelg. In industrial
furnaces where multi-gas fuels are common, it is not usually
possible to determine the constants required for a model
based on collision theory. A more promising approgdh is to

consider the reaction rate of each gas individually.
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Product gases from high intensity gasifiers are
known to contain methane, carbon monoxide and hydrogen (2,3).
Little information is available for the CH4 - C0 - H2 - Hy0
reaction system although some flame speed measurements have
been made for the CO - Hy, - Hy0 systenm (25). It is known (26)
that carbon monoxide gnd water vapour are the primery products
of methane combustion, carbon monoxide being subsequently
oxidised to carbon dioxide, KOZLOV (25) found that the

reaction rate of methane in the presence of water vapour is

of the form :
L 8 e P
. - b _...@'_ o o -
Tow, = ¥s Fom, %o exp( RT)( RT) ’ 226
4 4 v2 '
_ 11 kmole - 2. 5 kJ__
where kg = 7 x 10 5 Ep = 2051 x 107 17595 »

of.= -0.5 and /B = 1,5 for 1200 K<T £ 1400 X,

The reaction rate of carbon monoxide is

+ .
Thn = Kk oA vﬁ exp | =2) | & P
co = 9 Foo *o, M0 nr) \ BT :
) 2.27
=
where kg = 1,04 x 1077 @%i y & = 1,0, B=0,25 and
m
E} = 0,5. The activation energy E, is temperature dependent,
increasing from 1.34 x 105 kﬁgle at 1300 K to 1.46 x 105
22— at 900 K. FREEDVAN and CYPHERS (27) studied & similar
system and found Ea = 1,17 x 105 =K in the range .

kmole
1100 K € T £ 1600 K.

The combustion of hydrogen has been studied
extensively (28) and is known to follow kinetics similar %o
carbon monoxide oxidation (29), No published reaction rate
~expressions for high temperature H2 - air systems have been
found that do not contain free radical terms unmeasurable

by conventional gas chromatography. From flame speed
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measurements (30), it is known that the rate constant for the
oxidetion of hydrogen is approximately three.times &g large
88 that for the oxidation of carbon monoxide, whilst the
activation energics are comparable,

Experimental measurements on combustion chambers
have shown that the conversion of gaseous combustiples may
be limited by thermodynamioc squilibrium conditions.,  Although
BATCHEIDER ct al (31) predicted that the homogeneous weter
ges shift reaction should reach equilibrium in 5 ms during
the gasification of pulverised €¢al, experimental measurcments
(14) on an iso-octanc combustor indicated that equilibrium
was not atteined in 15 ms.  NARASIMHAL end FOSTER (32) found
from cxperimental evidence thet this equilibrium was achieved
within 40 ms during nethane combustion, and more recently it
has been found that eguilibrium is attained in 60 ms with
respect 1o tgmperature in both stages of the system studied

in this work.

2.2,5, Combustior cf Solids.

The combustion.of pulveriszd Iuels has becn
investigated fully (13,3%5,36,37,38). BATCHELDER et al {3i)
have reviewsed the work completed before 1953, and have
concluded that the high temperature of gas;fication of ccal
and cha? may be achieved by the use of 2ir, steam or carbon
dioxids. The rcaction rate may be controlled by gaseous
diffugion or surface kinetics depending on particle-size,
temperature and velocity relative to thz gas streamn,

MAYERS (39) studied spherical carbon particles
with diameters in excess of 200 jm, and fqund that the

burning rate m as expressed by equation 2.28 was dependent
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on particle/gas relative velocity.

20 M D p '
: c Oz k
L. —5 2,28

D, BT _r

where Mc = molecular weight of carbon, J9 = molecular
diffusion coefficient, Pos, = partial pressure of

oxygen in the bulk gas, D_ = parficle diameter, and

p

R = gas constant. _

The specific surface reaction rate wes diffusionally controlled.
BATCHELDER et a8l (31) derived a similar expression

for large stationary carbon spheres, viz

. 1,67 K PA.. . . )
mo= DCJEE %2 5 229
o

ms
Equations 2,28 and 2,29 are shown in Fig.2.2 as
curves 1 and 2 respecitively. They show linear dependence

3/2 gnich is 8 characteristic of diffusional control, but

on T
are in poor agreement with experimental measurements mede on
particles less than 100 }Lm diameter.

The burnout of carbon particles in'the range 1 pn
- 30 pm has been studied by BEER and LEE (14). Their results
were interpfeted in ferms of a kinetically.contrqlled model

and expressed as a semi~empirical equation, 2,30, shown as

curve 3 in Pig,2-2,

-0 ’ -
. a\ .-0.5 _k
kd

_ A 5
where k10 = 1190 and Ea = 0,79 x 10 EﬁEIe.‘

IEE et 2l (38) derived an expression similar to

equation 2.30 for a different set of experimental results,

kd

Tnols ° This

where k,, = 1,085 x 10° and B, = 1,64 x 10°
new equation appears as curve 4 in Fig.2-2,

MARSDEN (36) analysed soot burning results using
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a8 semi-empirical equation of the form

E .
Vo= 1.23 “a} n=0.5 _kg
mo= kyy 17 §)p DP exp ( HI) T mzs 2.31

as shown by curve 5 in Fig.2-2, where S’P is particle density,
- 6 - 5 Tk _
ki = 7.24 x 10~ and By = 0.82 x 10 TnoTe* It can be seen

that this rate expression approaches zero as D decreases,

P
hence the4burning rate of very small particles is under-
estimated. ) .

B.C.U.R.A, (57) has interpreted the combustion of
pulverised coal particles greater than 10'ym.diameter by
using a particulate burning theory combining gasecous diffusion
through a laminar bounda;y layer with a semi~empirical surface
reaction rate expression. This model shiows good agreement
with experimental results obtained by burning coal particles
‘100‘rm to_lO‘Pm diameter, but does not apply to sub-micron
particles, The model predicts changes from diffusion to
kinetic control and is shown és curve 6 in Fig., 2-2.

Recent work by DAVIES et al (40) for coal particle
combustion using & combined diffusion-kinetic controlled model
is shown in Fig.2-2 as curve 7 and is similar to previous
diffusional controlled models, The authorsfclaim, that the
diffusional term in thc model may be ignored, leads to the
conclusion that their choice of parameters is such that the
kinetically 2ontrolle@ and diffusionally controlled models
are indistinguishable,

The main assumptions made in the formulation of
these models are as follows:

1, Ny, = 2.

2f The particles are spherical and of constant density.

3. The particle diameter decreases with time.
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4., The oxygen-carbon reactions are the only ones
occurring.

The theory of single particle combustiqn has been
applied to the combustion of clouds of particles., HEDLEY
and GUIDENPFENNIE (35) have considered a cloud of spherical
particles of non-uniform size where the size disgtribution was
defined by _

¢ = "%%I 2.32
The weight fraction of particles larger than diameter D is w
defined by the Rosin-Rammler equation

i ) v .
W = exp koD 2.53

where y is a constant, hence

_ . 7 -
6. = ¥k, DVt expF10” 2,34

which is gsimilar to equation 2.1. For the purpose of
calculation, the cloud was considered to consist of a finite
number of monosize fractions. It has been found (37) that
for coal particles of the size range 1 to SOO‘Pm, the
combustion model 1is insensitive to the number of size
increments considered if each contains the same weight
fraction., DAVIES et al (40) have used constent size
increments of QO‘Pm for the size range 1 to QOO‘Fm. In both
these analyses, the arithmetic mean diameter of each increment
has been used in calculations of particle burnout. The use
of this diameter can result in errors of up to 30% in the

tnrning rate as shown in Appendix 5, .

2.2,6. Thermal Stability,.

One of the objectives in the design of high

intensity combustion equipment is to minimise combustion
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chamber volume. This minimum is limited by evaporation
rate in spray com?ustors and by chemical kinetics or mixing
in gas combustors.

The evaporation rate in spray combustors has been
determined from spray characteristics, operating conditions
and chamber aserodynanics (54), however the thermal stability
characteristics have not been reported.

Several investigators have studied kinetically
lim@ted gas combustors burning pure component fuels (14,15,
41). The analyses have been based on the collision theory
of gases using equation 2,22, In order to evaluete the
constants in the expression, the systems have been designed
to approach perfect micromixing, however no account has been
taken of depgrtures from this condition. If the fuel and air
are premixed, the rate of oxygen consumption per unit volume
for the fuel rich case (14) is

N 0021 N.I 8 o
* & 0 2.35

T

where E(h is the oxygen consumption efficiency, defined as
the oxygen consumed divided by the oxygen consumed if
combustion were complete, Mé is the mass flow rate of air,
and V is chamber voluuie,

Por the air rich case

Lx 021 M £ 4 .
Toa = v 243

By equating 2.25 and 2.35

. ’ T K Qt‘r
My . o x g2 05 (Falf1 P
Ty 0.2TE,, 02 *fuel P\ Ef

2,37
LONGWELL and WEISS (14) assumed that B, = 1,75 x 10°

%%ETE and that the overnll reaction order was 1.8 for the
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combustion qf ilso--octane in air, Using these initial
assumptions, K andIB were adjusted to give the best fit to
exﬁerimental results. The experimental data consisted of
blowout measurements obtained by increasing the air loading
for a fixed equivalence ratio until the flame in the chamber
was extinguished. Once again it was assumed_that the
chamber was perfectly micromixed in all cases, The effects
of any departure f?om this condition would be hidden by the
choice of K and.}?.

HERBERT (15) studied the effects of inlet
temperature and chamber pressure on the cqmbustion stability
in & baffle stabilised kerosene combustor, and concluded
that stability was increased by increasing inlet temperature
and chgmber pressure, He also indicated that combustion
stability would he decreased by the addition of water wvapour.
This couclusion was based on the assumption that water
vapour did not take part in the combustion reaction. In a

baffle stabilised chamber it has been found (15) that

I
o oL I
VPR €

where k13‘> 0, hence both inlet conditions end chamber

kg3 2,33

geometry affect flame stability. In these analyses, mixing
effects have been neglgcted and stability found to vary
with inlet tempgratgre, equivalence ratio and air loading
as shown in Fig.2—3. The curves indicate the maximum air
loading for a given inlet temperature and equivalence ratio.
If this maximum loading 1is exceeded, the flame will blowout,
Little work has been done concerging combustion
stability in imperfectly stirred reactors. BVANGELISTA et

al (42) have indicated how departures from instantaneous
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micromixing can be measured, and what effecus these
deviations have on reactor stability. The effect of mixing
intensity on reaction rate and hence on the blowout 1imit
has been determined using a coalescence model based on I'icks

it~}

law of diffusion, By defining a turbulent mixing rate,
12 a0
= - s — OJJ
P 2
1m

where 1m is the microscale for turbulent mixing, and ¥ the

mean r=sidence time of the reactor,

o= Z—é’-—; 2.40
where I 1s the equivalent spherical diameter of the chamber,
and Ai is the cross sectional area of the inlet ports,
the mixing conditions have been related to the inlet jet
degign pareiacter %i viz

i

2\ 0.67 '
T | L
ﬂr’)' = 7 ( A—l-) 2441

Use of this analysis indicated that in high incensity
combugtors rgported in the literature %T varied from 30
to 3000 and /3T7’ varied from 2.5 to 50.l As'f3T7“
approached infinity, the reactor approached perfect mixing.
Tor first and second order kinetics, it has been shown that
an increase in B.7° increased the blowout limit, hence an

increase ‘n inlet velocity or a decrease in mean residence

time will decrease combustion stability.

2.2.7. Heat Transfer,

Heat transfer in furnaces is achieved by &
conbination of convection and radiation with radiation
predominating in the region near the flame zone. Standard

expressions based on the Humselt number are available for the
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determnination of convective heat transfer coefficients ho in
turbulent flow systems, Heat transfei measurements have
been made on the system studied (3,11) using a heat exchange
gection between thc first and second stages. Both workecrs
interpreted the observed heat transfer rates in terms of
combined radiation and convection., JOINS (11)

characterised convective heat transfer by the coefficient h

. 0.8 ]
v D, \""
o 002k ( m) o 42

c Dy NI

where DT is the characteristic flow diameter in the heat

C

transfer section. This equation corresponds with the Dittus
~Boelter zad Cglburn equations assuming the Prandtl number
NPr equal to 0,74, This assumption is gnjustified es NPr
for combustion gases may be as high as 3.0 at 1800 K.

Radiant heat ‘transfer was determined by the difference
between %he measured heat transfer apd the conveetive heat
transfer calculated using equation 2.42, The calculated
enigsivity was considerably higher than expected from & small
diameter furnace and this can be explained in part by the
absence of tiic Prandtl number in the Colburn equation, which
would 1lcad to an underestimation of convective heat transfer.
It was shown from theoretical arguments (11) that the mean
gas temperatures usced to characterise heat transfer are T

rm

for radiation and Tcm for convection where

2,43

Tra = VIt Topm
2T T :
and Ton = T 2.44
mw * Tour

The inlet and outlet gas temperatures are Try and

TOUT respectively.
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Further measurements were made by ARCHER (3) who
interpreted the results by calculating the radiant heat
transfer from theoretical considerations and the convective
term by difference. By assuming that all the gas borne

solids were soot, the luminous emissivity €1, was defined as

€, = 1 - exp (ﬁ§§§%§3) 2.45
where ka is the absorption coefficient of the soot, and Lb
is the wadiating length. The temperature T corresponded
to the mean radiant temperature over an incremental length
in the heat exchange section.

The non-luminous emissivity gn was calculated as
£, = 0.414 - 0.0000294 Trm 2.46
and the total emissivity was defined as

£, = 1-(1-8&5) (1~ €y 2.47

This method of analysis did not take into account either
solid particle size distribution which affects &,L or gas
composition which affects éin, although the author noted
that these factors might cxplain the discrgpancies betveen
measured and predicted heat transfer rates.

The effect of particle size on lumitious emissivity
has been reported by HOTTEL and SAROFIM (10). The
emissivity of & cloud of spherical black particles greater
then 0.1 pm diameter is )

‘ &, = 1 - exp ( - Ap Lb) 2,48
where Ap is the projected cross sectional area of the
particles per uvnit volume of gas. The emisgivity of a cloud
of soot particles with diameters less than O.llym is
independent of particle size but proportional to the volume

fraction of the furnace occupied by the particles fv.
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€s = 1 T UYER £, LW 2.43

The constant k, has been found to vary from 440 to 980 m
for residual fuel oil flames, and depends predominantly on

fuel composition.

2.3, System Optimisation.

Both experimental and theoretical studics have been
made of single stage cowmbustion systems in an attempt tg
maximise or minimise some feature of the system (14,15).

Two stage (47) and muiltistage systems (23) have been
analysed theorgtically, but they have not been tested
experimentally. In general, the objective has bheen to
minimise combustion chamber volume, or to maximise reaction
rate within the limits of overall air rich or stoichiometric
combustion, The types of systems that have been studied are

summnarisced in Table 2-1.

2.3.1, Single Stage Systems,

Homogeneous adiabatic systems have been analysed
using kinetically conirolled models without mixing
limitations (14,15). It is known that flame stability is
incrcased by the use of preheat, and that the mazimum air
loading in a system is achieved by stoichiometric operation
as shown in Fig,2-3, In both cases, thec fuel and oxygen
consumption efficiencies were assumed to be equal,
Combustion inefficiency was represented by unrcacted fuel in
the outlet stream, although this assumption was not
confirmed by gas analys;s, which indicated the complete
absence of unburnt fuel. Combustion efficiency decreased

as the blowout condition was approached, and rcached an
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TABLE 2-1. .
FLOW SYSTEN THEORGTICAT, SYSTEL IPUEL REACTION 170D,
air —) homogeneous ' _
fuel —— v }—— hnl L .
_ : rerfectly stirred V propane EQUATION
LONGWELL & TEISS | micromixed iso-octene| 2-22
o T homogeneous
it perfectly stirred V Kerogene EQUATION
s nicromixed 299
BRAGE internal recycle
air homogeneous
fue|:l—'>~ Vi 2 ; m :
perfectly stirred V kerosene BQUATION
HERBERT" micromixed ' 2-e2
i homogeneous
fuel V| \'2 - . T .
perfectly stirred . V iso-octane BQUATION
HARDCASTTE" micromized 2-22
fuelL\fl\t'VT\f'\} +—> homogeneous : ROUATTION
HeHelih perfectly stirred V kerosene BQUALION
THRING & wASOIN™ | nicromized ' 2-22
it v, |~ | “omogeneous EQUATIOW
! 2 perfeetly stirred V propane ARLLALLUL
DEBUZAY" nicromixed 2-22
?:I - ¥ 1. homogeneous
ue m
' 2 perfectly stirred V propane EQUATION
47 -
WILDER & WOODTARD| micromixed e-z2
. heterogeneous s ANT
fw: v, —{ % = | perfecily stirred Vi pulverised | BCUATION
ue n plug flow Va coal 2-30
BEZR & LEE segregated~nicromixed
air homogenecous
fueI:->- . ot o8B
— Y imperfectly stirred NoT f20B) T (-T) T
AQTRIR
JAIN & SPAIDING” | internsl recycle SPECIFIED | «p
ai homogeneous . mT O
fu;l plug flow v ethylene EQUATION
'—-—.R | Dmicronmixed o 2~22
HEDLEY & JACKSON external recycle -
air heterogeneous
fuel plug flow v . similar to
N — P P ™ =
R micronixed pulverised EQUATION
HEDIEY & JACKSON: | external recycle coal 2-31
similar +o heterogeneous
BEER & ILE perfectly stirred residual | pyppemimnTAL
DRAKE & HUBBARD® | plug Tlow fuel oil
R homogeneous “ P!
- — ] . -
fiel——sf | imperfectly stirred NoT Fe ke (1-2)
BCIFIT
EVANGELISTA et al| sesregated SFECIFIED
alr I v. - heterogencous : TOITATTOR
fuel | J 3 verfectly stirred V residual SCUATION
RL2D micromizncd Tuel 01l 2=15
HOPKINS internal recycle




overall minimmm near stoichiomeiriec operation. Combustion
efficiency at blowout decreased as the inlet temperature
increased,

Heterogeneous systems using pulverised qoal or oil
fuels have been studied under adiabatic conditions, BEER
and IEB (}3) have compared perfectly stirred and plug flow
combustors burning pulverised fuel and have shown that in a
perfectly gtirred combustor, the reaction rate as given by
egquation 2.50 exceeds that in & plug flow combustor until a
conversion of about 55% is reached. After this the reaction
rate in the plug flow section is greater. The model was
considerably simplified by the assumption ﬁhat all fuel
particles had an initial diameter of BO‘pm.

DRAXE and HUBBARD (43) studied the aerodynamics in
a combustion chamher burning heavy fuel oil. The object was
to minimise unburnt solids or meximise combustion efficiency
at low levels of excess air by varying the deg;ee of swirl
imparted to the combustion air at the atomiser. This work
showed that solid emission could be controllcd_by the correct
positioning of the swirl vanes in the atomiser, thereby
changing the flow patterns i.e, internal recycle, in the
chamber, Using a tracer technique, they found that when the
furnace was cold,the fraction of the chamber that appeared
to be perfectly mixed Varied as the swirl vans angle, and
reached a minimum of 0.64 when the solid emission was lowest.
The lowest solid emission determined by BEER and IEE (13) was
achieved with & perfectly stirred fraction of 0,15. The
difference in these findings is due %o the non-unifopm
particle size distribution used by DRAKE and HUBBARD, which

contained considerable numbers of particles in excess of 150 jriuld
/
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HEDLEY and JACKSON (44,45) analysed homogeneous
and heterogeneous reaction systems assuming external recycle
of fully reacted combustion products, These products were
agsumed to be removed from the exit streém and mixed
instantaneously with the incoming reactants, which then
reacted in a plug flow reactor. They concluded that the
reaction rate could be.increased by the use of increased
external recirculation, however the improvement decreased as
high levels of recirculation were approached. In industrial
furnaces wherc recirculation is achieved internally by
aerodynamic design of the combustion chamber, increasing
recirculation of inert pro@ucts is known to decrease
combustion efficiency (19), The apparent ambiguity of these
results is explained by the fact that as recycle increases,
internally recirculated products occupy an increasing amount
of the available combustion space, whereas externally
recirculated products do not.

The effeccts of imperfect mixing on homogeneous
adiabatic combustion systems have been investigated (42) and
it is indicateq that for practical systems, perfect mixing is
never achieved, HOW (46) found that mixing limitations
affected heterogencous systems in a similar way. These
results indicate that where reaction ratc studies are
concerned, some account must be taken of the degrec of
imperfect mixing occurring in the furnace,

The operation of a heterogeneous single stage
system with internal ?ecirculation has been studied
extensively (2,11,19), HTUN (2) found that with air
atomisation, combustion intensity was highest at

stoichiometric conditions with solid emission decreasing as



34.

g decreased to 1,0.  Steam atomisation reduced

solid loading, HOPKINS (19) applied mixing models and
reaction rate theory to the evaporation and combustion of =a
fuel spray and has shown that evaporation efficiency is
dependent on the 1eye1 of internal recycle in the chamber.
He did pot, however, attempt to optimise the operation of the
chamber, JOHNS (11) found that combustion gas emissivity
increased with equivalence ratio, but that the maximum heat
transfer coefficient in a 76 mm diameter cooling tube was
-achieved at @ = 1.,15. This result indicated the opposing
effects of increasing solids and decreasing temperature on

heat transfer,

2.3.2. Multi-stage Systems.

The theoretical aspects of multi-stage combustion
systems with and without recycle have been extensively
analysed, Most analyses have dealt with two stage systems
operating with excess air overall. In all cases, the
reaction models were kinctically controlled, and where liquid
fuels were used, thg fuel was vapourised before entry into
the combustion zone.,

DE ZUBAY (40) studied the combustion of propene
in a two stage system where all the fuel entercd the first
chamber. "he maximum heat release was limited by
dissociation of the fuel and the dissociated fuel was assumed
to be unburnt. Excess air was used throughout,_agd it was
found that for an overall equivalence ratio of 0,5, the
highest overall intensity was achieved with two chambers of
equal volume and the first stage operating stoichiometrically.

WILDER and WOODWARD (47) subsequently found that for a two



35,

stage system of fixed wvolume, where all the fuel entered the
first stage, but where dissociated fuel could bc burned, the
maximum intensity resultcd at stoichiometyic operation when
the second stage volume was equal to zero. For the purposes
of calculation, the inlet temperatures to each stage were
assumed to bc equal, This requirement would place a serious
restriction on a practical system as excessive interstage
cooling would be required,

Staged fuel and air injection was considered by
HARDCASTIE (23) for air rich and stoichiometric conditions.
This.analysis, baged on data obtained by LONGWELL and WEISS
(14), also indicated that maximum intensity was achieved when
all the fuel was injected into the firet stage at an
equivalence ratio of unity. As in previous work, the only
combgstible leavirg ecach stage was assumed to be unreacted
fuel, This essumption limits the use of this type of
analysis to practical systems where thc efficiency in each
stage is virtually 100% or where the unburnt fuel remains
unchanged as in soot combustion.

Several investigators have cgnsiqered homogeneous
multi-stage systems with recycle (22,48,49), BRAGG (22)
considered the combust;onvof aviation kerosene at an overall
equivalence ratio of 0,86, with recirculation of hot partially
burned reaccants to the inlet section achieved by aerodynamic
design of the chamber, The reaction moqel was kinetically
~ontrolled and based on collision theory. It was found that
the "optimum burning mixture" or maximum intensity was
achieved at a temperature equal to 80% of the adiabatic flame
temperature and at_a fuzl to air ratvio of_twice stoichiometri~

in the first stage, In the second stage, the maximum



intensity was achieved at.QO% of the adiabatic flame
tempe;ature and at ﬁg = 0,86 corresponding to 16% excess air,
It was noted”howgver, that to achieve combustion efficiegcies
approaching 100%,.excessive1y large second st;ge chambers
would be regquired.

JAIN and SPALDING (49) studied a rcactor with the
inlet and outlet at the same end using a model including peat
and mass transfer betwesn the forward and reverse streamns.
This worlk showcd that for the analysis of reaction kipetics,
the reactor should be operated near the blowout point.

A complex combustion gystem consisting of six
sections of equal volume in series with recycle from last to
first was analysed by THRING and MASDIN (48). All thec fuel
was added in stage 1, but air was added sequentially to
maintain the maximum burning rate in cach stage, With &
recircu}ation rgtio of 4:1 based on inlet fuel and air to
the first stage, the minimum system volume to achieve complete
conversiog rcsul?ed when 10% of the stoichiqmgtric air was
added to stage 1, 20% %n cach of stages 2,3,4, end 25% in
each of stageg 5 and é. The intermittent stage—~wise addition
of air to this systen Wogld make the systcm %oo complex for
large scale applications.,

The performance of a two stage rgsidual fuel fired
system witn interstage heat removal,  ~perating 4%, #=1 overall,
has becn investigetcd (50). . . For this constant volume
system, the maximun intensity was approachced as the fuel
flow rate was increascd and was limited only by the unburned
solids in the exhaust gases, The useful interstage heat
removal was maximised o the first stage equivalence ratio

decreased towards wnity, A more detailed analysis of this
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work is presented in Chapters 4 and 5.

2.5.5. Optimising Techniques.

The optimisation problem cen-be defined as. the:
minimisation or‘max@miSation of a suitablefobjectfwe-function.
Provlems may be classified as either dynamic or steady state.
Dynamic optimisation problems occur in on-line process control
where optimal policies must be determined for changes in the
proccss from one state to another. This involves the
continuous‘manipulation of input variables 50 as to_maintain
arbitrary state variables within system constraints. This
type of optimisation will not be considered here. This
gtudy involves the optimisation of design and econonic
problems and requires a‘steady gtate appfoach to maximise
profit or minimise cost,

The search for the optimimum qondition is madeh
either directly using patterned segrqhes, or indirectly using
gradient techniques. The type df éﬁprogch used depends upon
the complexity of the objective funcfion, as well as the
nunber and type ol constreints on the system, Direct
methods for minimising & univariate function such as the
Pibonacei and bisectional searches (51) make use of
elimination techniques by which successive stepg shrink the
region in which the maximum or minimum must lie, Multi-
variate problems have been solved using a similer approach
by the use of the parallel tangent method (PARTANW) (51).
Steepest ascent methods or modified searches are known to be
succegsful where the objective function does not contain
sharp ridges or valleys in the vicinity of the extremum (52).

HMogt direct methods based on patterned searches



in the co-ordinete directions, fail at constraints where
discontinuities occur and on sharp ridges where progress
along the ridge is very slow. ROSENBROCK (52) has
suggested a method to deal with these problems by rotating
the co-ordinate axes such that the primary axis corresponds
tc the direction of stecpest ascent. At constraints, a
penalty function is used to modify the objective function so
that it changes continuously from the last allowable point
inside the constraint tq some arbitrarily large or small
value at the constraint,

Direct search mcthods are generally the most
rcliable approach to the solution of extremum problems.
These methods are slqw, and involve large numbers of objective
function evaluations, hence where the objective function is
complex or where the number of variables is large, faster
techniques are required even if reliability ie rceduced.

Indirect optimisation methods are highly problem
dependent but may be much facter than direct.search mcthods
in terms of comrutational time. In general, these methods
are based on the solution of a set of first or second 6rder
non-linear partial differential equations which have bteen
constructed to approximate the objective function in the
region oi interest, These methods require the determination
of the first or second derivatives of the objective functiol
with respect to all variables, The method has been
developed by FLETCHER and POWELL (53) for unconstrained
minimisation problems without discontinuities using only the
first derivatives or gradient of the object function.

Constraints generally complicate the problem,
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however eéuality constraints can usually be handled
conveniently by combining them with the objective functiop.
Inequality constraints may be either linear or non-linear,
however non-lineanr constraints can be linearised using slack
variables and suitably redefining the objective function,
MURTAGHand SARGENT (54) have developed a minimisation
technique with quadratic convergence, based on the FLETCHER-
POWELL (53) method, which is capable of solving multivariate
problems with linear and non-linear constraints. This
method is highly successful where function derivatives are
evaluated analytically. Where numerical techniques are
required to evaluqte derivatives, the method becomes more
problem dependent, and is unrellable where gradients are
very small,

Less general methods such as linear and geometric
programming have been applied to lincecar systems and some
specialised problems where the system equatiqns can be

expressed conveniently in analytic form (55).

2.4, System Implcmentation and Control.

At present, the bulk of process heating is aghieved
by relatively low intensity high capital cost furnaces,
Only recently have small, high intensity combustion chambers
been employed for large scale process heating (56). Very
little industrial use has been made of the two stage
combustion concept although some development has been done
(57) where precise control of the furnace is required,
Overall combustion system design and control on
an economic basis has received little attention, however

work in the Soviet Union (58) has indicated that the question
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ig being studied. LOOSEMORE and BRAY (59) have developed
8 steady state optimisation model for a lecad-zinc blast
furnace based on polynomial equations, with coefficients
that_are continually updated by regression analysis of plant
data, This type of model is suitable for set point
determination for on-~line control.

Little wo:k has been published on the on-line
control of furnaces, however MAAS (60}.has
developed an on-line analogue model tp control furnace_
temperature during the charging of a lead—zinc furnace.
Some theoretical work has been done rccently by RCOOTES and
MEEKER (51) on methods of analysis of control stability in
furnaces, hqwever these control systems have not yet keen

implemented,

To summarise; it has been indicated that corrosion
and pollution control as well as high specific hecat release
rates are ?he objectives of successful regsidual fuel oil
combustion, Two stage combustion systems which allow preciee
control_of combustion conditions have shown promise in this
respect, The purpose of this study is to correlate the work
that has been carried out on a prriticular system to
determine the best operating conditions which satisfy the
above crite?ia and to indicate the economic viability of

this systen,
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CHAPTER 3.

EXPERIMENTAL _SYSTEM.

The exper%mental system studied is shown
Schematically in_Fig. 3-1, and has been described in detail
previously (2,3). The system consists of two refractory
lined high intensity combustion chambers, separated by a
single-pass water cooled heat exchanger. The fuel used in
most of the worlk was a residual fuel oil containing sodium,
sulphur and vanadium as impurities. A lig@ter distillate
gas oil was used during start-up, shut-down, and for some
mixing stu@ies. The fuel specification is given in
Appendix 1,

An Urquhart High Duty Combustion.Chamber operating
at an internal pressure of 5.4 kN/m2 with 0.,0116 m3'interna1
volume was used as the gasifier and is shown in Tig. 3—2.
The chamber consisted of two coaxially opposed refractory
cones fitted with 2 medium pressure twin fluid atomiser and
having an exit diameter of 76 mm, Bither air or guperheated
steam at 70 kN/n° was used as the atomising medium,
Combustion air was used to cool the refractory lining and
entergd the combustion zone through jets in both refractory
cones, Air entering the upstream cone was denoted as
forward air_whilst that entering the downstream cone was
reverse air, The flow patterns developed in the chamber
were such that the flame was stabilised at the atomiser for
a wide range of operating conditions,

Experimental measurements on the first stage woere

made through & water cooled refractory linecd cross plece of
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76 mgyggéuated immediately downstream from the combustion zone.
A gate valve was fitted on one arm of the cross piece to allow
the insertion of sampling and measuring probes. A collar
and face plate were prqvided on the opposite arm to support
the spray cooler probe. .

_ A stainless steel cooling tube, 76 mm diameter and
1.20 m long, was connected in series with the cross picce.
Cooling water flowed co-~currently with the gas strean from
the cross piecce. .

| The second stage chamber, shown in Fig1_3-3, was
1.35 nm long with an internal volume of 0,0131 m3. The
chamber was designed to provide a wellimixed gsection at the
inlet, followed by a plug flow section, ' The refractory walls
in the plug flow scction were air cooled. Combustion air
entered the well mixed section only. The angle of injection
was opposed to the inlet flow of combustibles to ensurc good
mixing.

Experimental measurcments on the second stage
chamber were made by obscrvation through a sight port in the
well mixed section, as well as through a water coqled tee
piece fitted to the downstream end of the chamber,

Outlet gases were cooled in a water spray quench
scction and solids were collected and removed in & venturi-
scrubber-cyclone gystem before the gases were vented to
atmosphere.

Thg flow rates of all process streams were
controllable, Inlet fuel and steam tcmperatures were
controllable but inlet water and air tcmperatures were not.

The experimental measurcments madc on the system

were limited by the configuration of the system and the
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sophistication of the measuring equipment. Tpe location
and type of measurements made are shown in Pig. 3-1 and

Fige 3-4.

3.1, Data Availablec.

Considerable experimental work has been carried out
on the system under consideration., The first stage has been
studied by HTUN (2) and the effects of eguivalence ratio, and
air or stegm atomisation on the combustion products have been
determinced, The quantity and composition of the
carbonaceous solids formed has been determined in detail with
the conclusion that the use of steam atomisation reduces the
amount of so0lid formed compared with theAuse of air,
Component mass balances were not checked, resulting in errors
in the reported gas compositions (2) determined by gas
chromatography. In particular, the reported values for
carbon monoxide and carbon dioxide were too high. Sulphur
dioxide and trioxide were measured by a different method and
are correct, indicating the absence of sulphur trioxide under
reducing conditions.

A similar study has been made with steam
atomisation to Qetermine first stage gas coumpositions and
temperature (1). Thc conclusions drawn from that study were
that the outlet gas composition from the first stage chamber
did not correspond exactly with the composition expected at
water gas shift equilibrium, but that the gas temperature
did@ correspond.

Measured gas compositions from the second stage
chamber corresponded with water gas shift equilibrium,

Hydrogen mass balance errors were present in the reported
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results from the firgt stage, but wer=s absent from the

second stage results, This error may explain the apparent

deparvure from water gas shift equilibrium in the first stage.
Solids mcasurcuents for steam atomised conditions

have been correlated with operating variables (1) to allow

the prediction of solids formed in the gasifier, viz.

m, + 0,0022 = 21,6 Fs + 0,0165 Fs/F1 + 0,006 (Fz/F1)>

Ty

' . kg solid ~
~ 0,027 @1F2/Rs - 0,0399 Eg ggei = 3l

The standerd deviation  is * 0.0010, the error in my being
expressgd at the 95% confidence interval with 12 degrees of
freedom,

| When gir was used in place of steam as the

atomising fluid, the following correlation was obtained

_ 2 _ - - kg solids
Dp, * 0.0951 = 0,041 @ 9.6 Fi- 0.0074 £oFuey - 3-2

In this case, thc standard error WasiO,OOQBthh 10 degrees
of freedom,

Regidence time studies on the first stage chamber
nave been made using both residual and gas oils (34) to
determine the relative effects of equivalence ratio, steam/
fuel ratio, and forward/rgverse air ratio on the mixing and
conversgion in the chamber, Using a Iaplace Transform
analysis (19) of the input and output tracer decay curves,

the transfcer function has been defined as

(N
. .
\N

_ c1(t) exp (-st) at
(s) = cz(t) exp (-st) 4t

where c1 (%) and co(t) are the normalised outlet and inlet
tracer concentrations and s is the ILaplace operator. The
transfer function has been related to chamber operating

conditions, viz,
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f(s) £ 0,036 = 0,158 + (13,3 Pe ~ 2,80 Fa) F1 + 36.4 Te
3ot
where s is choscn such that _
Ts = 1 o 5eD
The forward gnd reverse air flow rates, Fs and F;
respectively, are in kg/s., The standard deviation of £(s)
is + 0,0175, the error being expressed at the 95% confidence
interval with 26 degrees of freedom,
These results have indicatad that a flow system as
shown in PFig. 3—2 would have to be consido?ed with recyclg R
and perfectly stirred volumes Vi, Ve and Vs as paremeters,
HOPKINS (34) found that in order to eguate the experimental
values of £ (8) with thoge predicted from theory, tlc parcmetere

took values in the ranges

- 0.4& &1 3.6
0g&¥E o 5.7

“—. -vi v Do

Vi14+Vg ._
14“ﬁ7§6 3,3

Where R was negative, thg system was treated as perfectly
mixed reactors in serics.

Heat transfor measurements have been made (3,11)
using the heat exchange section, however previous
interpretations o these results bascd on combined conyeqt%on
and rediaiion are unsatisfactory as noted in Section 2.2.7.

The rerformance of the second stage chamber has
been reported previously (50). The conclusions drawn from
the analysis of‘composition and temperature measuremcents were
that water gas ghift equilibrium was attained and that
apprcciable quantities of carbonaceous solids formed in_the

first stage could be burned in the second stage chamber,
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A correlation between opsraiing conditions and second stage
solids has been made. vVviz.

+ 0.0048 = 17.8Fs ~ 0.0145 @z — 8.60Fx - 0,0697 Fz2/Fu

i\
kg solids
+ 0.0688 ke Tusl 3G

The standard deviation  is + 0,0023, the error in T, being
expressed at the 95% confidence interval with 19 degrees of

freedon.

3.2, Data Required.,

The experimental measurements vequired to build a
comprehensive model of the combustion system cen be more
casily determined by considering the o7rerall systgm ae a
group of simpler sub~sections as indicated in Fig,. 3-4.,

This simplification allows the system to be treated as five
essentiglly indepeadont sections without recycle or by-pass
streams.

The first section includes the first stage chamber
with twin fluid atomiser, but excludes the sampling cross
piece, The crossz piece and cooling tube arc considered
together as the hecat transfer section. The second stage
chamber and the tee piece are considered individually as
sections three and four, whilst the venturi~sorubber and
cyclone are groupced together in the f£fifth section.

Systemn data include plant dimensions and
specifications required to calculate the internal volumes and
£low velocities, Physical properties as well as
thermodynamic data are required for all products and reactants.

Operating data include all flow rates and
temperatures inolgding an indication of the error associatgd

with each reading. These errors have been rzportesd (2,3).
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In order to obtain a compiete description of‘the
system, flow patterns and operating limits are required.
In particular, the atomisation characteristics of the twin
fluid atomiser, the efficiency of combustion in both chambers
as a function of operating conditions, and the thermal
stability or blowcut limits for each chamber are required.
Combustion efficiency can be determined by analysis of the
outlet streams with respect to temperature and composition,
whilat stability in either stege must be related to chamber
aerodynamics. The flow patterns in the firgt stage have
been analysed using tracer techniques (34). Second stage
gtability is related to interstage heat removal, as well as
first stage opverating conditions, hence an operating limit
on the second stage will be imposed by the a@qunt of inter-
stage heat removal rcquired to cause blowout.

lMost of the experimental data 1equired for the
present qptimisation study have been obtained previously
(2,3,34), with the exception nf stability measurements on the
second.stage chamber and some measurements on stack gas
golids not collected in the venturi-scrubber-cyclone system.
Residence time studies for the heat transfer section and
second stage chamber were not attempted as the detection
equipment was not suitable for recording the considerably

shorter mewn residence times associated with these sections.

343, Equipment Required.

The determination of the operating limits of the
second stage chamber with respect to air loading and inter-
stage heat removal rcecquires the cooling of the inlet

combustible gas stream until the flame in the chamber is
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extinguished, It was found that the indirect heat removal
achieved in the cooling tube was gas side controlled (sce
Sections 4,7 and 5,3) and was insufficient to cause flame
extinction in the sccond stage. Greater heat removal could
be achieved by rcdesign of the heat transfep section or by
the installation of a direct cooling device. The latter
alternative was chosen as the simpler of the two.

Direct cooling could be achieved by the injection
of either inert gas or water spray. Preliminary calculations
indicated that excessive amounts of inert gas would be
required to achieve sufficient cooling, hexnce a Watcrlspray
probe was designed for insertion into the cross picce.

Design calgulations and operating procedure arc given in
Appendix 2, The spray probe and schematic_diagram of tbe
experimental_configuration are shown in Pig,., 3-5 and Fig, 3-6
respectively.

The probe was constructed of stainless steel with
brass couplings, and had constant water cooling through the
body and head. The nozzle used was a hollow cone swirl spray
type with & nominal included angle of 40°, It was found that
high combustion gas flow past the probe head reduced the
included angle to 20° - 250 thus preventing spray impingemcnt
on the cooling tube walls. The drop size distribution in a
spray from a nozgle similar to this one incdicated that Dsm
was about 250 Pz The pressure drop_agross the nozzle was
about 170 K/m° at & flow number of 4.5. .

Measurements of the solid content of the stack
gases after the venturi-scrubber-cyclone section were made
gravimetrically. A modification to the existing stack was

required in order to obtain samples of stack gas solids for
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quantitative analysis. This involved the addition of a
downcomer section 2.00 m long and 76 mm diameter to the stack
outlet. Two 90° bends were included in this section to aid
impingement of cutrained water at the outlet. The outlet
was screened with stainless steel gauze and was directed
vertically downwards into a steep sided collection vessel,
The stack outlet tomperature was recordcd, and condensate'
from the stack was collccted for a measured time interval.
Checks were made to ensure that there was no accumulation

of condensate in the piping. Calculation of the stack gas

solid content is shown in Appendix 7.
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CHAPTER 4.

——— A

DEVELOPMENT OF MATHEMATICAL MODELS.

oystem models are required to describe individual
process sections anrd overall system periormance, Model
building is an iterative procedure involving the construction
of a tentative model bascd on theoretical or experimental
information., Egperiments are then made on the system to
verify the model. If the model is inadequate, it is modified
and the testing procedure is repeated, In some situstions,
the only cexperimental data available for a sub-section or
specific operational aspect have been obbtained during the
early stages of the development of the system, so that they
cannot be repeated. In these cases, only one iterstion is
pogsible,

Ultimately, the model may be used as a basis for
an optimisation study of the syster. The optimisation of
system operation can sometimes be carried out using a gset of
designed experiments to investigate system behaviour, Where
a set of designed experiments is not prastical or where
optimisation of Cegign is the objective, use must be made of
the system model.

It must be remembered that where an overall
optimisation is atitempted, some sub-sections of the systen
will have a greater or lesser effect on performence than
cthers. Where the system is complex and experimental data
are not easily obtained, it is difficult to foresee which
parameters will be significant,

The accuracy of any such model is thus limited by
the quantity and quality of experimental infopmation as well

as system criteria and the designer's insight.




The method of apprcach reguires the initial
determination of the objectives and the construction of
suitable ohjective iunctions. Screening sXxperimernts are
then performed to determine which input variables are
important, and which process variables can be controlled.,
Where possible, a gensitivity analysis of +the objective
function is performed to determine the required degree of
sophistication of the various models. The model building
strategy which is then followed may be either emnirical or

mechanistic,

4.1, Enpirical Models.

Fmpirical models are based on experimental
information that has heen interpreted from & purely
mathematical espect. Tne simplest form of model building.is
the fitting of a line or curve to experimental data by eye.
This procedure is improved by the uze of thg least squares
method to minimise the error sum of squares. This bhasic
technique is the foundation for most of the more complex
linear and non--linear methods.

The empirical methods of model formulstion have
inherent drawbacks. Yhile they are useful wheire carefully
designed experiments have been mad=, or where there is a large
volume of experimental data, they are misleading where data
are limited or unplanned, In particular, unless there is
some theoretical justification for extrapolation, the
regression equations apply only within the limits of
experimental evidence, It must be remembered as well, that
regres=sion techniques give only a mathematical interpretation
of experimental evidence, and do not, therefore, give reliable

insight into the mechanism of the process.




4.2. Mechanistic Models.,

Mechanistic models are usually more realistic than
empirical models and are derived from theoretical arguments.
They may be considerably more complex than empirical models
and generally d?scribe a mechanism rather than a directly
observed result. In practice, the mechanistic model has
better extrapolation properties than its empirical
counterpart. Mechanistic models are generally wore time
consuming to use and this disadvantage must be balanced with
vhe degree of sophistication that is required. In some
cases, thc experimental data are not accurate enough to allow
distinction between mechanisms, and only show an overall
trend.

Mechanistic and empirical technigues can be
successfully combined to climinate some of their inherent
disadvantagcs by constructing a simpilified mechanistic model
including a number of parameters. These parameters can be
determined using empirical methods so as to give the best

correlation betweeir the model and experimental data,

4.3. Economic Factors.

Overell system performance is best indicated by
economic analysis, This involves comparison of the operating
costs, capival costs and value associated with saleable
products., In order to make such a comparison, relative
2sts must be associated with each raw material, piece of
capital equipment and final product. The cost comparison of
each sub-section must be made on a common basis such as per
wnit of raw material, pruduct or time. The result however,

may be highly dependent on the choice of relative costs,honce
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yuzlitative advantages and disadvantages may be under-
estimated,
oystem econony is expressed in terms of initial
costs, operating costs and product value. The cost of
each piece of capital equipment has been determined from
literature or from supplier's quotation. Capital cost has

been related to unit capacity using a power law expression

constant_Z

-
4-:..:.

Capital Cost = constant 1 . (Capacity)

The capital cost functions in terms of pounds
sterling and the installation cost as a perqent of the
capital cost are shown in Table 4-1 ~nd 4-2. The "ilsrshall-
Stevens" all-industry-cost-index has heen used to bring all
costas to equivalent velues for the first quarter of 1970.
Piping, electricals and extras have been calculated as 50%
of the capital cost. The initial costs have been
depreciated over scven years using a straight line method,
Taxcs and other associated costs were included with
depreciation Lo give a plant burden per year of 20% c¢f the
capital cost,

Operating costs have been divided into raw
material and labour costs., Labour cost hes been assigned
a fixed value independent of plant capaciiy, hence it hes
no effect on the reletive economy of operating the system
at different conditions. Raw materials include electric
power, fuel, steam and air, Power consumption is reclated
to the capacity_and operating conditions for each capital
item in Table 4-2, The raw material values used in the

preliminary study are given in Table 4.-3,




TABLE 4~1.

CAPITAT COST FUNCTTIONS.
i

CAPITAT QUANTITY | UNITS OF | GCAPITAL COST REF.
EQUIPHMENT capaciry | - TUNCTION

1 UNIP=81.00
FIRST STAGE - 3 - '
CHANBER 1 V=mn 1445%V#%0,272 77
SECOND STAGE 3 : .
CHAMBER 1 V=mn 2000%V#%0,272 77
HEAT 0 - .
EXCHANGER o A_=m 461%4_#%0,652 78
EXTRACTOR 1 C =ml/s 18T*C** 0,290 79
COMPRESSOR 1 F = kg/s  1610%F**0,625 79
PAN 1 F =kg/s  47902TF*x0,895 78
FUEL PUMP 1 F = kg/s  91.8+F#%0,048 63
WATER PUMP 3 F = kg/s  76.5%F%%0,048 63
DUST - 5 o
COLLECTOR 1 C =m’/s  189%C#* 0,800 80




TABLE 4-2.

CAPITATL

- . ———

FUNCTIONS,

-—

INSTATLLATION COST AND OFERATING POWER

!INSTALLATION COST

—

OPERATTING POWER

EPFICIENCY |REF.
¢

BQUIPMENT } % of CAPITAL COST | REQUIREMENT X7 S
FIRST STAGE -
CHAMBER 50 - 78
SECGOND STAGEH
CHAYMBER 50 - 78
HEAT S
EXCHANGER 10 = 30 78
EXTRACTOR 20 - 60 0,385 mT AP/P5 .40 -Zg,
- 2
COMPRESSOR 20 - 60 0.246 mT aP/P; .50 'Zeﬂ
. 3
FAN 20 - 60 0.385 AT AP/Pi 40 ZB,
- 2
FUEL PUMP 10 - 50 1,34 m AIVFE% 50 72,
. ‘ 63
WATER PUNP 10 - 50 1.34 m ‘ap/qﬁ§ .50 78,
3 6%
DUST '
COLLECTOR 25 = 45 - 78
m mass flow rate kg/s
T temperature K
AP  pressure drop kN/m2
P  ebsolute pressure kH/m2

o

liquid density kg/) '
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TABIE 4--3.

€2.

(690 1/m®,450K)

UTILITY, RAW MATERIAL AND PRODUCT COSTS.
REPORTED VALUE VALUE USED REF. |
UTILITY . . ) {
Electrical Power £.004 - ,010/unit £.004/unit (I
Process Water £.11 x10°4 £.11x10™4 /ug 78 |
- .38 x 10—4/kg !

Atomising Stean - £.15X10—3/kg
(100 X¥/m°) ;
5
Atomiging Air - Conmpressor f
operating cost i
£.22x1077/(kg/s) !
'
RAW MATRRIAL §
) ) i
Residual Fuel 0il £,005-,015/kg 2,004/ kg 8%,
(fuel oil) 76 §
Combustion Air - Tan operating {
cost g
2,16x10" %/ (ke/s) :
Pecd Weter £.15%x10" 4= 43x10™%  £.22%107% /xg 73 !
. /kg |
PRODUCT y
Exnort Steam £.24x107 0= ,37x10™°  £.372107° /ke 78 |
(172 xN/m®,400K) /kg i
i : . - |
- i -

Export Steam 2.46x10 3—.92x10 5 £.92x10° 7 /kg 78 %
i

/kg
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Heat for steam generation is assumed to be the
saleable p?oduct of the system for the purpose of economic
evaluation, The aualitetvive advanteve <f independont
second stage temperature control has been indicated by
assuiaing the generation of 690 kl\T/m2 (100 psig) steam after
the first stage and 172 kN/m (25 psig) steam afiter the
gecond stage. @he respective values of the steam are
given in Tablec 4-3.

The bases chosen for economic comparison were

one unit of fuel and one year of operation (7200 hr).

4.4. Gas Composition and Temperaturc.

The rate of gasification of residual fuel oil in
well-stirred high intensity combustors is mass transfer
controlled, Where the composition of the fuel is known,
the overall gasification reaction can be written as a
chenical equation. The empirical formula for the residual
fuel 0il used is derived from the knowledge of the weight
percentage of the conutituent elements, given in Appendix 1

vig, C S

-
z “1.5322 “0,0104z
where z is an unknown constant.

The overall reaction can be cxpressed per mole of

carbon in thc fuel as

1 o E

z 1532 50.0104z *

3

zACH4 + zSCO + 2600 + Z7H2 + Zg 20 + 29N2 + 21002 +

z44C + 2125 + z13802 + 214803 4,2
Equation 4.2 includes only those products that have

been identified in quantities greater than trace amounts,

It is lnown that SO3 does not occur under reducing
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conditions and that 802 never exceeds 0.2% in the exhaust
gases (2). Sulphur retained in the solid combustion

products does not exceed 5% by weight which represents only

3% of the sulphur entering in the fuel (1,2). Therefore,

the effects of sulphur on system performance have been ignored
in the formulation of system models. The simplified

gasification reaction used is

1 .

= CzH1.532z + 2102 + 22N2 + z3H20 ——p

Z4GH4 + 2500 + z6CO2 + z7H2 + 28H2O + z9N2 + 21002 lelc
4,3

4.4,1. IEgquilibrium Model.

Temperature measurements made on the first stage
combustion products have indicated that they correspond closely
to those in water gas shift equilibrium (1). Dry ges
compositions are similar to those expected from the
attainment of homogenecous water gas shift equilibrium (1,2).

The constants on the right hand side of equation
4.3 are unknown. Previous work (1,2) has indicated for
stcam atomisation and ﬁi} 1.1, thet methane concentration is
linearly related to first stage equivalence ratio ﬁl‘. The

following equation has been fitted to the data in Ref.(3)

MG

zy % 0.0040 = (0.0428 ﬁl - 0.0481) ( z; ~ 28) 4,4

=4

H
i

The constant z,, is related to equation 3.1 viz
Zqq = 0,861 M q ) ' _ 4.5

gince the weight fraction of carbon in the fuel is 0.861.
Component mass balances on the system are written as follows

Carbon :
1 = 24 + 25 + z6 + zl1 4,6
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Hydrogen as H, ¢ . )
7+28-’ZB 4-7

0,766 = 2z4 + z
Oxygen as 05 2 ; ' . )
z, = O.S(z5 + 2g - 23) * Bg * Zyg 4.8
Nitrogen : ’

Under reducing conditions, the oxygen concentration
in the outlet gases is usually equal to zero, hence
Zig = 0 4,10
IT the system is in water gas shift equilibrium,
the equation

= 22 4,11
1 Zg z7

Ke
is satisfied at a given temperature T. The calculation of
the equilibrium counstant Kel from thermodynamic considerations
is given in Appendix é. Other reversible reactions such as
the heterogeneous water gas reaction and methane reforming
reaction do not attain equilibrium under present conditions,
If this simplified model is modified to ineclude the fuel
evaporation efficiency'gvd defined as thce fraction of the fuel

entering the chamber that is evaporated, equations 4.6 to 4,8

become ‘
Ey = 2y * Z5 *Zg t+ agy 4,12
0.776 £, = 23, + 3 +gg - o 4,13

5502 (24)+ 0.5 2, = 0.5(zg + zg) + zg + 275 4,14

where Z,4 BOW represents the solid products exclu@ing the char
left from incomplete evaporation hence equation 4.5 does not
apply.

The oxygen consumption efficiency £ ) ('&02 =1
in the previous model) is defined as the fraction of the

oxygen entering that is consumed by combustion. The
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dependence pf 2’;’,02 on &, 1s not known, howevgr it has been
suggested (34) that ﬁ;oeimay be taken to be equal to g€
without loss of accuracy. Under gasifying conditions, however
EWr(l.and no oxygen has been detected, therefore in this
analysis 802 = 1. The general method for determining Ev
has been described previously. For the particular flow
system considered here (sece Fig.3-2), &, has been determined
as described by HOPKINS (34).

An enthalpy_balance is used tc determine the

combustion temperature. In general, the increase in enthalpy

results from heat generated by reaction

-

Hy = ZHs(products) - iHs(reactants) o2l 4.5
where Hr is the heat generated by reaction; Hs is sensible
heat, and QL is heat loss from the chamber., The standard
heat of combustion of the fuel is Ho as given in Appendix 1,
and corresponds to the heat generated_by reaction if the fuel
is completely oxidised to 002 and H20. Since, in the present
system, the fuel is not completely oxidised, the heat of
reaction must be calculated from the heats of formation of the

products and reactants.

Hr = in(products) - sz(reactan‘cs) 4.16

The heat of formation of the reactsnts per mole of

carbon in tac fuel is

Hf(fuel) = Hf(coz) + 0,766 Hf(H2O} - H, 4,17

28 the heat of formation of dry air is zero. When stean is

used as the atomising medium, its heat of formation must be
included with that of the other reactants.

The enthalpirs of the reactants and products are

calculated using Imown properties of the fuel and standard
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heat cepacity expressions (62)
T

T = Tx 0§ 0y ar + Tx Ay 4.18
2g8 *

The method of solution of the system involves the
agssumption of a combustion temperature T from which Ke1 is
evaluated and the produgt gas composition determined using
the foregoing equations, The heat losses QL.from the first
stage chamber are small and have been ignored. The
dissociation of GO, and HZO has been considered, but it is
negligible at temperatures below 2000 K,

_ The heat of reaction is calculated using equations
4,15 and 4,16 and the results comparcd, If they do not
correspond to within 1%, successive approximations are made
to the cogbustion temperature until the heat balance is
satisfied. The search technique can be shortened by the
assumption that the heat capacity of the product gas does not
vary appreciably with composition and temperature, ?esulting
in rapid convergence with a slight loss of accuracy. A
pactern search technique based on & biscectional search gave
convergence in less than 8 function evaluations for all.
cages and without the limitation of invariant heat capacities.

This latter method was used throughout the calculations.

4,4,2, Rraction Rate Model.

The gaseous products from the second stage are
adequately described by the equilibrium model discussed in
the previous scction, using equation 3.9 to determine Ziqq
in equation 4,5. In order to interpret flame stability and

carbon burn-out, a dynamic model involving the reaction rate

expressions for combustible gases and solids is required.
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The combustibles entering the second stage chamber are
hydrogen, carbon monoxide, methane and carbonaceous solids.

The stoichiometry of each gas phase reaction is

H, + 0.5 0, == Hp0 + 242 MJ/kmole 4,19
o + 0.5 0, s co, + 283 MJ/¥mole 4,20
CH4 + 1.5 0, = C0 + 2H,0 + 594 MJ /xmole 4,21

The combustion of solids occurs more slowly and is
therefore omitted from this model, Combustion of solids is

discussed in Secction 4.6.
Loquations 2.26 and 2.27 were used to predict the

burning rates of CH4 and CO respectively., The resction rate

of H, was predicted using an equation similar to equation 2,27

: k. X x5 x 9 - Bay ( _B¥p¥e ‘.

T = kg X XA exp ( =3) ( &x)
H, 9 *H, *0, *H,0 iUy TT

22

where £ , ,3 and ¥ have the same values as in equation 2,27,

k, = 3 x 101" kmole and Ba = 1,17 x 10° _ XxJ

9 S

mBS . ) ¥kmole
Equations 2.26, 2.27 and 4.22 describe the forward
reaction rate or oxidation of combustibles. These reactions
are essentially irreversible. At high temperatures,
dissociation occurs and an equilibrium is achieved bhetween
the forward and reverse rates, Using hydrogen as an example,

2H,0 4,23

2Hy, + 0y = 2H,

the forward and reverse rates can be written as

. 0.5 .

T = k, x p 4,24

.H2 N if H2 O2

® ‘ )
and T = &k 4,25

H2 T xHQO

respectively, where kf and kr are the forward and recverse

reaction rate constants, The equilibrium constant for this



6.

reaction KeH is evaluated from thermodynamic considerations.

20 L o
KeHg = -X-.— x 0.5 .1:_ 4.
He T0g r

Hence, using the above equations, the reverse rate can bhe

written in terms of known quantities
*Ha0 . .
M
0.5 He
Ha *Ha %0

o 1 4.27

= b

r
Ha Ke

A similar approach is used for CO and CH4, thus
avoiding computational problems arising from the 1arg§
differences in reaction rates of the reacting species. The
net rate of reaetion is defined as

PE = P o Pt 4,28
The reaction rate model yields the same result as the
equilibrium model if the system is allowed sufficient time

to reach equilibrium (see Fig. 5.6).

4, 5. _S_.Olids FOI'ma.‘bio_ll.

Yhotographic studies have shown that at least two
types of carboneceous solids are formed in the gasifier while
as many as t@ree types may be present in the exhaust from the
second stage, The particles formed in the gasifier are
classified by origin and size. Particles larger than 0.1 pm
diamcter are chars resul?ing from incomplete fuel evaporation.
Particles .maller than 0,1 Pm are soot formed by thermal
decomposition of methane and other hydrocarbons in the gas
vhase,

The operation of the system is constrained by the
requirement of acceptably clean exhaust gases, hence the
control of solid formation in the gasifier and combustion of

these solids in the second stage are prime objectives.,
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The rate of diffusionally controlled carbon particle
combustion is dependcnt on particle diameter, hence the
distribution of particle sizes as We1l as the total mass of
solids from the gasifier is required., Tpe simple empirical
model based on equation 3,1 is inadequate. The methpd of
solid collection docs not allow accurate particle size
analysis because of agglomeration, hence some type of
mechanistic mgdel is required to determine the particle size

groups formed,

4.,5.,1., Char Tormation.

The evaporation model for spray_combustion can bhe
used to predict the amount of char formed, For pure
component fuel oils, fuel properties remain apprgximately
constant until the drop is completely cvaporated. For wide
cut residual fucl oils, fuel properties are not constant,
hence the following modifications nave been made to the
evaporation model. _
| 1). The fuel particle surface temperature TS is
rclated to the fractional evaporation efficiency A
Equation 4,29 is based on the boiling point curve for a
residual fuel oil similar to "Vanilla'" (22) _

o Iy = 750, + 173 K 4,29
where €. 3 0.4.

2). The char particle density { . has been

related to the fractional evaporation efficiency )

Fo = P * 100 £ rg/m’ 4.30
based on the initial fuel oil density fDI,of 932 kg/m3 and a
final char dcnsity between 10% and 20% higher than the

original fuel (63, p. 9-5).
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%3). The heat of vavorisation ?\_of the fuel is a

function of particle surface temperature where

xJ o
A = 529 - 0.343 T e 4.31

The data used to‘determine this relation were taken from
reference (64, p.365).

The determination of the char particlg nunber size
distribution requires the solution of eguation 2,1,

The value of n for an eveporating spray has been
determined uging evaporation theory (19). It is known that
n incree}ses slightly with £ v but is generally in the_range
1,5 - 1,6 for steam atomised residual fuel cil sprays. In
the case of non-evaporating drops, the D2 law applies, i.e,.
n= 2, _

HOPKINS (34) has shown that equation 2,1
corresponds to the drop size distribution from a twin fluid
atomiser measured by FRASER and EISENKIAM (18, Curve V), if
m=n - 1 and the constants in the equation are

n = 1155
kl = 0,002
k2 = (0.00129

if D is expressed in Pmu These constants are applicable for
one set of operating conditions only.

The dependence of Gn on operating conditiong can be
specified vy the use of equation 2,5 or 2.6 as follows.
Equation 2,3 is integrated as shown in Appen@ix 3 to give the
relation between the constants in equation 2.1 and Dsm

. -
ANE)

D - ; 4032
1 -
sm 2k2 /n’.(g)

n

Using the value of n determined from evaporation theory (34)
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and D, frem equation 2.5, k, is found from 4,32, To solve

for kl’ the normalising equation 4.33
G’n ab = 1 4035

is integrated to give )
ky = nk, 4 .34
as shown in Appendix 3.

Equation 2.4 may be used in conjunction with 2.6
to yield a similar result, but requires a trial and error
procedure involving numerical integration.

The total number of char particles formed, Nc’ ig
asgumcd to be equal to the initial number of drops in the
spray Nt’ which is assumed to remain constant throughout the
furnace, Using 1 kg of fuel as a basis, the number of drops
in the spray is calculated as

¢ -,
N = - 4035
t W, ~3
A ?L }' Gl’lD dD
v}

Combining 2.1 and 4.35 and integrating,

on2 k2(1+3/n) -
Z 4,36

N, = —
O L "(3/n)

Since the right hand side of equation 4.36 contains expressions

dependent on £ _,

Nt = £ (8v) 4.37

The number »f drops in the spray corresponds to g‘,v = 0,
however at ’chis_poin“t, the evaporation model becoumes ungtable
conputationally. To evaluate N“t or Nc, valucs of E’v > 0
have been considered and Fig. 4-1 shows the hypothetical
relation between Nt and &v for one set of operating
condi“tions,_ It is seen that Nt is a linear function of & v

for I € 0.8, hence it is possible to extrapolate to £,=0
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1.337
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@ =17
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FIG.4-1 THE EFFECT OF EVAPORATION EFFICIENCY ON TOTAL NUMBER OF
CHAR PARTICLES FORMED
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to determine the truve number of drops, end the number of char
p;rtioles‘ﬁo. The method of calculation is outlined in
Appendix 3,

The char particles do not change in size in the
first stage once they are formed. In the first stage NC is
always equal to Nt’ however it may decrease_in the second
stage where char particle combustion occurs. The qhar
nunber size distribution Gnc is given by equation 2.1 with
n = 2 in analogy with the rate of combustion of evaporating

drops.

- n N
Cpo = Ky D 1 exp (~k, . D7) 4438

The values of the constants k14 and k15 are determined using

the previously calculated value of Nc since

: ) m, -
N = 4.39
c oG 3
i ?c.j Gho D” 4D
S
The mass of char m, per kg of fuel is
‘ o .
mc = (1 - ,,v) "‘é‘:'L" 4‘.4-0
F

where fhc is char density. The relation between k14 and_;:15

is the same as that given between k, and k, in equation 4,3%4.

4.5.2. $Soot Formation,

The mass of soot m, formed per kg of fuel can be
determined by subtracting the mass of char m, (equation 4.40)

from the total mass of solids Mg «

At present, there is no established mechanistic
model for the prediction of the rate of soot formation in
turbulent flames., Various investigators (32,65,66,57) have

found that soot formation is influenced by
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1. fuel flow rate

2? equivalcnce ravio

3. mixing characteristics

4, [0H] concentration

5. ‘temperature

6, fuel composition.
In general, it has been fgund that soot increases with
increasing fuel flow rate, equivalence ratio, and C/H ratio
in the fuel. Increased mixing reduces soot formation whilst
temperature and [0H] concentration appear to give
unpredictanle resulfs.

_In order to reduce the error associated with
equation 3.1 and improve the extrapolation properties, the
evaporation model has been used in conjunction witp operating
data (2) to generate values of m, using equation 4.40.
These values have been subtracted from experimentally
determined values of Mg and the resulting values of g
interpreted empirically. Chamber mixing was related to the
forward and reverse air flow rates and [OH] concentration

was determined assuming equilibrium dissociation
H,0 == [E] + [oH] 4441

No method was available to determine the soot
particle cize distribution experimentally, and there is no
theoretical basis-upon which to base a treatment gimilar tTo
the char analysis, Published results (65,66) indicate that
tbe arithmetig mean_particle diameter for soots lies between
0.02 Pm and 0,08 Fm. Photographic evidence from the systen
studied (1) indicated & value between 0,04 o and 0,05 yane

The soot particle number size distribution in hydrocarbon
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flames is known to be approximately normal(65), with & mean
particle diameter D}1 of 0.04 }un and 2 standard deviation =3P}

of + O.OOS‘Fm, assuming no agglomeration,

The number sgize distribution for socot used in the

following analysis is normal,

e =

e — exp (-(D - D )2 / 26’2 ) 4,42
\f2r Oh P

where it was assumed that I)}1 = 0,04 rm and g4 = * 0.008 Fm for

2ll conditions.

The surface mean diameter DSm is found using equetions 2.3
and 4.42. , -

' 1,5 a2 12 3 3 1 -
1+ D + 3¢ D + C D .
D_ = Jor Dy 1 (3) * 3o BT 7w r'(?.)_ 4443

s ™3 2 s 2 T/
C1 (-2-) + 2¢14° D + c1° D ! ("2")

B F

o ——

where c1 =\f
¥

4 .44

2 O
The number of soot particles NB per kg of fuel is

determined by using equation 4.39 with subscript 'c' replaced

by ts'. The equation is then integrated as bhefcre to give

3
. - 6ms C1
8

i j:s (1 + 3c1 I)}l P(%) + 30:.2D}l2 + 013])}13 r'(%)) 4.%5

The soot density f’s was taken from reference. (63,

P.3=9) as 2000 kg/mB.

4.6, Solids Burning.

Previous particulate burning models are 1imited by
the narrow size ranges for which they'have been derived. The
iechanigtic model developed in this work incorporates the best
aspccts of the previous mgdels to prgdict the rate o£ burn-ou’
of carbon particles from lOO‘Pm to 0,001 Fm diameter.

Combustion of solid particles involves the
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diffusion of reactant gas to the particle surface, absorption
and reaction at the surface, followed by de§orption anad
diffusion of products away from +the suriace. The rate may
be controlled by absorption, desorption or chemical kinetics
at the surface, Absorption or desorption control is
indicated by a surface reaction rate coefficient KS g%ven in
general form for reactants and products by equation 4.46

K_! = - Fos 4.46
S 1 + kSa xr + kSa xp

where ks are constants anad X, and xp are the mole fractions
of the gaseous reactants and products rcespectively.

Kinetic control is characterised by an Arrhenius
type expression -

K" o=k, exp ( -B% ) 4447

If the reaction rate is controlled by one of the
diffusional steps, ﬁhe rate is characterised by a diffusional
rate coefficient Kd‘

Two mechanistic models are available to describe
carbon particle bvrn—outi the decreasing radius model, and
the shrinking core nodel,

Photographic studies (1,2) have indicated the
presence of smell pumbers of conosvheres in the second stage
exhaust gases only. Ash covered particles have not been
identified although it is known that sodium, vanadium and
sulphur compounds exist in the solids. It has been reported
"68) that impurities in the solids may affect the burning
rate by + 50%, which indicates some type of catalytic cffect,
Since the catalytic effects cannot be estimated in this

system, and surface ash layers do not form, the effects of

ash have been ignored in this analysis,
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Althouvgh there is evidence to support particle
swelling during combungtion (69). the decreasing radius model
has been applicd in thig analysis. Cenospheres Qo not
appear to form in the first stage and arc ignored.

A model combining surface and diffusion control
based on thg following assumptions is proposed.

1o Ty = 2.

27 All particles are spherical and non-swelling,
3: The decreasing radius model applies,

4., The only three reactions occurring at <he
surface are :

(1 +X)C + (0.5 + X)0, ——> CO + XCO, 4.48

where X is the molar ratio of 002 to CO formed at the surface,
¢ + H,0 —> 00 + Hy 4449
and C + €0, =3 200 4,50

The reaction indicated by equation 4.48 is
exothermic, those indicated by 4.49 and 4,50 are endothermic,
Arthur (70) has related X to particle surfacec

temperature T, for bvrning carbon spheres by the egualion
» g b N 3

@

bdfpa

= 2500 exp (0.518 x 10° / RT,) 4,51

The surface reaction rate coefficients for each '
reaction have been evaluated using semi-empirical equatiops
besed on ¢ «perimental results available in the literature.
FPor equation 4,48, the reaction is kinetically controlled

and Ks is calculated using a relation determined by LEE et al

: 1

(38) . - ) -
K. = 1,65 exp (~0,711 x 10° / RT_) 4,57
S| . 87

Reactions 4,49 and 4,50 are absorption controlled, hence
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KS = s ——— 4- 0 53
2 1+ k Ker + k- X
8o 320 8. H2
k84 :
I{S' = "1’- ° 54'
3 1 +k x + %k -x
85 002 Bg (0]

The values of the constants arc those determined
by GADSBY and LONG (71) for equation 4,53 and GADSBY and
HINSHETWOOD (33) for equation 4.,54.

It can be shown by applying Fick's Law fto a

spherical particle in stagnant surroundings that
2 2 2by oy 3 4,55
0 o
o ¥
where 8y is the particle radius at time *,
a_ 1is the initial particle radius,
©_ is particle density,
is the concentration of the reactant in the bulk gas,
b, is c¢he molar ratio of solid reactant to gaseous
reactant (stoichiometric coefficient)

and & is defined as

k)

& = %; 4,56
where Pin is the logarithmic mean partial pressure in the
boundary layer.

The mass flux of reactant m(r) toward the particle
at a distwmece r from the centre of the particle is defined

*
in terms of the mass flow rate M

m(r) = - - L & 4.57
r

or in terms of partial pressure as a function of radius p(r)

() = - L9 delx) 4,58

Logarithmic mean values of T and f) in the diffusion layer
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are used as an approximation of the actual temperature
distribution which is hyperbolic with r,.
Using equation 4.57 to equate the mass flux at

distances r and & from the particle centre,

. 2 .,
m(r) = éﬁ m(a) 4,59
T
and combining 4,58 and 4,59
5 )
a e _ u£ _ap(r)
=3 m(a) = g7° -3y 4460
Integration between a and r yiclds
a2 i(a) (& - 1) = 2Y (3(x) - p(a)) 1.61

As r-» o0, this equation reduces to )
ai(a) = L (p(e0) - p(a)) 4.62

where p(@o) is the partial pressure of the reactant in the

bulk gas.

The specific mass rate of consumption of carbon is'related to

the mass flux of reactants at the particle surface, viz.

m = h(a) = by 4.63
where MC is the molecular weight of carbon,

Combining 4.62 and 4,63

n o= K; (p(®?) - p(a)) 4,64
where K. = 12 bsd9 4’6r
"d a RT «©2

and characterises gas film diffusional rcsistance.
Where the reaction is surface controlled, the rate is written

28 mn o= K, p(a) 1.65

As diffusion and surface reaction take place in series, the
reaction rate is controlled by the slower step. The two

steps are combined by equating equations 4,64 and 4. 66 thus
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eliminating pia).

I;l = 4‘067

1
e
KS

Nll—"

) d
Equation 4.67 applies for each of the three reactions.

The molecular diffusion coefficient for the ;th
diffusing component J)iNz is evaluated using equation 4.63
assuming a nitrogen atmosphere (73)

T MLM

PN 3/2 M, + M. 2 )
Sy, = 0.001858 T \/ 1 "M, J(Pogy, fip) 4.68
i"Na

Mi is +the mole?ular weight of the diffusing species, P is the
total pressure, The collision integra.l.ﬂ.D and the collision
diameter FTiNz are determined using the method described in
ref, (76). The equation has been derived for diffusion of
dissimilar binary gases. There is no simplg expression for

determining multi-gas diffusion coefficients. In this case,

the net diffusion coefficient of the ith gspecies is
5 - X3 D iw, 4.59
Mg X *"
li i

where X is the mole fraction of the diffusing reactant, and
the summation includes reactant mole fractions only.

The evaluation of both Kd and KS requires
knowledge of the particle surface temperaturc TS. The
cemperatur: is calculated using an iterative heat balance
about the particle as follows.

The heat generated per unit surface area is

. > . '
Q@ = £§% my Hri 4,70
For the purpose of heat loss calculations, the particle was

assumed to be stationary with respect to the surrounding gas

hence N = 2, Por small particles N, 2 even at &
Nu Nu



particle/gas relative velocity of 100 m/s.

Heat loss from the stationary particle occurs by

conduction and radiation only. Heat loss by conduction is
, ~ Xk (T, - T) -
9y = --izﬁ?———m 4.71
The mean thermal conductivity of the surrounding gas is k
and the diffusionsal temperature boundary layer thickness is
r. Tor calculation purposes, /A r was set equal to
particle diameter, however little change in the heat balance
occurred when A r was varied between 0.5 and 2 particle

diameters.

Heat loss by radiation is

A 4 a4 '
9. = TE&, (T," - T7) 4,72

The_value gf particle emigsivity is known tg be
of the order 0,5 %o 1.0 for small bleck particles (37).
Figure 4~2 shows the effect on reaction rate of changing gp.
In this analysis gp has been set at unity.

The iterative heat and mass balance was similar
to that described in Section 4.4.

A comparison of the results from various carbon
burning models including the one derived in th%s work A
(curve 8) is shown in Pigures 2-2, 4-3 and 4-4, In Pig.2-2,
the transition from surface to diffusion control is predic?ed
using this model as particle surface temperature incrgases.
Similar compari§on§ are madg for particles 1_Pm and 0,1 o
diameter in Fig.4-~3 and Pig.4-4 respectively. The dififusion
controlled models shown by curves 1 and 2 in Pig.2-2 indicate
an increase in specific reaction rate as diameter decreages,
and yield exceptionally high results for small particles.

MARSDEN'!'s (36) model (curve 5) shown in Figures 4-3 and 4~4
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indicates a rpaid decrease in ratz as particle size decreascs.
It is seen in Fig,4-4 that the predictions from this modcl
are very difierent from other work, The corresponding
broken and full lines in Fign4—4.indiqate the dependence of
reaction rate on oxygen concentration,

In Fig.4=5,the effects of particle diameter and
oxygen concentration on reaction rate for the model derived
in this work arc shown, The combustion rate of a~cloud of

particles is determined as indicated in Appendix 5,

4,7. Heat Transfer.

The use of high intensity combustion chambers for
process heating often requires the generatign of hot high
velocity gases with good radiant properties, Two stage
combustion can be used to advantage with heat transfer after
gach stage if the_heat trangfer characteristics of the gas
can be controlled,. Heat transfer in furnaces and air
heaters is achieved by a combination of convection and
radiation,.with radiation predominating in the region of the
£lame zone, In order to asgsess the heating quality_of the
gas and determine the heat transfer surface required, a hea#
transfer coefficient must be associated with gas properties,
Since heat transfor is gas-side ccentrolled, the overall heat
transfer cocfficient can be determined by considering

convection and radiation senarately.

4,7.1. Convection,

There arc numerous models based on the Nusselt
equation for the prediction of convective heat transfer

coefficients in turbulent high temperature systems, Those
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considered in this work were the Colburn, Dittus-Boelter

and Seider-~Tate expressions. The accuracy of these egquations
is limited by the quality of the high temperature
thermodynamic data available. The required thermodynamic

properties of gases have been evaluated using the following

expressions (64, p. 63)

of T o
Absolute viscosity = . 4,73
1 T
where cil and ;91 are parameters dependent on gas compesiticn
a .
Heat capacity ¢, = 2 -z 4,74
1.4 - 5 x10 “T
Thermal conductivity k = 106‘Q.Cv 4,75

In each case, the

evaluvated at the appropriate

thermel properties were
convective mean temperatures.

rate has been predicted from

The convective heat transfer

equation 4,76 .- .
4,76

) = mn -
Qc hc Ax (*cm TW)
where TW is the wall ftemperature and using equation 2.44 %o
determine Tcm' |
4,7.2, Radiation.
Radiant heat transfer has been predicted using

equation 4 .77 with the mean radient temperature defined by
equation 2,43
~ — 4 - 4' A s
% =0 &phy (Trm Tw ) et
The total emissivity E'Il was evaluated by combining the

individual emigsivities viz.

g, =

The values of the luminous emissivities E'c and f;s

1-(1-g))(1 -0 -£,) 4.78

were
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calculated using equations 2.48 and Z.19 respectively.

The characterist%c radiating dimension I% is ‘the cooling tube
diameter (76 mri) . The total projected cross sectional area
of the char particles A_ per unit volume of combgsﬁiqn gas is

D
evalvuated using expressions derived in Section 4.,5.1, For a

10

single particle of diameter D, the cross scectional area is

4.79

The total cross sectional area of all particles per kilogram
of fuel is

T

on integrating using G o Given by equation 4, 38
{2
T k1 c ‘ (11.

A =
c n2 k2 1+2/n

4.81

Ap is found by dividing Ac by the volumetric flow per kg fuel.,

The non-luminous emissivity £ , was determined
from date available in the literature (10). The non-
luminous emissivity attributable to water vapour and carbon
dioxide is '

£, = 924 Ty, (xg,0 + Xgp,) + 15.2 4o

Trm

for 1000 K < T ™ 2000 X, .

The best value of kb in equation 2.49 was
determined by comparison of the measu;ed heat ?emqval rates
arnd those predicted using equations 4.76.and 4o77 The range

£ kb was limited to the literature values for similar systems,
By comparing the predicted and measured heat removal rates
for each of the convective heat transfer expressions and for a

range of kb, the combination that best described the systen

could be chosen (see Section 5,3).



4,3, Combustion Stability.

Flame stability in the gasifier is dependent upon
atomising condifions and the level of mixing in the chambher,
Previous investigators (1,34) have found that the flame is
stable over a wide range of conditions, and instability is
encountered only.at very high or low atomising fluid to
fuel mass_rgtios. Practical limits are discussed in
Section 6,3,

Flame stability in the second stage depends on tie
amount of interstage heat removal, as well as composition
and flow rate of the inlet gas streams, and chamber geometry,

Thie conditions at which the flame is extinguished
are the blowout conditions. The determination of these
blowout conditions allows the prediction of the maximua
interstage heat removal congistent with stable combustion
in the sccond stage.

The analysis of reaction stability involves the
initial assumption of adiabatic perfect micromixing.
Previously, single couponent gaseous fuels have been
considgred using & semi--empirical model based on collision
theory. This approach ig not suited to this problem since
the inlet gases contain H2, Co, CP4 and carbonaceous solids,
which burn in parallel, The carbonaceous solids are ignored
in the stability analysis as these solids burn much more
slowly and have little effect on overall heat generation,
The reactiop rateg for H2, CO and CH4 are calculated uvging
equations 4.22, 2,27 and 2,26 respectively, including the
corresponding reverse rate due to dissociation as indicated

in Section 4.4.2.



It is seen From Pig,3~3 that thc second stage
chamber may be conside;ed ags a well mixed section followed
by a plug flow section, This interpretation is suggested
by the countercurrent method of a2ir injection. The
combustion reactions occurring in this well mixed section
control flame stability, and the following discussion refers
to this section only.

For the purpose of analyeis, the well mixed
gsection ig considered as a perfectly micromixed reactor of
volume Vr. Mass and'enthalpy balanccs are determined as
indicated in Figure 4.6, Referring to this figure it can be
seen that at steady state, the component mass balances per

unit time are
' 1 _ 1 ~ a % : ' o
where x' refers to outlet mole fraction.

The conversion of the ith species 1is E*i where

!
£, = 1 = xi 6 4-84
i x4 (F5+F7-F8)
and combining 4,83 and 4.84
r.¥ OV ’
i r
s = — 4085
‘El Xy (Fé+I-‘,'{.—~Fé)
The mean residence time 7t is defined as
Pv -
T = ——T , 1,86
Fé RT 4

If the conversion in a perfectly stirred recactor
as ecxpressed by equation 4.85 is plqtted as a function of
reactor temperature for reactions 4,19, 4,20 and 4,21, thc
S—-shaped curve ABCD, shown in Figure 4~7, typical of an

exothermic reversible rcaction, results. As these reactions
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are egsentially irreversibie, the conversion iny wegins

to decrease at very high reactor temperatures. The common
reactant in all these combustion rcactions is oxygen, hence
the oxygen conversion efficiency E;OQ is used to indicate
the combined extent of all reactions.

Oxygen conversion is defined in two ways depend@ng
on operating conditions., For air rich opgratiog (¢2 <:1?O),
5102 is the oxygen consumed by reactions 4.19, 4.20 and 4.21
as a fraction of that consgmed if all the gaseous combustibles
were burned to €0, and H20. For fuel rich conditions
(,O'z?, 1.0), 502 is the oxygen consumed as a fraction of the
oxygen presgent,

If the heat losses Q£ per mole of oxygen from the
reaction zone arc limited to the heat removal by the return
air of flow rate Fé,

Q. = ———,—-FE; (s ¢ am 4.87
L - x02 Py 558 p(air) .
the enthalpy balance per mole of O2 is

o ' ' 1 r
£ AL =<SH -SH + Q. 4.88
0y T Z Sproducts EE Breactaats -

_ The conversion -5,02 as calculated from equation
4,383 is shown as curve TlA in Pigure 4-7, The curve is
slightly concave upwards as a result of the increase in gas
heat capacity with temperature. The positive slope is
characteristic of an exothermic reaction, and is increased
by increasing inerts in the feed streams, as indicated by
the broken line TlB. Non-adisbatic conditions are reflected
by the fact that the S-curve crosses the 5_02 =, 0 abscissa
at a temperature lower than the combined inlet feed

temperature, indicating that some reaction must occur in
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order to maintain the reacivants at their inlet temperaturg.
. Values of 3};02 are calculated using equat:ions 4.85
and 4,88 as follows,

The thermodynamic reference tcmperature is 298 K
and all calculations for the case f§, 2 1 are made per mole
of oxygen entering¥®. The inlet conditions including flow
rates, temperatures and compositions are known, and the
volume Vr is assumcd equal to the geometric volume of the
well mixed scction, For the purpose of calculation, the
net inlet air and combustion gases are combined to form e
single inlet stream with temperature Ti’

The first step in the calculation is to assume a
recactor temperature equal to Ti. Using this tcmperature
and assuming 8,02 = 0, the mean residence time v is'
calculated using equation 4.86, Equations 2,26, 2.27 and
4,22 anc the corresponding reverse equations are used %0
calculate ™* for each combustible. C?h.e oxygen conve?rsion

302 is calculated using equations 4.19, 4.20 and 4.21 in
conjunction with 4.85. The outlet molar flow rate and gas
composition are calculated using component mass balances.

It can be seen from the stoichiometry of the
combustion reactions that the outlet molar flow rai_:e will
not correspond to the inlet flow rate when 302) 0. In a
perfeetly stirred reactor, the prevailing conditions in the
reactor corresrond to the outlet conditions, hence the

outlet conditions are used to recalculate &'o which is less

2
0 because of the reduced reactant concentrations.
2
Using the outlet conditions corresponding to E‘O , the
2

than &

— v

#* When ¢2<1, calculations are made per mole of oxygen
required for complete combustion.



chamber temperasture is increased in swall increments until
the calculated oxygen conversion efficicncy 5232 corresponds
to the initial calculated valuc é302. This iteration
procedure is satisfactory in all cases where the temperature~
conversiog. curve is concave upwards. At high conversions
| EJ09>>0-8) where the curve becomes convex, the iteration

is unstable., At this point, the first approximation £,

is made using the outlet conditions calculated at the
previous point instead of using the inlet conditions,

The oxygen conversion expressed by equation 4.88
is cheracterised by the temperature and composition of the
inlet gas, and can pe determined directly as the conversion
hased on equation 4,85 is calculated above. If the heat
generated by reaciion to conversion f:og at chamber
temperature T is Ql, and the heat required tc nheat the inlet

gas stream from T. to T is Q2, the corresponding conversion

i

t
& can be found using a similar successive approximation

<o
procgdure. A more direct method of finding 5’02 is to
consider the heatv gerneration per unit conversion. Ii this
ratio Q/E:OZ ie approximately constant, then
' ~ 9 T
&y = r.'.oz T, 4.89
It has been found from calculations based on the
rigorous method that Q[gjo is constant for a given set of
inlet conditions for 0.2<&, 2<o.9, and therefore this direct
method has been used. o
It can be seen both from equations 2.27, 4.22.
and curve TlB'in Fig.4-T7 that the addition of spray water

as a cooling agent will affect the thermal stability of the



chamber, As the cexperimental methed requires spray water
cooling but heat removal for steam generation does not,
thermal atobility of the latter case is inferred from the

experimental results obtained using direct cooling.

4,8.1. Direct Cooling.

Equations 4,85 and 4.88 are satisfied at.the points
of intersection of curves ABCD and TiA in Figure 4.7.
Points A and D characterige stable cconditions while point C
indicates an unstable one, The blowout condition occurs at
the temperature defined ?y point B where the two curves are
tangent but do not cross. It can be seen that this
condition can be achieved by reducing the inlet temperature

from T, to T¥ or by increasing the mole fraction of inert

1
gases, hence increasing the slope of TlA to become TIB‘
indicated by the broken line,

The effect of water spruy cooling of the
combustion gascs is bqth to shift curve TlA to the left and
to increase its slope, Indirect cooling would only shift
the curve to tho left.» It can be seen From reaction
expressions 2.27 and 4,22 that water vapour is not & truly
inert species, and a qhange in its mgle fracticn will shift
curve ABCD vertically. In FPigucre 4.8 the effect of
increasiry water vapour mole fraction can be seen to first.
increase and then deccrease the reaction rates of CO and H2,
while consistently decreasing the reaction rate of CH4.
The effect qf chamber temperature on reaction rate is shown
in Pigure 4,9 and it can be seen in comparison that
temperature effects are much larger than composition effects.

The effect of imperfcect mixing was not considered in the

preliminary analyses (see Section 5-5).
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4.8.,2, Indirect Cooling,

A e s e . * 2

Although spray water cooling is usceful for
experimental analyses, heat removal on an industrial scale
would be accomplished by indirect heat transfer in the heat
exchange zone., Since it is known that water spray cooling
will affect the stability characteristics of the chamber,
the experimentally measured blowout conditiopa are
interpreted uéing equations 2,26, 2,27 and 4.22, Once the
use of these equavions has been justified,vmaximum heat
removal by indirect means can be predicted:

The procedure used is as follows. Blowout was
determined experimentally over a wide range of conditiqns
and the maximum interstage heat removal was calculated.
These results are tabulated in Appendix 4. The inlet
conditions to the second stage werc calculated including
the spray water in vapour form, Using these conditions and
the technique described in Section 4.8, equations 4.8? and
4,88 were solved as a function of chamber temperature.

The system model could then be adjusted to corregponﬁ withia
experimental error with the experimental resulits. The
system equations were then applied to a sysiem where hecat
removal was by indirgct means, to predict the meximuz heat

rcmoval in cach case,

4.9, Solids Removal.

Solids extraction from the exhaust gases is
regquired whep the solid burden exceedg the statutory
maximum of 0,4% by weight of the fuel, In this systen,
solids removal and exhaust gas cooling were achieveq by the

use of a venturi-scrubber-cyclone separation system,
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T'or the purpose of economic modelling, the
operationgl charactcristics of this removal sysitem were
specified, In general, the method of collection of solids
is by impingement of the solid partiqles onto the walls and
spray drops in the collection system, The walls are washed
and the drops and wgsh water separated from the cleaned gas
stream in a cyclone, Efficient collection requires cooling
of the gas stream to such an extent so that the cvaporation
of all the drops is prevented. Measurements on the stack
gases indicnted that efficient collection coulad be_achieved
if the stack gas temperature were reduced to 550 K. By
comparing the amount of spray water used at these conditions
with the amount theoretically required to reduce the gas
temperature to 350 K, it was found that thc gcrubber water
requirements F__ were 150% of the water necessary to reduce
the exhaust gas temperature to 350 K.

T

-, i
Fow = 17.\5 Fe -B%Ocpm ar 4,90
YY)
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CHAPTER 5.

COMPARISON OF EXPFRIMENTAL AND PREDICTED RESULTS.

In general, comparisons between experimental
measurements and results predicted using models should be
made for all available experimental data. Where parts of
the model have been derived empirically, comparisons are
made using statistical tests showing either the stgndard
deviation or the error at the 95% confidence level. It
should be noted that where results have been compared
graphically, absolute differences between experiment and
model as opposed to percentege differcnces have been plotted.

The program used for all empirical correlations
in this work was of the multi-variate non-linear type obtained
from the SHARE (72) program library and reprogrammed in
Fortran IV for use on IBM-=T7094 and CDC--6600 computers.

The program was capable of handling weighted gbservations as
well as exponential and logarithmic variables, The program
was successfully tested on known non-linear equations.

Some care was required in the use of the program
ags tests for significance of variables were made by comparing
the error variance of the dependent variable before and after
inclusion of each independent variable in the regression
equation using the P-tcest.

It was necessary to specify the value of F above
whicli a variable would be included in, and below which removed
from the regression equation, To make the program
appl@cabie for all conditions, this value of F was set equal
to 1,0 corresponding to infinite degrees of freedonm. The
regression variables were then re-analysed makigg use of F

tables corresponding to & 0,5% confidence level,



5.1, Gas Composition and Temperaturs.

The prediction of gas composition and tempgrature
using the mechanistic model described in Section 4.4.1'is
based on the attainment of water gas shift gqgilibrium.
Methane has been predicted using equation 4.4. Measu;ed (3)
and predicted wet gas compositions are compared in Pig.5-1.
The scatter of some of the results is explained by total
mass baiance errors in the reported gas compositions from
the first stage chamber (2,3). It has been found that thess
errors are as large as ?5% for H, and H,0 (3) and slightly
less for CO and O, (2), Where there ars no mass balance
errors in the measured compositions, i.e. from the second
stage, the measured and predicted values correspond.

Measured gnd 2alculated combustion gas temperatures
a;e_compared in Fig,5~2 for equivalence ratios greater than
0.9, Where g € 0.9, the heat balance iteration used in the
model based on water gas shift equilibrium fails to converge.
The error associated with the experimental measurements (1)
is + 24 K whereas the errors associated with the predicted
results may be as large as + 25 K as indicated in Appendix 5.
Within these error limits, all but three of she predicted
temperatures correspond with experimentally measured ones,
The sources of error in the predicted results as reported
by ARCHER (3) were climinated by the use of tcmperature
dependent heat capacity expressions and by improved methods

of estimating first stage solids.

5.2 Solid Formation in the First Stage.

The rcgressicn eguation for soot my formed in the first

stage is
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m, + 0,0061 = P (0,0184 - 0,161 x 107" T)
+ 0,417 x 107 By - 01152 E-228
5.1

The standard deviation is + 0,0030, the error in
m, is expressed above at the 95% confidence level for 25
degrees of freecdom,

TLe first stage solids measured by HTUN (2) for
both air and steam atomisation have been compared with the
results p?edicted using the mechanicstic mo@e; developed in
Section 4.5 in conjunction with equation 5.1. The results
are tabulated in Tgble_A4-l in Appendix 4 and are compared
graphically in Pig.5-3. The 95% confidence limits in
Fig.5~3 arc indicated by the broken lines.

The amount of soot formed was not significantly
affected by equivalence ratio, reversce/forward air flow rates
or [OH] concentration, As most o»f the experimental
measuréments were made for a constant air flow rate, the
effect of gquivalence ratio is expressed by the fuel flow
rate terms, Te effect of [OH] concentration may be
included in the temperature terms since [0H] concentration
is increased by increasing steam flow rate which also
reduces temperature,

Three of the experimental results indicated by
(*) in Table A4-1 were considered to be in error as a resulit
of collection inefficigncy and were ignored when
constructing the model. |

Detailed comparison with respect to particlc mass-—
size digstributions, between the solids co}lected and those
predicted using the model is not possible. A theoretical

mags distribution of solids from the first stage is shown
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in Fig.5-4. This distribution, shown as the sc0lid curve,
represents approximately twice as much soot (Pirst peak) as
char (seccond peak).

It is noted that no particles larger than 10 .
were Found during photographic examination of the samples (3)
which compares favourably with the predicted gize
distribution which indicates that less ?han 2.5% of the char
particles formed were larger than 15 Pm. No cenospheres
were found by photographic analysis of ?he first stage solide,

hence vheir formation is not considercd,

5.%. Heat Transfer,

The heat transfer rates measured in the heat
transfer sectiop between the first and second stages are
compared in Fig.5-5, with those calculated from thc models
developed in Section 4-7. The initial comparison is
indicated by the open circles., It was found that the best
possihle correlation was achieved using the Colburn equation

convective
for/heat transfer and aquation 2.49 to predict soot

1 K, It can be ccen that therc

emissivity with k, = 550 m~
is a differencg between the measured and predicted heat |
transfer rates, the predicted results being 50-30% too high,
A possible source of this error iLs the under-estimation Qf
cooling it1be wall temperature as discussed in Appendix 5.

To improve the correlation, empirica; means were
used in conjunction with the mechanistic model, - Using
regression analysis, the absolute differences £§é, betwecen
the mcasured heat removal rates ém and thoge predicted usiug

models Qp were correlated with furnace operating conditions,.

The resulting correlation is given by equation 5.2
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A0 # 1,63 = O - 0.0546 Tpy + 0.0620 Topy + 4,972 W
5.2~
where the standard deviation is + 0.81 and the error in A
above is given at the 95% confidence level for 52 degrees of
freedom.

'Solid burden in the gas stream did not significantly
affect Aé. The strong dependence on temperature indicates
that the use of T,y or errors in the cstimation of the wall
temperature may be the cause of the differences, Tpe
correlation is shown in Fig.5-5 by the solid circles. The

95% confidence limits are shown by the broken lines.,

5.4, So0lid Burning in the Second Stag=z.

Previously (3), the quantity of carbon burned in the
sgoond stggg was determined by subtraction using equations
3.1 and 3.9. The improved method of first stage solid
prediction has allowed the direct comparison of the pred%cted
first stage solids with the measured second stage solids.
Firs? and second stage solid burdens are compared in Table
a4-2, The errors assoclated with these results are discussed
in detail in Appendix 5. The amount of so0lid present in the
second stage exhaust shown in Table A4-2 includes the_solids
which were not removed in the ventuari-scrubber gystem. These
solids were gstimated as detailed in Appendix 7, to be a
maximum of 0.0007 kg per kg fuel. This amount was added to
the measured second stage solids,

301id burnout in the second stage was predicted
using the model developed in Section 4.6} Good agreement
between measured and predicted second stage solid burdens
could not be achieved by consideration of the gas phase and

solid rcactions consecutively.
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If the carbonaccous sclids were allowed to react
in parallel with the gaseous combustibles, it was found that
some of the soot was burned during the 3-10 ms that ?he
system required to rgach water gas shift equilibrium. Using
time increments of 0.2 ms increasing to 2 ms after an elapsed
time of 2 ms, the reactions were allowed to proceed from
inlet concentrations to water gas shift equilibrium conditions.
The progress of these reactions under typical operating
conditions is shown in Fig.5-6, The rapid degrease in
gsolids indicates the period of soot combustion.

It can be scen from Table A4-2 that the second
stage solids predicted using the combined mechanistic and‘
empirical models arc the same magnitude as those measured.
Most results correspond Within experimental error, which in
some cases 1is very large. A more detailed analysis and
explanation of thgse errors is given in Appendix 5.

In Fig,5-4, the mass distribution of solids frow _
the second stage at @, = 1.0 is indicated by the broken line,
The oorresponding first stage solids are indicated by the
solid line, It can be seen that the soot has burned
appreciably whilst the char has not. In this example, where
overall carbon combustion efficiency is 36%, 53% of the soot
but only 2% of the char has been burned.

Although some cenospheres were identified in the
second stage solids,they comprise a small fraction of the
total mass of solids and have been included with the char

when considering solid burning.
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5.5, Thermal Stability.

The experimental results from the blowout
neasurcments were used to determine the operating limits of
the gecond stage chamber and are shown in Tableg A4~3 and
Ad~4, Using the method described in Section 4.8, the inlet
gas stream temperaturc and combustion chamber temperature as
a function of oxygen consumption efficiency werec calculatecd,
A typical curve.baSQd on experimental operating conditions
is shown in Fig.5-7.

It can be seen that the theoretical curve ACD and
straight line TlA based on these experimental hlowout
conditions do not predict the blowout condition, but indicate
stable operation at point A. The difference between the
measured and predicted blowout condition cannot be entirely
explained either by experimental errors, or by errors in the
choice of constants in equations 2.26, 2,27 and 4,22,

The second stage temperature was not measured
experimentally at the blowout condition, but was calculated
using the measured interstage heat removal and calculated
gas enthalpy at the cross piece. The most significant
experimental error is the uncertainty in the spray water flow
rate, which arounts to about + 5% of thc spray water or about
+ 5% of the interstage heat removal. This error can be
related to Fig.5-7 by shifting line T,A by a maximum of + 50k,
These errors are discussed in detail in Appendix 5.

In order to explain the differences between the
experimental and theoretical results, the aerodynamics of
the well mixed section must be considered, Work on mixing
limitations in imperfectly stirred combustors (42) has shown

that mixing intensity is related to inlet jet design by
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equation 2.41, In the well mixed section of the seconq
stage chamber, the inlet jet design parameter is only 3.2,'
which is an order of magnitude smaller than_values quoted in
the literature for high intensity equipment. This is because
the high velocity inlet air jets are recessed in such a way
that considerable energy is dissipated by impagtion.of the
air on the bend of the air inlet port (sec Fig.3-3)., This
results in a lower degree of turbulence in the chamber, and
consequently, the total volume of the well mixed section does
not approach the perfectly stirred micromixed condition. The
mixing can be improved by placing the air jets so that they
project directly into the chamber (sece Fig.3-3). To allow
for the effects of imperfect mixing in the theoretica;
analysis, the mixing term ﬁ%?" defined by equation 2.41 was
reduced by approximating the well mixed section to a
perfectly stivred volume less than the geometric volume,

It can be seen that this approach reduces the mean rcsidence
time T¥, but not the mixing intensity ﬁaT’ the reaction rate
however, responds in the desired manner, The fraction of the
geometric volume that was assumed to be perfectly micromixed

was denoted as F The values of Fpm required for each

pm*
operating condition to achieve agreement between the measured
and predicted blowout conditions are shown in Table A4-5.

A correoted'reaqtion rate curve is shown as the
broken line DBE in TFig.5-7. The values of Fpm were
analyscd using regression techniques to determine their
relation to such operating conditions as inlet velocity,
kinetic energy and momentum, No meaningful correlation was
obtained, and it was ceoncluded that the use of the I

o
correction embodied undetermined errors as well as the mixing



limitations.

L4
The maximum interstage heat removal rate QP
determined experimentally using the spray cooling probe has

been .related te furnace operating conditions viz.

kJ
pn xg fuel

5.3
where LA is the air loading term expressed as mole of air

Qg + 1118 = 29230 - 8750 B, + 454 I, + 7610 F

per mole of combustible gas entering the second stage chamber,
2
The standerd deviation is + 537, the ervor in Qq sbove is
b L

expressed at the 95% confidence level for 21 degrees oxf

freedom.
The simple linear correlatinn with ﬁl is .
: _ B} kI y
dp + 2190 = 37759 - 11700 6,  {Epsoy 5.4

The standard deviation is + 1060, the error in éR above is
expressgd at the 95% confidence level for 23 degrees of
freedon, ’

The experimental results shown as the open circles
are plqttcd as a.funoticn of first stage equiyalenoe ratio
in Fig.5-8 Lor 0.95 '(¢2< 1.05. Equation 5.4 is shown as
the broken line,

It can be seen from Fig,5-8 that the maximum
interstage heat removal increases as ¢1 decreases. The
iowest valre of Ql investigated experimentally under blowout
conditions was 1.28, but it can be seen from theoretical
considerations that when ¢1 = 1,0, no combustible will enter
the second stage chamber, hence the flamg will be extinguished
for all rates of interstage heat removal, The locus of the
maximum heat regoyal ag a function of ¢1 must approacih zero as

¢1 anproaches 1,0, This is shown by the dotted lines in
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Fig.5-8. The resulting peak in the curve has not been
verified experimentally.

' The maximum interstage heat‘removal that may be
achieved by indirect cooling only (i.c, without spray water
coo}ing) was calculated by the method described in Section
4.8, It can be seen from Fig. 4-8 that a decrease in water
vapour mole fraction may increase or decrease gverall
reaction rate for a fixed reaction temperature. The
decrease in water vapour in the inlet_com@ustion gas will
aecrease the slope of linc T4A in Fig.5-7. In order to
achieve blowout, therefore, the inlet temperature must be
reduced since the curve ABCD does not vary appreciably with
water vapour mole fraction.

To calculate the blowout conditions achieved by
indirect cooling alone, at conditions corresponding to the
experimentally determined ones, the value of Fpm in each case
has been reduced so that the mean residcnce time in the
perfectly mixed section is the same for in@irect cooling
conditions as that for water spray cooiing. Tha? is, it was
reduced in the ratio of the total mass flow rates, The wvalues
of Fpm used in cach case are given in Table 4£4-5,

This calculation involves a trial and error
procedu;e whereby & value of interstage heat removal is
assuned, If the heat generation and heat removal curves are
not tangent, the heat removal is adjuste@ and the calculation
repeated until the curves become tangent,

The calculated results for indirect cooling are
shown as the solid c¢irecles in Pig,5-8, The maximum

interstage heat rcmoval Qﬁ achieved by indirect means has

been related to furnace operating conditions by equation 5.5
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t

Qp + 1648 = 49330 ~ 14400 g, - 166 v, K

i Egjﬁﬁﬁ_ 5.5
where vy is inlet combustion gas velocity (m/s). The
standard deviation is + 799, the error in éé above is
expressed at the 95% confidence level for 22 degreces of
freedon, The dgpendence on inlet velocity is as expected
from theory (42), |

The best linear correlation with ﬁl is

o _ xJ '
Qp + 1964 = 42464 ~ 12500 ¢, kg FueT 5.6

and is plotted in Fig.5-8 as the solid line, The standard
deviation is + 927, the error in Qﬁ above 1s expressed at
the 95% confidence level for 23 degrees of freedom, The
coefficients for ¢1 in equations 5.4 and 5.6 arc not
significantly different.

Two typical temperature~conversiop diagrams fqr
direct snd indirect cooling are shown in Fig.5-9 and Fig.5-10,
In both cases solid lines indicate diréct cooling, 'broken
lines corregspond to in@irect cooling. The sccond stgge
equivalence ratio is 1.0 in both cases, whilst ﬁl = 1,28 in
Fig.5~9 and 61 = 2,00 in Fig.5-10. Considering Fig.5-9 first,
it can be seen that the oxygen conversion_at blowout for both
direct and indirect cooling is about 0.95. The low
temperature rise of 600 K from inlet to combustion temperature
for the indirect cooling case is a result of relatively high
interstage heat removal at low £, .

Ip fig.S—lO, the oxygen conversion at blowout is
only about 0.85, This reduction is a result of the lower
mean regidence time in the well mixed section of the chamber
since the mass flow rate and chamber temperature are higher,

The temperature rise in this case is about 1050 K as a result
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of the lower interstage heat removal at higher ¢1. The
heat removal curve for the indirect cooling case rises
vertically at 373 K as some of the water vapour in the
inlet gas has been condensed, and must be vapourised before

the temperature of the gas beging to rise.
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CHAPTER 6,

SYSTEM OPTIMISATION.

The general complexity of this combustion system
indicates that thg evaluation of any objective function will
be time consuming, It is also evident that the system
models constructed in Chapter 4 are highly non-linear with
respect to most system variables. The choice of optimising
technigues is limited, therefore, by the rcquirement that
the method be applicable to non~linear systems end be rapidly
convergent in terms of the number of function evaluations
required to attain the optimum,

Several minimisation techniques were investigated,
however the most promising method is that due to MURTAGH and
SARGENT (54) which has quadratic convergence characteristics

and can be uscd with linear and non-lincar constraints.

6.1, Objectives.

The principal objective of the system optimisation
is the determination of the operating conditions that allow
maximum annual profit arising from the sale of high and low
pressure steam., Calculations based on the equipment and raw
materials costs shown in Tables 4~1, 4~2, and 4-3, indicated
however, that for a small installation of the size studied,
the capital and operating costs of ancillary equipment were
go high that the marginal cost of the system always
exceeded the marginal return, and that even when labour costs
were ignored, the annual operating costs and plant burden
exceeded the revenue from steam production at all operating

conditions, In the light of these findings, studies have
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been made to_minimise annual operating losses for the two
stage system. A similar study has becen made on the combined
first stage and heat exchange section but excludlng labour
costs, plant burden and the solid burden constraint. The
conditions yielding minimum first stage solid emission have
21so been determinecd.
System operation has also been studied to
determine the maximum first stage intensity and optimal heat
transfer surface required for two stage operation conforming
to the so0lid emission limitation of 0.0040 kg solids/kg fuel.
The advantages of air or steam atomisation have
been compared, and the effects of combustiop chamber size on

system performance have also been evgluated.

6.2, General Minimigation Program,

This method of minimisation utilises the assumption
that the objective function can be approximated by a
guadratic over a small rcgion, If this approximation is
valid, the function £(x) in n variables with continuous
second derivatives may be expanded about the point k using

a Taylor series.
Af(x) = £ (x, +0x) -1 (x)

n AL\ n n 3
| uf]?)a g zz(ng )ax X. +O( bx

6.1

|
[JN]

i
ﬁ-”-'-’
fﬁl

where f, = f(gk) and Q(B,§3) represents all higher order
terms of the expansion. If the quadratic approximation is
exact, the higher order terms will vanish., The term J x is

& column vector of small displacements
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g% = (5X1, bxz veee BX) 6.2
Equation 6,1 can be written in terms of a

displacement vector P

B 5 & T E-1 6.3
a gradient vector g, _, evaluated at the point k-1
n &8 4 '
- k-1
Bp-1 = Z, ("g’sz‘) 6.4
1=1 . 1
and the Hessian matrix H which is a n x n matrix of second

partial derivatives of f,.s hence

T . o
— 1 T 3
T = Tyoq * Byoq P 5 B s Hp + 0 (2%7) 6.5

The change in gradient between points k~1 and k is

defined by Qy where

Qe = By " By-1 = 2 o By 6.6
At maxima and minima, the gradients become zero,
hence if x* represents the co-ordinates of a local minimum

at point k, ecquation 6.5 becomes

o = gt |
o= EKeg TET e B 6.7

To distinguish between a miniuum anil other maxima
or points of inflection, the term Rﬁ o § By embodying the
second derivatives is evaluated. Where a minimum ocecurs,
this term .s posiﬁive and the Hessian matrix is said to be
positive definite,

The only unknown in the right hand side of equation
6.7 1s the inverse Hessian matrix gfl. Hence if it can be
determined and the quadretic approximation is valid, the

local minimum x* cen be found directly from Xpqe One method

of approximating E_l is from equation 6.6 since



Py = " . g, 1Lig & 6.8

At each new point, the valuc of B and 93 is
calculated and after n such steps, the n x n matrices 2,

and Q,  of 23 and 25 respectively are formed.  Then

_ -1 '
E - _P_n ] _Q_n 6.9

If the initial quadratic assumption is valid, the
Hessian matrix, énd the inverse Hessian will be invariant
over n steps and the minimum x* will be found in exactly n
steps using equation 6.7. Since the quadratic approximation
is probably not exact, new steps are mede from 3& and the
inverse Hessian 18 updated at each step. Thg methods oI
updating the inverse Hessian are given in ref, (54); in
general estimates for corresponding Ej and ﬂj which are the

oldest and contain the largest changes in gradients ara

replaced first.

6.3. Variables.

The indecpendent variables considered in the
optimisation study werec fuel flow rate Fl, steam flow rate
F,, steam tcmperature T,, forward and reverse air flow rates
F3 and F4 respectively, interstage heat removal rate éi and
net second svage air flow rate F}_FB‘ Although there is some
experimen*tel cvidence indicating that solid formation may be
reduced by increasing steam temperature (2), this effect is
small and_is apparent only when fuel atomisation is very
poor, i.e. at low F2/F1 ratios, As steam temperature docs
net significantly alter the performance of the system, it
has been held constant at 443 K for all optimisation studies.

To simplify the optimisation problem (see Section
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6.4), the indepondent variables were expressed in terms of
ﬁl, steam/fuel mass ratio FQ/FI, reverse/forward air ratio
F4/F5' fucl flow-rate Fl, fraction of maximum interstage

1
heat removal Qi/QR and ﬁz.

6.4, Constraints.

In most practical applications, the objective
function must satisfy side conditions in the form of
equations or inequalities relating the independenﬁ variables.
These constants may be both linear and non-linear,. In the
cage of strict equality constraints, it is usually possible
to modify the objective function so as to satisfy these
constraints before minimisation is attempted, This
procedurc recduces the degrees of freedom from n, the number
of variables, to n - mg where mg is the number of strict
equality constraints, both linear and non-linear,

In thc system considered, any strict equality
oqnstraints such as overall stoichiometric operation (ﬁz =
1.6), have been combinad in the system model, and do not
appear in the formuvlation of the optimisation problemn.

Inequality constraints in rcal systems are usually
of the form .
aéc(gg)gb 6.10
where a and b arc constants and c(g) is a2 lincar or non-
linear function of the independent variables.

Linear inequality constraints can be written in

the form

gz~ 0,40 1€ 1€ m, 6.11

where m, is the number of linear inequality constraints,

Non-linear incquality constraints of the form of
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equation 6,10 require the inclusion of slack variables Xg

to form an equivalent problem

e(x) - x5 = O 6.12

where |
Xq 5; 0 6.1%

and the objective function is suitably redefined
frix = f(x + clix X .
— — jg . —s

where ms is the number of non-~linear inequality constraints,
The slack variables are then constrained as linear
inequalities as indicated by equation 6.11, The gradient
projection technique used to maintain the search in the
fecagible region involves the use of a projeoﬁion operator
and is described in detail in reference (54).

The constraints imposed on this system arise from
equipment limitations in the form of maximum and minimum
fuel and air flow rates, as well as operational limitations
including maximum and minimum steam/fuel mass ratios to
maintaip effective atomisation, and maximum interstage heat
removal, The interstage heat removal is limited either by
combustion stability in the second stage or by an arbitrarily
chosen outlet gas stream temperature from the ccoling tgbe
based on the derived temperature of the steam generated.

The system constraints are enumerated in Table 6-1
and are clgssified as to type i.e. equipment or operating
limitation. The constraints formed by equipment limitations
are sihown graphically in Fig.6-1 and define the region of
possible system operation. Constraint 7 in Fig.6~1 is not
truly an equipment limitation, but is included so as to give

a closed operating region. The operating region is
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SYSTEM CONSTRAINTﬁe
-.CONSTRAIHT CONSTRAINT TYPE OF SYMBOL VALUE
NUMBER LIMITATION !
- }
1 Maximum fuel flow  equipment Py 4,0 g/s
rate . .
2 Minimum fuel flow  equipment Py 2.0 g/s
, rate Ce
3 Meximum first equipment F'3+F4 33,0 g/s
stage air . :
4 Minimum first equipment F'3+F4 18.0 g/s
stage air .
5 Maximum net sccond equipment T~Fg 25,0 g/s
gtage air -
6 ‘Minimum net second equipment Po-Fg 7.0 g/s
stage air
7 Maximum first stage operating ﬁl 2.3
equivalence ratio .
o !
8 Meximum interstage operating QR equation
heat removal 565
9 Minimum interstage operating - 0
heat removal ..
10 Maximur steam/fuel operating FZ/F1 1.3
mass ratio .
11 Minimum steam/fuel operating F2/F1 0.5
mags ratio . ;
12 Meximum reverse/ operating F4/Pé 1.3 i
Iorward air ratio .
13 Minimum reverse/ operating F4/F3 0.7
forward air ratio
14 Minimum second process ﬁe 1.0
stage equivalence
ratio
15 Maximum ‘sécond process bl 0.0040
stare solid - 2 kg solid
emivwsion kg fuel
16 Maximum iaterstage process émax gas outlet
heat removal : temperature |
| = 600 X
17 Constant steam constant T 44% K ;
. temperature ;
18 Constant second constant Ty 5.0 g/s
stage outlet air
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cons@dergbly~r§duced by the requirement of excluding
excess air i.e. 252 ?, 1.6, which limite operation to the
upper portion of the feasible region. It can be seen
that this requirement limits ¢1 to values greater than
1522 as'the minimum net second stage air flow rate is
7.0 g/s. | _

The shaded area in Fig.6-1 indicates the region
for which experimental blowout measurcments have been
obtained. mhe blowout limits, shown by & series of
broken lines, indicate maximum interstage heat remgva;.
The values of interstage heat removal shown in Fig:G—l
(3/kg fuel) are correct for ﬁz = 1.5 only, and are
obtained from Fig,5-8, _ ,

Thg parabolic shape of the curves"is obtaine@
from theory, but the values of heat removal for @, # 1
are not necessarily true. Ag second stage air loading
increases with decreasing ¢2, it is known'that the heat
removal at blowout decrcases. Similarly, as ﬁz increases,
the maximum int§rstage heat removal must approach zero
as ﬁz approaches ¢i, hence the contours app;oach the
B, = ¢i line asymptotically as ¢1 decreases. The range
of experimenta} results was not wide enough to confirm
this behaviour., Fortunately, the only region of interest
in the present study is @, = 1, for which the heat removal
corntours have been verified, _

- For generation of high pressure steam (é90 kN/mz,
450 K), the minimum working combustion gas temperature

at the outlet from the heat exchange section is taken to
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be SOO K. This lower tesnperature limit imposes a sccond
constraint oan the maximum interstage heat ?emovall(the
firgt one is imposed by thermal stability). ) These two
heat removal cgnstraints are compared in Fig,é—z as a
function of ﬁi. The s0lid line corresponds with the
blowout limit (equation 5.6) whilst the broken line
represents the ECO K limit for FZ/Fi = 0.9.  Chenges in
FE/Fido not change the curves significantly. It can be
seen that for ¢1> 1.2, '?he 600 K 1limit is the active
constraint on the system. The maximum heat removal-
consistent with the;GOO K restriction is denotgd as émax‘
If the maximum temperature were 500 T, the constraint
would be active only for §, > 1.4. This constraint is also
shown in Figwé-2.

~ A1)l of the system const;aints counld not be
expressed as linear inequalities, Depending on the
choice of independent variables, the constrgin?s_taking
non~linear form could be chosen accordingly; e.g. if Ffuel
flow rate_Fi and steam flow rate F2 are indevendent )

variables, the constraint corresponding to steam/fuel

mags ratio is non-linear in terms of Fi and F2.
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The constraints on first and second stage air flow
rates were considerced in non-linesr form using the combined
forward and reverse air flow rate in the fifst stage; and net
second stage air as slack variables,

Both independent and slack variables were

normalised between 0 and 1 to facilitate matrix operations.

6.5. Modifications.

Indirect minimisation techniques are known to be
very powerful when the gradient of the objective function
can be calculated analytically and accurately. In the
present case where gradients cannot be determined
analytically, numerical methods must be employed to evaluate
the derivatives of the objective function. The numerical
method of evaluating function gradients hccomes inaccurate
in the wicinity of the minimum where gradients approach zero,
and may be affected by rounding errors.

A second, more serious limitation is that the
second der%vatives of the objective function are not tryly
continuous. The discontinuities arise from the method of
solution of +the heat and mass balances in the_system model,
which require a trial and error type solution. Fach heat
balance is determined to an accuracy of + 1% as more accurate
solutions require disproportionately wmore computational time.
Small changes in system variables may occur without changing
the calculated heat and mass balances within the above
accuracy, hence system performance will not change. The
objective function is not smooth, but is a series of steps,
wide or narrow depending upon the gradient at that point.

Where the minimum is relatively flat, the steps will be wide,
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hence the true miniuwum may not be found as the search nay
stop on a wide step where the giradieonts appear to be zero.

This problem hags been partially overcome in this
instance by making a sensitivity analysis of the objective
function an@ scaling the step size used to evaluate gradients
accordingly. The requ%rement of this preanalysis weakens
the optimisation method,

Lg with all minimisation techniques, the
determination of a minimum of an objective function does not
mean thet the global minimum has been found, Tn this case
where the objective function is not known to be unimodal,
cither a designed scan of the region, or successive
minimisations from different starting points hove been wmade.,

The accuracy to which the required minimum is
found is limited by the accuracy of the model., In the
present study, a careful investigation has been made of the
response surrace corresponding to solid emission from the
first stage (see Section 7-3), Using this as a test suvrf=oce,
the convergence of the m;nimisation program using numerical

derivatives was verifiecd,
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CHAPTER 7.

INTERPRETATION OF RESULTS.

Results predicted using the mathematical models
developed in Chapter 4 are shown to correspond with
experimental regults within experimental error (sece Chapter 5
and Appendix 5). In this chapter, the mathematical models
are used to determine the effects of individual variables on
system psrformance, and_to construct response surfaces for
various system criteria. These response surfaces are

eagsential if on-line control is required.

7.1. Designed Model Experiments.

_ It was proposed that factors Py, F,, Fs, Pps Foy
Fys T, and Qi (interstage heat removal rate) should be
considered in the determination of system response surfaces.
After preliminary analysis, it was found that stean
tempera?ure T2 had no effect on system performance in the
range 413 K - 473 K, and that the effects of second stage
outlet air F8 could be neglected. The remaining six opecrating
factors were expressed in terms of fuel flow rate Fi, steam/
fuel mass ratio FZ/Fi’ reverse/forward air ratio F4/Fé, Fivat
stage equivalence ratio ﬁl,(14 Fl/(F3+F4)L second stage
equivalence ratio #,,(14 Fi/(F3+F1+F7-F8)), and fraction of the

L )
—i
(for Qma pec section

maximum interstage heat removal Qi/é x

6.4).

max

Initially a second order factorial design was
construcied, however this indicated that the relevant
response surfaces could not be determined satisfactorily, and

the design was expanded to include intermediate points.
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The level of the factqrs studied was determined from known
overating constraints. The designed tests arc given in
Table T-1. The values are equally spaced and have been
normalised between -2 and +2 corresponding to the range of
settings indicated in Table T7-2,. It is seen from Table 7-1
that 2 5 x5 x 3 x 3 x 3% x5 factorial ecxperiment was
designed but only 175 preferred combinations of different
conditions wcre considered. The maximum interstage heat

o
rcmoval Qma is limited in 211 cases by the minimum combustion

x
gas outlet temperature of 600 K. Initial experiments showed
that where economic optimisation was required, maximum
interstage heat removal was essential, hence only limited
tests were made using interstage heat removal rates other
than the maximum.

A supplementary design based on this set for
constant levels of F,/F; = 0.7 at §, = 20 kW was also made.

A limited set of tests were made to determine the

efrfects of both first ond second stage combustion chamber

volume on system performance,

7.2. Gas Composition ond Temperature,

Combustion gas composition is shown as a function
of equivalence ratio in Fig, 7-1 for a fuel flow rate of
3.0 g/8 ana a steam/fuel maess ratio of O.Q. The gas is in
water gas shift equilibrium, and solids are indicated as a
weight percent of the fuel, Nitrogen can be determined by
difference, t can be seen that the mole fraction of
hydrogen is lower than that of carbon monoxide over the whole

range.,  Previously (1), methane has been ignored, hence
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TABLE 7-2, RANGE OF SETTINGS FOR MODEL TESTS.
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FACTOR MAX TMUM TN TINU
Fuel flow rate g/s 4.0 g/s 2,0 g/s
By (2) (~2)
First stege cquivalence 2.3 1,1
Second stagc equivalence 1.05 0.95
ratio o (2) (_2>
Steam/fuel mass ratic 1.3 0.5
Fo/Fy (2) (-2)
Reverse/forward air 1,3 0.7
raclo F4/F:.) '(2) (_2>
Interstage heat removal émax 0
i (2) (-2)

.
F T T

et 17, satme T

[ SPO

PP P T E PN



2100
TEMPERATURE
3 B K
TEMPERATURE 1900
GAS
COMPOSITION
mole o/o
20
HO
18 J
16
CONDITIONS
FUEL FLOW RATE 3.0g/s
1 STEAM FLOW RATE 2.78/s
12+
10- co
g - co,
H,
6 —
4 -
CH,
SCLIDS
wt %
) of fuel
2 - -2
: - 1
/ o~ SOLIDS
0 ¥ T 5 T T T 0
1.0 1.2 u 2.2 2.4

1.4 1.6 . 1.8 2,
FIRST STAGE EQUIVALENCE " RATIO O

FIG.7-1 CALCULATED GAS COMPOSITION AND TEMPERATURE FOR STEAM ATOMISATION
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increasing the hydrogen mole fraction above that of carbon -
mongxide. Corresponding gas compositions are shown in
Fig.7-2 fo? gir atomisation at an atomising air/fuel mass
ratio of 0.9, It can be geen that the mole fractions of
both hydrogen and carbon monoxide are substantially @igher
than the corresponding figures for steam atomisatiog. The
solid burden in the gas stream is increased as well, The
increase in hydroggn is due to the considerably lower amount
of methane present, whercas the water vapour is reduced by
the absence of steam atomisation. To satisfy the water gas
ghift equilibrium subject to these condit;ons, carbon monoxide
is increased and carbon dioxide decrcesed. There is an
interegting comparison between the gas compositions predicted
in Pig,7-2 and those measured by HTUN (2), it is known

that his reported dry gas compositions (2) indicated more
carbon (as €O and 602) than was theoretically possible,
however in all cases; the measured amounts of carbon monoxide
and carbon dioxide combined were about 5 volume percen@ lower
than the combined CO - CO2 - Héo predicted from ?heory.

This error was not affected by equivalence ratio. It was
further noted that the measured and predictgd concentrations
of carbon monoxide were approximately cqual. These
observations are interpreted to mean that the gas samples for
analysis t 7 gas chromatography were not properly dried and
that the carbon dioxide and weter vapour_present were
interpreted as carbon dioxide only. This interpretation is
supported by the fact that carbon dioxide and water vapour
are not likely to be separated by the tyve of gas

chromatograph used in this analysis (2). If it is assumed
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that drying the gas sample removed only 50% of the water
vapour, and that the remsining water vapour was reporﬁed as
002, then the measured results correspond with theory,

The combustion gas temperaturecs gorresponding to_
the above gas compositions are shown in Fig,7-1 and Fig.7-2.
It can be seen that'the gas temperatures in both cases are
approximately equal, The use of steam atomisation can be
expected to lower the combustion gas tempergture py 2s much
as 200 X if all other conditions remain unchanged. It has
been suggested (1,34) that the formation of carbon will tend
to inerease gas temperature as can be seen from heat recleasec
considerations viz.

2C + 0, —% 2C0 + 221 MJ/k mole O, 7.1
2C + 0, = €O, + C + 394 LJ/k mole O, 7.2

From Pig. 7-1 and Fig, 7-2 it can bc seen that
there is substantially more carbon presSent under air atomised
conditions, hence a greater temperature diffe?ence than that
caused by steam atomisation would be expected. The anomaly
can be resolved by considering Fig, 7-3 Where_the relative
amounts of char and soot formed are indicated, It can be
seen that soot formation is the same in cach case whilst char
formation varies appreciably. Ir, all cases, the amount of
char present under air atomisation is greater than that for
stean, This is as expected since atomisation is improved by
the usc.of steam which reduces the initial Dsm of the spray.
Steam atomisation inercases fuel evaporation efficiency, hence
the number of moleg of gasified reactants is increased.

Since +the system remains in water gas shift equi}ibrium in

both cases, it can be seen from Fig, 7-1 and Fig. 7-2 that
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equation 7.1 predominates in the case of air atomisation
whils®t equgtion 7.2 predominates under steam atomised
conditions, Thq result is tha+t heat releasc is increased by
the use of sgteam, and gas temperatures for both steam and air

atomisation are approximately the same,

Te3s So0lids Formation.

Solid forma?ion takes place by two essentially
independent mechanismg. Char is formed from incompletely
evaporated fuel drops. The amount and size distribution of
the char formed is influenced by the characteristics of the
initial fuel spray and by the mean residence time in the
first stage chamber,

The characterigtic diameter Dsm of the fue} spray
for both air and steam atomisation is indicated in Fig. 7-4
based on equations 2:5 and 2.6. Equation 2.5 has been used
throughout this work. It is seen that equation 2.6 does not
predict a reduction in spray DSm by the use of steam rather
than air. This is attributable to the effect of the gas
density termAPg in equation 2.6 which was determined for small
changes in the density of one gas only. Steam/fuel mass
ratio determines spray characteristics! hence has a large
influence on the amount of char formed.

Molar flow rate and gas temperature, which depend
upon fuel and steam £low rates as well as equiva}ence ratio,
determine the mean residence time in the chamber, Char
formation is decreased both by increasing s?eam/fuel mass
ratio and by increasing mean residence time. Mean residence
time may be increased either by decreasing fuel flow at

constant ﬂl, or increasing ﬁl at constant fuel flow, Thus,
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in order %o minimise char formation, low fuel flow rate,
high stegm/fuel mass ratio, and high equivalencs ratio are
required,

Soot formation is predicted by equation 5.1. It
is seen from Tig. 7-3 that soot increases as ﬁi incresases
at constant fuel flow rate. Thig suggests that soot
formation depends on relative fuel and oxygen concentretiocns
as opposed to dependence on combustion temperature since_it
wags expected that soot would decrease with decreasing gas
temperature as a result of decreased hydrocarbon cracking.
It is also found that soot formation increcases as fuel flow
rate increases (see equation 5.1). o

The total amount of soot and char, i.e. total
solids,_formed is indicated for four steam/fuel mass ratios
in Figs. 7-5, 7-6, 7-7 and 7-8. The contours indicate a
constant amount of solid., The broken lines are system
congtraints and enclose the feasible operating region. Thg
constraint numbers correspond with those given in Table-6—1,

Within the feasible region, it can be seen that
golid formation increases with fuel flow rate under all _
conditions, The decreases observed in Fig, 7-7 and Pig, 7-8
.above a fuel flow rate of about 3,5 g/s may arise from the
regression eguation for soot formation which should not be
extrapolated outside the feasible region, _ As atomisation
is improved by the use of higher steam/fuel mass ratios, the
total solid burden is reduced and thg presence of soot
becomes more evident. At FZ/FI = 0.5, an increase in ﬁl
decreases total solids for any fuel flow rate. This
indicates that the reduction in char formation is greater than

the increase in soot formation., As F2/F1 increases, the rate
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of char_?eduction with ﬁl becomes smaller until at Fg/Fi =
0.7 = 0.9 no significant improvement is made and it is seen
that solids now increase with increasing ﬁi which is
characteristic of soot formation.,  The effect of F2/Fi on
tota} 801id burden is shown in Fig. 7-9 for a fuel-flow rate
of 3.00 g/3 at three levels of ﬁl. ~ For EZ/Fl £ 0,6, solid
burden decreases with increasing ﬁl. This is because at
constant fuel flow rate, first stage mean residence time
increases with increasing ﬁl resulting in higher fuel '
evaporation efficiencies and less char. At higher Fz/Fi,
fuel evaporation efficiency is less dependent on equivalence
ratio, but soot formation increases with increasing ﬁi!
hence an overall increase in solid loading is observed.

The dependence of particle“mass Qistribution on
steam/fuel mess ratio is shown in Fig. 7-10.

Very 1little change in the shape of the soot
particle distribution occurs in each case,. The char
particle distribution qhanges considerably; it will be shown
however, in scctions 7.4 and 7.5,that size distribution
changes of ﬁhis type have little effect on system

performance,

Tede Interstage Heat Transfer.

Inters?age heat_transfer rates have been predicted
using equations 4.76 and 4.77, with a correction term
calculated from equation 5.2. The total heat transfer rate
éT can be expressed in terms of a single heat transfer

coefficient hT . viz,
dp = np by ATy [

where
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The overall heat transfer coefficient can be determined by

combining equations 4,76, 4,77, and 7.3 %o eliminate A,

- 4 _n 4 m - .
_ Stq (Trm Tw ) + Bg (lcm TW) 7.5
A Tlm

Values of ho arc calculated from the Colburn cquation for

h

T

convective heat transfer, whilst £ g is determined using
equation 4.78.

Thus, for any QT, a value of hT can be calculated
and the co?rgsponding hecat transfer area Ax Tound from
equation 7.3. Interstage heat transfe; surface areas _
calculated in this way are shown in Pig. 7-11 and Fig, 7-12
as functions of equiYalence ratio and fuel flow rate. The
results shown in Pig, 7-11 are for maximum igtgrstage heat
removal'ém

a8t a steam/fuel mass ratio of 0.9. The steam/

ax
fuel mass ratio is 1.3 in Fig. 7-12. The permitted operating

region is shaded in cach figure and is enclosed by system
constraints. The congtraint numbers correspond with those

showvn in Table 6-1,

7¢5« Solids Burning.

The burnout of soot and cha? has been calculated
using the model developed.in Section 4.6 with the
modification of Section 5.4. The progress of both the gas
and_solid reactions in the second stage chamber is shown in
Fig. 5—6 as a function of time, It can be seen that while
the oxygen concentration is high considerablg quantities of

solid are burned. The solid burned is soot, The char
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Present reacts very slowly and is not appreciably burned away
in the chamber, The gas-solid reactions involving 002 and
H20 procged very slowly in comparison with the oxygen-carbon
reaction. The particle mass distributiops before and after
compustign at thc conditions shown in Fig,5~6 are shown in
Fig.?-lé._ It is evident that the soot rather than the char
is burned. Further, even where atomisation in the first '
stage iz good, yielding char particles of small diameter

( £10 ym), the char particles are not appreciably bturned even
at stoichiometric conditions in the second stage,

The amount of solid that can be burned in the
seconq stage depends on the type of solids formed in the first
stagc, as well as the temperature and oxygen concentration in
the second stage. Second stage temperature is determined by
interstage heat removal and second stage equivalence ratio,
As overall stoichiometrig operation is required, the results
presented are for ¢2 = 1,0 only. The solid burden in the
sccond stage exhagst gas, at the first stage conditions
indicated in Figs. 7-5, 7-6, 7-7 and 7-8, is s’iown in Figs.
7-14, 7-15, 7-16 and 7-17 respectively. The broken contour
1@ne in ecach cage represents the limiting solid emission of
0.0040 kg so0lid/kg fuel, whilst the other broken lines are
systen constraints defined in Table 6-1. Interstaze heat
removal is constant for Fig.7-15 at 20 kW, whilet the maximum

heat é is rcuoved in the other caseg, In each case the

max
permitted operating rcgion is shaded, It can be =een from
Fig.7-14 that a steam/fuel mass ratio of 0,5 in the first
stage and maximum heat rcmoval between stages does not allow

the sclid emission criterion to be met in the second stage

exhaust gas, The second stage solids caxn be reduccd either
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by incrcasing the steam/fuel mass ratio in the first stage,
or by reducing the interstage heat rcmoval rate. The gffect
of rcducing interstage heat remova} is indicated in Fig.7-18
for a steam/fuecl mass ratio of 0.9, It is seen that an
improvement of about 25% in golid combustion efficiency,
defined as the percent of the solids entering the second stage
that are burne@, may be achieved by reducing interstage heat
removal by 50%. The general effect of reducing interstage
heat‘removgl is to shift the contours in thg lower half of
Pigs, 7-14, 7-15, 7-16 and 7-17 to the left., The contours
in the upper halves of these figures represent high char
weight fractions and are ngt appreciably affected by sccond
stage operating cqnditions. It can be seen by comparison of
Pig. 7=-16 and Pig. 7-17 that little improvement in the seccond
stage solid burden is achieved by increasing the steam/fuel
mass ratio in the first stage from 0.9 to 1.3. This is
because the atomisation 1s not significantly improved (see
Fig. 7-4). The relation between Fig. 7-7 and Pig, 7-16 is
shown in Fig, 7-19 in terms of solid combustion efficiency.

As ﬂi decreases, the.maximum interstage heat rcmoval
increases 2s indicated in Fig.5-8. For a fixed fuel flow
rate, and ¢2 = 1,0, the second stage temperature Wi;l increase
as ﬁl decreases, and solid combustion will increase, The
variat%on of combustion cfficiency with fuel flow rate where
ﬁ1,>'2.0 within the permitted region is explained as follows.
At low fuel flow rates, char and soot are formed in
approxiamtely equal amounts. As fucl flow rate increasecs,
relatively larger amounts of soot are fqrmcd and subsedquently

burncd, thus giving higher efficiencies, Ag fuel flow
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increasgses further, char formation predominates and combustion
efficiency is subsequently reduced.

The combustion efficiencies for cor;espon@ing air
and steam atomised conditions are shown in Fig. 7-20. The
so0lid and broken lines denote steam and air atomisation
respectively. In all cases, combustion efficiencies with
air atomisation are lower because of the relgtively higher
fraction of char present in the total solids, The highegt
combustion efficiency at any conditions of about 99% is
achiecved at a fuel flow of 2.92 g/s and ﬁl = 2,3. These
conditions correspond to low maximum interstage hecat removal,
high second stage temperatures and rclatively large

percentages of soot in the solids formed in the first stage.

7.6, Combustion Intensity and Thermal Stability.

First stage combustion intensity is shown as a
functiop ot first stage equivalence ratio and fuel flow rate
in Tigs, 7-21, 7-22 and 7—23 and for steam/fuel mass ratios
of 0,7, 0,9 and 1.5 respectively., it can be seen from these
figures that F2/F1 does not change chamber intensity
appreciably, Constraints are shown as broken lines and
correspond with those indicated in Table 5~1, Constraint 15
indicates a s0lid emission of 0.0040 kg s0lid/kg fuel at
maximum interstage heat removal émax‘ It is noted that the
permissible operating region shown as the shaded area is
considerably reduced by the golid emission criterion. The
permissible operating region is enlarged by reducing the level
of interstage heat removal as shown in Fig.7-21, however as
FQ/F1 is reduced, the interstage heat removal must be

reduccd proportionately more to maintain the permitted region.
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At F2/F1 = 0.5, tre s0lid emission criterion cammot be met
even when there is no interstage heat removal. The steam/
fuel masg ratio must be ingreased to about 0,55 before the
solids can be reduced to 0.0040 kg solid/kg fuel in the
exhaust gas.

Second stggu combustion intgnsity is egpressed in
a similar way in Fig.7-24 for ff, = 1.0, F,/F, = 0.9 and
maximun interstage heat removel ém&x’ The permitted rezgion
is again shovm by the shaded area, ] _

It can be seen from equations 5.5 and 5.4 that
maximum interstage heat removal éR by either indirect or
direct cooling depends predominantly on first stage
equivalcence ratio. In Pig. 7-25 the maximum interstage hecat
removal at blowout ns a function of ¢1 15 expressed as a
percent of the heat rclease in the first stage for both direct
and'indirect cnoling modes based on the peat removal shown in
Fig. 5-8. The upper solid curve in Ig.7-25 corresponds.to
indirect cooling, the_lower gsolid curve to direct cooling.

It can be seen in Fig, 7=25 that the maximum percent gf the
heat released in the first stage is removed at ﬁl = 1.96.
The broken line in Fig, 7-25 indicates maxinum interstage
heat removal émax limited by the 600 K coustraint, as a
percent of the first stage heat release._ _In this case, the

maximum is approached as ﬁl approaches 1,0,

T.7. Air Atomisation.

The use of air as an atomising fluid is
economically attractive as it is less expensive than stean.
It is found that the use of air does not change first stage

combustion temperatures appreciably (see FPigs. 7-1 and 7-2),
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When air is gsod at the same atomising fluid/fuel mass ratio
as for steam, it is found that the solid emission from the
first stage is increased by three to six times (Fig.7-3).
This is a result of poorer fuel atomisation hence most of the
increased so0lid burden is char., The minimum solid emission
of 0.0105 kg solid/kg fuel from the first stage is achieved
at an atomising air/fuel mass ratio of 1.3 with Fi = 2,00 g/s
and ﬁl = 1,55,

The incrcased solid emission achieved using air
atomisation improves the heat transfer characteristicg of the
gas, mainly by increasing gas emissivity by about 10%; It
is not expected that the blowout limits determined under stceem
atomigsed conditions will apply to the air atomised case as
both ges compositions and mass flow rates are considerably
changed. Where the maximum interstage heat removal is
limited by a minimum outlet temperature of éOO K for air or
steam atomisation it is found that 10-15% more heat can be
removed under steam atomised conditions because of the highep
firgt stage combustion efficiency and higher mass flow rates.

At maximum interstage heat removal conditions émax’
it is found that the minimum solid emission comstraint in the
seconq stage cannot be met using air atomisation in the first
stage. The minimum solid emission from the second stage is
achieved at ¢2 = 1,0 with first stage operating so as to give

minimum first stage solids as above.

Te8. Optimisation of the First Stage.

The optimisation of first stage operation was

attempted using various criteria,
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7.8.1, Minimum Solid lmission.

The first run was made withthe aim of minimising
first stage solid emission, This minimisation was essentially
a test of the minimisation program as the response surfaces
were well known (see Pigs. 7-5 to 7-8 inclusive).

Minimisation was attempted with respect to fuel flow rate,
steam/fuel mass ratio, reverse/forwerd air ratio, and first
stage equivalence ratio. Other variables did not affect
first stage solid emission. Five test runs were made starting
from different points. ] The results of these tests are
summarised in Table 7-3. The convergence zriterion was haken
as + 0,00001 kg solid/kg fuel. It can be seen that in most
cases, a minimum solid emission of‘0.0051_kg solid/kg fuel was
attained, at a fuel flow rate of 2.00 g/s. The value of
steam/fuel mnass ;atio at the minimum varied between 1.0? at

ﬁl = 1,54, and 1,30 at ¢1 = 1,47. At these conditions,
reve;se/forward air ratio was not significant, Reference to
Figs. 7-7 and 7-8 indicates that the 0,5% contour lies at the
boundary of the feasible region at both these conditione. It
was found that small changes in the variables at these points
produced no improvemcnt in the solid burden, hunce it was
asgumed that an expected @iscontinuity in the objective
function had been reached, It was further discovered from
the designeu tests that F4/F3 only affected solid loadings at
h;gh fuel flow rates and at steam/fuel mass ratios less than
0.9, hence the variable F4/F3 remained unchenged once fuel
flow rate was reduced or F2/F1 increased,

It was concluded from these tests that the first

stage could not be operaved within the system constraints so



TABLE 7--3.

TEST RESULTS FOR FIRST STAGE .
SOLIDS MINIMISATION.
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Sl

Not Converged

Non-feasible Starting Point,.

TEST CONDITIONS S0T.IDS
NUMBER - oo
A ko golid
y i g, | Fo/Py | TP Ya Fuel
gLs - . .
1 Initial{ 4.00 1,80 0.90 1.0 .0350
Final 2,00 1,54 1,18 0.7 ,0051
2 Initial 3430 1,63 0.90 0.7 .0250
Tinal 2,00 1,54 1,02 0,82 ,005%
3 Initial{ 3.00 2,30 1.30 1.3 0252
Pinal 2,00 1,52 1.30 0.91 .0051
4 % TInitial| 2.50 1,95 0.60 0.8 ,01473
Final 2,00 1.54 1,30 0.78 .0053
5 * 1itial] 2,00 1.20 0.50 1.0 L0265
Pinal 2,00 1.47 1.30 0,72 L0051
¥*%
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as %0 SalicPy the minimum solid reguirement of 00,0040

kg solid/kg fuel in the exhaust 2as from the first stage.

7.8.2, Economic Optimisation.,

The economic optimisation of the first stage and
heat exchange section was attempted using two bages. The
first basis was one year (7200 hr.) of operation, Using the
economic factors defined in Table 4439 it was found that the
system could not be operated profitably under any conditions.
The operating conditions for minimum 1988 Without regarq to
solid emission werc achieved at F, = 2.0 g/s, FQ/Fi = 0,50,
F4/F3 = 0,70 and ¢1'= 1.55. The irterstage heat removal

was at the meximum Q corresponding to an outlet gas

mnax
gtream temperature of §OO K. The operating loss excluding
labour costs was £ 685.40.

As fuel was the most expensive raw material, its
effect on the systen was removed by attgmpting the economic
optimisation on the basis 1 kg of fuel, In tkis casc,
labour costs and plant burden were excluded, hence only
operating costs were compared with the value cf the export
steam and incrcased capital costs arising from increased
plant capacity werc not considered. ihe operating costs and
export steam values are plotted ir Fig. 7726 as a function
of ﬁl for cn electrical power cost of £ 4.17 x 10"3/tnit,
atomising steam cost of £ .14 x 1072 /g and an export steam
value of & .92 x 10 °/kg. It can be seen from Eig.7—26
that the best overating conditions are at g, = 1.6 for FQ/F1
= 0.5.

The optimum corresponding to a profit of

44 x 1072 /kg fuel, determined using the minimisetion

&
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progran wos at ﬁl = 1,26Awhich liee oz wvhe intersection of
constraints 3 and 14 in Table 6~1. The steam/fge; mass
ratio was 0,5 and reyerse/forward air ratio was 0.7. The _
fuel flow rate was 2.8 g/s, Ag the basis was 1 kg_of fuel,
it is surprising to find fuvuel flow rate significant. This
may be cxplained by the fact that as fuel flow rate increases,
evaporation efficicncy hence molar flow rate of the exhaust
gases per kg of fuel decreases thus lowering extraction costs,
It is 2l1so noted that at ﬁl = 1,25, equivalence ratio is
minimised within the fcasible region and maxipum interstage

heat removal é per kg of fuel is achicved.

. “max
As the value of export steam increases, the break-

even point defined by the intersection of the curves in Tig.
7-26 moves to the right, Optimal operation is still achieved
at ﬂi = 1,26, Increasing electrical power, cooling or feed

water costs shift the break-even point to the left,

Te8e3s Combustion Volume and Intensitv.

The effect of increasing.or decreasing first stage
combustion volume has been analysed. It was found that solid
formation Was.the only variable significantly affected by
these changes., The effeqt of first stage volume on solid
fgrmation is shown in Pig. 7-27 for a stcam/fuel mass ratio of
0.9. Thg s0lid lines show the dependcnce on fuel flow ratc
at §; = 1.7, the broken lines the dependence on g, at Fi =
3.00 g/s.

It can be seen that solid emission can be reduced
by as much as 15% by increasing chamber volume by 25% at high
fuel flow ?ates. Little change is aobserved for lower fuel

flow rates, It is noticed that slightly greater changes in
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solid formaition occur at low ﬁl than at high values.
Changing volume affects only char forma%%on as the mean
residence time in the chamber is altered.

Heat release rates in the first stage are.not
significantly affected by changes in chamber volume,
Changes in evaporation efficiency result in changes of less
than 1% in the heat released. Chamber_intensity therefore
varies hyperbolically as chamber volume, That is, an
increase or decrease of 25% in chamber volume yields a 20%
decrease or a 33% increase respectively in combustion
intensity.

7.9, Optimisation of the Two Stege Nystem.

The inclusion of the second stage in the
optimisation problem increased the number of variables from
four to six and increased the computational @ime required
for one function evaluation by a Tactor of 3. As between
40 and 50 function evaluations were required to achieve
the optimal Tirst stage conditions involving 400 s to 600 s
conmputation time, il was expected that ﬁhg sig varigble
problem would require at least 2000 s i.e. (0.55 hr.) to
conplete.

To simplify the problea and reducc the
computational time, thg number of variqbles was rgduced to
four by keeping #, = 1.0 and F4/F3 = 0,7 constant, These
conditions werc known to be satisfied at the economic
optimum,  Although F4/Fs only affects first stage solids
when atomisation is poor, lowest solids may be achigvgd for
any operating conditions when F4/F3 is a minimum, i.e. 0.7.
Scecond stage intensity and solid combgsﬁion are maximised

within the permitted region at ¢2 = 1,0,
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7¢9.1. Tconomic Optimisation.

The econonic opﬁimisation was attenpted as for the
first stage. Equation 4.90, used to predict the scrubber
water rcquirements, was included only when t@e 80l1id burden
in the'gecond stage exhaust gases exceeded 0,0040 kg solid/
kg fuel. Heat removal in or after the second stage was
constrained by the minimum stack gas temperature of 500 XK.

As with the first stage, optimisation was attemptgd on &
basis of one year's operation, or per g of Tuel.

Two results were immdeiately apparent. As before,
when the basis was one year of operation, it was found that
there were no conditions within the permitted operating.
region at which the system could be operated profitably.

It was also found tha? the solids were not sgccessfully
constrained at mT2520.0040 kg solids/kg fuecl. The constraint
wes not met because the penalty incurred by exceeding it
consisted only of the inclusion of & venturi-scrubber system.
it wasg mors ocomomic_to eperatce the first ctogd mpiinmelly at
ﬁl = 1,26, and enit .0140 kg solids/kg fuel from the second'
stage, than to conform tc the constraint for solid emission.

The problem was overcome by introducing e penalty
function Pp to the objective function when M, > 0.0040
kg solids/kg fuel. '

Pf = Kp (0.0040 - mmz) !
where Kp is a positive constant. The size of the constant
Kp must be determined by trial and error“and depends on the
magnitude of the objective function, It should be large
enough to cnsure that Pf is the same order of magnitudc as

the objective function. when T, > 0.0040 kg solids/kg fucl.
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Analysis of the system with che penélty fuacvion
included did not yield consistent resulis for the optimal
operating conditions in all cases, As before when the
systcm was analysed on an annual basis, a_minimum loss of
£ 662,60 corresponded with minimum F1 = 2.0Q g/s. ?n this
case t@esﬁeam{fugl mass ratio was between 0.86 and 0,839 and
ﬁl = 1,46 -~ 1,51, This result indicates thatv operating
costs arc minimised and steam production is not maximised.

'Using 1 kg of fuel as a basis,the same minimum
was found, In both cases, the interstage heat removal was
at the maximum for these conditions. Referring to Fig.7-22,
it can be seen that the operating conditions corresponding
with the minimum opeyating loss lie in the leftrmost part of
the permitied region. These operating conditions also
allow the maximum interstage heat to be removed per kg of
fuel, as ﬁl takes the lowest permitted value (point A) but
do not correspond to thg maximum annual heat removal (point B),
It can be seen from Fig.7-24 that these operating conditions
give minimum second stage intensity. Bxport steam value and
fuel cost are the most significant economic factors
appearing in the analyses., As the operating costs
agsociated with a small installation of this type are
disproportionately high in comparison with product value,
thg valuc of export stgam was arbitrarily incrceased from
£ .92 x 10“3/kg to £ 1.5 x 10"3/kg to assess the eficct on
the optimal operation.

Depending on the starting point of the segrch,
minimun losses were determined in the region ff, & 1.9 at a
steam/fuel mass ratio of 0.85 - 0,92 and a fuel flow rate

P, % 3,20 g/s, as well as at ,051 = 2.17, Py = 4,00 and
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F2/F1 = 0.86 - 0.92: In cach case interstagc heat removal
was at the maximum émax' The former poigt appeared to be
a global minimum Wi?h a net loss of £ 500.50 coppared with
a net loss of £ 541.80 at the latter conditionga Tgis can
be explaincd by reference to Pig. T7-22 and Fig. 7-23. It
can be seen in Fig, 7~-22 tha? within the permitted_opera?ing
regiog tbere are tpree 10%2%}?g%ensities at ¢1 = 1.49,.1.92
and 2,17, In Fig, 7-23, the maxime ars at 1,51 and 2,17,
with a possible local maximum at §, = 1.85. It is seen
that two of these maxima at ,61 = 1,92 and 2,17, correspond
with the minimum losses determined using the minimisation
progran, These results emphasize the need to have some
knowledge of the shape of the objectiye function before

the minimisation procedure is applied.

Similar multiple answers are obtained when maximum
first stage intensity is the criteria, global.maximum
intensity being achieved at ﬂl = 2,17, ¥, = 4,00 g/s and
F2/F1 = 0,92 in the first stage. A single maximum at
B, = 2.3, P, = 4.00 g/s and T,/F, = 0.85 - 0,93 is achieved
for overall stoichiomctric conditions in the sccond stage.

Interstage heat transfer area is s@own as a
function of ¢1 and F, in Figs, 7-11 and 7-12, I% can be
secn that Wi?hin the permitted region, minimum heat trgnsfer
surfacg cf 1.14 m2 is required for operation a? Qi = 1,55 and
P, = 2.0 g/s with a steam/fuel mass ratio of 1,3, It cen
also be seép that when the system is optimised at a steam
value of & .92 x 10-3/kg, the required interstagc heat
transfer area is near the minimum even though the maximum

interstagq heat removel per kg of fuel is achieved at

ﬁl = 1,50,
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7.9.2, Combustion Volume and Intensity.

Changeg of up to + 25% in the second stage chamber
volume at ¢2 = 1,0 do not significantly alter system
berformance with the exception of chamber intensity which
varies hyperbolically with chamber volume as before. A
volume increase of 25% will reduce solid emission By only
1-2% at any operating conditions. It is apparent therefore,
that once the soot has been burned, no reduction in sglid
emission can be achieved by increasing chamber volume, It
appears that most of the soot is burned in the well mixed
section of the second stage, and that very little solid
particle combustion occurs in the plug flow.region a8 oxygen
concentrations in this section are very low, There is no
advantage to be gained by staged addition of air in the
plug flow section a§"?he majority of solids that are
expécted to burn (i.e._soot) have proviously burned out in
the well mixed section, | It is evident that the best
operational policy to be followed is to minimise char
formation %n the first stage by the use of steam/fuel mass
ratios > 0.7, and to attempt to burn soot in the second

stage.

7943 System Control.

From an operational point of view, the conditions
giving the best economic return are not those that offer
the begt control posgibilities. This can be seen clearly
in Fig. 7-22 and Fig. 7-24 where the operating conditions
corresponding to the optimum (points A) for a steam value
of £ .92 x 10-3/kg lie in relatively narrow peninsular

regions of the permitted area. Almost any fluctuation in
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fuel or air fiow rates will causo tho oyslem to move outside
the permitted operating region. This problem can be
alleviated in this case by reducing the in?erstage heat
removal thus widening the permitted region.

_ If maximum Tirst stage intensity is required
(Point B, Tig. 7-22) a similar control problem arises.
In this case the problem can be solved by increcasing the
steam/fuel mass ratic to expand the permitted region in the

viecinity of the maximum, as shown in Pigs. 7-22 and 7--23.



CHAPTER 8.
CONGLUSTONS .

The following conclusions can be Iormed, based on
this s?udy of residual fuecl o¢il combustion in a two stage
system,

1. The system can be successfully described in te;ms
of matheratical models based on experimental mcasurements.
Models derived entirely from theory do not describe the system
accurately in all'cases, and require the support of
experimeptal data,

2., Gas temperatures and compositions in both first
and sccond stnges correspond within experimental error with
thosc prcdicted on the basis of water gas shift cquilibrium,
This ipdicates hat this equilibrium is achieved in both
stages. It can be shovm from reaction rate data that_

equilibrium is attained in 3-10 ms in the seccend stage.

FIRST STAGE.

3. Two types of solid products are formed in the first
stage., Char formation can be predicted from spray evaporation
theory for burning drops. Soot formation my (kg s0lid/kg fuel)

can be predi~ted by the use of the following equation

my + 0.,0061 = (0,0184 ~ 0,161 x107"1) ¥§ + 0.417 x10™*e 7,

-0.1132
“here F, is fuel flow rate (g/8) and T is combustion
temperature (K). The standard deviation is + 0.0030, the
error in m, above is gxpressed at the 95% confidence level for
25 degrees of freedomn,



~ Char Torwation s roduced by increasing the
steam/fuel mass ratio (F2/F1), However, little reduction i
char formation is achieved by increasing FZ/Fl beyond 0.9.
Char formation is reduced by increasing the mean residence
time in the chamber by reducing cither the mass flow rate or
the temperature. Soot formation is slightly reduced by
decreasing Fl.

4, OSystem performance is improved by the use of
steam as opposed to a@r atomisation at the same atomising
fluid/fuel mass ratio. Better atomisation is achieved with
steam, hcnee fuel evaporation efficiency and chamber intensity
are increagsed.

Pirst stage solid emission always exceeds the
statutory limit of 0,0040 kg solid/kg fuel. Minimum first
stage so0lid cmission of 0.0051 kg solid/kg fuel is achieved
by the uce of stoam_atqmisation at a firet stagg equivalence
ratio ﬁl = 1,47 = 1,55, a fuel flow rate F; = 2.0 g/s and a
steam/fuel mass ratio FZ/Fl = 1.0 = 1,3, At these conditions,
the reverse,/forward air ratio F4/F3 is not signif@oanﬁ. The
minimum solid emission using air atomisation is 0,0103
kg solid/kg fuel at ﬁl = 1,55, F; = 2.0 a/s, Fg(air)/Fl = 1,20
and T,/F5 = 0,7,

First stage solid emission can be reduced by up to
15% by increasing chamber volume by 25%, however combustion
intensity is reduced by 20%. Changes in second stage volume
do not significantly affceet solid burnout in the second stage.

Moximum first stage intensity conforming with the
statutory limit of 0.0040 kg solid/kg fuel s0lid emission from
the second stage is achieved at @, = 2,17, F; = 4.0 g/s and
F2/F1 = 0.9, Maximum second stage intensity at a second stage

equivalence ratio ¢2 = 1,0 is achieved at ﬁj = 2,3, Ty = 4.0
g/8, and F2/F1 = 0,9,



INTERSTAGE.

5. The aveolute maximum interstage heat removal
rates Qp arc limited by thermal instability in the second
sféée. Maximum heat removal rates can be measured by tine
use of spray water cooling.

The maximum heat removal rate per kg of fuel using

spray cooling is

. \ _. _ . kd
Qp + 2190 = 37759 - 11700 &, kg 1ucl

The standard deviation is + 1060, the error in Q, above is
expressgd at ‘the 95% confidence level for 23 degrees of
freedom, Maximum heat removal as a percent of first stage
heat release is 76% at ﬁl = 1.9.

Chemical réactor theory can be used to predict
maxiipun heat removal éé_achieved by indirect heat transfer
(without spray cooling),. The maximum indirect heat removal
éé which exceeds éR is

Qp * 1964 = 42464 - 12500 §, =27

kg fuel
The standard deviation is + 927, the error in éé above is
cxpressed at the 05¢% confidence level for 23 degrees of
freedon, The maximum heat removal as a percent.oﬁ the first
stage heat release is in this case 92% at ﬁi = 1.9,

6. Interstage heat removal is gas-side controlled,
but cannot be successfully predicted on the basis of
existing radient and convective heat transfer expressions.

Details of a method for predicting interstage heat tranafer

in tkis system are given in Chapter 5.



SECOND STAGE.

7. The amount of solid emitted frxom the second
stage chamber is related to operating conditioqs in both
chambers as well as to interstage heat removal,

Soot can be effectively burned in thg second stage
at stoichiometric conditions whilst char cannot. Most of
the sqot is burned in the well mixed portion of the second
stage, Combustion of both soot andAchar is increased by
reducing the interstage heat removal. Char can be nore
successfully controlled by limiting ite formation @n the
first stage than by burning it in the second stage.

At interstage heat removal rates corresponding
with the minimum second stage inlet gas temperature (600 K)
sultable for generation of export steam, it is possible ﬁo
reduce solids in the second stage exhaust to less than 0.0040
kg solid/kg fuel for F2/F1'>-0.6. This solid emission
limitation in the second stage cannot be met using air

atomisation in the first stage.

OPTIMISATION.

8. The system can be optimised on an econonic
basis for the generation of export stean at & ,92 per 1000
kg using existing non-linear minimisation techniques. It is
necessary, however to have some kmnowledge of the shape of
the objective function to be analysed,

Economic optimisation of the combined first stage
and heat exchange section only,indicates that best operatign
corres?onding to minimum annual losg is achieved at ﬁl = 1,55,
F, = 2.0 g/s, F2/F1 = 0.5, F4/F'3 = 0.7 and maximum
interstage heat removal of 19.4 MJ/kg fucl.
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o Tho opltimisation of the two stage sysitem on
an anngal basie within the constraint of solid cnission less
than 0,0040 kg solid/kg fuel, indicates that the system is
not economically viable for the generation of export steam
at £ ,92 per 1000 kg under any conditions. Best gperating
conditions for minimum loss are achieved at ﬁl = 1.50,

P, = 2.0 g/s, F2/F1 = 0,9, Reverse/forward air ratio is
not gignificant,

These optimal conditions are maintaineq up to a
price level for export tseam of approximately £ 1,50 per
1000 kg. Beyond this level, the best operating conditions
for minimum loss become ﬁl = 1.9, Py = 3.2 g/s and F2/F1 =
0.9,



RECOMMENDATIONS .

It should he noted that the preceding study has
been nadce to illustrate the methods of nodelling and
optimising a combustion system, and not to provi@e an
economic justification for the two stage process. The
economics used in the analysis cannot be applied with a Ligh
degree of confidence to this pilot scale system, since the
ratio of plant burden to the walue of gxport gteanm is mucn
larger than that for full scale plants, For this pilot
scalc system, the ratio is of the order of S, whereas for
a full scale generating plant, the ratio is of the order o.é.

Based on the vreceding study, the following
recommendatigns can ne made for the scale up of this system.

1, The system should be operated at conditions
slightly rcemoved from those determined at the economic
optimum, in that the interstage heat removal should be
decreased to allow easier system control at the boundery of
the permitte@ operating region.

2, The interstage heat transfer section should be
redesig@ed to give greater coantrol over interstage heat
removal, )

3. The sccond stage chamber should be cztensivel;
redesigned. Ir. particular, the air inlet jets should be
placed so that combustion air is projected directly into
the chamber to improve mixing. The plug flow section should
be removed.entirely as it does not improve combustion

efficicney.



4., further studies on coatrol oif such a two

stage combustion system shouwlid be made by sinplifying the

system model to proportions suitable for on-line control.
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APPENDIX 1.
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SPECIFICATION OF MINISTRY OF DEFENCE (NAVY)

REFERENCE FUEL OIL 'VANTLIA' (73).

Fuel Composition % by weight
Carbon 86,1
Hydrogen 11.0
Sulphur 2.4
Ash 0,083
Uncombined Water 0.21
Unaccounted (probably nitrogen) 0,207

Ash Compositicn as determined by ashing in an oxygen

atmosphere, shown in Table Al-1.

TABLE Ai-1. RESIDUAL FUEL OIL ASH COMPOSITION,
OXIDE % in ASH pprm in FUEL ELEMENT % in
ASH
VZOS 78.4 651 v 4349
Na,0 7.0 58 Na 5.3
Nio 7.2 60 Ni 5.7
SO3 7.2 - S 2.9
Feeo.3 1.7 14 Fe 1.2
A1203 1.25 10 Al 0.7
ligO 1.20 9 Mg 0.72
810, 0.9 7 Si 0.42
Cal 0.85 7 Ca 0.61
Zn0 0.2 2 in 0.16

Trace amcunts (less than 1 ppm in the fuel) of the following
elements were present: Ba, Cu, Mn, Pb, Sn, Ti, Cr, Co.
The analysis exceeds 100% of the ash as some V2Q5 (approx.

8%) dissociated to V50, but is reported as V,0..



Physical Propewties.

Relative Density.

at 289 X (15.5 C) = 0.9635

Gross Calorifiec Value,

42.9 M3/ kg

Heat of Formation.

1.54 MJI/kg

Viscosity
at 264 ¥
at 311 K
at 373 K
Flash Point.

' 363 K

Distillation,

iBP
10% recovery
50% recovery

Vapour Pressure.
at 373 K
at 673 K

(18400 BTU/1b

(664 BTU/1Db)

kinematic
4.5 x 1074 mg/s
1.5 x 1074 n%/s
1.3 x 1072 m2/s

450 K
530 K
619 K

0 47 XN/m°
322 | KN/m>

Iatent Heat of Vaporisation. (64)

207, 6 kJ/keg

Surface Tension. (64)

020  J/m

Heat Cap:city (liguid).

(N/m)
(64)

7.64 kJ/kg K

)

] absolute
0.432 Ns/u”
0,145 Ns/m°
0,012 Ns/m°

(0.36 cm Hg)
(245 cm Hg)



APPENLLE 2.

DESIGN CATCUTATIONS AND OPERATING PROCEDURE FOR
THE SPRAT COOLER PROBE.

Water Spray Cooling Requirement.

The following design calcu;ations are based on
operation with a fuel flow rate of 0.003 kg/s and a steem/
fuel mass ratio of 0,9. It is assumed that spray cooling
of the gas stream to not less than 1073 K (800 C) will cause
blowout of the flame in the second stage, It is further
assumed for the purpose of design calculations only, that
the cooling tube does not cool the gas stream, Calculations
were made for three levels of first stage equivalence ratio,
¢1 = 1.2, 1.7, 2.3, and the results are tebulated in Table
A2-1, _

TABLE A2-1, SPRAY COOLING REQUIREMENTS.

4, 1.2 1.7 2.3 3
oK 2033 1770 1533 §
I Xmole/s .00150 .00117 .00096 i
XCH-& 9004 0021 004'3 g

A 3 H

Xa0 .040 .083 .107 i
X305 ,104 ,08% .078 ;
X ,015 .047 .079 i
2 !
S .195 .188 J172 ;
X..N 0642 0577 0520 {

N> '
X0, - - - §
¢ ky 55,1 30,9 16.9 ;
ﬁw kg/s L0131 .0074 .004.0

The heat removal required to reduce the gas stream

temperature to 1073 K is
1073

Y = m ar ; vy
Q | C (1) KTy A2,1



where the mean molar h:xt capacity UU is
e

ne
.
G = ~ x. C

< (1) 42,2
o =g+ P

The heat required to raise 1 kg of water from 293 K %o

1075 K is .
373 1073 .
o, = § og@mar +Ag+ [ o (mar a2
293 3773

= 4,20 kJ/kg

where CpL is liquié heat capacity and cpv is vapour heat

capacity.
The mass flow rate of spray water is ﬁW .

W

Nozzle Specification.

. Ihe configuration of the furnace and low pressure
(13.8 kN/m2 gauge ) utility water limited the range of suitabls
nozzles to those of the narrow spray angle low pressure type.
The type of drop sizZe distribution from a hollow conc spray
nozzle appearcd to be setisfactory.

A hollow cone spray nozzle with a throughpgt of
.0226xg/s at a pressurce drop across the nozzle of 13,8 Kﬁ/m2
was used, The included spray angle was 400, however it was
found that this was reduced to 25° when the probe wag placed
in the Turnace, The drop size distribution from this nozzle
was not known; however, the initial Dsm for a spray from a.
nozzle . of a similar type was known to he 260 pm, with a

3 . . 3 - . *
corresponding mean cvaporative diameter Dmed of 250‘pm,

* The mean evaporative diameter of a drop that evaporates at

the same rate per unit volume as the hulk of the sprav.



Length of Tveporation Section.

In order to calculate the cooling effects of the
spray water, ths sproy must be completely evaporated befors
enterinz the second stage chamber, The Jength of tho
required evaporatiqn section can be calculated from spray
evaporation theory,

By mass balance on the evaporation section, of

cress sactional arca A

o _ pv ‘ &‘ ‘
nm - V‘A'y (Pg + ﬁ;g;) A.2¢5

where M is the mass flow rate of the combustion gases
excluding the spray water, v is the gas velocity in the
evaporation section, é;e is the fractional evaporation
efficicney of the spray, and m., is tho mases ratio of the
gpray water to the combustion gas

By cnthalpy balance,

hoCp, (T -1 ) = mm, £ (Ay + € (Tg = 373)
A2,6
where Tﬁ is the gas temperature at thc corrcsponding
fractional cevaporztion efficiency & _. Both combustion gas
density ng and water vapour density §3v are rclated to the

evaporation efficiency viz.

_ 273 5 '
f 2 1 7282 (“Te) kg/m A2 f7
_ o 273 3
f,v = 0,804 (—TE) kg/m A2.8

The evaporation rate of a relatively stationary
monosize spray of diameter Dmed is
. 2nkln (1 +3B) D

med -
= - A2.9
mW va

where k is the thermal conductivity of the gas and Bm is the
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mean trensfer number over the cvapeoration section. The
equation applies wherec Dmcd is constant, which has been
determined Irom cxperiment to be for O <r£e§; 0,75 (74).
_ In terms of fractional evaporation efficiency,
A2,9 beconmes
8,  12k1n (1 +B) (1 - &) 42.10
2
cpv j’L D med

The required evaporation section length I is

related to fractional evaporation and gas velocity viz.

de . d€ 4L . v iG A2'11
at alL dt daL ¢
or, for small increments
AL =7 %—%— AT A2,12
e

By the usc of equations A2,5, A2,10 and A2,12,
the length of the evaporation section required for g = 0.75
is czlculated as follows for operation at ﬁl = 1.2, Fy/Fy =
0.9, F; = 3.00 g/

T = 2033 K
T, = 1073 K
To.75 1315 X
Cog = 1.25 kJ/kg K (1315 - 373 K)
C oy = 2,39 kJ/kg K (2038 -~ 373 K)
- = 2,21 kJ/kg K ( 373 - 1315K)

-
il

8,37 J/m 8 X
2260 xJ/kg

>
tl

w 3
;DL = 1000 kg/m
Dmed = 250 Pm

ﬁw = ,L,01%1 kg/s

il = ,0375 kg/s
m., = @W/ﬁ = 0,35
A = ,0053 m°

&



Calculation of 10 mean transfer number Bm

By, = 2,39 (2038 - 373) / 2260 = 1,76
30'75= 2,21 (1315 - 373) / 2260 = 0.92
1,76 = 0,92
B = = 1.29
n in ( 76)
From equations .@2—5, A2,7 and A2.,8,
v = 0,054 Tg (0.22 + ee)

From equation A2,6,

Tz = 2545 = 491 £
& TTETE05 &8

FProm equation A2.10,

8o _ 31.7x10°% (1 - £)
dt 2

Dn-zed
Using equation A2,12, the following results are obtained

AL = 136x106]) d(22+£)(51o—g)b',.
me (1.55 +¢g )(1'80)

The results are shown in Table A2-2 for £ U to 0.90

althougn this method is valid only for g £ 0,75,

TABLE A2-2, LENGTH OFF COOLING SECTION FOR SFRAY COOLING,

£e Afe eom AL (m) T (m)
0. 0.15 i 0.

0.15 0.15 0.075 .0123 .0128
0.30 0.15 0.225 .0206 .0334
0.45 0,15 0.375 .0305 .0639
0.60 0.15 0.525 . 0450 «1089
0.75 0.15 0.675 0712 .1801
0 90 0.15 0.8625 <1400 « 3201




It is scen that 787 of A epray having Dony = 250Pm
will evaporate in .18 m of the cooling scction, As Eie,
aprroaches 1, it can be seen from the previous equation for
AL that AL approaches infinity, hence the required
evaporat%on length will be over—estimaﬁed, By extrapolation
to L = 1,22 my, it is found that éie:>0.95, hence the error
in the assumption that the spray is completely evaporated is
less than 5%, Galculations for the largest expected drop
(=340 }mﬁ uSing tiie previous eguations indicate that it is
only 65% evaporated at the outlet of the cooling section,
howecver the fractional mass of the spray represented by these

large drops is small, and the errors introduced will not bhe

significant.,

Operating FProcedurc,

The spray prcbe consists of a water cooled arm
fitted with a hollow conc spray nozzle, and mounted on a
face'plate wkich allows it to be Withdrawn from the flame
zZone, This arrangemcent is shown in Pig.3-6. The probe is
designed so that the flow through the nozzle coaix be coatrolleld
by an t!'on-off' type plunger that seats on the nozzle inlet.
This arrangement allows the spray to Le started and stopped
abruptly without interrupting the cooling water flow through
the probe head, The nominal included spray angle is 400,
but this 1s reduccd to 20-25° by high gas flow rates.
Cold tests, using first stage air only, indicated that the
spray 4id not impipge on either the refractory lining or ths=
cooling tube walls.

A measurement of the blowout is obtaiped by varying

the spray flow rate using valves v, and V, (Pig.3-6) and



cbserving lho second slage Llame through the cbecrvation pors.
The procedure is as follows.

The nozzle is closed and cooling water circulgted
through the probe at the maximum flow (.040 kg/s approx.)
by opening V1 and V2. The probe is inserted into the flame
zZone, and nozgle aligned with the downstrecam axis of *the
chamber, The nozzle is opened and the spray water flow rate
increased by grgdually closing V2 until the f£lame is
extinguished, i.c. no visible fliame in the chamber, Vs
should never be closed complctely as this will interrupt
the flov of cooling water, Spray flow is continued until
the walls of the combustion chamber have visibly cooled,
after which the nozzle is closed. If the flame does notw
reignitc immediately, withdrawal of the probe into the
collar will aid reignition.

As soon as the flame ignites, the probe is
re-inserted and thc nozzle opened. If {the flame
extinguishes immediately, the nozzle is closed to allow the
flame to re-ignite. Yhe downstream valve V2 is then opened
slightly'before tliec nozzle is opened again, and the procedurc
repeated. Thus a decreaging water spray flow rate will
increase the inlet temperature to the sccond stage until at
one setting, ignition is maintained. The corresponding
chamber temperature is the ignition temperature, and the
temperature.at which the flame extinguishes is the blowout
temperaturec, This procedure is repested until consistent
results arc obtoined. The flow rate of water into the gas
stream is determined by comparing the readings on

rotameters Rl and R2.
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<t wee found thet a simpler tochnique gave the same
results, This method inwvolived the same initial procedure
for cooling the chamber walls, After the flame has
re-ignited, V2 is opened and the probe re~inserted, The
nozzle is opened,_an& the flow rate gradually incrcased by
closing V2 slowly, If blowout cannot be achieved by the use
of V,, V, may be obened fuily.’ After blowout occurs,
the nozzle is closed_and the test repeated until reproducible
results are chitoined, The method has &lso been uscd to
determine blowout temperatures under hot wall conditiogs, lee,
when no cooling of <the wélls preceded the measurcments,

At blowout conditions, some heat is removed by the
cooling tube, hence water flow rate, and inlet and outlet
temperatures arec required. The measurcd cooling water outlet
temperaturc is not indicative of the heat removal from ths
combustion gas stream at blowout,.ag the cooling tube has not
reached thermal equilibrium, 1t is nccessary, thereifore,
to continue the spray water flow corresponding to the.blowout
condition until the cooling tube reaches steady statc,
Representative tests indicated that in all cases the steady
state cocling woatcer outlet temperature was 9-11 X below that

temperature measured at the moment of blowout.



APPENDIX 3.

.

*

AND_CALGULATION OF D, N, N  and

m?

Basis: 1 kg fuel.

Substitution of equation 2.1 into equation 4,33
where m = n -~ 1 wiclds

o0 .
(%, D" exp (<k, D) @D = 1 A3 4
e}
id - * n ’\-
Let I, Ik 43,2
and I D = 41/ 43,3
t1/n :
Therefore D = A% .4
k*
5
and ap = i 1/ -1 4y A‘3'5
nkg *

Substitution into A3,1 yields

&= 1-1/n 1/n-1 '
kq J 't“"“ff.ﬁ exp (~t) F—" at =1 A3.6
T -= H
0 k3 nk2
or in integrated form
k. )
._...._.’:;..}I = 1 A3o7
n ké
hence kl = nk2 £3.3
Surface mean diameter - Char.
Substitution of 2,1 into 2.3 for m = n - 1, leads to
o .
éki D’ D" exp (-k, D") aD :
D = 43.9
sm - .
6[ Iy p? po-l exp (-k, %) ap

Considering the numerator and denominator individually, and

making the same substitutions as in A3,2 to A3.5,
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a0
S-k_ 1+2/n XP ( _t) _{{]/I" -1 at

e —— = 6 e . bt ®

e JRoURR—

Numerator =

0 I Iz.+2 3
1{2 nk:2
1?.? Xk .
= !”ﬁm £3/0 exp (~%) dt A%,10
n &
5

This can be expressed as a Gamma function

k

1 3 1 - 3
Numerator = e (Z=41) = =y fjbm)
n k21+3/n r1 n n2k21+3 n n
A3,.11
A similar treatment of the denominator yields
2k :
. _ 1 2 = 4
Denominator = m——rjzr [ﬂ () A3,1z
n k2
hence ,;LJLJ .
_Numerator 1.5 i (3
sm Denominator k£T7h r'(g/n)

Surface Mean Diameter ~ Soot.

A similar proccdure based on equation 4.43 is used

to detvermine the surface mean diameter of the soot particles.

Number ¢f Particles -- Char.

The numbher of particles Nt per kilogram of fuel is

1 ""C ©T
Ny = T 43.14
b S 1 3
)L‘E fQGnD dD
G

Integrating as before
2(1_5-v) n2 k2(1+3/n) -
Nt = ‘ = N A3,17
fr kg ['(5/n)

Number of Particleg = Soot.

The number of soot particles NS per kilogram of

fuel is determined from the knowledge of the mass of soot mg

m
° sZ{ e D2 ap
f) Iy )

Q
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.

-
(@)



Integration is achieved as before.

Determination of the Constant n from Ivaporation Theory.

If the constant n can be determined from
evapcration theory, the constants k, and k, in cquation AS.1
can be found using equations A3.8 and A3.12,

Tbe method of cvaluating n requires the use of

equation 2,12 vig,

D .
D4AaD ) n
I . = k, D 53,17

*3 “Re

Equation A3.17 can be rewritten explicitly in D

D . -
Ji Dap - k, " A3.18
0 2 + ké D

where k. v .
3
% 'Q 43,19

Values of k, for various burning fuel drops have

Il

I

3
been determined by EISENKLAM et al (75). It can be seen

that k% is dependent on particle/gas relative velocity.

The dependence of velocity on drop diamcter can be determined
from equation 2,15, howevaer if k% is constant for small
changes in D, equation A3.18 can be integrated +o yield

3/2 1/3 - B
ke, D% = -2, 4 2D £ 82 16 4y ( D7+ 2/83)  a3.20
4 e 1

2/ k3

1:4° 3k A 4

By substituting values of D into the righﬁ nand side of Af.ZO
for congtent k%, values of k4Dn are found. If the In

(right hand side) is plotted against 1n(D), straight lines

of slope n and intercept ln(k4) result, hence n can be

determined.,
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AFPENDIX 4.

TABUTATED RESULTS.

Comparison of measured and predicted
first stage solids.

Comparison of measured and predicted
gsecond stage solids.

ixperimental blowout settings.
Interstage heat removal at blowout.

Calculated blowout conditions.



TABLE A4-1.,

2130,

~

COMPARISON OF MPASURED AND PREDICTED
PIRST STAGE SOLIDS,
] i { i
EXPERIMENT TOTAL : CHAR soor. | % {
NUMBER * | MBASURED (model) | (eqr.5.1) *D IFFERENCE |
(kg/kg fuel) LA(kg/kg fucl?ékg/kg fuel ) ;
H 2 .0101 ,0042 .0102 42.5
H 4 .0216 .0124 .0077 - 6.9
HS .0278 .0225 L0071 - 6.5
H10 .0383 . 0305 .0073 0.0
H13 .1826 .1087 .0720 - 1.0
H14 .0449 .0384 .0095 + 6.7
H15 .0379 .0305 ;0032 + 2.1
H16 .0141 .0063 -0093 + 10.6 |
H17 50264 .0185 .0073 - 2:3
H18 .0235 .0145 .0073 - 7.2
H19 L0661 . 0500 .0158 - 0.5 !
Hol .0290 .0205 . 0068 - 5,8 i
H22 .0154 »0063 . 0087 - 2.6
H25 .0187 .0083 .0122 + 96
H26 .0215 . 0063 :0112 - 18;5
E27 .0184 .0083 ;0131 + 16.3 |
* H23 0076 ,0205 0147 + %64,0%
* H2Q 0209 .0225 .0163 + 065,9%
* H30 10111 .0205 .0124 + 196.0% |
H31 .0150 .004.2 .0115 - 17:4 !
H32 .0129 .0022 ;0111 + 3,1 i
H33 .0120 .0011 .0104 - 42
H34 .0123 .0022 .0105 - 1,5 .
H35 . 0109 .0011 .01C4 +  5:5 i
H36 L0175 .0011 L0171 + 4,0
H37 .0165 .0011 .0173 + 11,5 i
B33 ;0232 .0205 .0105 + 33,5 .
H39 :0239 . 0205 <0104 + 34.4
H4Q 0144 .0083% 0107 + 33,4
H41 L0136 . 0022 .0109 - 37
H42 .0165 .0042 :0122 - 0.6
H43 .C200 .0042 L0112 - 23,0

Expcrimental results are suspect.
++ Reference (2) for experimental conditions.

L Iy s UL, i I A




TABLE A4-2,

COMPARTSON OF MEASURED AND PREDICTED
SECOND STAGE SOLIDS.
EXPERIMENT TOTAT TOTAL % ;
NUMBER * MEASURED* * PREDICTED DIFFERENCE
(kg/kg fuel)

7 ,0079 .0134 + 69,7

9 0105 .0108 + 2,8

10 .0036 .0058 - 32,5

11 .0105 .0060 - 42.8

12 .01283 .0105 - 18,0
13 0140 0116 - 17.1 |
14 .0039 .0069 + 76,9 %
15 L0041 . 0087 + 112,0 :
17 0124 ,0200 + 613 |
18 L0136 .0516 +132,0 E
20 . 0089 .0105 + 18,0 §
21 . 0090 .0176 + 95,5 3
23 ,0070 0185 + 164,0 ;
24 . 0058 .0022 - 62,1 i
25 . 0066 .0094 + 42,4
26 . 0064 .0057 - 10.9 :
27 . 0047 . 0064 + 36,2 Z
28 .0028 .0092 + 229,0 g
29 . 0026 ,0010 - 61.5 ;
30 .0099 .0043 ~ 56.6 ;
32 .0050 .0043 - 4.0 ,
33 , 0015 .0013 + 20,0 §
34 .0030 .0050 + 66,7 2
37 .0013 .0010 - 23,1 ;
46 .0013% .0014 + 7.7 g
47 .0019 .0164 + 762.0 :
51 .0126 .0010 - 92,1 |

53 .0017 .0010 - 41.1

¥ Reference (3)

*¥ includes estimated 0,0007 kg s0lid/kg fuel lost in stack

gas.,

for experimental conditions

§ o v B TS KL A i a4




TABLE A4~7%, DEXPTRIMENTAL TLOJCUD STUTINGS.

Ch— oA £ A

!

“1

EXPERIMENT | & Eﬂw TUEL FLOW |[SPRAY WATER | COOLING WATER |
NULBER { RATE (g/s){ PLOW RATE Vrrow RATE| AT K
‘ i (e/s) (s/8) | ;.
: 2 : A
20 1.82 1,05  3.500 16,7 189.6  12.0 |
21 1.75 1,01  3.639 15.7 192.1 7.0
23 2,03 1.14 3.773 17.1 7649 9.5 1
24 1.4% 0,98 3,000 16,0 120,7 12,0
28 1,74 1,08 3,250 13.5 183.3 10,0
29 1.71 0.99  3.056 16.5 179.5 9.
30 1.63 1,01 2,194 15,6 183.3 10,0
31 1.53 0.95 3,194 16.0 18343 7.5 |
33 1.86 1,04 3.306 14,3 182,0 9.0 !
34 1.93 1,13  3.250 11,1 1643 9,0 |
36 2,00 0.96 3,056 11.5 171.9 7.0
57 1,14 0,81 2,500 12,7 17649 8.5 |
40 1.29 0.9%  2.778 14,0 180.7  20.C
41 1,28 1,00 3,000 16,9 18%.3 20,0 |
473 1.45 0.86 2,403 11..7 185.8 11.0
44 1,63 1,02 2,708 14,8 185,8  11.0
A7 2,00 1.21 2,750 17,5 176.9  12.0
45 2,00 0.99  3.139 12,6 176.,9 6.5 |
19 2,16 1.0%3  3.389 12,5 176.9 6.5 |
51 1,85 0.93  3.014 16,4 189.6  12.5
52 i.34 0,94 2,750 15,4 188,35 13,0 .
53 1.42 0,95 2.750 15.6 198.5  14.0 ?
54 2,20 0,91 3,194 13.0 183.3 8.3 |
55 1,41 0.96 2,500 16,2 125,0 10,0 3
57 1,85 7 3.000 16.8 228,0  11.0
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TABLE Al;--él . INPERSTAGE HEAT RIEMOVAL AT BT.OWOUT,

L - ——— kv

o — — § 4 e T e et A e et - L8

I-IEAT REMOVAL

| DXPERTMENT | SPRAY |GOOLING TUBE | ATR RETURY DIRECT |INDIRECT |
NUMBER () (1) () TOTAL | TOTAL |
i ;(kJ/J- xJ,/ kg X
: el) fue:L_)J
20 48.11 9,53 .06 16485 19559 |
21 56,93 5.6% .23 17271 20195 |
23 47,51 . 7.04 .02 14445 16965 |
24 52,58 5,08 L1€ 20605 25642 |
28 43.83 7.88 .27 15984 19754 i
29 43,16 - 6.76 .18 17037 21297 !
30 18,75 7.67 .24 17749 21924 1
31 52,67 5,60 .22 16309 22079 :
33 43,69 6,86 .06 15312 18315
34 36,46 6,19 .10 13153 16778 !
35 36,64 5,04 .28 13553 18363 i
37 45,83 6,30 .16 24615 23510 |
40 47.49 15.13 .25 22636 25227 |
41 55.35 15,35 .28 23653 26455 |
43 33,81 3.53 ,22 19797 23521
44 43,40 8,57 .25 10255 20701 |
47 48.48 8.39 .22 15357 17924 i
48 35,65 4,82 .15 13396 16742 |
49 57,74 4.52 .21 12621 16107
51 47%.97 9.90 .13 17550 19658 §
52 50,96 10,22 W11 22309 25357 1
5% 48,63 11,82 40 22157 26515 i
54 36,736 6.37 .22 13411 15420
55 16.59 7,78 .51 21951 25730

57 43,73 10,49 .14 18122 20113

T T T Y SR
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TABLE A4-E

. AT s

ATGULATED BIOWOUT CONDITIONS.

N oaw

24,

-

20
21
23
24
28
29
30
31
33
34
36
37
40
41
43
44
47
48
49
51
52
5%
54
55

INDIRECGT + DIRECT COOLING THDTREGT COOTLING f
INIET ¢ OF STACE 1 F__ | INIBT ¢ OF STAGE 1 »_ |
TE%P. HBAT RELEASE »m TElT\{I_Pu HEAT REIBASTHE i
T
515 77.5 131 373 91.9 125
551 76,6 242 373 89.9 158
465 79 o4 148 373 9%,0 .100
625 7343 346 373 91,1 .255
64.3 70,2 110 375 86.9 .076
531 72.6 236 373 50,6 .163 !
639 71.4 .187 373 88,5 128
720 0.0 .165 449 82,2 140
592 72,4 110 373 £65.6 078 |
703 65.5 055 460 £3.5 L0471
606 71,2 ,083 373 95.3 062
859 64,1 275 930 50.5 163
758 67.7 .275 602 75,3 .190 !
703 70.6 522 528 73.9 AL
721 63,4 165 473 81.3 116
531 T7.4 .330 3753 61,2 210
443 81,2 .258 373 94.7 RLTER
5¢2 T2.3 .08% 373 87,1 L0061
573 7%.1 066 375 §3.5 ,049
391 84 .4 357 373 0% .4 ,238
711 69,6 .357 515 79,2 ,237
617 4.5 439 373 90.0 .290
471 79,0 121 373 90.8 .090 |
504 79.4 .605 373 9% .4 384 |
372 85.5 412 373 95,0 201 |
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LPPEUDIZL 5.

AUATYSIS OF ERROR.

There are three zourceg of ervor that nmust be

considgred.
1, Itendom errors arising_from uncertainty in
experimental settings,
2, Bias errors arising from inaccuracy in
experimental technique.
3. Prediction errors arising from inadequacy of
theorcetical models.
Random errors in e;perimental measurenents arising by chance
are not considercd,

The random errors can be minimised by malking
repecated measuremepts at each experimental setting. These
errors can be expressed as the standard deviation about the
mean, The stondard deviation and 95% confidence limits
for each experimental setting are shown in Taeble A5-1,

For variables such as ﬁl which are not measurcd directly,
the qoefficient of variation is shown as a percent of the
mean.,

The method of calculation of thgse errors is
illustrated for the spray water flow rate, The net spray
water flow rate was determined by difference from flow
measurcnents on the inlet and outlet streams, as well as by
collection and weighing of the spray water. These
measurenents were made over ten, ore minute intervals Tor
constant experimentel settings. These measured valueg are
given in Table A5-2 for nominal inlet and outlet flow rates

of 30 g/s and 15 g/e respectively. At the 959 confidence



TABLE A5-1,

AGGURACY OF FAPFLTIENTAT, SETTINGS.

AN
:._\
o

s e ——

| MBAW [VARTANCE ? STANDARD | DBGREES CONEIDENCEE
’ | DEVIATION OF 1IM17(95¢) |
! ! | FREEDOM |
... i ! stk
Fuel ) ’ g
flow rate(g/s)! ©6.03 ,000605  +,0246 11 x.054
Steanm | ’ : g
flow rate(g/s){ 2.79 .000097  +.0098 5 + ,025
}
Forward air : : ;
flow ratc(g/s)!| 14.3  .0098 +,100 5 +.257
:
Reverse air o ) ¢
flow rate(g/s)| 14.3 . 0087 +.093 5 + .23C i
Interstage {
cooling water ) ’ i
flow rate(g/s) |176.6  18.66 +4.,32 5 + 11,1
Stage 2 inlet !
air flow rate ; : ¢
(g/s) 28,1 ,1317 +.362 5 + ,950
i
Stage 2 g
return air ) ) ;
flow rate(g/s); 11.8  .,0018 +.042 5 + ,108 i
Inlet spray ;
water : - ;
flow rate(g/s) { 29.6  .,0765 x,277 9 + .63
Outlet spray §
water . . ; : o
flow rate(g/s) | 14.5  .0693 +.263 9 + .60 :
) COEZPICIDNT OF |
VARIATION f
- - .
g, 2,50 ,00053  +.023 .79 E
Fo/Ty 463 .0012 +.011 2., 38% i
Fy/Fs .967 00009  +.010 1, i
4, 1,86  ,00032  +.018 0. §
Spray water ‘ ' ' :
(&/s) 15,1  .1458 +.382 2, 5




TABLEL 4i5-2 SPRAY WATHER R1LOW RATES,

@t - b - o
- — gt — -

FLOW RATES TROM ROTAMETER READINGS NET PLOW RATE

4 +RA "T!.T ! s

INIET g¢/s OUTIET g/s  WET g/s (CRAVIMBIRIC) g/s
29,5 14 .4 15.1 15,2
29.9 14 .4 15.5 15.4
29.5 14,2 15.3 15.0
29.3 14,0 15.3 15,1
29‘2 14'12 15eo 14-58
2945 14 .6 14 .9 15,0
30,1 14.8 15.3 14 .9
2949 14 .5 15.4 14,9
29,9 14,5 15.1 14.7
2943 14.6 14.7 14,8
mean= 29,61 mean=14,45 mean=15,16 mean=14,93

TABLE A5-3, ERROE IN SECOND ST:GE TEMPERATURE
: DUE TO UNCERTAINTY IN EXPERIMENTAL
SETTINGS.

UNCERTAINTY TU . NOMINAL g, .
g, OWIY 0,95 | 1,00 1.05
+ 0,03 + 60K - 30Kk  + 30K

~ C.03 b = 70K - 60K - 30K

H
]
+ o aremmmnrin |

v
e e e
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level, the meon water gprey Tiow osobe calculatesd frow

thus sgrees witih

[}

i}

rotemeter readings is 15,16 + 0.86 g/s an
the true mesn of 14,58 g/s determined gravimgtrigally. The
cocfficient of variation in this case is + 2.84%.

The effect of these errors on system performance
has been determined by perturbing each of the variables by
ite standard deviation and analysing the response using the
gystem models, These effects as well aserrorsarisipg fiom
experimental technigue and model inadequacy arc discussed in
the follewing sections, In general, the most significant
sourcecs of error are randgm errors and bias in the

experimental measuremnents. Errors arisging from model

inadegquacy are less important.
Gas Composition.

Differenoes hetween measured and predicted gas
compositions shown in Section 5--1. can be_explained by errovs
in the reported experimental measurenents. Analysis of the
effects of uncertainty in experimental settings has indicated
that the maximun absolu?e fluctuation in the mole frection
of any component is + 0,004, This fluctuation occurs in
second stage ouflet compositions when ﬁz = 1.00 + 0,02.

At all other conditions, the error is smaller, Errors
arising from inadequacies in the model are negligible fo? Qll
conditicas where the equivalence ratio is greater than 0.9,
At lower values, thc heat balance iteration may fail to
converge, regulting in large errors in predicted gas
compositions.

The only significant errors in gas composition arise

from the measurement technique. All gas compositions



reported by HTUN (2) indicate more carbom_in the gag vhasge

as CO2 and CO than isg present in the fuel, Ag these results
have been recorded on & dry basis, the source of the error
cannot be positiveliy determined. The likely cause is the
improper drying of thc gas semple as noted in Secetion 7.2.
Similar errors oceur with respect to hydrogen in some of ths
ges compositions reported by ARCHER (3), particularly those
results for the gasifier, In all gasifier outlet analyses,
the hydrogen as H2, HQO and CH4 exceeds that in the fuel by
about 25%,

The random ciperimental errors in the results
determined by gas chromatography have not been determined as
duplicate 2analyses for the same conditiongs were not reported.
It iz known that the composition of the calibration mixture
is accurate to + 5% of the stated mole fraction of any
componexnt, hencg the reported results may be in error by at
least this much,

The neasured gas composit@ons Tfrom the secpnd gtage
do not indicate mass balance errors. These measured ]
compositions correspond with those predicte@ on the basis of
water ges shift esquilibrium. Vhere ﬁzvd_lﬂG, 0 oXygen wasg
detected in the exhaust gases. This indicates that the
method of analysis may have.been insensitive to oxygen
concentrations less than 1%,

Ag the total hydrogen measured in the gasifier is
consistently higher than that fed, the oalibration of the
chromatography unit for H, and H,0 is suspect. Condensation
of water from the combustion gas sample would lead to under-
estimation of the water vapour, whereas condensation from a

water vapour calibration sample consisting of steam, would
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icad Lo an over~estimation of the water vapour prese:nt,

It is aleo posgible that the chrometograph does not exhibit
the seme sensitivity to water vapour concentrations
approaching 1.00% (gteam sampla) as concentrations of 209% irn
the combustion gas. This may explain the better agreenent
between experiment and ?heory when gas composgitions are

compared on & dry basis.

Gag Teuwperaiture.

The accuracy of gas tempcratures measured by
suction pyrometer is + 24 K (1), The error arising:@ from
uncerteinty in experimenval settings has been determined by
perturbing these settings within the 95¢ confidence limits
for a setv of ten experimental runs. Tho‘mean tempera?ure‘
fluetuations in the first stage were + 24,2 K and - 25.2 K.
Uncertainty in the steam/fuel or reverse/forwerd air ratios
resulted in only + 5 K changes. Uncertainty in the
equivalenge ratio setting resulted in changes of the order
of + 20 K,

Vhere ﬂi end interstage heat removal are accurate,
the uncertainty in second stage tegperature depends on the
valuc of ﬁz as shown in Tabie A5-3, It can be seen that
the fluctuation in tempergtare frr a givewr uncertainty in ﬁz
increases as ﬁz decreases.,

The second stagec tempera?ure predicted irom theory
depends on interstage heat removal, The inaccuracy in the
interstage heat removal arises from uwncertainty in voth the
cooling water fiow ra?e and nmeasured temperature rise ol the
cooling water (+ 1 K). Thewe combined errors may affect thc
second stage temperature by as much as + 35 K depending on the

absolute value interstage heat removal.
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First Stage Sciids.

Tt has been suggested (3) that the first stage
solids measured by HTUN (2) may be low by as much es 207
due to sampling error. However, as this work could not be
repcated, these regults were generally assumed to be W;thout
experimental GI'TOr. Three results obtained at Ql = 1,62
and Fz/FiCECL7’by HTUN (2) were considered suspect as they
indicated a threefold reduction in sclid formation with a
30 K increasc in steam temperature, whilst similar rcsults
at different equivalence ratios showed little dependence on
gsteam ‘temperature.

The percentage fluctuations at the maximum absolut:
deviation in predicted solid loadings corresponding to
uncertaintics in e:xperimental settings arc shown in Table
A5-4 for beth soot and char. It can te gcon that uncertainty
in ﬁl and stean flow rate F, have littlc effecct on the amoun’
of 800t or char formed. Soot is affected only by the
unoertainty in fuel flow rate which is as expected from
Equation 5.1, The maximum error of + .0020 occurs at gi.?
2.3. This error decrcases to + .0012 as ﬁi approaches 1,1 ,

Char formetion is unaffected by errors in fuel and
steam flow ratgs'as lons as the steam/fuel ratio is accurate.
When F2/F1:> 0.9, uncertainties in the true setting result
in errort in the amount of char formed of the orde;

+ 0,0005 kg solid/kg fuel., As F2/F1 approachecs 0,5, the
error increases to : 0,0020 kg solid/kg fuel. Uncertainty
in the reverse/forward air ratio has little effect on char
formation Ffor Fz/}_ﬂ1 > 0.9. Where F2/F1 £ 0.7, the maximum
error associated with uncertainties in F4/F5 is + 0,0030

¥g solid/kg fuel.



TABLE A5-4, ERROR IN FIRST STAGE SOLID LOADING DUE
TO UNCERTAINTY IN EXPERIMINTAL SETTINGS.

—

UNCERTAINTY | DEVIATION % OF TOTAL SOLIDS

f(s) egn, 3.4

VARTABIE RANGE CHAR 500T [

. ;

egivalence ratio + 0,02 + 1.5 + 1.0 ;

# : . : ;

fuel flow rate + 0,05 <1.0 + 3.0 ;

- - : : |

steam flow rate + 0,03 1.0 £1.0 ;

Ty 8/s : 5
stcam/fuel mess + 0,06 + 3.0 < 1,0

'

ratio Fy/F, _ ;

reverse/forward 1+ 0,03 2.2 £ 1,0 '

air ratio 1?4/F3 ' ,

transfer.function + 0,036 + 9.0 £1.,0 :




223

Model inadequacy is limited to the error associatel
with the f%r§t stage transfer function f(s) calculated from
equation 3,4. An error of + .036 in f(s) will result in an
error of + ,0020 kg solid{kg fuel where fuel evaporation
efficiency is 99%, and + .0070 kg solid/kg fuel at 95%
efficiency.

Particle mass distribution is affected by
inadequaqy of thc model and uncertainty in experimental
settings. The mazximum deviation in mass distributio;
arising from experimental uncertainty is shown in Pig,A5--1,

The nominal settings and applied uncertainties are

Py = 3.00 + 0,05 g/s
Fp, = 2,92 + 0.03 g/s
F. = 14.89 + 0.26 g/s

\‘)\'!

Fy = 17.78 + 0.24 g/s
The solid curve indicates the distribution corresponding to
¢1 (true) )-ﬁi (measured) and F2/F1 (true) <;F2/F1 (measured),
The broken curves indicate the opposite case.
The main inadegquacy in the model is thg assumption
that mean sont particlc Qiameter is constant at 0.04|Pm for
all operating conditions, This assurption bowever,'does not

appear to influence system performance significantly.

Heat Transfer.

Measured heat transfer rates are subject to errors
arising from uncertainties in temperature and flow measurement.
Uncertainties in cooling water flow rate (+ 11.1 g/s) and
temperature measurement (+ 0.5 K at each reading), resuvlt in
errors of between + 7.5% and + 11.6% in the measurcd heat

removal,
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THE EFFECT OF UNCERTAINTY IN EXPERIMENTAL SETTINGS ON PARTICLE
MASS DISTRIBUTION FROM THE FIRST STAGE
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Uncertainty in_first atago setti;gg resulits
errors of the order of + ,0015 W/m® /K in interstege heat
transfer coefficients° This corresponds to a percasntage
error of + 2%,

The consistently high predicted values of heat
removal of thc order of 70% indicate either experimental
megsurement error or model inadequacy. The various
convective heat transfer expressions yielded similar resuits,
whilst variation of the parameters in the radiant heat trqnsfer
expressions did not noticeably increase the heat transfer.

The predicted heat transfer rate depends on the fireside wall
temperature in the cooling tube.

In practice, the fireside well tenperature in the
cooling tube was calculated from a knowledge of the cooling
water temperatur? and the thermal conductivity of the 18-8
stainless steel(iélw m/mg/K). In most cases the wall
temperature caiculated by this method was 320~330 K. No
provision was made for either waterside or fireside fouling,
as examination of the equipment indicated that only slight
deposition occurred, If it is assumed that a typical fouling
coefiicient for both sides combined is 6 kW/mz/K, the inlet
wall temperature incrcecases to 335~345 K, reducing the mean
difference between the measured and predicted results from
+ 70% to + 65%, No improvement could he made in the scatter
of the results by this method.

The most rcasonable explanation of this error is
that the fireside wall temperature of the cooling tube is
considerably higher than 335 K, thus giving a lower
tempe?ature driving force and lower predicted heat transfer

rates, The presencc of high temperature heat sources at each
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end of ‘the cooling wtube would encourtze Luat conductiosn from

each end, and cause higher wall temperatures.

Second Stage Solide and Solids Burning.

Measured gsecond stage solids are subject to two
possible errors. Most analyses were made gravimetrically
assuming & mean filter paper weight. The use of suchh a meen
weight requ%:es the inclusion of the error in the mean; in
this case i,406.g. at the 95% confidence level, When the
mass of solid collected is small, this uncertainty in filter
paper weight can result in large percentage errors in the
measured solids.

Collect@on ineffieiency is the other source of
experimental error. This inefficiency arises from solids
not removed from the combustion gases whiclh.--ii: vented to
atmosphere, and.solids not removed from the couilection system
during.sampling. The solids in the stack gases comprise
only 0.07% of the fuel fired, indicating that sorubber
efficiency is high (See Appendix 7).

lags ralances on the overall system as described in
Appendix 7 have indicated that some sampling was carriecd outb
while_the systen, in particular the cyclones, was not at steady
state, At high serubber water flow rates, when cyclone liquid
sampling was beggn, the cyclone collection vessel began to
£ill wiith liquor. Before sampling, cyclone liguor was pumped
to drain through 3 m of 25 mm @ pipe, but during sampling,
liquor was pumped through 10 m of 19 mm @ pipe to the sample
point. The increase in back pressure resulted in liquor

accunulation in the cyclone. As the volume of cyelone liquor

collected was not rccorded, no definitive estimate of the
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errcr was rosaiblea _ Iﬁ was found hoveygr9<that When__
scrubber water flow mate oreaded 60 g/s, Tiguid accumulation
was likcely to ocour, and experimental readings taken at
scrub@er waﬁer_flow ratea above this value were placed in

doubt., The error was eliminated in later tests by taking

the sample directlyﬂﬁ¥og the cyclone chchtion vgssel and
ensuring that the vesse} was cmpty while sampling,

The errors agsgociated with the first and secon
stage solids are shown in Table A5-5, The renge of solid
combustion effigiqncies is also indiceated. _

The large errors are due almost cxeclusively tp the
error @n filte? poper weight when small amouvrnits of solids
were collected,

The eff§ct of uncertainsies in expcrimental
gettings on the mass d;stribution of partiples from thg
second ;tggc_is shown in Fig.A5~2: Thg Tirst stage opgrating
conditions.age ‘the same as ip Fig.Aﬁ-lf The nomina} gccond
stage equivalence ratio is 1,00 # 0.03, It can be seen that
the char dis?ribution is only sligh?ly affected, whereas the
soot is completely burned at @, = 0.97, but is only partially
burned at ﬁz = 1.03.

Errors in the solid burning modcl may arise in the
trcatment of phe distribution of parvicle sizega, For ?he
purpqse”of calculationt the particle size»distribution is
considergd for a finite number of gize increments, The
increments were nodt equa;ly spaced with rospec@ to diameter
becquse_of the wide range of sizes encountered, Previously
(37,40), the diameter chosen to represent cach size

incrciment was the arithretic mean diasnetcr. This diameter

docs not represent a particle of mean surface or mecn volume
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TABLE A5-5, BRRORS ASSOCIATED WITH FIRST AND SECOND STAGE
SOLIDS AND SOLID COMBUSTION EFFICIENCY.

EXPERTMENT SO0LTDS (kg solid/kg fuel) % BURNLI 3
NUMBER*™ I 5e55T0roD MEASURED i
FIRST STAGE = |SBOOND STAGE © {1mASURED | PREDICIA !
7 0181 + .0061  ,0079 38,2 = 67.4 26.0 |
9 .0284 + ,0061  ,0105 + ,0012 47.6 = 73.0 52,0 |
10 0261 + ,0061  ,0086 + ,0024 45,0 - 80,7 77.8
11 0247 + ,0061  ,0105 + .0015 35.5 - 71,0 75.3
12 0247 + ,0061 ,0128 + ,0018 21,5 = 64.3% 57.5
13 0273 + ;0061  ,0140 + .0020 24,5 - 64.1 5745 '
14 .0351 + ,0061  ,0039 + 0003 35.3 = 91.3 80,4 .
15 .0390 + ,0061  ,0041 + ,0006 85,7 - 92.3 777
17 0281 + ,0061  ,0124 + ,0031 29.5 - 72.9 4045
18 0389 + ,0061  ,0136 + ,0022 51.3 = 74.8 18,7
20 0328 + ,0061  ,0089 + ,0005 65.6 — 78.3 63,0
21 .0417 + .0051  ,0090 + .0006 73.0 - 32,3 57.8
23 .0466 + ,0061  ,0070 + ,0015 79.0 - 89,5 60,5
24 .0183 + ,0061  ,0058 + ,0013 44,0 - 22,0 8749
25 0326 + ,0061  ,0066 + ,0011 70.¢ = 85,9 7142
26 0280 + 0061  ,0064 + ,0011 (5.8 - 84.3 79T
27 0264 + .0061  ,0047 + ,0007 73.8 - 87.7 7548
23 ,0278 + ,0061  ,0028 + ,0008 3%,5 — 94,1 66,9
29 .0205 + ,006%1  ,0026 + ,0005 75.2 — 92,2 9543
30 0229 + .0061  ,0099 + ,0027 53,1 - 75. 80.4
32 .0293 + ,0061  ,0050 + ,0005 76.2 - 87.4 83,7
3% .0258 + ,0061  ,0015 + ,0003 90.9 - 96,3 93.3
34 .0262 + ,0061  ,C030 + ,0008 1,0 - 93,1 £0.3
37 0103 + .0061  ,0013 + ,0009 47.7 = 97.4 90.2
46 L0179 + ,0061  ,0013 8.0 - 94.5 92,1
47 L0377 + 0061 .0019 934 =~ 95,5 56.5
51 L0216 + L0061 ,0126 18,7 = 54. 95.4
53 L0135 + 91.3 92,56

00061 00017 7700 -

++ error associated with equation 5.1 (+ ,0061
kg solid/kg Fuel),

~ error associated with filter paper weight.

Refercnce 3 for experimental conditions,
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in the increwsint, hence wesaction rate calculations based on
surface aree and pariéicle burnout based on volume will be ia
erIor, The error which results depends on the inorement_
size as well as the particle diameter and is shown in IHg.
AS—S. To reduce this error, the size distribution function

Gn is approximated by the linear function
— A
.m~_...Gn._f kD D : £5.1
whore kD is congtant Hver the increnent D1 to D2.

LY

The mean varticle volume is then V.

Do PP
. J 3 .
v _ @ DB _ D kD D D7dL 5.2
o 6 “vnm [ D= . D .

b P

EBguation A5,.2 rcduces to

3.
5 53 .
D - /004 D2 B Dl\ Ar -4
vm "\ e R 5.2
D - D
2 1
where Dvm is volume mecan diameter.
Similarly, o
05 /Dg - Dii\
Pem =\ {352 45-4
\ D> 1/

Thermal Stability.

Tests for reproducibility of the experimentglly
determinid blowout points indicated that where ¢1<§,1.8 the
results were reproducible to + 3% corresponding to a heat
removal cof + 1.3'kW. Above ﬁl = 1.8, the reproducibility was
+ 5% or + 2,1 k¥,

The main source of error is ungertainty in the
spray water and cooling water flow rates. The errors

assoclated with these uncertainties at the 95% confidence
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level are tabulated in Table A5-6. The maximum percent
error in h§at removal by spray water is 9.2% corresponding
to 3.84 kW,

Thg efigot of errors on the stability curves is
shown in Fig.AB-ﬁ. The stability curve corresponds to
expgriment number 29 where the error in heat remqval is
+ T.1%. The change in gas composition is small, and does
not affect the sigmoid curve. The heat balance line AB is
shifted by + 86 K as indicated by the broken lines CD and
EF. The slope of the heat balance line increases slightly
with positive errors and decreases with negative ones, The

effect of this error on the value of P (fraction perfectly

Y
mixed) is large., TFor example, an error of + 5% in heat

removal corresponding to a + 50 K shift in the heat balance

line, requires a + 50% change in F Hence, large absolute

pm*
errors occur in Fpm as Fp approaches 1. The same errors
m .

apply to the stability analysis for indircct heat transfer,

Model inadequacy influences the heat removal
predicted for indirect heat transfer conditions. The main
error is associated with the choice of Fpm at blowout
conditions Without spray water injection, To preserve

system similarity, F has been scaled to give the same mean

pm
residence time in the perfectly mixed section for both direct

and indirect heat removal, Fortunately, the heat removal

is relatively insensitive to F__ as mcntioned, since a + 50%

pm
error in Fpm will yield only a + 5% error in the heat removal.
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TABLE A5-6 ERRORS ASSOCIATED WITH INTERSTAGE HEAT REIOVAL

B T O

- e

AT BTLOWOUT CONDITIONS.

—

EXPERIMENT ERROR TN HEAT REMOVAL RATE INLET TEMPERATURE
NUMBER SPRAY COOLING TUBE % TOTAL ERROR K
(kW) (kW)

20 +2.48 +1.35 46,65 + 82
21 +2,40 +1.13 +5.75 + 71
23 42,35 +1.18 46,53 + 177
24 +2,68 +1.31 +6.45 + 82
28 +2,71 +1.25 +7.64 + 33
29 2,51 +1.17 F7.14 + 86
30 +2.69 +1.24 16.93 + 80
31 +2,83 +1,08 +6.70 + 75
33 +2,61 +1.18 +7.48 + 82
34 +2.83 +1,11 +9,21 + 87
36 12,64 +1,05 +8,78 + 89
37 13.10 +1.14 +6.80 + 80
40 +2,92 +1.68 +7.31 + 88
41 +2.82 +1,69 +6,.38 + 81
43 +2.86 +1.29 8,71 X 97
44 42.52 +1.29 +7.2% + 90
47 +2.38 +1.30 46.39 77
43 12,64 +1.04 4+8.43 + 88
49 +2,60 +1.04 +8.50 + 86
51 F2.31 A1.37 16.80 + 87
52 +2.35 +1.39 +6,90 + 93
53 +2.88 +1.51 .17 X 93
54 +2.40 +1.15 48,29 + 8

55 42,47 +1,24 +6.65 + 87
57 +2.24 +1.47 46,82 + 91

- s * et o
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Opiimisetion.

Errors in experimental measurcaents and
uncertaintizs in experimental settings are considered in the
optimisation of the system, Thege errors are partiqularly
important where optimal on-line control is required._ Jor
exemple, the fuel flow rate can be coutrolled to + 0.05 g/s
which is the accuracy of the fuel settiqg, hence the optimunm
can be maintained to this accuracy only.

Determination of the optimal conditions or control
set point is influenced by inadequacies of_the model as well.
as limitations in.the optimisation program. The hegt
balance iterations in the model are accurate to + 1%. Small
changes in some process variables will not alter the heat
balances within this accuracy, hence no apparent change in
system performance will occur. Thus, the objective function
is not continious, but rather a series of smail steps., Where
the region near the minimum is flat, the width of these stevs
increases, and larger changes in each variable are required
t0 obtain a function decrcase.

Numerical methods are used to cvaluate objective
funetion gradients at each point by perturbinz each variable
in turn, If the current vpoint lies on one of the wide steps,
the size of a variable perturbation may not be large enough
to achieve a function change, hence.the gradient becomes zerc
and a false minimum may be reported.

In general, these errors can be avoided by setting
the required convergence criteria to approximately the same

order of magnitude as the uncertainty associated with the

objective function,.
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CALCULALION OF EQUILTBRIUM CONSTANTS TFROL THERMODYNAIIC

i
s - e o ol

PROPERTIES .

The equilibrium constant Ke for any reversible
reaction is related Ho the change in the standard free energy
é,FT viz.

' ! ’
X, = exp( LFp A6.1

s

il
The equilibrium constant can be calculated if _&FT
is known at the rcection temperature T, The standard free

encrgy can be expressed in terms of enthalpy HT and entrcpy

S, :
AT, = AHT + T&HS L6,2
AS = gé—fﬂ aT A6.3
Ay = Amo + g,{_;cp ar A6.4

Thus the change in standard free energy can be expressed in
terms of known quantities Cp and H'o.
. _ _ A , f/}Cp - L
APp = AH_+ )’acpam - 0[Syt ar AG.5
For example, the water gas shift equilibrium
constant at 1500 K is calculated as follows
CO, + Hp FT=* CO + Hy0

hence
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kJ

From Tables (64-) 8 H298 T reTe
Co ~110,576
HEO "'241 § 94‘2
H2 0
Reaction - 41,183

Prom Ref, (62)

— -_'3” - ."2| , “6r‘12 - . -3 .3 _..k.:.‘:]—.._..-
Chgo = 28.12+0,1672x107°T + 0.537x10™"1 2,22x107°17 X
O o = 32,20+0,1920x10™°T + 1.068x10 °1° — 3.59x10" 973
2 : - ' ' i
Coo0, = 22,26+5,975x107% T ~ 3,500x10~ 002 + 7,46%10 %73
> ' ‘ . - ' .
C.x = 29.10-0.1915x107°T + 0,400x107°2% - 0.87x10" 912
& 2 .
AC, = 8.96 - 5,424%x107°7 + 4.705x10 %02 — 12,40x10 Jp3
At 1500 K
AHqcnq ~99,427 kJ/k mole
TAS = -87,659 kJ/k mole
OAFi500 = -11,758 kJ/k mole
= evn g X1758 N .
K, = e¥p (8.32x150 )“ 2457
This corresponds to a velue of Ke = 3,00 as predicted uging

the polynomial ecquation of reference (1) which is advocated

for use uvp to 1500 K,



APPENDIX 7.

DETERMINATION OF STACK GAS $OLIDS_AND SOLIECTION ERRCR.

PP

Basis 1 hr. of operation,

Experiment No., 51.

Settings: B, o= 3.014 g/s (fuel)
F, = 2,917 g/s (steam)
Scrubber water = 70.4 + 2.8 g/s
g, = 1.85
¢2 = 0098'

Stack Condensate Collection,

Time interval = 12 min,
Condensate volume = 585 cm3

Solids = 1,1244 g.

Ges temperature = 356 + 0,5 K
; kg H20
Humidity = 0.772¢ + 0,0281 Y5 qTy gas

Cyclone Tdquid Collection.

Time interveal = 1.25 min.
Liquid ecolliection = 2400 cm3
Solids = 22,6940 g,

Water Balance Calculstion,

Water in

from steam = 2,917 x 3.6 = 10,50 kg/hr.

from scrubber = T70.4 x 3,6 253%,4+10.,0 kg/hr.

%.014x0,110/2,016x13,0x3,6
10.7 kg/nr.

from combustion

Il

i
)

total = 274.6 + 10.0 zg/hr,



Water out

0.702€ (3.00L4(1 + 8" )5

o
a O

i

W

(o))

I

o

o

- 1
-2
~

ag water vapour

\D

109,00 + 4.4 kg/hr,

as condensate =585 x 60 = 2.9 kg/hr,
1000 1z
as cyclone liquid = 2400 x 6Q =116.0 kg/hr,
100 1.25
total = 227.9 + 4.4 kg/hr. )
Unaccounted water = 274,6 - 227,39 = 46,7 + 144 kg/hz.

Similar results are tabuled in Table A7-1. It
can be seen that when the c¢yclone sampling line was modifiad,
tlie wmaccounted water was zero within exverimental error.
Thig finding led to the conclusion that the unaccounted’
weter was accumulating in the cyclone collection vessel,
At a rate of accumulation of 46,7 kg/hr, the cyclone would
overflow in approximately 20 min, after the start of sampli;g
if the cyclone were initially empty. Durigg Experiment No,7,
the cyclone overfio.ed. &after about 15 min. As a result,
sampling times were always kept to less than 10 min,

The influence of scrubber wafer filow on
accunulation rate is shown in Figl.A7-1. If the dependence
is linear, no accunulation should occui at .:crubber flow

rates less than 65 g/s.
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TABDILE A7-1, SYSTEM WATER BALANCE ERRORS.

Experimenfw?‘Scrubger Water | . Total Total iUhnccountedf
Number * Flow Rate Water In | Water Out|{ Water |
| &/s g/s g/s | efs !

47 80.9+2,8 86.9+2.8 5%.441,2 33,5+4,0 ‘
512 70.4::2.8 76.412.8 63,5+1,2 12,944.0
51b 784342 .8 84,242,8  53,641.2 25.6+4.0 |
5% 4+ 81.5+2.8 89.7+2.8  £9.1+0.9  0.6+3.7 |

. - . .. ~ .. . i

54— ++ 70-5i2¢8 74'::2'_{'_2.8 7803i1.2 -401_'1'_4'00 !

t

| ?

i

* Bec Reference(3)for experimental conditvions.,

++ modified sampling technique.
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