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SUMMARY

After discussing the fundamental processes which constitute liquid
fuel (heterogeneous) combustion a number of techniques for the suppression
of combustion generated air pollution are reviewed. In accordance with the
need for new combustor concepts which is identified, a laboratory scale Blue
Flame Burner (BFB) was designed and constructed which utilises a Coanda ejector
to generate the internal recirculation of flame products to the spray formation
region. Blue flame (soot free) conditions prevail in which the droplet wake
mode of combustion is obtained. Experimental testing reveals that NO
emissions for this device are very low under fuel rich conditions. Such
operation of the BFB as the initial stage of a two stage configuration which
uses interstage heat removal to inhibit further temperature rise should control
NO emissions and burn out the CO and hydrocarbons formed in the first stage.
Conceivable applications for this type of configuration could lie in the
small to intermediate sized boiler range.

A general analysis for a steady state heterogencous Well Stirred Reactor
(WSR) is presented in which fuel evaporation, turbulent mixing and finite rate
chemical kinetics are treated. A mathematical model for the BFB featuring a
17 step quasi global reaction mechanism, recirculation and a reactor network
containing 2 WSR's is thus derived; a general modular computer program
suitable for parametric evaluations was developed to facilitate this type of
modelling. Convergence of the model solution scheme could be obtained for
fuel lean and stoichiometric conditions only. Reasonably good agreement
between measured and predicted values of BFB exit flow temperature, NO and CO
pollutant emissions is apparent.

An on-line digital computer technique for autocorrelating hot wire

anemometer signals to measure turbulence length scales is described, a method

of correcting such data for the system time resolution error is also supplied.
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CHAPTER 1.

INTRODUCT ION

At the present time, approximately 80 - 907 of the various fuels employed
in energy conversion processes are either of the liquid or solid type, this
then explains why an increasing amount of combustion research is being directed
at two phase flow systems. The minimisation of air pollution generated by
practical liquid fuelled combustors constitutes the subject of this study, with
the mathematical modelling of such devices from a pollution standpoint playing
an important role.

The next Chapter introduces the subject more comprehensively and sets out
broad objectives for this project, whilst Chapter 3 defines these objectives
more fully in relation to a laboratory scale combustor. Chapter 4 provides the
basic theory needed for the establishment of a model for this device, which is
given in Chapter 7. Chapters 5 and 6 are concerned with various experimental
measurements on the laboratory combustor and a comparison between model predict-
ions and these measurements are made in Chapter 8. Conclusions drawn from the

study, plus recommendations for future work, are finally discussed in Chapter 9.
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CHAPTER 2.

HETEROGENEOUS COMBUSTION AND POLLUTION

2.1 Foreword.

Having briefly introduced the overall area of research with which this study
is concerned it is convenient to identify three important aspects of two phase
combustion; these are a) its actual mechanics, b) associated air pollution, and
c) mathematical modelling. The function of this chapter is the introduction of
each of these in greater depth, pertinent literature also being reviewed. As
will be seen, much of this literature concerns the gas turbine device; this is
due to the widespread attention which this combustor has received in response
to increasingly demanding design requirements.

2.2 The Combustion Process.

At this stage it is convenient to distinguish between homogeneous and
heterogeneous combustion with respect to this study. The former denotes combustion
of gaseous i.e. single-phase reactants whilst the latter is defined as two phase
combustion between gaseous phase oxidant and liquid phase fuel. The exact
mechanism of such heterogeneous combustion is naturally extremely cémplex,
involving simultaneous heat, mass and momentum transfer throughout chemically
reacting, two-phase, three-dimensional flow fields which in addition are invariably
higﬁly turbulent. It is then, perhaps not too surprising that relatively little
work has been done on the subject, even though combustion research has intrigued
and captivated scientists for more than 5000 years.

In any combustion process fuel and oxidant (usually air) are mixed together
on a molecular scale, they then react to liberate some of the chemical energy of
the fuel as heat; this thermal energy is then either employed directly, or
converted to a third type before being exploited to do some sort of work. In
the case of carbonuceous fuels soots are formed by the chemical reaction under some

conditions, In addition a broad spectiuw of hundreds of paseous speclies may be
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formed as combustion products, depending on fuel molecular weight and again
prevailing conditions.

Liquid fuels then have to be vapourised into the gaseous phase and intimately
mixed with the oxidant before homogeneous chemical decomposition via numerous
possible reactions, which constitute the flame phenomenon, can ensue. Now such a
fuel may either be completely evaporated and subsequently mixed with oxidant in a
predetermined proportion before reaching the flame reaction zone, alternatively
the two components may be injected separately into the flame, fuel being admitted
via an atomising device. Evaporation, mixing and chemical reaction then proceed
simultaneously, although sequentially, in this case. The first type of flame
is referred to as premixed and the second, as a diffusion flame, since the overall
combustion rate is controllecd by diffusion i.e. a mixing process. Practical
flames are usually of the latter type although combinations of the two do arise.

Reactants are fed to and combustion occurs within a constraining combustion
chamber, throughout which spatial variations of local species velocities, concen-
trations and temperatures completely characterise the combustion; these variables
are largely determined by the prevalent flow pattern, which is usually a strong
function of operating conditions and combustor geometry.

The flow pattern may be characteristically, 1-, 2- or 3-dimensional with
corresponding increasing complexity from a fluid mechanics point of view, an
additional aerodynamic complexity is provided by the fact that practical combustor
flows encountered are invariably highly turbulent. An excellent introduction to
turbulence theory is provided by Hinze (1) and the subject will be further
discussed in 2.2(c).

The governing fluid mechanics relations for any flow pattern are the Navier
Stokes equations which are analytically relatively simple but conversely extremely
difficult to solve, due to their non-linearity, even without including chemical
reaction and two phase effects. Hence comparatively few solutions have been
obtained tor these equations. Species mixing rates throu hout the flowfield of

a combustor operating at fixed volume and piressure, predowinantly depend on local




transport properties which are a function largely of local velocities and temper-
atures, species chemical reaction rates though are mainly sensitive to local

concentrations and temperatures.

Fig.2.1l (after Poll (2) ) is included at this point to illustrate the inter-
relation between the principal physical and chemical processes occurring throughout
a heterogeneous combusting flow field. Major links between two processes are
represented by double lines and the flow is considered to be subsonic, i.e. no
direct influence of bulk flow on the gas phase temperature. The diagram again E
shows the complexity of two phase combustion, it should be emphasised that it

represents a simplification of the overall process but certain major interactions

are evident. The four important processes of atomisation, evaporation, mixing
and chemical reaction will now be treated separately in more detail.

2.2(a) Atomisation.

For two phase diffusion flames, the first process which must be achieved is
that of fuel atomisation. Before evaporation can proceed the liquid fuel must
be injected into the combustor via an atomising device and rapidly disintegrated
into a spray of preferably very small droplets; the resulting drops are then
projected and dispersed - usually in a preferred direction. A spray of very fine
droplets burns in much the same way as a gaseous fuel so that local fuel/air
distributions can be controlled relatively easily, in practice a cloud of
thousands of droplets is formed whose size varies widely and may lie in the range
1 - 500 microns. The drops produced in the immediate vicinity of the atomiser

1

are collectively referred to as the "initial spray" and their size diminishes in
flight. Droplets are virtually always assumed to be of the same shape, i.e.
spherical.

Atomisers are continuously supplied with liquid fuel and liquid disintegration
usually occurs in stages, each stage is essentially a vibratory process so that the
cloud of droplets enters the flame intermittently. For most atomisers a liquid

sheet of decreasing thickness extends from the atomiser until the sheet thickness

is of the order of the largest drop size, unstable threads of liquid may also be
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formed as part of the sheet. The drops by themselves may be unstable, i.e.

they may shatter or coalesce, the instability of sheets and drops is discussed by
Eisenklam (3) but as yet no information exists concerning the possible effect of
gaseous phase turbulence on such instabilities. It appears that the relative
velocity between the droplet and gaseous phase is one of the more important
variables affecting the existence of shatter or coalescence. Surface tension
forces within the drop tend to resist the deformation which results from the
influence of external dynamic forces. The actual balance of these forces 1is
influenced by the liquid viscosity, surface tension and density and this explains
the influence of fuel physical properties on the atomisation process. The gaseous
phase flow pattern in the atomiser vicinity can also be appreciated as having a
considerable effect on this force balance.

The principal characteristic of any atomiser is the initial droplet size
distribution produced, this is invariably a function of the atomiser type and size,
as well as the pressure differential experienced by the fluid, (or fluids in the
case of a multi fluid atomizer). This characteristic is extremely important since,
coupled with: 1) droplet location, 1ii) vapourisation rates and 1ii) mixing rates,
it determines combustor fuel/air distributions which significantly affect the overall
system performance and stability limits. There are five average or mean diameters

which may be calculated for a spray with a known drop size distribution, these are:
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The most frequently used mean size is the Sauter Mean Diameter (SMD) because of its

importance in mass transfer calculations; a droplet with diameter equal to the SMD

has the same surface area to volume ratio as the entire spray. Various empirical
correlations have been developed for prediction of a mean diameter for specific
atomising devices, because of the number of variables influencing such expressions
they are naturally expensive to determine and highly specific as already mentioned.
Extensive use of droplet means for representing entire sprays has been made by
combustion researchers, however, the practice is considered extremely inaccurate
due to (i) the two orders of magnitude of drop size which are possible, (ii) the
fact that small droplets behave in a very different way to large droplets in a
combustor environment (i1i) there being no indication of the distiribution of drop
sizes.

A number of mathematical functions have been developed for describing size

distributions in order to incorporate droplet spray effects into heterogeneous

combustion models. Mugele and Evans (4) have discussed a number of such distributio
functions of which the Rosin-Rammler (5) expression was cne of the earliest, it was

originally developed for application to powdered materials, in cumulative volume form

this function is:

R = 100 & /X7 (2.6)
where R = percentage of spray by volume whose diameter is greater
than a given diameter X.
X = dreplet diameter, microns.
X = a size parameter, microns.
n = an exponent which is a distribution parameter.

It can be seen that this distribution function has two fit parameters.
Mugele and Evans also describe the Nukiyama and Tanasawa, Log Probability and Upper
Limit distribution functions. The Upper Limit expression utilises a third fit
parameter to provide a cut-off at the spray maximum drop size present, it is based
on the differential equation of the Normal or Gaussian distribution.

Atomisers can conveniently be classitied according to the primary source of

energy which is employed to obtain liquid disintegration, a trief description of

-~
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various devices 1s now presented. Relations applicable to each device are also
included.

The Pressure Jet Atomiser utilises fuel pressure energy for sheet disintegration
to usually produce a conical spray; liquid fuel is tangentially injected into a
conical chamber upstream of the exit orifice so that a swirling spray motion is
induced. An example is shown diagrammatically in Fig.2.2(i). The spray may be
hollow and have an appreciable cone angle within which contacting with a recircul-
ating gas flow may be achieved. Alternatively the conical spray may be of the
narrow angle type and have no real gaseous core. The pressure jet atomiser was |
one of the earliest fuel injection devices to be developed and usually produces a
wide distribution of drop sizes, this is an inherent disadvantage from a combustion
performance standpoint if significant numbers of large drops are formed.

The basic single orifice pressure jet atomiser design is frequently referred to

as a simplex type, modification to this basic design in the form of spill, duplex,
variable port and multiple orifice varieties have also been made for handling larger
fvel flow ranges. From the equation of conservation of energy it follows that,
over a wide range 0! pressures, the liquid flow rate is proportional to the square
root of the pressure drop across the atomiser; the proportionality has been termed

"Flow Number'" and is usually given in dimensionally inconsistent units:

Flow-rate (gallons per hour) e T,

Flow Number = F =

YPressure differential across orifice (psi)

Flow-rate (gallons per hour)

&3

for an atcmiser injecting fuel at Pf psi into a combustion chamber operating at

atmospheric pressure. High injection pressures generally produce small droplets

although little effect on drop size is observed as Pf is increased above about 200 psi.
Bowen and Joyce (6) obtained a convenient set of empirical correlations for the 4

pressure jet atomiser which predict the two Rosin Rammler fit parameters as a function

1
of Pf for 0.5 £ F £ 4.0 gals/hr(psi)?. They were obtained by the so-called

"substitute method'" whereby the fuel properties are simulated by wax which is sprayed




as a liquid and solidifies in transit through a cool atmosphere. The
particulate end product can then be conveniently analysed for size by sieving.
The correlations derived are discussed in 4.3. Watkins (7) formulated an

expression for calculating SMD that is applicable to both simplex and dual orifice

nozzles:
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ap - a0 () 0.9
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where, W. = total fuel flowrate, 1lb/hr.

Py (% density, 1b/ft3.

N = kinematic viscosity, centistokes.

; = mass weighted pressure differential, psid
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For pressure jet atomisers an expression for V, the initial velocity with
which the drops are projected into the flame from the atomiser sheet, 1is included

in the interests of completeness:

( 2g Pe >%
Vo St o0 (2.9)

This crude expression assumes that all droplets have the same initial velocity and
that the sheet velocity is constant in the direction of flow. The discharge
coefficient CV in practice is not a constant but a function of exit orifice diameter
and Pf. At present no refinements to this method exist which can account for
three dimensional and gaseous phase turbulence effects. However, it is possible
to compute droplet trajectories for two-dimensional flows, Fig.2.3 shows the
results of one such set of calculations (due to Mellor (12)) for a range of drop
sizes.

The Rotary Atomiser invariably consists of a spinning cup into which the

liquid is introduced on the inside surface near the axis, this results in a liquid

sheet flowing inside the cup and leaving at the periphary. The centrifugal energy




thus imparted to the fluid is exploited to shatter the sheet, it can be shown (3)
that it is essential for the operating conditions to be such that the fluid at the
rim of the cup is in the form of a sheet (not as threads), in order to ensure fine
atomisation. Macfarlane (8) presents characteristics for an atomiser of this type.
Twin Fluid Atomisers make use of a secondary fluid, e.g. steam or part of the

combustion air, to impinge on the liquid sheet in order to employ the secondary
fluid kinetic energy for:

a) promoting disintegration

b) controliirg the spray angle

c) cooling and cleaning the injector.
The point of impingement may be either within or external to the atomiser,
Fig.2.2(ii) portrays an example of the latter type. Secondary fluid may be
introduced at low, medium or high pressure but an optimum flowrate in terms of
atomisation efficiency exists. This class of atomiser has become widely favoured
due to the fact that it is capable of producing inherently fine sprays. Felton
and Swithenbank (9) have examined the characteristics of an air-blast atomiser
with respect to gas turbine stability. Steam may also be usefully employed as a
secondary fluid. Design of twin fluid atomisers also follows empirical lines
since little is known of the aerodynamic behaviour of gas streams as they impact
on mobile liquid surfaces. A typical expression for calculating spray SMD for

an air blast atomiser is (7):
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V =
wa X wf

wa = air flowrate, 1lb/hr.

Va = air velocity, ft/sec.

An alternative more complicated expression for an internal impingement air blast

Eisenklam (3), see also Huanter et al (10). It is important to

design is given by




I : — _ - »

stress the fact that these correlations apply for specific atomiser geometries,
further, no such correlations exist at present which enable prediction of size
distribution data.

Other types of atomiser which may be used in combustion systems include
Ultrasonic and Hartmann whistle devices, these exploit vibration and acoustic
effects respectively. Fig.2.2(iii) shows an ultrasonic design in which a piezo-~
electric crystal is electrically excited to oscillate at 40 kHz in order to shatter
fuel into small drops. A "jet whistle" device is shown in Fig.2.2(iv), a small
convergent-divergent nozzle is featured, this accelerates a central air stream to
supersonic speeds (M = 1.5). A standing shock wave is thus induced when the flow
impinges on an integral bluff body located at a distance A/4 (A = wavelength of
flow oscillations) from the nozzle. The fuel is therefore forced to flow through
very large velocity gradients across the shock wave and an extremely fine spray
(mean diameter = 10-20yu) is formed. Fig.2.2(iv) shows the direction in which the
atomised fuel leaves this twin fluid type atomiser, it is important to ensure
that the spray droplets do not contact the combustor walls or quenching difficulties
may arise. Locklin and Bolt (94) describe other similar acoustic atomisers.
Vapouriser tubes are sometimes employed instead of an atomiser, these produce fuel
droplets plus a little fuel vapour partly premixed with air.

Very little work has been done on the evaluation of atomisation times under

combustion conditions, they are generally accepted as being small and of the order

of 0.1 milliseconds. The most important characteristic for any atomiser is the
spray initial size distribution, actual measurement of this parameter is discussed
;s O N

2.2(b) Evaporation.

Evaporation is the important heterogeneous combustion process describing
mass~-transfer from the liquid phase to the bulk gaseous phase. As stated previously
the rate of transfer is directly proportional to the interfacial countact area so
that, for a monosize spray, it has a maxiwun value sjor the swmallest droplet diameter.

Clearly high evaporation rates are required for either high intensity or complete

combustion.
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Fuel injected into a combustor is usually cold so that droplets must undergo
heating until they reach their toiling point before they can be vapourised by
supply of their latent heat of vapourisation. Hence, evaporation is essentially
a transient heat-transfer controlled process. Prakash and Sirignano (11)
suggest that through a droplet's lifetime a gas-phase laminar boundary layer
exists which gives rise to a shear on the droplet surface, hence a liquid-phace

viscous boundary layer exists, consequently recirculating motion within the drop-

let is induced. Calculations show that the characteristic time for recirculation

is usually less than the droplet lifetime, but not by several orders of magnitude,

L so that this internal motion and convection of heat from the surface to the
interior could very likely be the most important mechanism for droplet heating.
For a multi-component fuel internal motion will then continually bring the more
volatile fractions from the interior of the droplet to the vicinity of the surface,
where they may diffuse to the actual surface and vapourise. The least volatile
fractions will vapourise last, if the droplet residence time is insufficient to
permit evaporation of these components then they will probably "crack" to form

: lower hydrncarbons or soots. High molecular weight multicomponent fuels are in
fact more susceptible to such liquid phase decomposition reactions.

3 Very small droplets are rapidly heated and vapourised whereas the heating

and vapourisation processes are far slower for larger drops, hence, for a spray of

droplets in which a large range of droplets exists it can be appreciated that the

net evaporation rate is largely controlled by the fraction present and vapourisation

rate of the larger drops. Hence the proportion of fuel evaporated initially

' increases with time and later slows down, the spray mean drop size also increases

during evaporation and overall combustion, even though all droplet diameters diminish

{ & with time.

In considering droplet trajectories under combustion conditions it is usual

to assume that all droplets possess the same injection velocity for any given fuel

atomiser. Mellor (12) concluded from his investigations of droplet velocities in

I a spray that not all droplets move with the same velocity, in fact the initial

velocity of the droplets increases with diameter. At droplet sizes above about
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100k all droplets tend to move at the same velocity for any atomiser injection
pressure. Hence, the error in assuming that all droplets possess the same
initial velocity is likely to be small in view of the fact that the overall rate
of evaporation from a spray is largely controlled by the larger drops. The
momentum of larger drops is far greater than the smaller droplets and they usually
continue on a trajectory relatively undeterred by the local gas flow but deter-
mined by the atomiser spray angle, on the other hand the smaller droplets follow
the gas streamline more or less completely. It is interesting to note that for
relatively non-luminous flames it is sometimes possible to actually observe the
trajectories of the larger drops by shining a powerful light source into the spray
zone. Eisenklam (3), Mellor (12) and Hunter et al (10) present details of drop-
let trajectory calculations for various sized droplets, see also Fig.2.3. Now
local gas velocities VG(O) in the spray region depend primarily on the prevalent
flow pattern and hence the combustor geometry. Clearly a relative velocity
VRel(t) exists between the gaseous phase and the evaporating droplets, which will
rarely be constant but a function of distance from the fuel injector and hence a
function of time. The initial relative velocity VRel(O) between the gaseous flow

and the liquid droplets may be expressed:

vRel(O) = VG(O) = VS(O) ohelserateanele (2219

where VS(O) is the atomiser droplet velocity which, as previously explained, is
assumed the same for all drops in the spray when they leave the fuel injector.
This initial velocity is very dependent on the type of fuel injector and is
naturally much greater for an air assist atomiser, for example, than a pressure
jet atomiser. It is clear then that VRel(O) can be positive or negative,
depending on the atomiser/flow pattern configuration. VS(O) is also dependent
on orifice size for the two types of atomiser just mentioned, and is reduced for
small orifice diameter.

Since a relative velocity exists between the gas stieaw and each droplet,
viscous drag forces exist which will either accelerate or retard the droplet

depending on which of the two velocities 18 largest at any iustant in time.




In a subsequent section it will be shown that the drag forces, which act to

reduce the gas—-droplet relative velocity, have a large influence on evaporation

rate and are i) a function of Reynolds number 1ii) inversely proportional to drop-

let diameter. Hence, small droplets rapidly assume the local gas velocity whereas

larger drops tend to retain their own velocity relative to the gas stream. Gaseous
phase turbulent velocity fluctuations will clearly affect VRel(t) also.

Having introduced the concept of relative velocity between the two phases it
is now convenient to distinguish between the two modes of combustion possible for
an evaporating fuel droplet in a typical combustor environment. These are
a) droplet Diffusion flames and b) droplet Wake flames. Under completely stagnant
conditions an evaporating spherical drop is concentrically surrounded by a fuel
vapour film, this is bounded by a thin flame zone, where fuel vapour and oxidant
combine, the vapour plus flame region being referred to as the Reaction Zone.

This type of combustion is known as a Diffusion flame since the overall rate of
combustion is diffusion controlled. If the relative velocity between the
surrounding gaseous phase and the droplet is increased, as under natural convection
conditions, the reaction zone distorts as shown in Fig.2.5(b). When VRel is
increased further, as under forced convection conditions, distortion of the
reaction zone increases, Fig.2.5(c), (d). Assuming VC > VS then the reaction
zone is now entirely in the forward half of the drop, where due to gaseous flow
over the droplet surface, a low pressure reglon of recirculating flow is created,
and heat transfer rates are high in this region. Under these conditions some

or all of the vapourised fuel burns in the wake of the droplet apd a degree of
premixing with gaseous oxidant due possibly to entrainment into this low pressure
region prior to combustion, is possible. This mode of combustion is suitably
referred to as a Wake flame, if the relative velocity is increased still further
the wake flame is extinguished when a critical velocity is reached, this is the
Extinction Velocity, Sjbgren (13). Diffusion flames are characteristically
yellow due to the soots which are always formed, the reaction zone is at high

temperature due to the fact that fuel vapour and soot couline in locally




stoichiometric proportions. There exists a minimum droplet diameter,
approximately 5 microns (u), below which a single droplet cannot support its own
individual diffusion flame, (14), it is widely appreciated that combustion of very
small droplets resembles homogeneous combustion. When the flame adjacent to the
droplet is completely blown off then the vapourised fuel can almost completely mix
with oxidant before near-homogeneous combustion occurs in a flame zone away from
the evaporating droplets. For convenience this form of combustion is also
referred to as a Wake flame ~ due to the fact that premixing occurs in both forms.
Wake flames are therefore blue and relatively non luminous, this type of combustion
is frequently referred to as Blue Flame Combustion.

Naturally if VS >V as 1s frequently the case for fuel injectors in gas

G’

turbine combustors, then the low pressure wake region is situated behiﬁd, instead

of in front of, the droplet. Due to velocity fluctuations, the effect of turbu-

lence on reaction zone shape is to cause a continuous wrinkling and irregular motion

of the zone boundary, Ohta et al (16). Such velocity fluctuations also tend to

reduce the mean value of the extinction velocity. Emmons (17) has pointed out

that at relative velocities between that corresponding to Fig.2.5(d) and actual

extinction, the wake flame may re-attach itself to the forward droplet surface.
SjBgren (13) demonstrated that the critical extinction velocity required to

force a transition from diffusion to wake flame burning is a strong function of the

local oxygen concentration. He used wicks which were continuously fed with fuel

to simulate droplet combustion. Fig.2.4 shows the results which were obtained,

the most remarkable feature of which was the fact that the extinction velocity

falls to zero when the oxygen concentration is diluted to 14-167 with nitrogen,

i.e. effectively combustion gases. This means that, for an unspecified fuel, it

is impossible for droplet diffusion flames to exist at this oxygen concentration

since a relative velocity between an evaporating droplet and the surrounding

gaseous phase will always occur. Sj8gren also investigated the effect of using

carbon dioxide as diluent, in addition, he fornd that the extinction velocity was

proportional to the square root of the wiclk diaveter.
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There are three basic mechanisms of heat transfer which may be responsible
for droplet heating under flame conditions, these are:

1. Convective transfer. This is a function of droplet diameter,
vRel and gaseous phase temperature: convective heat transfer
expressions will be discussed a little later.

2, Conductive transfer. This form of heat transfer occurs through

the vapour film surrounding a diffusion type flame. Rate of

transfer may be given by (15):

» M
QCOND = 12 A : AT et lasatste 6 sires (2.12)
i A
where, A = A(Tf11%= film coefficient of conduction.
P . ol
Tfilm = film temperature 5 (TL + TG)
AT = TG-TL
M = mass size fraction of spray with diameter d.

3s Radiative transfer. It may be shown (14) that radiative heat transfer
from the flame is inadequate to heat the droplets to give the required
vapourisation, especially under blue flame conditionms. It is largely
a function of gaseous temperature, gas emissivity and droplet surface
area. Rate of transfer may be expressed (16):

P S T 5 TEREE (2.13)
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where, for black-body radiation to the drops and a view factor (FV) =1
(no drop/drop interference assumed):

12 W/mzKA Ref. (2)

Fyo € < 0 = 1.355 x 10
The flue dynamic processes of turbulent mixing and recirculation also influence
droplet heating rates.

Most of the research on droplet combustion has been devoted to studies of the
combustion of stationary isolated single droplets since it is generally held to be
a precursor to the description of more complex spray combustion. Such research

has usually treated the overall process of dioplet cowbustion rather than considering




the evaporation process separately, in doing so a very crude chemical reaction
model is incorporated due to analytical complexity. The calculation of evapor-
ation rates for single drops is discussed in some detail in 4.4.

In practical heterogeneous combustion systems an atomising device is

normally used to derive a spray of droplets of characteristic initial size
distribution for a given device, see section 2.2(a). Evaporation from sprays
is much more complex than single droplet evaporation since spatial distributions
of both phases and droplet collision processes have to be considered. Local
temperatures in a spray are additionally affected by such spatial distributions.
It has been shown above that droplet dynamic effects and evaporation rates are
very dependent on droplet diameter and size distribution functions are necessary
for describing sprays. Nuruzzaman et al (36) employed a model based on a Rosin-
Rammler distribution function to calculate the relative charge in combustion
efficiency in a turbojet with oxygen content, they concluded that the use of mean
drop sizes in such considerations was inadequate. For a review of theories
which have been evolved for spray combustion under rocket chamber conditions see
the excellent general droplet combust.on review of Williams (20).

2+2(¢c) Mixing.

Before vapourised fuel and oxidant gaseous species can chemically react
the respective molecules, which are initially separate, must be brought together
in close contact, the physical process is designated mixing and possesses a finite
rate. High mixing rates in heterogeneous combustion are sought in order to
maximise combustion performance. The process is important under combustion
conditions since it is usually the rate-limiting step, it is also one of the most
difficult processes to mathematically characterise since it is beyond the present
scope of science to compute the motion of individual molecules.

Species mixing 1s a strong function of gaseous phase fluid mechanics and
molecular diffusion, which both result in spatial variation of local gaseous

transport properties, hence it is also intimately related to combustor flow pattern.




Turbulent fluid motion, which is undesirable in ducted flows due to the high assoc-
iated pressure drop, is extremely desirable from a combustion standpoint since its
ir}egular random nature tends to give very high mixing rates, in fact virtually all
flames of Fechnological importance are turbulent. A turbulent flow is classically
regarded as being composed of a large number of distinct fluid masses, or eddies,
which are each small and fluctuate randomly, their motion being superimposed on the
mean flow of the fluid. Because of the random nature of turbulence statistical
expressions are employed to describe it, it can also be deduced (1) that transport
of a transferable quantity by such random fluid motion is diffusive in nature;
for an introduction and comprehensive treatment of turbulent behaviour refer to
Hinze (1). It can be shown (38) that the energy spectrum, intensity and scale
are the most important turbulence parameters with respect to mixing. The
turbulence intensity is defined as the ratio of the root-mean-square value of the
fluctuation to the flow mean velocity, and is usually in the range 0.1 +0.4 for
practical flows.

When viscous streams of different velocity impinge a shear flow is produced
where predominantly large eddies are formed which then interact inertially to give
a complete size range of eddies, each of defined wave number k at any instant in

time t, where:

¥ » 4B (2.14)
U
and n = eddy frequency (= (eddy size)_l)
U = mean flow velocity.

Hence an energy spectrum E(k,t) can be envisaged for any turbulent flow, Fig.2.6
illustrates the general form of such a spectrum; it can be shown (38) that the
area under the curve is equal to the kinetic energy of turbulence, and that the
maximum possible value of the area can be calculated from an energy balance across
the turbulence generation system. The smallest eddies present, which possess the
highest frequencies and wave numbers, are frequently referred to as dissipation
eddies since they viscously dissipate the turbulence to heat (the effect on actual

gas temperature is negligible though). This range of eddies actually mix on the




molecular scale, their size i1s two or three orders of magnitude greater than the |
molecular mean free path and varies inversely with U. A limit to this trend is
imposed by the fluid viscosity and, as for any fluid-dynamic process, the nature of ]
the flow is determined by the ratio between the inertial and viscous forces, i.e.
the Reynolds number. Energy is transferred to these dissipation eddies from the

larger eddies by means of a continuous flux through the wavenumber range, dissi-

pation increasing simultaneously. The size of the largest eddies is initially of
the order of the dimension of the turbulence generator and although formation of, and
transfer of energy to, smaller eddies progressively occurs the remaining large

eddies can grow in size until they are of the order of the distance between 1he
flowfield constraining boundaries. It is interesting to note that it i the
largest eddies which have the maximum kinetic energy but the eddies i« 1ght
higher wavenumber range as Fig.2.6 shows, this wave number range is relerred to as

the "energy containing eddies". An intermediate range also exists, the inertial

eddies, where the decay process is relatively slow; the high wave number eddies

are independent of the external conditions producing the forces which generate the
initial largest eddies. For a discussion of the properties of and defining
functions for E(k,t) refer to (1), (38) discusses the effects of temperature and
pressure on the energy spectrum.

It is convenient to distinguish between two types of fluid mixing; these are
the molecular scale (or micro-) mixing, which, as just mentioned, governs the actual
species chemical reaction, and large scale (or macro-) mixing which leads to mean
concentration of species.

It can be appreciated then, that in order to fully describe mixing effects,
a detailed knowledge of transport processes throughout the combustor flowfield is
demanded, which in turn implies use of the Navier-Stokes equations governing the
fluid dynamics for turbulent, unsteady and possibly 3-dimensional flow. This
system of equations cannot be solved at present. However, Spalding et al (39)
have developed an approach for 2-dimensional, steady state recirculating flows

which treat turbulent flows as though they were laminar ones with transport




properties which vary from place to place. Such a flow is considered to have
"effective" values for viscosity, thermal conductivity and diffusion coefficient,
which are all spatial functions. Spalding et al discuss various methods of
specifying these effective values including Prandtl's so called mixing length

hypothesis which asserts that the effective viscosity is a function of:

i) local fluid density,
i1) a "mixing length",
1ii) the normal velocity gradient.

I'he mixing length was considered as being more easily estimated, and perhaps
amenable to more satisfactory description by an additional differential equation.
The overall technique used will be further discussed in Section 2.6(b).

Harsha (40) developed a general method for analysing turbulent mixing phenomena
that was limited to free, i.e. unconfined, flows. The mixing field was assumed to
exist in a constant pressure environment remote from walls and to be due to the
interaction of two streams only. These two approacnes are both dependent on
empirical input information, which is considered to be unsatisfactory, although both
obtained reasonable results. Much expertise needs to be gained before the analysis
of three dimensional turbulent mixing effects can be approached with confidence.

Three other types of technique, which are mainly concerned with describing
micro-mixing processes, will now be considered, the feature that they have in
common is the fact that local shear stresses, velocities and transport properties
are not evaluated. They all therefore require considerably less effort to predict
the same effects but have enjoyed varying degrees of success.

The first such approach involves the use of an assumed homogeneous fuel
distribution pattern within a given flowfield. Heywood (41) applied the technique
to predict pollutant emissions and employed an assumed Caussian distribution of
fuel/air equivalence ratio, thus he only treated macro-mixing effects. Gouldin
(42) formulated a similar approach to treat micro-mixing phenomena. Both of these
analyses, however, are non-fundamental in that they require experimental inform-

ation to set a "ground” value for a mixing parameter.




The third class of mixing theory has been termed deterministic since such
analyses seek to derive turbulence decay expressions from turbulence theory and
combustor geometry. An introduction to this type of model is provided by Poll (2)
and Rosenweig (44). The decay of instantaneous fluctuations in a scalar quantity,
such as concentration or temperature, about its mean value is related to the
turbulence field through the micro-scale at high Reynolds numbers. The determin-~
ation and properties of turbulence scales is elaborated in Chapter 6. For
stationary isotropic turbulence, in which the statistical features have no direct-
ional preference, Rosenweig obtained an expression for scalar dissipation g by

means of the scalar energy spectrum function Es(k):

B = e.E, ey ¥h (2.15)
where, c = a constant,
€ = turbulent kinetic energy dissipation.
and g %
e =B gy (2.16)
s 2
L
S
where b =  fluctuation of scalar quantity (e.g. concentration or
temperature) about its mean,
LS = scalar microscale.

When combined with a conservation equation for the scalar quantity over an
elemental volume of the flowfield the above two relations yield, for the character-
istic decay time Tt _:

m 1

T = = 4l uiae € N1 aee (2.17)

i.e. a function of turbulence parameters only.

Swithenbank (35,38,45) also utilised isotropic turbulence dissipation functions
to develop a deterministic approach in which the microscales are further related“to
the available energy for turbulence generation, and combustor geometry. In
combustion systems this energy results from the pressure loss across the turbulence

pgenerator. An outline of the method used 1s given below.
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Since velocity and concentration fluctuations decay simultaneously (Reynolds
Analogy), it is first hypotherized that the degree of mixing achieved is equal to
the degree of turbulent dissipation, within any given flow system. An energy

balance is now performed (45):

Pressure drop across - " "
baffle or other type " Lngrgy held Turpuleqce Dissipation
<7 4 = in flow + kinetic
of stabiliser 1i.e. el aeiE il cnire energy.
turbulence generator. y P : o
Algebraically:
P KE '
S AT SRR AT R (2.18)
q q = q
U
! 1 =2
where q = dynamic head R OGU

For a typical baffle the terms in (2.18) are plotted as a function of non-dimensional
distance from the baffle, Fig.2.7. A characteristic dissipation time LN is now

postulated, note that Dissipation and not Diffusion is the process concerned:

T, B u,Le s (2.19)
max
where, cx = a constant (estimated by Swithenbank to be of the order unity). |
Ze = mean size of the energy-containing eddies = 0.2 (38). é
u'max = maximum value of the r.m.s. turbulent velocity fluctuations.

For a constant mean velocity system the characteristic stay time is given by

i 2 S = é
U
where, X = system length
= JoXx (Fig.2.7).
Hence,
o ) X u!
s't = — (3
D SD ze S max
! !
‘ T = 50 (=) T e (2.21) ‘
SD U max

The factor Tgp is termed unmixedness since high values of this parameter indicate

sood mixing, or stirring, and vice versa. The flow cnergy balance (2.18) can
L 9 O Ea

b

then be combined with equation (2.21) to eliminate the maximum turbulence intensity

[}
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term which, although a function of system geometry is difficult to determine to
any accuracy:

z
: &
Tgp 50 (3q) Sieiala e el . (2.22)

This mixing parameter is particularly applicable to the partially-mixed reactor
theory originally formulated by Vulis (46), as will be demonstrated in Section
2.6(a).

The testing of these various theories for mixing by experimental means is
extremely difficult for heterogeneous combustion because of the obvious difficulty
in isolating the mixing process. For homogeneous combustion tracer tests may be
performed by injecting an inert compound, such as He or Ar, into the combustor and
analysing local combustion gases at points downstream from where the tracer was
injected. The method is subject to sampling errors although useful information
can be gained under carefully controlled conditions.

2.2(d) Chemical Reaction.

Chemical Reaction is arguably the most fundamental of the processes which

constitute a flame since:

1) it is the step responsible for the actual heat release i.e.

conversion of fuel chemical energy into thermal energy,

ii) it is the process whereby oxidation of the fuel vapour actually
generates the many ''mew" chemical species, referred to collectively

as combustion products,

"iii) it takes place in the gaseous phase and is common to both single

and two-phase combustion.

: The chemical decomposition of the fuel takes place by a number of individual steps,
or reactions, each of which may be exothermic or endothermic and each of which
involve molecular rearrangement but conservation of mass. The number of different
reactions and species involved increases rapidly with fuel molecular weight, and
particulate material (soots) as well as gaseous products may result under certain
conditions. The complexity of the situation is also hampered by the fact that,
even for hydrocarbon fuels of moderate molecular weight, manv of the initial

rcactions between fuel and oxidant are not known with any certainty. The succeeding
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reactions are however well known and for any hydrcocarbon fuel the final products,
under complete combustion conditions, are predominantly water vapour and carbon
dioxide.

Each chemical reaction may proceed in a forward and a backward direction
and the characteristic "kinetic rate" of the forward reaction may be generally

expressed, for a bimolecular reaction as:

a A & bB Jhietols. o) ailelchtiors (2.23)

T
(o]
~
+
Q.
o

.

Similar for uni- and ter—molecular)

: ) . . M a b
Forward reaction rate fj {A] (B] R R e

where, L ] denotes concentration of species A, B, C, D and
a, b, ¢, d are the corresponding species stoichiometric
coefficients.

£, = forward reaction rate ''constant'

fi

Ay ™ exp (- E {/RT) (2.24)

A similar expression can be written for the reverse reaction and it should be noted
that a) fj is not a true constant, b) the overall rate is very sensitive to both
reactant concentration and temperature, c) the rate is independent of any species
velocity terms. When a sufficiently large amount of time is available dynamic
equilibrium prevails in which the forward and backward rates of reaction are

equal, an equilibrium constant Kj may be defined:

K = (2.25)

Under combustion conditions species mean residence times in the flame are
invariably much smaller than the time required to reach equilibrium and most
chemical reactions are kinetically rate-limited; compared to the other processes
of atomisation, evaporation and mixing, chemical reaction rates are considered to

be very high (27) under most conditions.
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Due to the large ranges of temperature and pressure over which a kinetic
rate expression is required to be valid such kinetic data can be subject to
significant inaccuracies, in some cases order of magnitude estimates only can be
made . Golden (47) reviewed several methods of estimating such rate data whilst
Baulch et al (48) have compiled an invaluable source of kinetic data for high
temperature chemical reactions, recommended rate constant and equilibrium data
are presented (for specified ranges of application) for each reaction after a
critical evaluation of available data.

At flame temperatures vapourised hydrocarbons decompose or "crack' into
smaller hydrocarbon molecules and radicals but the exact mechanism and associated
kinetics by which even the simplest hydrocarbon disintegrates into other components
is far from understood and is extremely complex. Such thermal decomposition is
termed pyrolysis and is very important in the study of soot formation rates.

Soots are particulates formed from the pyrolysis of hydrocarbon or other organic
molecules in which many thousands of atoms, in a much higher carbon/hydrogen

ratio than in the fuel molecule, have solidified together. Hence the processes of
dehydrogenation, condensation, chain reactions and polymerisation may be involved
in pyrelysis but very many intermediate routes between these processes appear
plausible.

Such mechanisms may be a function of local temperature,pressure, species con-—
centration plus the fuel chemical constitution and flame residence time. Free
radicals and reactive intermediate species are generally recognized as being
important participants in such mechanisms. It is known (14) that primary

pyrolysis products are H CHA’ C2H2, CZHA’ with significant quantities of C, and

2’ 3

C4 hydrocarbons. Green and Toennies (49) give estimates for the characteristic
pyrolysis times of several hydrocarbons. Poll (2) also presents suitable
references in his review for the rates of splitting and hydrogen extraction
reactions. Due to the complication of pyrolysis reactions many investigators have

cxpressed tuel decomposition by overall partial oxidation reactions, some of these

have been assumed to be infinitely fast whilst others have wore realistically been

A
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rate limited. These overall reactions have frequently been termed ''quasi-global",

a selection of such reactions are:

(1) For the two-step decomposition of methane (50)
3
CH4 + 5 02 = GO 2 H20 }
1 (2.26)
co L co, }

Overall rate expressions:

ax _ 3 2 2
G Ax exp (—Ex/RT) - foz fHZO (P/RT)
where, X = CH4, Ax =53 X 1015 litres/gm mole sec. Ex =57 25 kcal.
X = co , Ax = 1.8 x 1010 litres/gm mole sec. Ex = 25 2 5 kecal.
m n m
(i1) Cn Hm + 7-02 - n CO + f'HZ NN e 2.27)

1
e 2 t
Reaction rate (51) = Aj T e( 12,900/1) [CnHm] [02](P) Dhu e

where Aj = 5.52 x 108
; Edelman derived this expression after considering the results of an extremely
detailed investigation of hydrocarbon oxidation conducted by Chinitz and Bawer (81)

in which fuel breakdown was modelled using 69 reactions and 31 species.

(1i1) C8H16 + O2 = 2 C4 H8 0 e o U S (2.28)
Forward rate constant (100),fj =5x 107 Tl'5 e(-7900/T)
2 C, H80 + 302 = 8CO + 8H2 o S Gt el (62:29)
- " 4-5
Forward rate constant, fj = Jlee Sl
The above rate constant expressions are for the forward reactions, the reverse
:

reactions are usually assumed negligible. Other investigators have produced com-
pletely global kinetic rate expressions, these are unfortunately specific to the
combustor concerned, eg Odgers (52).

A selection of more fundamental chemical reactions which may occur under

combustion couditions is now presented, rate expressions for these reactions are

generally available from reference (48).




Methane decomposition reactions,where M signifies a general third body:

CHA + M L C'rl3 =AM  asesemere . (2.30)
CH, + H e C,H3 + Hz .......... (2.31)
CH4 + OH = CH3 . Hzo .......... {2.32)
CHA + 0 & CH3 £ 0H o ameEssmesE £2.33)
CH3 + 0 & HCO + qu .......... (2.34)
HCO + OH = coO + HZU .......... {2.35)
HCO + M = HwCh+M & =  semeseeens (2.36)

Carbon monoxide decomposition reactions:

CO + OH # H + €0,  eeveeennns €2.37)

€O +0 +M =& co, + BE- L L GaRed pEee (2.38)

CO2 + O Co €O +* ()2 .......... (2.39) :
Reaction (2.37) being the most significant of these three. ‘i
Hydrogen combustion mechanism:

02 + H2 = GH ' GH = @ seasssweas (2.40)

OH + H, = H,0 4+ H O e (2.41)

0, + H = OH + O NI ke e (2.42)

0 + H2 = OH + H S e D (2.43)

0 5 HZO = 0 . I - R e e (2.44)

H+H+M = H, * S R e (2.45)

0O+ H+M = Ol - B - N T sl (2.46) 3

H+OH+M & HyO + M e (2.47)

0 +0+M = 0, #+M  eeeceecens (2.48)

The Zeldovich (53) reactions for describing nitric oxide formation are:

o + N, = {0 e U R SR R (2.49)
. N o+ 0 = RO & G ek (2.50)

ir Further zeactions involving NO are:
f N + OH = KO- & JHN S o L e e (2:51)
N, + OH = RO~ 0 W o s T el e Vb (2.52)
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Whilst Fenimore (54) proposed the following reactions which are significant

under fuel rich conditions in

CH + N

2
¢, * N,
€ 4N,

-
-

-
-

e
=

HC + N
2CN
CN + N

affecting NO formation:

(2.53)
(2.54)

(2.55)

Pratt (55) has suggested that, under various flame conditions, the other oxides of

nitrogen nitrous oxide NZO and nitrogen dioxide NO2 can directly affect production

of NO.

Nitrous oxide mechanism (55):

Nitrogen dioxide mechanism

NZ + 0+ M
N20 * O
NZO + 0
NZU + H

NO + O + M
0 * NO
H + NO

—
-—

—
-

—
-

pars
-—

—_
b=

2

—
—

2

NZO + M
NO + NO
Mg L *
N2 + OH
(55):

NO2 + M
NO + O2
NO + OH

----------

(2.56)
(2.57)
(2.58)

(2.59)

(2.60)
(2.61)

(2.62)

Chemical reactions involving the oxidation of sulphur to sulphur dioxide SO2

and sulphur trioxide SO

sulphide H

2

S are:

3
S R
S + S
SO + 0
SO + 8O
SO2 S A0
SO + 02 G
SO3 + H2
302 * 0
503 + CO

are given by Levy (56), those not involving hydrogen

1

1

!

1

M &

i

|

1

SO

----------

..........

(2.63)
(2.64)
(2.65)
(2.66)
(2.67)
(2.68)
(2.69)

(2.70)

(2.71)

1




Other reactions involving SOx, NOx and HZS interactions, plus hydrocarbon inter-
actions and metallic surface reactions may also occur in heterogeneous two phase
combustion. However, these are very complex and the kinetics of such reactions
is generally not known so that they are excluded from this discussion.

Due to the very many physical processes involved the kinetics and exact
mechanism of soot formation are largely unknown. As mentioned above, pyrolysis
chemical reactions play an important role whilst the diffusion mode of droplet
combustion is known to produce very much more soot than the wake mode of
combustion. This is probably due to the cracking of the fuel vapour in the
locally high temperature (stoichiometric) flame surrounding each drop, in the
former mode. The oxidation of scots is known to be slower than their rate of
formation (l4) so that once formed the particles tend to remain, and even coagulate
further to produce smoke.

For a homologous series of hydrocarbons the tendency to smoke increases with
molecular weight, but the reverse is true for olefinic and some aromatic compounds.
The tendency to smoke is also known to be higher for branched chain and unsaturated
hydrocarbon fuels. The luminosity of a flame is related to the rate of carbon
formation. High pressure seems to favour soot formation, but there is no simple
relation between temperature and soot formation. For a discussion of the effects
of physical processes on soot formation in flames refer to (14).

In premixed flames one would not expect carbon formation from mixtures in
which there is more than sufficient oxygen to burn the fuel carbon to carbon mono-
xide, hence caroon formation can be avoided in this class of flame, i.e. also in
the wake mode of two phase combustion.

2.3 Heterogeneous Combustor Devices.

Four different classes of liquid fuelled combustor can be identified, before
each of these is described it is important to bear in mind that steady or continuous
combustor devices only are the subject of this study. Hence the exclusion of
reciprocating types.

2.3(a) The Gas Turbine.

The gas turbine device has been applied to both mobile and stationary power
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seneration, by ar their most iLmportant cpplication thouph is the powering of
commercial and miliitary aircraft. The gas turbine is also increasingly being
used for both automobile propulsion and as a component in stationary power gener-
ation cycles for industry.

Fig.2.8 shows a schematic of the internal flowfield of a typical gas turbine
combustor. The primary zcne, which is just downstream of the fuel injector, is
a reglon of intense turbulent mixing and strong recirculation which serves to
stabilise the combustion. The recirculation is induced by the swirler air
fraction plus the entrainment property of the first row of liner penetration jets
and results in the mixing of hot combustion products and fuel droplets/vapour.
Combustion is lar;ely completed in the secondary zone and the dilution zone cools
the combustion gas<s with a fraction of the air to a temperature which the actual
turbine blades can tolerate with acceptable stress. A further fraction of the
total air feed is frequently used for cooling the combustor liner so that as the
diagram shows, the overall turbulent flowfield is highly complex. The fuel
injector device was initially a pressure jet atomiser or vapouriser tube although
the present trend is towards airblast atomisers which generate very fine sprays.

For aviation use the gas turbine combustor is required to be compact, in order
to minimise the engine overall weight, and to give high performance in order to
maximise both power output and fuel economy. These requirements then imply high
combustion intencity and efficiency, which is why large can air pressure drops are
used to maximise turbulent mixing rates. High engine reliability is naturally
vital, in addition, gas turbines are expected to ignite easily and operate
efficiently over wide ranges of temperature and pressure for long periods. In
view of these stringent demands good quality fuels such as kerosine are normally
used, fuel costs in general are regarded as being of only secondary importance.

Due to the large numbers of gas turbine combustors which are in use, and
their design requirements, a large amount of empirical and fundamental research

work has been coucentrated on this device. The remaining heterogeneous combustor

devices are all of the stationary type




2.3(b) Power Generation Boilers.

These are sometimes termed utility boilers and are normally large scale
installations for the generation of power, they are also wide spread throughout
the world, a large range of fuels being used. Liquid fuels used are of lower
grade than aviation gas turbine types, e.g., residual fuel oil, which can contain
significant amounts of chemically bound sulphur/nitrogen. The fuel is usually
introduced into the combustor by means of a matrix of burners which employ
pressure jet, rotary cup or twin fluid atomisers to actually inject the fuel.
Unlike gas turbine combustors which are largely blue flame, these burners produce
turbulent diffusion mode droplet flames which are yellow, i.e., luminous. Hence ;
high radiative heat transfer rates within the boiler section are realised. Peak
temperatures throughout the boiler are lower than those found in the gas turbine
and design types vary widely.

The complete combustion of the fuel with the minimum of excess air under

stable, hence easily controllable,conditions is the chief requirement cof the power

generation boiler. Increasing the excess air supplied to the burners is unaccept-—
¢ able since large flue gas heat losses and high air supply costs would result.
The fluidised bed combustion concept may be applied to this combustor device
for either direct combustion or gasification of the liquid fuel; in order to
obtain high heat transfer rates plus intense combustion at low temperatures.
Compared to the gas turbine the power generation boiler has received consid-
erably less attention in the way of research and development.

2.3(c) Industrial Furnaces and Flare stacks.

Liquid fuels are employed in chemical engineering and many other industrial
processes for combustion in furnaces which may be used for small scale steam
~ raising, evaporators and the heating of various solids etc. Again, yellow turbu-
lent diffusion mode of droplet combustion generally prevails and high heat transfer
rates are the main requirement. Low grade dirty fuels frequently have to be burnt
as economically as possible under stable conditions.
In some refinery processes a situation is often encountered where the storage

costs of certain low grade liquid fuels, although more coften gaseous fuels perhaps,




may be prohibitive. In these circumstances it is more economical to simply burn
the fuel in the open atmosphere using a device known as a flarestack, the turbu-
lent diffusion flame is then required to entrain its own combustion air. Both
these kinds of combustor are by necessity in a relatively crude state of develop-
ment, empirical techniques generally being accepted.

2.3(d) Domestic Boiler Appliances.

This last class of heterogeneous combustor is used for household heating and
includes building heating devices in general. These combustors are small scale
and are required to handle low flowrates of relatively low grade fuels such as
distillate oils; pressure jet atomisers often being used. They are also desired
to be compact, quiet, clean, easily controllable and again economic to purchase
and run. The design of this type of combustor generally proceeds along empirical
lines. Fuels are invariably injected at pressures in the 100 psig range and at
flowrates of around 0.8 gph, problems of nozzle duct blockage are often experienced
at fuel throughputs less than this figure (94).

2.4 Combustion generated Air Pollution.

The field of combustion research has expanded in recent years to encompass the
study of air pollutant formation as an integral part of combustor performance.
This development has perhaps been spurred by public awareness and accelerated
greatly by the widespread introduction of generally stringent legislation.
Much heated discussion on the subject has been provoked as a result, the consequences
an& economic losses attributable to air pollution therefore, are considered well
known (62-65).

Which species discharged into the atmosphere may be considered to be
pollutants? The answer to this question is conveniently expressed in the form
of Table I below, the major annoyances generally associated with each species is

also presented.
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TABLE I. AIR POLLUTANTS.
Pollutant species. Associated major annoyances.
a) Carbon Monoxide (CO) Toxic (reduces oxygen capacity of blood).
b) Oxides of Nitrogen (NO,NOZ) Toxic (basic constituent for photochemical

smog formation).

c) Hydrocarbons (UHC) Toxic, irritant or inert - depending on
fuel chemical composition (basic
constituent for photochemical smog

formation).
,h
d) Oxides of Sulphur (502,803) Toxic, readily forms sulphuric acid,
irritant, aerosol formation.
Corrosion.
e) Hydrocarbon organic derivatives Irritants, odourants (basic constituent
(e.g., aldehydes) for photochemical smog formation).
f) Smoke, particulates. Numerous e.g., visibility reduction,
nucleation sites. ]
g) Sulphur compounds (e.g., HZS) Toxic, odourants.
h) Lead (Pb) Toxic. :
i) Other metals (e.g., V, Mn, P) Toxic, atmospheric reactions. 3

The table lists the primary air pollutant species (hereafter referred to as

pollutants), and the first six are almost universally recognized as being the most

serious. It should be noted that possible weather interference has been largely
ignored, so that carbon dioxide and water vapour have not been considered pollutant
entities. Metallic lead can be neglected in this study since it is a consequence
of internal combustion engine operation, i.e., not of the continuous combustor type.

Nitric oxide, NO and nitrogen dioxide, NO, are the major oxides of nitrogen of

2
interest and are collectively referred to as NOX, similarly the oxides of sulphur
are collectively termed SOX. Hydrocarbon emissions are the result of inefficient
combustion or incomplete fuel utilisation, hence they are collectively termed
Unburnt Hydrocarbons (UHC for convenience).

The scale of any individual air pollution problem is naturally very complex
and a function of many factors such as emission frequency, combustor type and
size, etc. Sawyer (66) has made an appraisal of the scale of problem presented
by aircratt pollutant emissions, major problem areas wer« then highlighted.

Energy conversion combustion processes as a whole account for extremely large

proportions of the artificial emission of all major pollutant species, for example
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during 1968 and in the United States, this proportion was 957 for NOx as Table II
shows. The Table also presents a breakdown of the contributing primary sources
of emission for SOX, CU, UHC and Particulates for that year in the U.S. In each
case the most significant source is underlined, so that it can be immediately
appreciated that stationary plant was responsible during 1968 for the highest
emissions of NOx and SOX, whilst vehicles in general produced the greatest CO and
UHC pollutant emissions. Production of particulates was more evenly distributed.
The natural rate of generation of NOx has been estimated as being about 15 times

»

greater than the corresponding manmade Jox production rate, however, the latter is
concentrated in urban areas where actual levels are higher. Even so these levels
rarely exceed toxic thresholds, the reasons for limiting their emission into the
atmosphere are mainly that they form secondary pollutants by further atmospheric
reactions.

With the possible exception of particulates, it is widely accepted that

emissions of pollutants have been and are increasing with time. Thus Derwent and

Stewart (96) have presented NOx emissions data for the U.K. which correspond

to the period 1965-1970, while Bartok et al (67) estimated future emissions of NOx
in the U.S. up to the year 2000, based on the continuation of current trends.
Information on particulates and 802 emissions in the U.K. from 1950 - 1968 is also
available (63).

Legislation introduced to control air quality has been considerably more
stringent in the U.S., moreover, the proposed standards for manmade NOx emissions
have provided the toughest goal. For an example of such U.S. Federal Standards
refer to (66,67). European air pollution problems at present are more localised
and less acute so that existing European legislation is not so rigid.

Having considered future trends in, and the existing legislation for control
of, air pollution, it can be concluded that there definitely exists a need for the
application of further related combustion research if the demands for an overall
reduction in pollutant emissions in the future are to be met. Now such a research

effort can clearly be directed at one or all of three possible phases of control,

these are:




B

1. FUEL TREATMENT. This involves refinement of the existing fuel to remove
impurities. Removal of sulphur containing compounds ensures that SOx and other
sulphur containing pollutants are not formed in the combustor, hence corrosion risk
is also averted. Processing to reduce fuel bound nitrogen content helps reduce
NOx but is more significant for solid fuels. To a lesser extent still, metal-
containing emissions can be obviated through fuel processing. The other major
pollutants listed in Table I. however are not affected by this phase of control,
and fuel chemical processing operations in general are expensive.

2. COMBUSTION MODIFICATION. The next phase of control corresponds to
refinement of the actual combustion process and can be implemented in either of
two ways. Firstly by a relatively minor modification to the emitting combustor,
this type of approach is often successful in reducing one or two of the major
pollutants only, and usually at the expense of increased emission of one of the
other pollutants. The second approach involves either a major modification to
the combustor, or the application of new design principles to generate completely
new combustor concepts. Naturally the extent to which a successful new hetero-
geneous device can be created is a function of combustor type but the advantage
gained (or perhaps the goal) is the suppression of all pollutant formation in the
device.

Xe EFFLUENT PROCESSING. The third phase or mode of control, as for the
first, utilises chemical processing. Combustion effluents can be "cleaned up"
by Qarious chemical engineering unit operations in order to actually remove the
pollutant species from the bulk gases after they have been formed. Again,
although such techniques already exist to enable the extraction of any pollutant,
they are extremely costly. Obviously they are only applicable to stationary large
scale combustor types, for which large volumes of flue gases have to be handled.
This mode of control is frequently applied to Power Station boiler effluents,
particulates being removed by electrostatic precipitation. Cyclones and settling
chambers are examples of other kinds of particul ite extraction equipment; all
three such devices however possess inherent disadvantages, sach as high initial

cost, long separation time, additional running and maintenance costs. Examples




of gaseous pollutant processing operations include adsorption onto solids,
absorption into liquids, e.g. by scrubbing and catalytic removal. The former
operations are more applicable to SOx and NOX, as discussed by Bartok et al (67),
whilst Solymosi & Kiss (68) have considered NOx reduction by catalytic reaction
with CO.

From the foregoing it can be appreciated that the second phase of control,
that of combustion modification, constitutes the most satisfactory solution to the
problem on a long term basis, this opinion is shared by others e.g. (69). As
would be expected adoption of these methods of control requires the most research
effort. Hence in the remainder of this section attention will be focussed upon
pollutant suppression techniques which involve combustion modification, factors
affecting the formation of the more important pollutant species though will be
first considered.

2.4(a) Factors Affecting Emission of the more important Pollutants.

The complexity of pollutant minimisation technology is borme out by the
fact that various species emissions are frequently conflicting functions of com-
bustion conditions. Faced with this situation, many investigators have carried
out fundamental studies on individual pollutants under carefully controlled
conditions.

The rate of emission of all pollutants from a heterogeneous combustor depends
on the prevalent rates of atomisation, evaporation and turbulent mixing, but
usually to a greater extent on chemical reaction kinetics. Emission rates are
thus dependent on the profiles of concentration, temperature and velocity
throughout the combustor flowfield. The parameters to which the emission rates
of individual major pollutant species are predominantly sensitive will now be
discussed.

Historically, soots were the first such species to receive attention, this
beiny understandably due to their visual prominence. The kinetics of formation
and destruction of carbonaceous solids in flames has been described in outline in
2:.2¢d). It was shown that carbon formation in any basically premixed type of

flame can be controlled by the amount of available oxygen, i.e. the combustor
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air feedrate, so that significant formation would only be expected under fuel rich
conditions. This is not true for the diffusion mode of droplet combustion since

locally stoichiometric, i.e. high temperature flames around the drop always exist,
pyrolysis of fuel vapour takes place in these flames with significant carbon being
formed. For this mode of droplet combustion then the emission rate of particul-

ates is insensitive to air feedrate or species concentrations because, once formed
particulates tend to remain, destruction rates being very low indeed (14).

The sensitivity of soot formation to droplet ballistics and dynamics is
reflected in the dependence of droplet mode of combustion on gas-drop relative
velocity as previously explained in 2.2.(b). Sjbgren (13) found that the
extinction velocity of small droplets is very low so that, coupled with superior
evaporation rates, this explains why the wake mode of droplet combustion and
minimal soot formation is obtained from efficient atomisers which produce initial
size distribution of droplets which are weighted in the lower range.

It has been found that soot formation rates are dependent on the strength of
applied electrical fields (70), and also upon fuel additives (usually based on
borium or manganese) (71).

Clearly more fundamental information on hydrocarbon breakdown mechanisms and
kinetics; plus identification of particulate emissions in terms of particle size
distributions and chemical composition, is required before a complete understanding
of all the factors which influence soot emission rates is obtained. However,
empirical methods have had some success in substantially reducing such emissions
from gas turbine combustors.

Emission of carbon monoxide, and unburned hydrocarbons usually reflect
inefficient or incomplete combustion, they both decrease with increasing flame
residence time. In order to promote complete combustion rapid atomisation,
evaporation and mixing are required since this assures that all fuel has sufficient
time to chemically react in the flame. Homogeneous fuel/oxidant distributions
throughout a heterogeneous combustor flowfield is the other important factor,
undcr fuel lean, i.e., excess oxidant conditions extrewmely low emission rates of

CO and UHC result. It is important to ensure that temperatures are high enough
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in all parts of the combustor so that thermal quenching of hydrocarbon and carbon
monoxide oxidation reactions does not occur. The effect of increasing either
combustor inlet air temperature or operating pressure is to increase burning rates
and hence reduce CO and UHC emissions. Probably the most important parameter

is the atomiser initial size distribution since this largely governs the evaporation
process and therefore fuel availability. The importance of mixing on CO emissions
from a kerosine-fuelled tubular burner was demonstrated by Pompeii and Heywood (72)
by means of a stochastic mixing model for the burner.

The most difficult pollutant to minimise from any combustor is nitric oxide,
NO, NO2 the other important oxide of nitrogen, is formed in only negligible prop-
ortions at temperatures above 1000 K and so will not be considered any further.
Now NO is formed by the oxidation of either fuel-bound nitrogen or atmospheric
free nitrogen, air being the oxidant generally used in any combustor. The chief
difficulty in controlling NO is that it can be formed as a result of very efficient
combustion, which is required to suppress emission of soots, CO and UHC's! The
rate of formation of NO is extremely sensitive to temperature, so that it reaches
a maximum under near stoichiometric fuel/oxidant proportions, and decreases under
fuel lean or fuel rich conditions. As has been previously explained the rate of
release of chemical energy in most flames is turbulent mixing controlled, NO
production is predominantly controlled by chemical kinetics though. NO formation
also increases with residence time at flame temperatures, and is dependent on
local oxygen atom and molecule concentrations as examination of equations (2.49-52,
2.56-62) will verify. Very many fundamental and applied studies of NOx formation
have been made, this being no doubt attributable to the fact that its requirements
for minimising usually conflict with the requirements for suppressing other
pollutants.

On a fundamental level Pratt and Malte (55) investigated chemically rate-
limited, fuel lean gaseous combustion of CO with moist air in a jet stirred reactor,
this is a device in which extremely high turbulence mixing rates are produced by
an air jet issuing into a small volume. They found that under conditions of

intense turbulence and backmixing super—-equilibrium concentrations of O atoms and «
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other reaction intermediates cause nitrous oxide N,0 ;6 act as an important
intermediate in N()x formation, via reactions (2.56-59), for fuel-lean combustion,
this mechanism being important at temperatures less than about 1800 K. Pratt
and Malte found that the effect of turbulent fluctuations was to produce higher
peak temperatures and hence higher Nox levels, the maximum Nox concentration
measured in this system was 32 ppm. The study was very useful since it isolated
the effects of reaction kinetics, the processes of atomisation, evaporation and
mixing being absent. The energy releasing and pollutant formation reactions,
unlike in one-dimensional flow systems, could not be separated because the highly
stirred reactor tested was found to generate such super-equilibrium O, H and OH
species concentrations. These species provided an important coupling effect
because the reactor was so well mixed. Pratt and Malte (73) also succeeded in
measuring O atom concentrations in such a system by direct spectroscopic techniques.
Bowman et al (74) investigated the relative effects of finite turbulent mixing in
a similar reactor fuelled with methane, maximum measured NO was of the order of
100 ppm. Eberius and Just (75) investigated the influence of hydrocarbon fuel
structure on NO for premixed propane, ethylene and acetylene flames. They found
large "overconcentrations' of NO in very fuel rich flames. In addition they
found that NO formation could be reasonably separated into three classes,

a) Zeldovich mechanism with equilibrium O atom concentration, b) Zeldovich mechanism
with the remaining excess O atom concentration, c) other reactions involving such

radicals as €H, € and € Myerson (76) carried out an experimental investigation

)
into the reduction of NO by hydrocarbon/O2 mixtures in a flowing system of simu-
lated combustion effluents. It was suggested that 02 could produce free radicals

such as CH and CHZ by hydrogen abstraction of the hydrocarbon, this could then

reduce the NO through reactions typified by the exothermic step:

CH + NO ¥ CHO + N (2.73)
Clearly more investigations of this type are needed. All the above fundamental
studies pertained to homogeneous combustion, similar studies for heterogeneous
combustion have also been made. Thus Kollrack and Aceto (77) theoretically

analysed 4 gas turbine combustor with respect to NO formation and predicted that
NO levels resulting from liquid fuel combustion, as characterised by a monosized
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spray (defined by SMD), were up to two orders of magnifh&e latgér than NO leVels
for premixed combustion. They postulated that slower mixing could prolong
radical concentration overshoots and produce temperature overshoots, thereby
increasing NO production. Bracco (77) used an analysis of single droplet quasi-
steady state combustion with a simple chemical reaction expression to determine
rates of NO formation for hydrocarbon fuels. Larger NO formation rates are
expected for the diffusion mode of droplet combustion than for the wake mode since
the former flames burn at locally stoichiometric proportions i.e., high temperature,
whereas the air/fuel ratio in the latter can be varied.

The last major pollutant species to be briefly considered in relation to
primary variables are the oxides of sulphur SOX. It can be appreciated from
equations (2.63-71) that SOX production rates are also dependent on oxygen atom
and molecule concentrations. It appears that these two species concentrations
predominantly influence 50 formation, with residence time and flame temperatures
being of less importance (79). However, when the temperature of the flame gases
falls below the dewpoint of water and sulphuric acid, then corrosion occurs.
Banchero and Verhotf (80) describe prediction of dewpoints from fuel gas compos-—

. ition and temperature by means of vapour-liquid equilibria. SOx production is

also a function of the sulphur content of the fuel and is zero for a sulphur-free

r

fuel. Low oxygen conceuntrations, i.e. fuel rich combustion favours minimal SOx

formation froma sulphur containing liquid fuel.

L

2.4(b) sinor Combustion Modifications aimed at Suppression of Emissions.
pp

| A large number of relatively minor modifications to existing heterogeneous com-

bustors have been proposed which attempt to reduce pollutant emissions, often with

respect to only one or a few major pollutant species. Table III. summarises these
modifications and indicates which pollutants are favourably affected, it is worth-

e while emphasizing the fact that the effects of such modifications are not always

clearly defined.
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b)

c)

d)

e)

£)

g)

h)

ment that these modifications are inadequate if realistic reductions in pollutant

emissions are to be made (82).

redesign or new concepts altogether, have also been proposed for suppressing

pollutant formation.

be
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TABLE III. MINOR HETEROGENEOUS COMEUSTOR MODIFICATIONS.
Modification Pollutant species reduced

Overall fuel rich or
low excess air
operation.

Overall fuel lean or
high excess air
operation.

Change atomiser.

Multiple atomiser con-
figurations, modify
fuel distribution to
the atomisers.

Water injection

Redistribute airflow in
gas turbine combustors.

Increase air feed
temperature.

Increase operating
pressure.

The effects for these minor combustion modifications then are not consistent

2.4(c)

ey -q||“

Pollutant species increased

NOx if temperature is reduced,

50 also.
X

NOX if temperature is reduced,

soots, CO and UKC.

Possibly all species for a

very fine spray.

Possibly all species for
very fine sprays.

Can reduce smoke, also NOx

if temperature is reduced.

Difficult to assess.

CO and UHC.

Usually CO and UHC.

for all species and are also a function of combustor type, there is general agree-

Emission Suppression by Combustor Redesign.

Various major combustion modifications, which either involve combustor

discussed:

i) Recirculation combustors.
il) Fuel prevapourizing and premixing combustors.
131 Variable geometry combustor designs.

The principles involved and potential emission performance

of each of the following four different heterogeneous combustor concepts will now

1v) Staged combustion configurations.

Particulates under certain

conditions, CO, UHC.

SO
b

Soots for some very fine
sprays.

CO and UHC if combustion
reactions quenched.

Difficult to assess.

Usually hOx.




In the first class of these concepts a portion of the combustion products is
transferred back to the initial spray formation region of the combustor flowfield,
the process is termed recirculation and results in a dilution of the gaseous phase
species. Actual definitions of the recirculation ratio parameter vary widely.

The effects of recirculation on liquid phase fuel depends on the temperature of

the recirculated gases, 1f the gases are at relatively high temperature they

increase heat transfer to, and hence the evaporation rate of, the fuel droplets.
Naturally, all recirculated gases will have an additional fluid dynamic effect on

the liquid phase in that they will modify droplet concentrations and trajectories
since the gaseous phase flow pattern will be strongly affected. Increases in

flame stability and combustion performance are generally associated with the intro-
duction of hot recirculated gases into the spray formation zone, because the pre-
heating/'premixing' obtained results in the stable ignition of fuel and oxidant

over a wider range of combustor operating conditions. Considering the process on

a smaller scale, eddies of hot combustion products will promote the dispersal of,

and mixing between, cool fuel vapour and oxidant eddies, in doing so the temperatures
of these reactant eddies will also be raised. The net effect then is that eddies of
reactant species are very rapidly prepared for ignition and subsequent combustion.

An important consequence of recirculation is that the residence time of the
actual recycled gases 1s increased although the mean gaseous residence time is in
fact reduced. Oxygen concentrations in the flame zone are also reduced by dilution
due to recycled combustion products. Recirculation would also be expected to
increase radical concentrations although it is extremely difficult to predict the
net effects on any species with any certainty.

It has long been known that recirculation reduces flame luminosity (83) and
the primary reason for this is the reduction in oxygen concentration which results.
As explained in 2.2(b) the extinction velocity is a strong function of oxygen con-
centration and for diluent gases predominantly composed of nitrogen, i.e. combustion
products, this critical velocity falls to zero at oxygen concentrations less than
about 147 (13) for an unspecified fuel. Hence blue flame combustion, due to

the wake mode of droplet combustion, is obtained at recirculation levels which
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produce mean dilutions of oxygen corresponding to thi; ;oncentration. Soot
formation rates under blue flame conditions are extremely low so that recirculation
has a strong effect on emission of this pollutant. Thus Kamo et al (83) noticed

a critical recirculation level for their oil burner at which flame colour changed
from yellow to blue and combustion noise was reduced. The effect of excess air,

as well as recirculation, on smoke emissions was also studied, Fig.2.9 shows the
results that were obtained for this particular burner. Another factor contributing
towards the reduction in soot emissions by recirculation may well be the increased
combustion radical concentrations obtained (15), clearly a more detailed under- i
standing of hydrocarbon pyrolysis mechanisms is required.

The effect of recirculation on other gaseous pollutants will be discussed for
specific heterogeneous combustor designs after the various techniques for producing
recirculation have been first described. These fall into two categories, external ;
and internally generated recirculation (with respect to the combustor casing).

The former category involves the use of external ducting and a pump to transfer

combustion products from the exit to the inlet planes of the combustor. Cooling

S gy o

of the gases, which is undesirable, is inevitable to some extent and, due to the

periphery equipment required, the combustor becomes both cumbersome and expensive
to operate. Hazard (8%4) investigated the effects of externally-generated

recirculation (EGR) on two kerosine-fuelled burners which were both swirl stabilised

and water cooled, one was operated fuel rich and the other fuel lean. It was found
thaf EGR was considerably more effective than excess air in suppressing NO formation
due to the reduction in local peak temperatures obtained. Blue flame combustion
was usually obtained, CO emissions were generally below 3 gm/kg fuel at firing rates
above 20 1lb.fuel/hr. but were approximately independent of EGR level. Unfortunately
the sensitivity of NO emission to burner cooling rate was not investigated.

In the second category, recirculation within the combustion chamber is
accomplished through the exploitation of fluid dynamic phenomena to generate a
region of reverse flow. An obvious advantage to this approach is the high temper-

ature of the recirculated gases which favourably increases fuel evaporation rates.
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One of the earliest oil-fired burners developed téhoperate in the blue flame
regime was the Ventres blue-flame burner (85); this was equipped with a low
pressure air/oil atomiser and featured fuel evaporation within a horizontal
vapouriser tube. Combustion products recirculation into the inlet of this tube
was promoted by an eductor effect, and secondary air was added at various points
throughout the combustor to complete the combustion. After startup, which was
achieved by conventional high voltage ignition, quiet and stable blue flame oper-
ation was obtained at firing rates of 0.1 - 0.35 gph on a variety of fuels
ranging from kerosine to heavy oils. Stack gas analyses of 12-147 CO2 content,
with no smoke, were consistently obtained, emission of other species was not
studied. Another early, high intensity, combustor designed to run on a variety
of liquid fuels under blue flame conditions is described by Reman & Verkoren (86).
Feed air entered the combustion chamber via a swirl-inducing air register which,
together with combustor geometry, was responsible for the establishment of a double
vortex flow that generated intense recirculation in the central low pressure region
of the flowfield. A wide range of fuels was again used, each was injected by
means of a pressure jet atomiser, at a high injection pressure of 400 psi. High
flue gas c02 levels were measured and no smoke formed, although high air pressure
drops ( = 20" W.G.) were required to drive the recirculation region. Heavier
fuels were preheated before atomisation to keep their viscosity at or below 200cS.
Pollutant emissions were not investigated for this burner.

" Cooper and Marek (87) investigated two methods of achieving controlled
internal recirculation by exploiting fluid dynamic properties, these were
a) reverse flow within a vortex, b) attached jet entrainment. Prototype blue-
flame burners were designed and constructed using each method but tests revealed
that satisfactory blue flame combustion over a wide range of operating conditions
could not be obtained for the vortex flow design. However, saokefree, quiet
blue flame combustion was successfully demonstrated at excess air levels varying
from stoichiometric to 307 and at inlet air pressures as low as 2" W.G. for the
attached jet burner. Fig.2.10 shows a sectional view through this burner, it

can be seen that the inlet air is deflected by a solid surface after flowing
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through a slit. As a result the alr jet stream is aétﬁched to the solid surface
and a pressure drop across the jet layer generates entrainment of ambient gases,
the phenomenon is known as the Coanda effect and was used to cause internal
recirculation of combustion products. The slit width was 1/16" so that excessive
inlet air pressure drops were avoided, although relatively low mixing rates were
inevitable. Examination of Fig.2.10 reveals that this combustor device features
a degree of both fuel prevapourisation and fuel vapour/primary air premixing before
the reaction zone, combustor walls are also convection-cooled. Fuel oils were
injected at firing rates of 0.65 - 1.1 gph by means of pressure jet atomiser

(100 psig) and up to 757 recirculation was deduced by gas analysis. CO emissions
were less than 20 ppm although fuel rich operation and other pollutant emissions
were unfortunately not investigated. Instability and blow off was erratically
detected at excess air levels above 307. Two other problems encountered were

cooling of the o0il nozzle and slit mis-orientation due to thermal expansion, although

both of these could be overcome to some extent by slight redesign. Torborg and
Janssen (88) obtained further experimental performance data for this burner and in

addition measured the spectral radiation characteristics of the device in the range

s N

0.3 ¥ ultraviolet *» 3.0 ¥ infra red. The relatively high background radiation
detected indicated that the ultraviolet region was best suited to flame sensing.
The radiation intensity was observed to decrease when either air/fuel ratio or the
recirculation rate were increased. Nagey et al (89) modified Cooper and Marek's
basic design and experimentally deduced the effect of recirculation ratio on NOx
and CO pollutant emissions although the fuel used was not specified. Presumably
due to the resulting reduced oxygen-concentration, increased recirculation signifi-
cantly reduced NOX emissions but increased CO emissions. In terms of net pollutant
emissions the optimum recirculation level was 507, at which NUX and CO emissions
were 4 and 8 ppm respectively i.e., very low. Reeve (90) tested a prototype blue
flame burner which utilised a coaxial Coanda ejector device to generate internal

recirculation of combustion products, the air jet was attdchicd to the curved surtace

of the ejector throat, as shown in Fig.2.11. Fressure jet atomication of residual




fuel oil was employed and soot-free blue flame combustién was obtained over a
range of air/fuel ratios; relatively high inlet air pressure losses of the order
of 3 psig were needed to drive the recirculation region. Burner operating limits
and radiation levels ( 2u spectral region) were measured with the burner actually
installed in a furnace. Initial startup invariably constitutes a transient
operation problem for ali recirculating type burners, preheating of the complete
burner using a gaseous fuel such as propane is the solution to this difficulty which
is usually adopted.

Hedley (91) investigated the influence of recirculation ratio on the volumetric
combustion rate, 1.e., combustion intensity, for an idealised oil fired system and

concluded that:

i) For adiabatic combustion products recirculation the combustion rate

is increased, optimum levels depending on extent of fuel burn out.

ii) Recirculation of non-adiabatic combustion products may increase or
decrease reaction rates, depending on the extent to which they have

been cooled.

In the second class of heterogeneous combustor concepts an attempt is made to
transform the problem from the two phase regime to the single phase, homogeneous
combustion, domain. To achieve this desirable aim the liquid fuel is invariably
injected with some or all of the combustion air into a separate initial section of
the combustor, where it is atomised, evaporated and mixed with oxidant as completely
as possible. The reactant mixture then flows into the combustion zone of the
chamber where it is burnt completely in the wake mode in a premixed, i.e., easily
controlled flame. Since the air/fuel distributions are then adjustable it
follows that conditions may be theoretically optimised for minimal net pollutants
emission. In practice the inlet air temperatures are usually insufficient to give
complete fuel prevapourisation unless the air can be preheated in some way.

It has already been mentioned, 2.4(a), that NO_ formation is a strong function
of local peak temperatures. Hence, in some local flowfield region where turbulent
eddies oi fuel rich and fuel lean composition exist, temperature gradients will

necessalily also exist Peak temperatures along these gradients can then
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temperature conditions Nux formation will similarly be extremely high, and con-
siderably greater than that for the average temperature of the overall mixture.

In a prevapourising/premixing combustor configuration this situation is avoided and
NOx emissions are controllable. Emission of soots should be also avoidable and
suppression of other pollutants possible. No detailed investigation of the
emission characteristics of a prevapourising/premixing type of combustor appears to
have been reported to date. This may be partially attributable to the fact that
such combustors possess two inherent disadvantages. Firstly combustor volumes

are increased, and secondly there are risks of fuel preignition, or flashback, under
certain flow conditions. For gas turbine combustors these possibilities are
extremely unacceptable, the occurrence of flashback in aviation types is very diffi-
cult to avoid due to the large range in both inlet temperatures and operating
pressure over which they are required to function.

The aim in designing a liquid fuelled combustor to utilise variable geometry,
the third concept, is to be able to vary part or all of the two phase flow pattern.
If this is possible, then distributions of concentration, temperature and velocity
for both phases may be also varied, hence pollutant emissions may be radically
changed and possibly controlled. Varying the feed air distribution throughout
the combustor is obviously one such way in which variable geometry could be used.
For example, in a gas turbine combustor the amount of air supplied to the dilution
zone could possibly be varied, in this way the degree of quenching achieved and
hence the ratio of CO plus UHC to NO could be similarly varied. Nagey et al (89)
postulate that variable geometry will probably be necessary to control combustor
temperatures within narrow limits if their recirculation combustor (based on the
work of Cooper & Marek (87)) was to be able to power vehicles which could satisfy
the United States 1976 Federal Emission requirements. The use of variable
geometry in practical combustors is nowever, greatly hampered by mechanical com-
plexities, the number of combustor moving parts would be greatly increased so that
reliatility, not to mention costs, would inevitably suttor. Sophisticated control

loops would in some cases be demanded to actuate the variable geometry, additional
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components would then bebrequired to sense tﬁe controliing pafameters. Anotﬁef
problem that can be envisaged concerns the materials of which additional parts
in general should be made in order to withstand highly turbulent, high temperature
combustor environments for large periods of time. Yet another unknown is the
response rate which would be expected of an actuating control system for effecting
geometry modifications to combustor operation.

The fourth important concept which may be applied to design low emissions
heterogeneous combustors is that of multi stage combustion, in which the heat
release from the fuel is designed to take place in more than one distinct stage.
Clearly many such configurations could be envisaged, of varying complexity, although
relatively little attention has been focussed on this area. Low NOx emissions can
theoretically be achieved from a 2 stage combustor in which the lst stage is operated
fuel rich to control temperature and therefore NOx formation, and in which combustion
of the CO/UHC generated in the lst stage is completed in the 2nd stage. Interstage
heat removal should ensure that temperatures in the second stage do not rise to a
level where significant further NOX formation occurs. The problem with this
scheme is that soots would form in the lst stage which take extremely long residence
times to burn out. Wendt et al (92) discuss a burner which utilises 2 stage heat
release to minimise S0, and NOX. The burner is designed to run stably on gaseous
fuels, part of the fuel is burnt at ''moderate" excess air to avoid soot formation
and the remaining fuel is injected downstream of this primary zone. A reversal
of the normal pollutant formation reactions is claimed, resulting in low SOx and NOx
emissions for clean fuels. Yamagishi et al (93) investigated a gaseous combustion
scheme in which 2 stage air addition and NO fuel doping were featured.

Four combustor design techniques which could show considerable promise in
progressing towards the goal of two phase combustion with minimal emissions of each
major pollutant species have been discussed, it is evident though that new, improved

methods of emission control will also have to be developed to reach this goal.
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2.5 Combustor Modelling.

The design of heterogeneous combustion equipment in the past has generally
procecded along empirical lines, with a great deal of emphasis placed upon rigorous
experimental testing that can be both excessively time consuming and expensive.
More fundamental design techniques, which as a rule are employed for other types of
engineering calculations, have not been developed for hetérogeneous combustors
because of their inherent complexity which was outlined in Section 2.2. In recent
years, however, a great deal of interest has been aroused in the analytical des-
cription, or mathematical modelling, of both single and two phase combustors.

Such modelling seeks to predict combustor performance parameters, from theoretical
considerations, in order to aid the design process and reduce purely empirical
development to a minimumn. The current requirement for low pollutant emissions
from combustion processes has added another dimension of complexity to combustor
design. As discussed in Section 2.4 various minor and gross combustor modifi-
cations have been proposed for suppressing the amount of pollutant species

emitted in the exhaust stream from various combustion chambers. The value of a
mathematical model for predicting pollution characteristics, in addition to
general combustion performance, can therefore be appreciated. A suitable model
should aim to be capable of barametric evaluation of a particular combustion
modification, with respect to the net emission of all major pollutant species, in
this way optimum configurations could be quickly arrived at. An advantage to this
appfoach is that sets of species whose respective emission indexes (kgpollutant/
kg fuel) vary in conflicting manners with operating conditions could be effectively
studied, provided that the model adequately described the various chemical and
physical processes that were introduced in 2.2.

Ideally then an analytical model should be capable of predicting the following
primary performance variables under a wide range of combustor operating conditions:

1) All major pollutant species production rates.

i1) Overall cowbustion efficiency.

i11) Combustor heat release rates
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iv) Combustor blowoff stability limits. ' l

v) Combustion intensity.

vi) Overall pressure losses.

No such model exists at present which 1s capable of predicting all this data!
However, various attempts have been made to predict one or two of these variables,
in each case it was necessary to simplify the situation somewhat by identifying
the processes which the relevant variable(s) depended most strongly on. These
processes were then treated mathematically as accurately as possible, with varying
degrees of success.

Two distinct types of modelling have emerged to date, each of which will now
be discussed.

2.5(a) Chemical Reactor Models.

The underlying assumption on which this modelling technique is based is that
a combustor internal flow can be approximated by a suitable network of chemical |
"reactors". The mean combustor flow pattern, plus variation of mixing rates ,
throughout the flowfield, predominantly control the sequencing of the reactors in J
the network. As will be seen shortly the reactors normally used in any particular j
network are of two types, each of these represent discrete microsystems in which i
heat, mass and momentum are conserved.

The first type of reactor is termed stirred or zero-dimensional. Chemical
and physical properties at every point throughout the reactor and within the exit

stream are identical for a Perfectly Stirred Reactor (PSR). The PSR constitutes

a theoretical ideal since infinitely high turbulent mixing rates are required to
realise such homogeneity, typical combustor pressure losses, however, result in

finite mixing rates so that a Well Stirred Reactor (WSR) is defined in which a

degree of unmixedness exists. Highly stirred WSR's have characteristically good
continuous ignition of fresh reactants (wide turndown) but poor burnout.

The second type of reactor is referred to as a plug-flow or one-dimensional
reactor (PFR). In this device system properties are a function of one space
cvordiuate, which is usually the mean flow direction in a continuous flow system,

no cross-miing being permitted in such a system. PFR's understandably produce
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good burnout (referring again to reactors in which combustion is present) but on
the other hand poor turndown, since fluid mixing rates are very low by definition.

The properties of these two extreme concepts could be illustrated by a hypo-
thetical tracer experiment, in which a step-function concentration of a tracer
substance is introduced into the feed stream to each system at some instant. The
system response, i.e., subsequent tracer concentration in the system exit stream,
for an ideal PSR would be an immediate exponential rise with elapsed time. The
corresponding PFR response would simply be the appearance of the same step input
at the exit, precisely one mean residence time later. The residence time distri-
bution f?nction for a reactor is the negative of the response function time
derivative and can be used to estimate reactor volumes, as dcmonstrated for a
pulverised anthracite flame by Beer and Lee (98).

It should be noted that additional classes of two, three and four (including
time) dimensional reactors could also be defined, but their analysis rapidly
increases in complexity.

It is considerably easier to mathematically describe chemical processes
within combusting reactors of either type, than it is to similarly treat two phase

$ fluid dynamics and other physical processes, unless of course the reactor volume
in a particular network is made differentially small. An important consequence
of this situation is that the chemical reactor modelling of combustion systems has
inherently greater potential for predictions of the type 1), ii) and iv) mentioned
in the above section. More specifically, it is especially suited to the prediction
of major pollutant species emission rates, since these rely heavily on the

incorporation of complex chemical reaction kinetics as discussed in Section 2.2(d).

Physical combustion processes are also important in this context, but to a lesser
extent.

N Now the species and energy balances for a stirred reactor result in a set of
non~-linear simultaneous equations, solution of these gives species concentrations
and tewperature within that reactor. In a plug flow type reactor the conventional

analyilcal technique involves a stepwise numerical integration of the chemical
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reaction rate equations along the flow path; associated problems of internal

size, solution stability and computation time may be overcome by treating a PFR

as a series of differentially small (ideally )WSR's. Solution of these species
and energy analytical conservation expressions for each reactor in the network
yields the primary model results of combustor exit flow composition and temper-
ature. Realistic flowfield spatial species and temperature distributions are not
obtained, unless of course a large number of again differentially small reactors
constitute the network.

Turning now to the chemical reactor modelling of actual combustion devices,
examination of available literature shows that the gas turbine has received by far
the greatest attention (2). Swithenbank and Yoll et al (45) developed a
homogeneous model which used Odgers global kinetic rate expression (52) to enable
predictions of combustion efficiency and stability limits for a 5 reactor network
(2) to be made. The agreement between these predictions and corresponding
experimental measurements was certainly encouraging, although the model was not
capable of realistic pollutant emissions predictions. Hammond and Mellor (99)
used a quasiglobal reaction kinetics scheme for predicting NO and CO emissions
plus certain performance variables for a liquid hydrocarbon fuelled gas turbine;
atomisation, evaporation and mixing effects were not considered and no comparison
with actual measurements made. Roberts et al (100) produced a gas turbine model
which included monosized spray evaporation calculations for similar predictions
whilst Edelman and Economos 101) developed a considerably more detailed model
formulation for emissions predictions, again for the gas turbine device. Quasi-
global kinetics and turbulent mixing processes were treated for two phase flow
with swirl, a comprehensive range of predictions was therefore produced. For a
more detailed discussion of these and other models, for gas turbine combustors,
see Poll (2).

Very little chemical reactor modelling work for other types of heterogeneous
combustors has been attempted, this is surprising in view of the fact that the

flowfield in some of thesc devices is considerably less complex than that of the gas




turbine. Bartok et al (102) considered the predictiéd of NO levels from a
utility boiler type burner which was fired with gaseous methane. The model
incorporated convective and radiative heat transfer within a simplified plug flow
reactor and global combustion. Predicted trends were shown to be of the correct
form. Breen, Bagwell et al (103) developed a model of NO formation in power
station boilers, again for homogeneous combustion. Turbulent mixing and detailed
isothermal reaction kinetics were considered for assumed flame residence times.
Two main problems are invariably encountered in stirred reactor modelling,

these are:

a) The determination of a representative reactor sequence for a

particular combustor flowfield.

b) The incorporation of all chemical and physical processes within
each reactor. More specifically it is apparent that a rigorous

analysis of a heterogenecus WSR has not been available to date.

2.5(b) Continuum Models.

The second approach to combustor modelling does not attempt to subdivide the
flowfield into a series of finite zones but rather to deduce concentrations,
velocities and temperatures at every point throughout the flow, hence the term
continuum modelling. The analytical task then, is to solve the governing fluid
dynamic (Navier Stokes, 2.2/2.2(c)) equations for turbulent, chemically reacting
flows. Much useful work has been done in this field by Spalding et al (39) who
have developed a technique based on the assumption that the time dependent chara-
cter of turbulence may be ignored, this allows such flows to be treated in the same
way as laminar ones which have spatially dependent transport properties. The
differential equatiomnsto be solved are then rewritten in finite difference form
for a grid of points usually non-uniformly distributed throughout the flowfield,
values for velocity, temperature, etc. are computed at each point. Characteristi-
cally two-dimensional flows have been considered to date, these have been either
with or without recirculation, i.e. described by partial differential equations
which are mathematically parabolic or elliptic respectively. Three dimensional

flows are analytically considerably more complex and the modeliing of such flows
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has not been attempted to date. Since ﬁhe solutionrof'tw§—dimensional problems
by finite difference techniques requires very large amounts of computer storage
and processing time, it 1s extremely difficult to incorporate realistic chemical
reaction kinetics, as this would increase the number and complexity of governing
non-linear equations. Continuum modelling then is, at present, potentially more
applicable to predictions of the type iii), v) and vi) in Section 2.5 above, rather
than to the prediction of pollutant emission rates. A basic problem encountered

with this modelling technique concerns the grid size, which determines the number

of points in the flowfield at which the finite difference equations must be solved.
Clearly a minimum number in terms of adequate flow description (in relation to
turbulent eddy sizes) exists, at the same time an upper limit is imposed by the
available computer storage space and running time, so that an optimum must be

sought.

Anasoulis et al (102) succeeded in obtaining axisymmetric solutions of the time-
averaged Navier Stokes equations for two dimensional flow fields in which heterogeneous
effects were included. A simple equilibrium chemical kinetics scheme was employed
to characterise hydrocarbon oxidation whilst NO formation was rate-limited, to speed
calculations a simple turbulence model together with a field relaxation technique

was used. Predominantly aerodynamic predictions were presented, as would be

expected, and limited comparison with actual experimental results made.

Continuum modelling then is primarily a fluid dynamic research tool at present,
indeed it is also true that a considerable amount of time and effort is required to
become familiar with the many mathematical techniques employed in such models. In
the future however, one can envisage that continuum type models will provide
superior combustor predictions of all kinds when more sophisticated mathematical
methods and more powerful computers have been developed. The accurate description
of two phase, three dimensional aerodynamic effects, with combustion reaction

kinetics, should then be more feasible.




2.6 Summa

Hary
——

Ihe three ilmportant subjects of heterogencous combustion mechanism, air

pollution and mathematical modelling have then been introduced and interrelated

From this discussioa the following important points emerged:

)

2)

3)

4)

)

6)

The major variables influencing the processes of atomisation,

evaporation,mixing and chemical reaction were identified.
Techniques for suppressing pollutants emissions were reviewed.

The need for a mathematical model for predicting emissions of the

major pollutants from two phase combustors was emphasized.

Such a model should be of the chemical reactor type and include the
four processes mentioned in 1), reaction kinetics being the most

important.
No rigorous analysis of a heterogeneous WSR 1is available.

Much research work has been concentrated on the gas turbine, other

)

devices having received relatively little attention.
124 b
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CHAPTER 3.

THE BLUE FLAME HETEROGENEOUS COMBUSTOR

3.1 Introduction.

As emphasised in 2.4, 5 and 7 the gas turbine is the only heterogeneous, i.e.,
liquid fuelled, combustor type to have received any real attention in the way of
pollutant emissions suppression or modelling. Prompted by these observations a
low pollution combustor, of medium intensity and hence direct application to inter-
mediate sized boiler equipment, was designed to enable studies of emission perform—
ance optimisation to be carried out. To eliminate the formation of particulate
effluent this burner promoted blue flame combustion through the use of internal
recirculation of combustion products. Using these design principles a prototype
burner was constructed for actual laboratory testing; this Chapter describes the
burner and fully identifies the experimental and theoretical project aims in
relation to this device.

3.2 Design of the prototype Blue Flame Burner.

It was shown in 2.5(c) that recirculation of combustion products to the spray
formation region of a liquid fuelled combustor not only enhances flame stability
but is also responsible for the establishment of blue flame conditions in which
fuel/air ratios are controllable, i.e. , Droplet Wake Mode of combustion.

SjBgren has suggested that this is due to the oxygen dilution effect, which decreases
the critical velocity (2.2(b) ) to zero effectively (13). In order to derive blue
flame conditions a burner was designed, for operation at atmospheric pressures,
which featured a Coanda ejector device for the generation of a controlled amount

of recirculation. The design requirements for this device were:

1) good mixing between the hot recirculated combustion products and the fuel
spray and good subsequent mixing between this mixture and the feed air.
The former is required for the promotion of prevapourisation and pre-
mixing, plus flame stability, whilst high species mixing rates result
from the latter. Hence large turbulence dissipation rates are required,

so that maximum use of the inlet air pressure energy is made.




ii) a means of controlling the degree of internal recirculation.

iii) the device should be compact to enable easy accommodaticn into the

burner combustion chamber.

iv) physical robustness and capability of withstanding high temperatures.

Fig.3.1 shows a scaled longitudinal section through the prototype blue flame
burner, which was of tubular construction. The Coanda ejector consisted of a
narrow annular slit adjacent to a curved surface, the ejector throat, and was
positioned in the combustion chamber as shown in Fig.3.2(i). Alr is introduced
to the chamber via the coanda slit and is attached in the form of a jet layer to
the curved surface, attachment occurring by virtue of the Coanda effect. Since
there is a pressure drop across this layer (see Fig.3.2(ii)), the jet flow has a
finite entrainment appetite, this is satisfied by the internal recirculation of
combustion products around the periphery of the coanda unit, as shown in Fig.3.2(i).
The expected gaseous flow pattern in the remainder of the burner is also
illustrated in this diagram, as is the main flame zone. Fig.3.3 presents details
of the actual construction of the coanda unit, note that accurate machining of the
two principal components A and B was demanded. These two components were spaced
apart at a distance corresponding to the slit width S which was determined by the
thickness of the brass shim interposed between the two; as will be seen in 4.5
the slit width controls the ejector entrainment ratio and hence the internal
recirculation ratio. A and B were machined from mild steel and locked together
by three screws; the complete ejector was held in position by two brass bushes,
plus two mild steel spacing sleeves, Fig.3.l. Now there is a design criterion
for the actual attachment of the air jet to the curved surface, this is (90) that
the ratio of the curved surface radius to the slit width should be at least 25.
Air was fed to the ejector unit from the air manifold formed by the burner head-

plate, tailplate and inner/outer casings; note also that a small "reservoir"
exists behind the slit for cooling purposes plus the damping of inlet air pressure
fluctuations.

Fuel was injected into the combustion chamber by mcans of a simple pressure

i
jet atomiser, nominally 0.05 gal/hr(psi)® Flow Number (0.6 gal/hr at Le = 160 psi),
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which is shown in detail in Fig.3.4. The atomiser was of relatively low fuel
throughput but was used so that good atomisation, i.e. a relatively fine initial
size distribution, would be achieved. Its spray angle was only 450, this minimised
the undesired impingement of the spray onto metal surfaces. The atomiser was
mounted on the end of a water-cooled copper fuel gun so that it would not overheat,
in addition a sintered bronze fuel filter was used as a blockage-preventing
precaution. The atomiser seated onto an annealed copper washer, Fig.3.4. The
resulting fuel spray is first mixed with combustion products, to prepare it for
ignition, and then progressively with feed air through the coanda ejector throat.
In this way blue flame conditions plus a degree of prevaporisation and premixing
(2.5(¢)), prior to the :iain reaction zone downstream of the ejector, are both
obtained.

It can be appreciated, from Fig.3.1, that the feed air is preheated in its
passage through the air manifold, this again promotes rapid vapourisation of the
fuel spray. The most important feature of the burner is the ability to control
the overall flame fuel/air distributions and hence mean flame temperatures, due to
the design requirement of Wake Mode droplet combustion.

Except where previously described the burner was constructed throughout
of mild steel since a very large prototype lifetime was not essential. As
detailed in Fig.3.1, the larger sections of the burner were fastened together by

means of ;' BSW nuts and bolts, thin asbestos sealing gaskets being interposed
between each section.

3.3 A Two Stage Combustor Configuration for Minimal Emission of Pollutants.

The blue flame burner unit described in 3.2 is intended to form the first
stage of a 2 stage combustor configuration for liquid fuels which is potentially
capable of minimal emission of all major pollutant species. It should be possible
to operate this first stage fuel-rich, as explained in 3.2, so that prevailing
temperatures in this unit could be substantially reduced, without the usual
formation of soots, due to the blue flame operation. Since NOX formation is so
strongly dependeut on peak temperature, see 2.5(a), the emissions of this pollutant

species from the first stage should be low. SOx should be similarly controlled

_58_




""" et ——— e o v rv——— - -~ — - "

because it is predominantly sensitive to local oxygen concentration. Combustion :

is then completed in the second stage with secondary air where the CO and UHC,

evolved as a result of the first stage fuel-rich operation, are burned off. Inter-
mediate heat removal between the two stages is employed to reduce the second stage
flame temperature to levels where further Nox formation is small. Emissions of

all the major pollutant species from the 2 stage combustor should then be supp- {
ressed, provided that complete combustion of UHC's etc. is obtainable in the second
stage. As explained in 2.5(c) the 2 stage combustion idea is certainly not new,

although the concept of using a blue flame burner for the first stage perhaps is.

The 2 stage combustor described above is illustrated schematically in Fig.3.5, it ;
is anticipated that control of the 2 stage device could be effected by means of
a peak-seeking control system with an infra red detector on the second stage to
sense overall stoichiometric operation.

This project focusses its attention upon the blue flame burner, i.e., the

first stage unit, since the characteristics of this device largely control the
overall combustor performance with respect to pollutant formation. The succeeding
stages of heat removal and final burnout are considered to be relatively conventional
operations and to require less attention at present.

3.4 Modelling of the Blue Flame Burner (BFB).

The value of an analytical model for predicting the emission performance of
heterogeneous combustors was clearly demonstrated in section 2.6. For the actual
opfimisution of the BFB emission performance it was therefore decided to develop
such a mathematical model. The model was required to be applicable to this
particular combustor, but to proceed preferably along general lines to enable
application to other liquid fuelled combustor types.

The prediction of soot formation for the BFB is conveniently not required by
definition. As mentioned in 2.2.(d) the reaction kinetics for CO and NOx formation
are reasonably well known, hence a primary requirement of the model was that it
should be capable of prediction of these two species; since the emission index of
each of these species frequently vary in a conflicting manner (2.5(a)), this should

provide a good test for the model. The redaction kinetics describing S0, tormation
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are not widely agreed upon, so that the burner was run on kerosine since this k.

fuel is usually relatively sulphur-free.

The BFB should also be a convenient device to model since its expected flow
pattern, 3.2, is relatively simple; this is certainly true when compared with
that of a gas turbine, 2.4(a). The BFB flow pattern in fact is largely two-

; dimensional.

As concluded in 2.7, a WSR submodel in which evaporation, turbulent mixing and
complex reaction kinetics are all incorporated is required. The stirred reactor
network should also include internal recirculation effects, hence a submodel for
the coanda ejector unit entrainment parameter 1s needed.

3.5 Experimnental Measurements Required.

Kerosine, then, has been selected as a test fuel for the BFB due to modelling
considerations, use of this fuel has a second advantage in that it can be atomised
extremely efficiently, this being due to its favourable physical properties.

Hence sprays of relatively fine initial size distribution should be produced by the
pressure jet atomiser, this is desirable from a blue flame combustion standpoint

due to superior evaporation rates plus lower extinction velocities, 2.2(b).

Testing of the prototype burner, with kerosine as the fuel, is hence required in
order to ascertain practical blue flame operating limits; in addition, the

i necessary air pressure drop to drive the burner needs determining. Clearly the
prototype should also be test-run on lower grade fuels.

In order to test the emission performance of the BFB it was decided to

measure the composition of its exit flow with respect to CO and NOX over a range
of operating conditions. It would then be possible to directly compare the experi-
mentally-determined values for emission of these two major pollutant species, with
the corresponding predictions of the mathematical model for these species. This
type of critical comparison is considered to be essential to the development of
realistic models.

A second type of experimental measurement is clearl; neccssitated, this being
that of wodel input information. Firstly, the burner flow pattern tequires

detalled experimental investigation, so that the suitable stirred reactor network




can be confirmed for this flowfield.  Further to this it is apparent that any
measurements which could assist the characterisation of flowfield turbulent mixing
rates would be extremely valuable, 2.2(c), this would certainly aid the selection
of reactor types (i.e. WSR or PFR) needed throughout the network. Secondly the
entrainment characteristic of the Coanda ejector unit, and hence the combustor
internal recirculation characteristic, requires actual measurement. Also the
atomiser fuel mass flow/injection pressure calibration requires determination.
The other important atomiser characteristic to be measured, for a range of operating
conditions, is the initial droplet size distribution produced.
3.6 Summary.

1M A blue flame burner (BFB) has been designed and constructed.

2. The BFB is intended to form the first stage of a 2 stage heat
release combustor which is potentially capable of minimal emission

of all major pollutant species.

3. The BFB stage forms the subject of this study since the charact-
eristics of this device largely control the overall emission

performance of the 2 stage configuration.

4. It is proposed to develop a mathematical model, of the chemical
reactor type, for this burner. Primary predictions required are

BFB CO and NOx emissions.

e The experimental characterisation of BFB exit flow composition,

with respect to CO and NO_, is required.
6. It is intended to compare the results of 4. and 5.

7. Various additional experimental measurements are required as model input

information, these have been identified.

Project objectives have thus been defined more fully.




CHAPTER 4.

THEORY.

4.1 Introduction.

This Chapter presents the basic stirred reactor theory which, as outlined in
2.6(b) and 3.4, is required for the construction of a mathematical model of any
heterogeneous combustor to enable the prediction of pollutant emission performance.
Whilst this analysis, given in 4.2, is of completely general application, the
succeeding analyses for the blue flame burner (BFB) spray atomisation and evapor-
ation processes are unavoidably more specific, 4.3 and 4.4 respectively. In i1

addition, a simple model for the coanda ejector entrainment performance is given

4.5, this enables the prediction of burner internal recirculation levels to be made. d

4.2 Heterogeneous Well Stirred Reactor Analysis.

In the WSR analysis the liquid phase is considered as being present in the
reactor in the form cf a spray of fuel droplets, around which the bulk gaseous phase
coexists. Contrary to usual practice the volume of the reactor occupied by the
liquid phase is assumed to be finite even though it is small due to relative densities.

This allows the development of a more rigorous analysis which is capable of general

application, and in particular to the case cf a heterogeneous combustor primary WSR,
in which very dense fuel sprays may be present. It should be appreciated that for
most reactors the ratio of gaseous phase to liquid phase volume is very high indeed.
Although the three processes o evaporation, mixing and chemical reaction
usually proceed more or less simultaneously in any combustor, 2.2, it is convenient
to formulate the analysis so that they are considered to occu= in any STEADY STATE
reactor in series, which ccems reasonable physically. This starting point enables

the evaluation ol reactox pasecus phase specins concentrations after the evaporation

ind mixing processes, these "Intermediate Concentrations' then effectively define
homogencous 'feecd' tn the chemical reaction process, i.e. PSR type calculations.
bustion scheme is chown in Table IV below, the oxidant being assumed to
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TABLE IV. WSR COMBUSTION SCHEME

(1) Liquid fuel -+ Evaporated fuel (unmixed) EVAPORATION
(2) Evaporated fuel (unmixed) —+ Evaporated fuel (mixed) }

Oxygen (unmixed) + Oxygen (mixed) % MIXING

Nitrogen (unmixed) + Nitrogen (mixed) }
(3) Evaporated fuel /mixed)

+
Oxygen (mixed) CHEMICAL
REACTION

Oxygen (mixed)

}
}
}
}
} =+ Combustion products
}
}
* }
}

Nitrogen (mixed)

to consist of oxygen and nitrogen i.e., air. It is important to consider the
mixing between these two components of air since NOx pollutant predictions are
required; the intimate mixing of the oxygen and vapourised fuel species on a mole-
cular scale is a prerequisite of eombustion.

The feedstream to, or product stream from, any reactor is assumed to be
composed of any or all of the eight general species in the above scheme - with only
fuel existing in the liquid phase. This is important as the analysis then becomes
completely general, enabling application to any reactor in a particular network.
Fig.4.1 shows the composition of the general two phase steady state reactor, note
that the liquid phase is drawn coalesced in the interests of simplicity. Transfer

from the liquid phase to the gaseous phase is provided by a mean fuel evaporation

rate ﬁE; the rest of the variables to be used are fully explained in the Nomenclature
The analysis also assumes that the product stream conditions are identical with those |
in the reactor and that the mean residence time of each phase in the reactor is the
same. The latter assumption 1s theoreticallv incompatible with the existence of

a relative velocity between the bulk gases and the fuel droplets, although it greatly
simplifies both the VSR analvsis and the calculaticn of fuel distribution around
any particular reacter network. This assumntion is employed as a first approxi-

mation in this study but a refinement could be made to incorporate unequal phase

residence time effects.




The other assumption made is:

Rate of formation of mixed fluid = (mass of unmixed fluid)/TD,

this rate being considered to be the same for each of the three species

in (2)

listed in Table IV. T_ is the characteristic turbulence dissipation time, which

D

may be shown (2.2(c)), to be related to the system geometry and operating

conditions.

Total reactor mass = m + € o el atelatieiate
. m €
. . Total reactor volume = — 4+ — =V +V = V
pG pL G L

The reactor mean residence time is defined using exit conditions, since

are representative of reactor conditions, as:
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where,
ey = TS/TD = unmixedness parameter (2.2(c)).

For given T FE and feed conditions then, (4.9) and (2.22) define the proportion

sSD?
of the steady state reactor gaseous phase which is unmixed (final reactor value),
in practice this will be small for all but inefficient reactors.

Composition of feed stream for fuel vapour reactant:
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Similarly for feed stream oxygen, nitrogen and also for any other general

combustion species (subscript cs and only existing in the nmired gaseous phase):
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Analogously the reactor composition may be expressed:
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[NB (i) the superscript * denotes intermediate values i.e. before chemical

reaction.

(Gi) o', + w' + ' we. + w + W = 1]
£ 02 N2 i 02 N2

Unmixed fuel vapour mass balance.
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Unmixed oxygen mass balance.
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Mixed fuel vapour mass balance.
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General combustion (non

reactant) species mass balance.
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dt

Equations (4.22,24,26,28) thus define the required homogeneous feed prior

to chemical reaction.

A - For ¢u' =

i.e. a feed of
T

YBZ

*
¥ cs

ﬁl1(1-¢u')Y'cs _ ﬁ2(1_¢u)ch*

(1-B)(1-¢u')(1+tSD)Y'cs

(1-8) (=6 ") + tgp

unmixed reactants only.

[}

or 3

Having defined the 'intermediate' composition of the gasecus phase, i.e.
after the evoporation and mixing processes, twvo further balances can be made

in order to characterise the reactor gaseous phase final corposition, i.e. after

(1-Rlug' + 8
(1’6)0)0 ! and
2
0
o Tg > 0
TD >
¢ T > o
TD + 0

the final chemical rcaction process.

Examining these:

*
Y'N

(1‘B)wN ;
2

(1'B)Cf' * B

(I'B)C' s
O2

(1-8)C',
lV?-

- 1
(1-B)C o8

Thece balances are thea familiar rate-




limited PSR governing equations, in modified form, although again for steady

state. During the chemical reaction process the mixed gaseous phase concentrations
Y* change to give the final values y; the unmixed gaseous phase concentrations w
naturally are unaltered although these species do contribute to the mean gaseous
physical properties of i) enthalpy, 1i) specific heat, 1ii) density and iv) molecular
weight.

Chemical reaction, mixed species mass balance.

(O -y €L~ 8 ) + B = 0 (4.29)

for i = 1, MT . MT = Total number of mixed gaseous species.

Chemical reaction, gaseous phase energy balance.

MT NT
mz » .,
SRR vk h*x. - = TG SO %, = = ¥
Po VW, WL ke e g (%= Rodg, =4y, . (R.30)
i=] 1=MT+1
ﬁL = 0 for adiabatic operation.
The species chemical kinetic production/destruction rate is:
NR
p. = Coal =G (B, = By v e v s 4.31
P; Z; ( i 1J)( 4 J) ( )
J=1

Now the forward and backward (respectively) reaction rates are related to the

reactor gaseous phase (mixed) species concentrations by the expressions:

LA 5. .
QC 1]
= ] . -
FJ ijJ wi (1 ¢u)Yi) R (4.32)
i=L
MT
— «<, .
o ol H
= ' — (1- ; I .
B biX, ™ (wi (1-¢.)Y;) (4.33)
1=1
where X. is a third bodr in a dissociation reaction:
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Yi
ij \ (1 ¢u) wi > ........ nr (4.34)
i=1
The forward reaction rate constants are defined as:
n.
£, = AT J exp (-Ej/RTZ) (4.35)
= The backward reaction rate constants are simultaneously fixed by means of the
[ reaction equilibrium constants:
] N
b. = f.K.
J

=
(]
]
—
—
~
o
[ N
(S
|
R
-
(o
~

......

Rt (4.36)
....... 2 (4.37)
;
P
K. = exp (-AF./RT aleiie 4.38
5 p (-0F,/RT,) (4.38)
MT
| o
Sl >_: o el (4.39)
=
The systen of equations is completed with the equation of state:
= NT
R' — 'Yi \—-\ b)i
P = ——— = 1 \ = et ] SEIRC
; Pe W Tz = PR Ty ) (A=) 5o + o RT, / (6§ »eevne (540
. i 1 ] 1
b i=t 1=MT+1
: Now the thermal preperties of each species are described by means of the general
polynomials:
- o 3 4
CP/R = ap +a,T & a31 + aéT + aST ...... g (4.41)
a a a a a
Rl 4 3 5 4 6
- -= —= ol (e S . 5
HI/RT a; + -3 I 3 O g 1t T - (4.42)
a a a a a
= I TR o e W S R s L T G
FT/RT— al(l 1nT) 5 i 3 3t 5 T 50 T + 7 3y ceenen (4.43)
, the coefficients for a large range cf species are presented by McBride et al (110),
1 a,.9 for ecch species heing given for each of the two tempera™ "2 ranges
| be e

ceong phase composiftion h

b
300-+1000K

ot
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final overall concentrat
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Ce = g * (= ¢u)°1rf Ao (4.44)
6. = $a + Q=6 Ll e (4.45)
0, u’o, u’'o,
O RTINS (R TSR S R (4.46)
N2 u N2 u N2
C.. ™ 1 - ¢u)ch ......... ; (4.47)

The complete system of equations(4.l»47) characterises the general heterogeneous
partially stirred reactor, WSR, for steady state operation. Application is readily
extended to the homogeneous case by specifying:

é1
% =V

4.2(a) WSR Solution Technique.

Equations (4.1-47) constitute a highly non linear set of equations, due very
largely to the exponential dependence of chemical reaction rates upon temperature,
(4.35,38). In addition FE is a complex function of temperature T2 and staytime Tgs
as will be shown in 4.4. Hence the WSR governing equations have to be solved
iteratively, as Fig.4.2 illustrates. This technique is based on the numerical
method of PSR solution developed by Osgerby (115), in which a Newton Raphson
correction procedure is employed to converge on the PSR system solution, from an

initial guess. Before this WSR solution technique can be used it is necessary to

supply a reaction kinetic scheme, rate data, thermodynamic data plus the prevailing

feed conditions. Fig.4.2 also shows the initialisation steps required by the
technique, note also that an equilibrium composition calculation constitutes the
initial guess. Details of the equilibrium calculation are given in Appendix E.

An inherent advantage of the WSR formulaticn presented above, 4.2, is that the
already developed Newton Raphson mathematical procedure of Osgerby can be
incorporated, after a certain amount of modification which is outlined in Chapter 7.

Further details of th~ actnal Newton Raphson procecdure are given in Reference (115).




4.2(b) PFR Formulation. ‘

As described in 2.5(a) a PFR may be reasonably approximated by a series of

10 WSRs in order to simulate the characteristic burnout produced by this type of

reactor. The first WSR "subvolume'" may be solved using the iteration technique
just described whilst the second and subsequent subvolumes may be solved in the same

J way but with a modified initial guess. The new initial guess is provided by a

linear extrapolation for T and Y5 from the previous subvolume converged values.

4.3 Pressure Jet Atomiser Characteristics. !

As explained in 2.2(a), Bowen and Joyce (6) obtained a set of empirical
correlations for describing the Rosin Rammler Initial Size Distribution (ISD)
characteristic for any given pressure jet atomiser and injection pressure Pf.

A modified version of these correlations was employed for the prediction of atomiser
ISD in the blue flame burrer mathematical model.

Using the same notaticn as in 2.2(a) :

. K
5 > (0.3358 - 0.02427 F) (4.48)
r :
log , k = 2.7008 + 0.2162 F (4.49)
T L < (4.50)
- (0.3712 - 0.02589 1) .

iE | L

As discussed in Chapter 7 the values of X predicted by (4.48) did not correspond to

the experimentally determined, (5.7), value. The value of the ratio (;/SMD) as
43 predicted by(4.48-50) did correspond to the experimentally-deduced value however.
In view of this, the above correlations were adjusted so that they predicted the

measured Rosin Rammler parameters (superscripted variables):

x" = x (0.6119 -~ 0.011 P.) )
) SRR (4.51)
- SMD" = SMD(0.6119 - 0.0C11 P.) )
Now, the Rosin Tammler cxscnent is given by the equation:
- = ’ o Oy i
= =fe = I(1=1/n) = =Dl L, (4.52)

SHo" (340 ; i (l—if/n)
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since the Gamma Function I'(z), which is defined mathematically;

©

I'(z) / e e (4.53)

o

has the following recurrence relation:
I'(z+l) = 2zI'(z) = =z! (z > 0) T e (el e (4.54)

Now, for the following range of z and hence n, the Gamma Function may be conveniently

fitted by the polynomial:

I'(z+l) =1 + az +a,z + ayz +taz + asz o Relote e T (4.55)
al = - 0.5749
82 = 0.9512
as = - 0.6999
a, = 0.4246
4+
a = - 0.1011

>

for z = (1 - 1/m) and 0< =z <1 1.8% nz1

the polynomial being obtained from Hastings (118). For given x", SMD" then,
equation (4.52) may be iteratively solved for n.

Before the above correlations can be used it is first necessary to know F as
f(Pf) as accurately as possible for the BEFB atomiser, the experimental determination
of this function is fully covered in (5.6).

Fig. 4.3 shows the ISD characteristic for this atomiser which is predicted
using equations (4.48-55); the volume fracticn of the spray in each of 20 size
intervals of 12u is given for a range of fuel injectien pressures. Thus the size
distribution of the fuel spray generated by the burner atomiser can be directly
computed and used as input to the evaporaticn calculations.

4.3(a) Spray Initial Mean Velocity.

Equation (2.9) mav be uced to calculate V (o), the spray initial mean velocity,

for a pressure iet atericor providing that C_ the cocfficient of discharge at any

P. is knowmn. Trpler (119) mads a series of

measurenents of Cv for a range of

these atomisers with various orifice diameters s Fig.b4.4. Now d0 for the blue
C




flame burner atomiser is 0.008 inches, i.e. outside the range of Tipler's data,

as Fig.4.4 shows this data was extrapolated (by means of a crossplot) to this value of

do. The extrapolated curve was fitted by the simple expression:

1
Cv = 0.0564 + 0.0117 sz + 0.00312 Pf sla Lielalaiyle nta (4.56)

(O g Pf < 200 psig)
For kerosine fuel of density 790 kg/mB, equation (2.9) becomes:

V (o) = 4.179 C_(P )£

s v f
Now the cone angle of the atomiser is 45°, as illustrated in Fig.4.5, so that the
mean droplet trajectory angle 0 is equal to 1125, Hence the final expression
for Vs(o):
1 1
= G 56 = 4.09 et .

Vs(o) 4,179 Cv(Pf) cos § 4.008 Cv(Pf) (4.57)
Hence for any Pf the corresponding V_(o) is readily computed for use in the time
dependent evaporation calculations. The actual atomisation process is assumed to
be instantaneous.

/,

4.4 Evaporation Theory.

The basic requirement of any theory which attempts to describe the evaporation
rate of a multisize fuel spray is for an expression which describes the evaporation
rate of a droplet of given diameter. Virtually all the exprecssions proposed to
date have been for the Diffusion Mode rather than the Wake Mode of droplet
combustion.

Probert (18) was the first investigator to assume that the cvaporation rate
ﬁE is proportional to drcplet diameter, te derived the well known d2 law which has
been widely employed in corbustion models for monosize sprays and frequently
validated experimentally, e.g. (19). Many of the droplet coubustion models that
have been formulated to date have been based on the spherico-symmetric approach
for steady state iscbaric conditions and single component spherical fuel droplets,
these models have been reviewed by Williams (20). Fig.4.6 illustrates the
gascous/liquid phaose transfer processes considered in such an approach. The
droplet evepovates 2ad acts as a source of vanour, since the oxidant and fuel are

initially separate the fuecl vapcur and oxidant burn in a molecular diffusion-




controlled flame surrounding the vapour film. Heat is transferred by conduction
from the flame zone to the droplet to provide the latent heat of vapourisation of
the fuel droplet. The following simplifying assumptions are usually made:

i) exothermic chemical reaction between the fuel vapour and oxidant
occurs in the flame zone, where they combine in stoichiometric

proportions.

ii) chemical reaction occurs instantaneously so that the flame zone 1is
infinitely thin, the partial pressures cof both fuel vapour and

oxidant are zero at this point.

iii) chemical reaction proceeds to completion, so that it requires no

activation energy.
iv) the droplet temperature is uniform and equal to the fuel boiling point.

v) radiation and thermal diffusion effects are negligible.

vi) the Lewis number is unity.

Godsave (21) obtained an expression for mE which was a function of flame radius,
this suffers the drawback that this radius is extremely difficult to estimate since,
as has already been demonstrated (Fig.2.5), the reaction zone distorts under the
smallest relative velocity - even without taking turbulence effects into account.
Other examples of solutions to the spherico-symmetric model governing mass and energy
balances are provided in references (22-26). All of these are naturally applicable
to the diffusion mode of droplet combustion and all assume constant transport prop-
erties in order to simplify the derived expressions for practical use. The latter
is a drastic assumption since transport properties are a strong function of both
chemical composition and temnerature.

More sophisticated analyses of evaporation effects have benn developed with
varying degrees of success, for a review of these see Williams (20).

For the WSR mecdel and blue flame conditions, i.e. droplet wale mode of
combustion, an expression for droplet evaporation rate only is required since the
burning process, which ic intagral to the spherico~symmatric type model, is
described by separate rcaction kinetics. The vepourised fuel in the wake mode
of combustion is considered to mix and subsequently react with oxidant downstream

rom the droplet of origin, as diccussed in 2.2(h).
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4.4(a) Blue Flame Combustion, Evaporation Rate Expression. l

Now in the general spherico-symmetric evaporation model of Wise et al (120) the

following equation for static evaporation rate hE is derived:

Y < Y 3
4TA_ T (0 S L (e 0,
. B'L 2? B =L 2
mE=—C———1n[% (L#—gm) === G 6T =TI 4y I (4.58)
B B
C,eD Co P Do A
B B B B
BhieEe, ey gt R e
A B A

Instead of making the common assumption of constant thermal properties it is now

assumed that, for blue flame conditions, the ratio of Y, /i is very small. This
2’

is justified by the fact that the gaseous oxygen concentration is sma. anyway under

0

these conditions, 2.2(b) and 2.5(c), also by the fact that the stoichiometric

oxidant/fuel ratio for kerosine is about 1l4. Hence (4.58) becomes:

4T @
: AR )5 a__38 gL "
e CB e [L 18 (c +TL Tm):l
B
4TA_ T
= —‘B—L 1n [1 + B :l (4.59)
C ev
B
CB
where, B = — (T _-T.) = Evaporation transfer number for blue flame
ev L o I

conditions.
The evaporation expression (4.59) is realistically independent of either oxygen
r concentration or stoichiometric mixture ratio, the expression reflects the observation
that evaporation is a heat transfer controlled process.

The region B properties of specific heat C_ and thermal couductivity AB are ‘

B

considered to be apprcximately those of nitrogen, and to be funcztions of temperature.

Specific heat C, as a f(T) is easily calculated by means of the polynomial (4.41),

B

the appropriate coefficients being obtained from McBride (110). The thermal

conductivity A, may be described by the modified Eucken method duc to Misic and

B

Thodos (121), which emplovs critical properties:

Elis 2 CTIT ) = )




Inserting nitrogen properties gives:

/3

R R P cy(r - 44.67)>

W
B E L ) (4'60)

Both these thermal properties were evaluated at the mean of droplet (B.Pt) and
ambient gas temperature.

4.4(b) Droplet Dynamics Effects

Up to this point evaporation rates under stagnant conditions only have
been considered, however since in all practical heterogeneous combustors a relative
velocity between the two phases always exists, it is necessary to include droplet
dynamics and forced convection effects. The normal method of describing the
increase in evaporation rate which accompanies forced convection is to apply

an empirical correlation of the type first postulated by FrBssling (31):

c . b c
= l] +#aRe Pr D60 00 O 4.61
D F o ( ) (4.61)
where; a, b and c are constants of generally assumed (26) values 0.276, 3 and %
respectively; the subscript F denotes forced convecticn conditions. Inserting

typical values for Pr (26), equation (4.61) becomes:
. . 1
B p = @ (1+0.244 Re®) (4.62)
’

As mentioned in 2.2(b) viscous drag forces cause either acceleration or

retardation of droplets whenever V_ _(t) # O, hence the Reynolds number, which is

Rel
defined:

Re. = ~—rBi L G (4.63)

is also a function of time. Now droplet dynamics depend on gaseous phase and
droplet phase physical properties, as well as combustor flow pattern and the droplet
drag coefficient CD. It is conventional (15,20) to comparec the drag cocfficient

of evaporating droplets with those ¢f smooth inert sphares, although the former is a
small amount less than the latter. Fig.t4.7 presents reasuved data due to Rosenhead
(33) for C. oo £(P2), aleco plotted ere Stcles’ lov and the following correlation

due toc Zahm:

Cn PR g (4.64)

T A




which fits the data reasonablv successfully. In order to incorporate drag
cffects an expression is required for the acceleration experienced Ly an individual

droplet. Vincent (26) derived such an expression:

2
dvRel - 3 CD pG VRel
— = g A P ) (4.65)
i I

In general it can be appreciated that forced convection is more significant for
irger drops whose Re i1s initially high, and as discussed in 2.2(b), tends to remain

high. The relative velocity is defined:

L lVG(t) —vs(t)l (4.66)

For a discussion of the effects of natural convection and turbulence on
evaporation rates refer to (20,16) respectively.

4.4(c)  Evaporation Timestep Calculation Technique.

In order to calculate fuel evaporation rates under typical conditions- in the
blue flame burner a timestep technique was devised (similar to that described by
Vincent (26) ) in which cne dimensional flow is assumad. Initial atomiser relative
velocities and the ISD were computed using the above equations, drag forces etc. were
recalculated after each time increment. 21 spray size intervals, each of which
were represented by the interval mean diameter, were considered and the complete
timestep procedure is given in the flowchart Fig.4.8. A comput~nr program was
written to handle these calculations, this was modified to enable incorporation in
the BFB model, and is fully described in Chapter 7. This Chapter also presents a
separate set of evaporation characteristics for the blue flame turner that were
obtained using this timestep technique.

4.4(d) WSR Mcan Eviooration Rates.

The WSR analysis presented in 4.2 requires an expression f~= FE, the reactor
mean evaporation rate, which defines the rate of mass transfer frcm the liquid to the
gasccus phase. Now as Fig.4.9 shows, the percentage of the fuel spray remaining
unevaporated PU at anv elanscd time t decreases v!ﬂ‘]inonr1",it follows that the

evaporation rate of the sprav is not constant throuphout any particular WSR in which
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fuel droplets exist. Hence a means of estimating the mean evaporation rate is
required. Now it can be shown, Poll (2), that although it is not strictly
permissible to analyse any process occurring within a stirred reactor in a non-
integral manner, a separate PHASE may in fact be so treated. Thus the evaporation
process is envisaged as proceeding in a plug flow "sub reactor", surrounded by the
stirred reacting (gaseous) phase. In this way the spray mean evaporation rate may
be estimated by calculating the total fuel evaporated for the elapsed time in the WSR,
and dividing this quantity by the stay time L It should be emphasised that this
forms only one of the possible approaches.

Now PU(t) can be evaluated by means of the timestep technique described in
4.4(c) above, it is also assumed that all of the fuel spray remains in the reactor
for the stay time T, as required by the WSR analysis. Again, it should be
emphasised that it is possible to modify the enalysis to incorporate more realistic
differential phase stay times.

Consider time t showvm in Fig.4.9:

Amount evaporated during time increment At at elapsed time t
= area of shaded region
r At .
= i j_(lOO - PU(t-At)) + (100 - I’U(t))] 100 "FurL (4.67)

a Total fuel evaporated in reactor 2

t +1

L s =
r D) - £ i 1 ‘ -f\..‘t- n
= Z/ % } 200 PU(t At) PU(L) Jl 105 ITI.ITL cous oSS (4.68)

=t
5 £

Hence the required rmecn evaporation rate for rea-tor J:

FE = YT/TS cesestenne (4.69)

&5 Internal Recirculation Model.

Clearly a theoretical model is required for the precdiction of the degree of

internal recirculation generated in the BFB by the Coanda ejcctor device, plus

V.(0) the initial gasoron phase mean flow veleoeitv in the sproy formation region.

New as deseribed in 3.2 the fluid flow th:rough tha Coanda vnis is strictly three
ional ead highly tuibvlent, 1.e.. 0f a coonlex natvro I'n rigorous

theoretical trecatmss  oveh o a flovficld 1s oveilable to date, rocsibly the nearcst

attermt was that of lMea c=d Tas (122) vho coasidarad tivo dirnsicnal curved wall
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jet flow. The governing equations were found to be very nonlinear and highly
complex. Hence the theoretical treatment of the Coanda flow was limited to the
simpler momentum exchange type analysis.

Fig.4.10 illustrates the two dimensional Coanda geometry and the nomenclature
to be used, the two dimensional idealised flows are also shown. The theoretical
model for steady state ejector operation is due to Swithenbank (38) and is presented
here.

Ejector mass balance.

o Jf VA ¢ oV - po.[ van, = 0 Sl (4.70)

To simplify the analysis constant area mixing is assumed, . . A, = A

Ejector momentum balance.

P2 2 _ [ R
p; | V,Saa + pjvj A b, |V Sda = (P -P)dA .......... (4.71)

J J ¢

By the Bernoulli relatiocn:

2
= = 1
(P -P) v e e (4.72)
Hence (4.71) may be reexpressed:
:
P [ o
Vj = L_E;Zg. (po |V fda - i oo | ¥ da) elatelatershilotsls (4.73)

The skewness factor A may be defined as (38):

/
DZ/A V2 dA

Fog
r Vo(r)r dr
8 e e RS (4.74)
/0 N
?/ " V() r )

for flou through a cirerlar cress section of radins r in which a velocity profile

\

V(r) cuists. Tha shkevness factor is a measuze of the flcw nea uniformity or

€
9 7

departure from a flat profile. for which it has the value of unity.
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Hence (4.73) becomési

¥ X i, 2
R I N = S = ] (4.75)
J o Pt NPy e

A mass entrainment ratio ¥ is now defined:

ﬁo ﬁo ﬁi + ﬁj
W = -ﬁl—— = -V—Ta—j— = T ses s e s e (4-76)
j +.9 j

Now for perfect mixing, the following relation can be deduced (38):

m. . p.
Poraty i RTINS
po = ‘ Dj + = Di pil m (O. 1) + 1:] el e ie s (4.77)
s B = x

20, A 1
i é
p. A.
v = ol —d (46.78)
\ : 1.2
£ A, (1~ fﬂ
i B — - i
;,l(—-l—1)+1‘\

where n is an efficiency factor which relates the theoretical entrainment ratio to a
corresponding measured cquantity, the estimation of this parameter for the BFB Coanda
unit is described in 7.2(a). For isothermal (non-combusting) flow, constant density

prevails so that (4.78) may be reduced to:

24 Y
{ A. 3
w = n ! 'L 2 > esc e s e e cen (4-79)
N2 Ao ~ Ai (1 - 1/¥)

which is of quadratic form. However for the combustion case e-vition (4.78) is not

so simple and has to be solved iteratively. The entrainment ratio of the ejector

then is a function of arca and density ratios, plus the inlet ard exit skewness factors.
Due to the high velocity air jeot the inlet skewness factor would te expected to depart
from unity, the exit plane skewness would be cxpectcd to be related to the turbulent

mixing rate and the Coanda thrcat length, but not so stronglyv. Fig.4.11 depicts the

variation of v with area rotio for variouvs valwas of the skovmess factors, n 1s assumed
tn WA 1A o7,

The level of internal recirculation P, . geonerated by the Coanda ejector may
now be definel, again on a rass basis:
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R. = 3 . wea-H 3 (4.80)
int o v

The ipitial mean gaseous phase flow velocity VG(O) may be approximated as being

that paseous velocity which exists at the Coanda unmit inlet plane:

4 o .
VG(O) sy s 5 (v l)Dij os o sisleiae

1
Py T 9

(4.81)
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CHAPTER 5.

EXPERIMENTAL MEASUREMENTS.

5.1 Introduction.

This Chapter is concerned with the acquisition of the experimental data which,
as outlined in Chapter 3, was necessary for model input and actual characterisation
of the blue flame burner.

The experimental system was housed in a laboratory located at the University
of Sheffield research site, Harpur Hill, Buxton. Mean atmospheric pressure at
this laboratory was about 730 mm Hg.

5.2 Burner Facility and Operation.

Plate 1 depicts a front view of the overall burner facility, the burner exit
is rigged with a sampling ctage unit which is equipped with thermocouple, pitot
and gas sampling probes. The construction of the burner itself has been described
in Chapter 3; as Plate 2 shows it was rigidly mounted in a horizontal position
by means of a stand. A fume ejector, which is not visible in either of these
photographs, was also assembled to the rig for the purpose of rapidly removing the
hot burner exit flow frem the building. The ejector was cof the 0.22 m Olin
Matheson Coanda type and was driven by the main air supply system, Fig.5.1. A Reavell
rotary compressor driven by a 67.5 kW electric motor was used to derive the main air
supply, up to 0.3 kg/s of air at 250 kN/m2 gauge pressure was available. The
compressor was lubriczated under pressure and cooled by a cort’nuous flow of cold
mains water. The air was passed througi: a § m3 receiver ve ol which removed any
compressor cil from the air, it also rem ved any low frequency pressure fluctuations.
Before reaching the burner or fume ejector the air was passcd thiough a filter to

remove anv rcemaining oil drops or condensation which may have occurred in the

supply lines. Lftnr pacsing through a centrol valve the air volumetric flowrate,
1 # GO 148 /ems I S - P Eed =Rl A WACamakaws 1S hwn 0 ~

about €CO lit/nmin maznimum, vwos moasuted w0 a rotamater (calibrated at 15 C,

760 o V') befo=e eatering tha burrer air panifold, A marcury mancmeter monitored
the air precsnre in this mmifold,




Fig.5.2 illustrates the fuel supply svstem, throughout the majority of

experimental runs kerosine was used as the fuel although some tests were performed

using a light residual fuel oil, 5.3. Kerosine was supplied from a pressure

vessel (approximately internal volume 0.11 m3) which was pressurised to 180 psig

using nitrogen, the maximum atomiser fuel injection pressure was 160 psig. After

passing through a filter to remove physical impurities the kerosine flowed, via a

needle valve, to the actual water cooled copper fuel gun and thence to the pressure

jet atomiser. The needle valve regulated the kerosine injection pressure, which

was registered on a Bourdon pressure gauge whose calibration was checked with a

Budenberg dead weight tester.

The blue flame recirculating burner was "warmed up' using gaseous propane as

a fuel, this was injected into the Coanda unit throat by means of an ignition

probe inserted into the turner through the exit orifice. Practice was required

before trouble free lighting up of the burner was obtained, under some conditions

the prop=a lame tended to stabilise at the burner exit orifice. The following

proce mployed for lighting up the burner:

L n propane supply to pilot light and ignition probe, ignite pilot light.

e Fill fuel vessel and pressurise to 122 psig with NZ.

3. Turn on cooling water to fuel gun.

4. Check compresscr o0il, turn on cooling water.

S Start compressor motor.

6. Insert the lighted preopane ignition probe into the burner.

y ¥ Open main air valve slowly until stable combuction (blu:) of propane and air

takes place. Allow five minutes for the burner to warm up.

8. Open fuel injection needle valve until about 40 psig is indicated.

9. Increase fuel and air flowrates gradually uatil steady combustion is obtained.
' 10. Withdwaw the igaitiun prohe.

I'ndev most cond”~icns the kerosine flame vas obsarved to be completely blue,
as required, sea tha Irontispiece colour pletes vhich are vicws into the burner exit
rifice. When the burpa» vas ot steadv state terperature the combustion chamber

walls, but not the Coanda unit, glowved red = the Frontispicce was taken before
strady state was reached so that flame colour conld be cbeerved. The flame was
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completely blue under fuel lean and stoichiometric conditions, under fuel rich
conditions this was also the case although the flame outer edges were yellow at

overall equivalences, ¢C' > = 0.6 (¢Ov defined in 5.8(f)). Close to fuel rich

blowout the flame became cempletely yellow and mean temperatures in the exit flow
dropped rapidly, under these conditions ¢ov was = 2.0. Combustion noise increased
as the throughput was increased. 'Flame length increased as ¢ov was increafed, at
stoichiometric conditions the flame protruded about 5 cm out of the exit orifice.
The burner was cbscived to be extremely stable and easy to control, the stability
loop was not determiued since the mode of operation changed as the limits were
approached. A "scaling'" of the combustion chamber walls was apparent after many
runs had been performed, this was to be expected since the complete burner was

constructed of mild steel which oxidises at relatively low temperatures, 5.8(g).

5ed Residual Fuel 0il Tests.

Clearly fuels of lower grade than kerosine are of practical interest, such
fuels may contain substantial amounts of sulvrhur and nitrogen containing compounds,
also free carbon. The reasons for using kerosine as a test fuel were presented in
Chapter 3. Industrial fuels can also contain very many hydrocarbon components
of high molecular weight and nay be extremely viscous, in some cases emulsification

is necessary for satisfactory fuel injecticn.

ef test was conducted to determine how easily such lower grade fuels

(o8

A br

could be handled by the blue flame bturncr. Light residual fucl ecil was used to

fire the burner after it had bheen prehented by passing it thrcugh two separate

promoted atcmisation. The fuel
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0il could have been preheated far more cfficiently but it was still found that
stable conbustion could Le obtained, under a wide range of fuel'air ratios, using

a pressure jet atomiser. The presence of sulphurous fumes was detected and the

birroy vas a Iittls more difficult to light up vsing rosidual fvel oil rather than

EATosing. Tha zasulting £leza was laxgely blus although yellow streaks were
Hdatily theno ol <& i i 18£1.0 md tEajectorics of ladpe drops of fuel.

SoBD BE 3 &l 3 s7ol § jid A tles, taday overall fuel




It was concluded that the burner could be modified to handle commercial
lower grade fuel oils although much more work is required on the combustion of

such fuels.

In the next four sections, 5.4-7, a series of measurements conducted on the
burner and its fuel atomiser under cold i.e. non combusting conditions are described.

S.4 Quantification of the Burner Internal Recirculation Characteristic.

The stirred reictor model network requires knowledge of the fraction of the
flow leaving the Coanda unit exit plane which, at some distance downstream of this
point, recircuvlates oround the unit back to the inlet plane. This recirculation
was necessary to saticfy the entrainment appetite of the attached jet, 3.2. The
actual quantificatina of the internal recirculation characteristic was accomplished
by a novel technique which necessitated a baffle being inserted in the combustion
chamber to completely bleock off the recirculation path. Hence the technique could
not be applied unde: combustion conditions. In these measurements hot wire
anemometry was emploved to actually measure velocity profiles of air passing through

the ejector unit, uc~ of a hot wire probe also required ccld flow conditions.

The aluminium baffle ring was secured to the rear of the Coanda unit by means

of three screws, twn O rings made of rubber also ensured that a reasonably gas

tight seal, as Fig.’.3 shows, was ohtained. Pressure tappings A and B were set up
A and connected tc an inclined 1.5" water nanometer. The fr2i gm was removed and

an air inlet trre pli's circular flew dictributor assembled tc tha combustor head

plate as Fig.5.2 sk~s, a secondary ait source was introduced into this tube.

The flow distr=ibutn= deflected this air strean to simulate th~ rccirculated flow

through the arnular gap between the Coanda unit and the combuction chamber; the
radius of the distributor was equal to the Conanda unit outer rodius. At any
Coarda flow setting &l the secondary flowrate Qj could be varied until zero differ-
ential pressure across the taffle, as read on the water manome“er, was obtained.
Tha pareicnlar valee of 0. vhich produced zero differecntial precsure was then the

valug of :the intovnal zozipcaiation flew-rats which satisfiecd the Coanda unit
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For a slit width S of 0.020" the baffle differential pressure APD was
measured as a function of éi for various settings of Coanda jet flow bj' Fig.5.5
presents the set of characteristic curves that were thus obtained for this slit
width. Similar sets of curves were derived for values of S corresponding to
0.015" and 0.010", Figs. 5.6 and 5.7 respectively. Curves of entrainment ratio
as a function of Coanda jet throughput Qj using this measurement technique were
also constructed, Fig.5.8, these are discussed in Chapter 7. The data enables
evaluation of the simple Coanda ejector erntrainment analysis presented in 4.5
after values for the skewness factors have been derived. Values for these were
measured experimentally using hot wire anemometry.

The blue flame burner was turned through 180° and remounted on its stand so
that a DISA 55P11 miniature hot wire probe could be traversed inside the combustion
chamber, the baffle having been removed and the fuel gun repositioned. The hot
wire probe plus probe support was secured to an adjustable mcunting block which was
fixed to a traversing mechanism, this mechanism enabled two dimeisional traversing
in a horizontal plane and was also beolted to the burner stand. The complete
system was accurately aligned with the combustor axis of symmetry and a pair of
scales set up to indicate the position of the probe. The prote was connected to
a DISA 55D05 battery operated constant temperature Anemometer, whose frequency
response was frequently cliecked using a sqiare wave generatcr. As Fig.5.9
depicts, the DC level of the anemomeater cutput signal was mea~uvred by a Fluke
8000A digital voltmeter after turbulence low frequency componnrts had been
suppressed by means of an RC filter (time constant 0.815 secs). This allowed
stahle readings of the anemometer mean bridge voltage to be easily obtained.

A DISA RMS meter (55D35) was used to measure the anemometer outnut RMS voltage

and a Solartron CD1400 oscilloscope employed to monitor anemcnetcr response.

The hot wire probe was calibrated in an air fieec jet system vhich is shown in
Fig.5.10, tha hot wirn prebe and a small pitos probe were cloeely positioned in
o Parion ¢f this a:f 1ot “itos pressure was monitored on a
ERE. T--~hulence levnls in this jet potential core were less than
| ] for cal “hration purposes. Infinre coch cnlibrotion, which was

sfore ava=v Eivn Fh o g vead fer arsaaT ren wont, the temper-




ature of the air issuing from the jet was measured using a Comark 3001 digital ther-
mometer. The anemometer output characteristic is:

T R S o DT (5.1)

Velocity profiles in the Coanda throat exit plane were measured using the
hot wire anemometer setup, for various flowrates Qj’ typical results for §. =
300 lit/min are presented in Fig.5.11, slit width S was 0.010". In order to
calculate the exit skewness factor Ao a polynomial was fitted to this velocity
profile, this was:

U (r) = 8.7 +2.015 x 10° r” - 1.763 x 10’ £ m/sec ...oee.  (5.2)
where r = radial distance (inches) from Coanda central axis. The form of this
velocity profile was the same for all QJ.

Velocity profiles in the Coanda throat inlet plane were similarly measured,
after the combustor headplate had been removed to gain access and the combustor had
been again rotated through 180°. A range of é. fer S = 0.010" was again
investigated, typical results for Qj = 300 lit/min being presented in Fig.5.12.

A simple polynomial was again used to fit the measured velocity profile, this was:
U, (r) = 6.5 + 20.83 r’ m/sec. veveres (5e3)
where r is as defined above.

Substituting the curves (5.3,2) into the geoneral equation (4.74) yielded the

respective results of Coanda inlet and exit skowmess facter:

Ai = 1.045 )
) (5.4)
by = 1153 )
0 5
These are approximately independent of Q.
S5 Investigation of the Combustox Flow Pattern.

The flow pattern in the blue Zlame ccobustor was inveutigntcd using the hot
wire anemometry equiprcnt. Probing within the chamber was 1 i+ .ted by the exit
orifice diameter so that mean velocities alen:: the central ax.c and across the
exit orifice diameter cnly wvere determired. Mancuvemants vore made for S = C.010"
and 300, U406 and SCG EvE/mitn.y Fig 13 proceats the ! that were obtained,

axi2l relocitics beins »lctted as a furction of dirensionless distance from the




Coanda exit plane (24. zex and b aré defined in Fig;7.1).A The highesf axial
mean velocity measured was 19 m/sec, it is imncrtant to note that these were

again for cold flow throughout the combustor. Combustor exit mean velocity
profiles were completely flat.

Estimates only of axial turbulence intensities were made using the anemometry
system, although accurate neasurements of this parameter cannot be made with a hot
wire anemometer, the estimates obtained do succeed in giving a qualitative picture
of how the parameter varies throughout the combustor. As equation (5.1) shows the
hot wire anemometer cutput characteristic is highly nonlinear, one method of

estimating turbulence intensity T from the anercmeter EMS voltage is (103):

U

A v
¥ B IB0E R W weree s G4SE e 5B
= RMS =2 =2
U (V - \'7(, )
This relation assumes:
¥ = —.du 3
l!»uks VRM; av s e s s e e (3.6)

Hinze (1) has shown that valuzss of turbulence intensity measured by a hot
wire anemometer are overestimated by a large amount ‘ r high turbulence intensities.
For isotropic turbuleuce it was calculated that, to a first approximation, the
error E was given by:

S L L L (Sil)

Estimates of combustor axial turbulence intensity were made, using relations (5.6)

dud (5.7), for Qj = 30u,4C,500 1lit/min. Pesvlts obtained are given in Fig.5.14
the distance ccordirate has again beer non-dimensionalicsed.

The het wire arnemomcter vas further uvced to measure turbulence autocorrelation
functions using a digital coopiter on-line analysrs technique which is dealt with

in Chapter 6.

5.6 Atomiser Fuel Mass I'low as a Functon of Injection Precsnure

A relatively low throughput pressure jot atomiser (L.c. high atomising

<

nrasonre) vas used i 217 teste performed on the blue flame turner, this resulted

S

iteigatica of tha fuel at injecticon procsures P, up to 160 psig. The
b}

fFlesrate 0.6 gal/hr at Do = 160 psig.
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The atomiser mass flow as f(Pf) characteristic for kerosine was determined
as accurately as possible using a direct weight measurement technique. The fuel
containing pressure vessel was placed on an'Avery weighbridge'set of scales.
Kerosine vas allowed to discharge from the containing vessel through the complete
fuel system and atomiser for a known time interval at fixed Pf. The decrease in
pressure vessel weight was recorded and the mass flowrate ﬁFUEL computed, the
procedure was repcated for othor values cf Pf. The mass flow calibration char-
acteristic thus obtaincd is presented in Fig.5.15, the curve was fitted by a simple
quadratic expression for uce in the theoretical model:

i

éFUEL = (0.848 Pf‘ - 0.0274 Pf = 1.710 . 1b/hr oioieints ssiuiea (5.8)

5.7 Atomiser Initial Size Distribution (ISD) Measurement.

As explaired in 4.3 correlations exist for a pressure jet atomiser which

predict the ISD characterictic of the spray produced for any value of P Until

£
recently no convenient experimental means existed for the actual measurement of
the atomiser ISD , a new laser technicue has been developed at Sheffield

University (104) to prcovide a solution to this problem. This optical technique
was used to investigate the ISD procuced by the pressure jet atomiser which was used
in the blue flame burner, cver a complete range of Pf.

The operating principle is now briefly described but the complete theoretical

analysis is given by Swithenbank et al (LlC4). The amount of diffraction of

incident light procuced by a droplet or particle varies inversely with droplet
(or particle) size, so that if a parallel monochromatic light beam is transmitted

through a field of drecplets, a divergencn of the original beam is produced.

(=18

If a lens is ncw used to fccus the ceflected light then it can be shown (104) that .

a circular energy intensity pattern is pioduced in the foca® plare of this lens,

furthermore this intensity pattern completelv characterises ¢’ o rfize distribution
0f tha d=eng in tha Finld th=nushy thich tha Jight hoan pacead.  Tig.5.16(A)
Lllvatiatc vis dAEEraction proctan, the ocivally produces a tuo=dimensional
Ic 5 ¢ i foav oy information
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As Fig.5.16(A),(B) shows, a thﬁodetécfor déﬁicé (Rﬁcngnition SystemQ'Polaf
Coordinate type WRD-6400) was located at the focal plane of a 30 cm focal length
lens to enable encrgy intensity patterns to be clectrically transduced. Fig.5.16(B)
represents the complete erperimental arrangement that was employed for ISD measurement,
signals from the 32 photodetector elements were amplified by a Recognition Systems
Sampling Unit, which also displayed a digitised value for any sclected clement
voltage. A 1 mW Ne/He laser provides a convenient monochromatic light source,
optical components A,B & C cnsured a parallcl beam of suliteble intensity was produced
and a micro-traversing mochaniem, on which the detector vas mounted, enabled
accurate alignment of the c¢pties.

Actual mhoasurcmont of the spray size distribution (cold conditions) was very
rapid and sirmly ipvolved the reasurenent of c¢ach photecdetector element voltage for any

articular fuel injecticn pressure. A bacl-oround set cf rcadines vias first obtained
P J A

witheut the spray, in order to account for o7 interference du2 to cmhient particulate
matter or ligcht variaticng through the lacser eptical patlh, Thase tuo cets of data

for any Pf were svoplied as input to a PPP €/E digital cemputer program vhich,

based on the thcoretical cnalysis given in (104), cvaluated the required energy
intensity profiles and then the weight fracticn of drops present in cach of 31 size
ranges. The progrem (given in (104)) also calculated the Rosin Rammler distribution
function which best fitted the measured data, as e¥plained in 2.2(a) this function
features two fit parameters. This BASIC program procduced a "plot" of the measured
data and the fitted Rosin Rammler function en the teletype innvt/outnut device.
Fig.5.17 presents an examnle of such an IED Dnota plot for Pf = 100 peig; the range
of injection pressure investigated was Pf = 40 > 140 psip (20 psig increments).

The program printout gives the above menticned data for cach of the 31 size classes,

the corresponding x and n, plus a statistical erzor of fit term, In the

", n "ot
+ ] "

normalised data plot sipnifics a w2ight fraction data point an is a point on
the fitted entve; "8" correononds to a noint vhere the tvn wvere ccincident according
to the teletypa resclutica.  Mote ales that the primum interval dirop diameter

anpears at th2 ton of the plof. Tha six rars of paasured datra —rere veed to construct

plots of

a) Posin Parmler "maan’ dvop size ¥ microns 08 a funetion cf P, = Pig.5.18(A)




and b) Rosin Rammler distribution paramete. ) Isa as £CE_) =~ Fig.5.18(B).
Results presented in these tvo graphs are fu.iy discussed in Chanter 7.

The point of measuremen* in the fuel sr-ray, 1.e. distance of the laser beam
from the atomiser was 10 cm and corresponded to the fully developed spray region.
ISD characteristics measured under these cold conditions are directly relevant to the
combustion case by definition, the direct measurement of the size distribution of
sprays evaporating under combustion conditions would be extremely useful. This is
hampered though by the need for clean windows to sight into the combustor,Ref.(61),
and the existence of flame light emission.

5.8 Gas Sampling Measuremerts.

As previously explained in Chadster 2 a primary aim of the experimental program
was the measurement of the blue flan- -urner exit flow gas composition, with respect
particularly to the pollutants CO and NO_. This section tnen describes the design,
construction and testing of the gas sampling system, the results obtained using the
system are then presented.

5.8(a) Problems Associated with Gas Sampling.

A number of problems are raised when a gas sampling probe is introduced into
a two phase flow. Apart from the obvious fouling of droplet trajectories, the probe
distorts the gaseous stream lines at the point in the flow where the probe is located.
This distortion of the streamlines causes & perturbation of the concentration
gradients of all species in the flow, at present this situation cannot be alleviated
by the adoption of optical measuring techniques since, as explained in (59) , these
techniques are insufficiently develcped. The use of a sampling probe was therefore
unavoidable aad one of thte two types had to be sclected. The first type consists
of a small quartz tube, with external and internal diameters of a few millimetres,
stretched and shaped until the tube entrance diameter is of the order 10 - 100 u.
Now, in order to obtain a representative sample, the composition of the sampled
gases when introdaced to the gas dnalysers must be identical with the composition
or the combustor rlos at the eantrance to Lhie probe. In turn tlis requires that chem-

104l reactions ia the sampled gases mist be rapidly attenuace. after they enter




the probe, thc sample has to be '"quenched". As explaincd in 2.2(.1) chemical
P ’ P }

reaction rates are sensitive to the temperature and concentrations of the gases
(consequently to the pressure also), so that the desired quenching of the gas sample
can be achieved by either (i) a rapid reduction in sample pressure, or (ii) rapid
conduction of heat from the sample to the probe walls to lower its temperature.

In the narrow throat of the quartz probe the sampled gases are supersonically
expanded to lower the pressure, rapid thermal exchange also occurs. An advantage
of using such quartz "microprobes' is that, since the quartz is inert, solid surface
chemical reaction is virtually eliminated. A considerable disadvantage of the micro-
probe is that the sampled mass flow is extremely small and can be computed (105) to
be of the order of a few It gm/sec, which is generally insufficient to continually
supply gas analysers. Microprobes are thus normally restricted to small scale
investigations.

For larger scale systems the larger water-cooled sampling probe is normally
used, the internal diameter is invariably of the crder of 1 mm and the external
diameter of the order of say 6 mm. Expansion is not usually imparted to the sample,
heat conduction being used to cool the sampled gases. The probe is invariably cooled
with water although heated water under pressure or steam are sometimes used in an
endeavour to prevent the condensation of water vapour present in the sample when wet
analyses are needed. The thermal stresses which a metallic sampling probe
experiences when immersed in a turbulent high temperature flowfield are considerable,
this constitutes an additional complexity which has to be taken into account when
designing a water cooled probe. Although sufficient sample mass flow can be
supplied, the water cooled probe has a considerable drawback in that transition metals,
which are normally employed for probe construction, can provide ideal environments for
surface chemical reactions; all chemical reaction within the probe being extremely
nndesirable.

lhis snurtace rcartion problem is most acute when sampling for NOx species
sin-te it is koowm (106,107) that under reducing environment conditions the chemical
reduction of nitrogen oxides by carbon monoxide, hydrogen and other reducing agents

ccenrs 1n the preseunce of a metallic surtace. The result is that NOX concentrations
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lower than the true values are measured by the analyser. In an effort to overcome l

this problem many investigators (l106) have constructed their probes from stainless
steel since this material does not display as high a tendency as pure transition
metals (e.g. Cu, Ni and Fe) to promote surface reactions, stainless steel also being
of good mechanical strength and oxidises only very slowly. A solution to the problem
is to line the probe inner wall with a silica tube or coating, this is difficult for
smaller probes however. There are two commonly used techniques for measuring NO

and NOX, these are Non Dispersive Infra Red (NDIR) Gas Analysis which relies on
absorption of infra red radiation, and the now more commonly employed Chemiluminescent
Analysis (CLA) which operates through determination of chemiluminiscent radiation from
the reaction between NO and ozone. The second technique will be discussed in some
detail shortly, it utilises a converter constructed of heated stainless steel tubing

to convert NO2 to NO in order to estimate NOX (i.e. NO and NO To investigate

2)-
the possibility that one or more components of fuel-rich combustor exhaust gas may
interfere with NOx measurement when using a CLA , Siewert (107) carried out a series

of interference tests. The analyser plus converter were exposed to each of the
principal components of fuel rich exhaust gas for known amounts of time before standard
concentrations of NO in N2, plus NO2 in N2 were admitted to the analyser. Only
hydrogen was found to exhibit interference but H2 was discovered to have a considerable

effect. Immediately following H, exposure zero NO (or NOZ) was detected, measured NO

2
then increased gradually with time at a rate dependent on (i) exposure time to any
concentration of HZ’ and (11) converter temperature. No such interference was
obtained when the converter was bypassed so this component must have been the source

of the interference. Siewert then conducted measurements of NOx in undiluted fuel-
rich exhaust from a spark ignition engine, in which H2 but negligible NO2 was

expected. After purging with air the CLA-measured NOx concentration initially agreed
closely with both CI.A NO and NDIR NO measurements. The NOx reading then decreased
with time to a minimum stahilised value as much as 957 less then the other NO readings;
increasing aeviaticn tor (1) tvel richer exbaust vases, aud 1i) higher converter
temperatares being recorded. Based on these tests Siewert pcstulated an interference

mechanism which suggested the accumulation of H, on the metal surface and consequent
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NOx interaction. The result of flowing air through the converter before each

test would be to ensure that the oxidised form of the metal, rather than the reduced
form existed. Similar interference effects would be expected when actually sampling

fuel rich combustion gases with a stainless steel probe, although no detailed study

to investigate such effects in relation to prevailing temperatures exists.
Another problem encountered when saupling probes are used concerns the rate ]

at which the sample is withdrawn from the probe. As mentioned above a distortion

of the streamlines upstream of the probe is imposed, it is obvious that this dis-

tortion is a function of sampling rate. To minimise unwanted distortion the mean

velocity of the gases at the probe entrance must clearly be equal to the mean
velocity of the gases in this vicinity which would exist in the absence of the probe,

this condition is referred to as ISOKINETIC SAMPLING. The effect of sampling

velocity upon measured gas composition has been examined by Longelle & Verdier (105),
who found a significant dependence.

5.8(b) Design of Sampling Probe.

In view of these complications a water cooled stainless steel probe was designed
for the purpose of measuring the blue flame burmer exit flow gas composition. The
probe was designed to be mounted in 2y extra unit, since traverses into the actual
combustion chamber were not required. This unit was composed simply of a 4" long
flanged section of 4" ID pipe and compatible with the burner construction.

The diameter of the burner exit orifice, where the probe tip was to be located,
was only 3.8 cm so that an important requirement of the probe design was that its
crosssectional area should be as small as practicable. This unfortunately implied
that the ID of the probe innermost tube should be correspondingly small, hence the use
of a silica tube as an inert central lining had to be precluded. Fig.5.4 is an

exploded view of the probe tip section, the probe consists of three concentric

stainless steel hypodermic tubes which are attached to a stainless steel tip by means

of silver soldering ac shown The orobe cverall OD was 4.8 mm and the inner
capillary, through which the sauple flowed, was 0.84 mm ID. Construction of the
probe thus requited much skill, due to its swall diuensions and was certainly

tanipered by the tact that a 90 bead was itequired to facilitate mounting of the probe,




ficting also houscd a Chromel Alumel thermcconple, of approximciely 0.7 mm bead

diameter. this was used (o estimate the probe sampre exit flow temperature which

wis needed as vnput intorwation for the probe quenching efficiency calculations. Brass
I I ! b

as shown in Fig.5.19. It was vital that the 3 tubes remained concentric so that

the cooling water could flow easily along the narrow probe annuli. In order to ensure
that the tip, which experiences considerable thermal and mechanical stress, was
adequately cooled and the sample efficiently quenched the cooling water flowed through
the innermost channel first before reaching the tip. No difficulties with any
excessive sample condensation in the probe were encountered. A disadvantage of the

innermost hypodermic low ID was that, under isokinetic sampling conditions, relatively

low cooled sample flowrates to the gas analysers would be unavoidable, however
sufficient flow was in fact obtained.

A detailed heat transfer analysis of the probe was not attempted as a design
aid since such an analysis would be very complex mathematically ~ due tc the large
range of temperatures and hence thermal properties, which are encountered throughout

the probe. Instead, an approximate heat transfer evaluation was made to estimate

the necessary cooling water mass flowrate, and then relatively detailed calculations
performed to assess the efficiency of the resultant probe design in quenching chemical
reactions occurring in the sample flow through the probe. Results of these
calculations, details of which appear in Appendix B, proved the vital quench cap-
ability of the design.

As Fig.5.19 shows, the overall length of the probe was about 26 cm. The
diagram illustrates how the pressurised cooling water was supplied to the probe, a
thermistor device (GI24) was employed to measure the temperature of the probe outlet
cooling water in order to monitor prooe heat transfer rates. Fig.5.23 presents the
temperature-output voltage characteristic for this device. Flexible polythene
tubing was used to transfer cooling water to and from the probe and brazing was used
in the cooling water manifold construction. The probe inner sawple capillary was
expanded to }" OD stainless steel tubing in this manifold and connected to the

{"0D Teflon sample line by means of a Swagelok " stainless steel fitting. This

locating fittings mounted the sampling probe to the actual sampling stage and enabled

16
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reasonably simple probe removal. Plate 3 shows the gas sampling probe. As shown
in Fig.5.19 a 4" 0D stainless steel pitot probe was similarly mounted into the
sampling stage for the purpose of estimating the burner exit flow mean velocity, the
pitot was connected directly to a 1.5" inclined water manometer. A bare 1.0 mm bead
diameter Pt/Pt 137 Rh thermocouple, mounted in a mild steel tubular probe, was used
to estimate the burner exit flow temperature. The probe was mounted by means of a
clamp to the sampling stage unit and the thermocouple signal connected to a Fluke 8000A
digital voltmeter as shown in Fig.5.20 , which also presents details of the Chromel
Alumel thermocouple and thermistor signal measurement circuits. Cold junctions for
the two thermocouples were not required, as will be explained further on.

Translation of the burner exit flow thermocouple signal into mean gas temperature
taking into account radiation heat losses 1is fully described in Appendix C.

5.8(c) The Sampling Probe Cooling System.

Pressurised cooling water was used to cool the probe, high pressure being
required by virtue of the probe narrow annuli, Fig.5.4. Preliminary estimates
showed that a cooling water mass flowrate of the order 0.25 kg/min would be needed to
cool the probe and quench the sample. Hence a high pressure cooling water system
was devised in which a finite quantity of water was discharged to the probe from a
pressure vessel which was pressurised by means of nitrogen cylinders. The system is
shown schematically in Fig.5.21, an empty gas cylinder was modified and used as
a containing pressure vessel. Before pressurising with nitrogen the vessel was
fitted with mains water as shown, a filter was also connected into the discharge line
as a blockage preventing precaution to remove any particulate material, e.g. rust, from
the water before it entered the sampling probe annuli. To inhibit rust formation in
the pressure vessel air was excluded at all times by ensuring £ small residual pressure

of N2 was always present. The rate of discharge of water through the complete probe

cooling system as a function of probe injection pressure was determined by direct
telght measurenent, (5.6). this characteristic was approximately linecar for injectiom
pressates % 60 psig as shown in Fig,5.22. ihe piessure vessel internal volume was

o b ; ; ; . o
estunated 70,024 7) using this result, the vessel emptying tire characteristic was

hence calculated, Fig.5.22. To ensure adequate probe rooling an injection pressure




of 100 psig i.e. 0.33 kg/min mass flow was used in all gas sampling runs. As

Fig.5.22 indicates, the pressure vessel emptying time corresponding to this flow was
72 minutes, this then represented the maximum amount of sampling time during which the
probe could be safely immersed in the flame.

5.8(d) Sampling Line and Cas Analysers.

As outlined in Chapter 3, the measurement of the CO and NO/NOx pollutant species
in the burner exit flow was the main aim of the gas sampling data acquisition. Before
describing the analysers employed for this purpose, the sampling line used to transmit
the quenched sample from the probe to the analysers will first be described. Fig.5.26
illustrates this sampling line, in order to eliminate the possibility of NOx surface- |
cooled sample interactions the actual line was constructed completely of 3" OD Teflon
tubing and Swagelok {'" stainless steel fittings used throughout to connect the various
components in the line (106). As Fig.5.26 shows,the system was operated in either
of two modes: i) Normal sampling, 1ii) Purging of the probe with air. The second
mode ~.f operation was selected at all times during which actual withdrawal of samples

from the burner was not required and served two important purposes. Firstly it

enabled the sampling line and probe to be maintained free of any solid/liquid deposits,
and secondly it was used to directly check for any probe - NOx interference reactions
of the type described in 5.8(a). In the second mode of operation the water trap,
filter and sample flow rotatmeter wer: bypassed, filtered air being pumped back through
the probe as shown in Fig.5.26.

During the sampling mode the sample was passed through a water trap in order to
condense out any water vapour present in the sample, the trap consisted of a glass
coil immersed in a mixture of water/silt/ice, condensate drairing into a small vessel
as shown. The sample then flowed through a gauze/glass fibre (borosilicate) filter

to remove any small particles, before reaching a Gapmeter (C6) 100-2000 cc/min

i rotateter which had an integral regulator that was used to metcr the sample flow.
Ihe calibration curve for this rotaneter is preseunted in Fig.5.24. The pump use
to transpuit the cample was of the reciprccating draphrogm type (Charles Auste
bhoil) and was diiven by 3 nuoase power, tlie upstreai side of the pump was under vacuu

and hence a pressure gauge, 0-760 mm Hg Bourdon type, was used to monitor this
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pressure. Three glass 3-Way taps were also employed in the system to enable

either of the two operating modes to be set. The lengths of all interconnecting
Teflon tubing were minimised so that the overall residence time of the sample iu the
system was correspondingly minimised, residence times were estimated to be typically

7 seconds. Due to:

i) low sample line residence times,

ii) inert materials used to construct the actual line, E
21} relatively low NO concentrations anticipated in the sample, ‘
iv) available kinetic rate data (48),

the gaseous phase oxidation of NO to RO, via equation (2.61) in the sample line was
assumed negligibie (106), this was later confirmed experimentally. Leakages into the
sample line were found to be negligible, this was performed by passing a standard NO

containing gas through the probe and determining the composition of the resulting gas

which reached the NOX analyser.

The analyser selected for NO/NOK measurement was of the continuous type and was
the Thermo Electron model 10A modular type, see Plate 4 , and utilises the chemi-
luminescent chemical reaction between NO and 03:

NO + 04 = NO, + 02 + hv SR COa DO ‘ (5.9)
(A = 0.6 = 3u)
light emission occurs when electronically excited N02 molecules revert to their ground
state. Fig.5.27 shows a schematic of the principal components which comprise this
instrument plus the ancillary equipment necessary for its operation. To determine
NO_ concentrations (i.e. NO + NOZ) the sample flow is diverted through an NO2 to NO

converter, of the type tested in Siewert's experiments (107). Instrument output is

linear so that, in all cases, calibration is performed using a single standard gas

(950 ppm); the ranges over which the analyser was operable were zero up to each of
, 10, 25, 100, 250, 1000, 2500 and 10000 ppm.
as 18 withatawn continually through the analycer by means of a bypass
‘ Lae ter in tue anwivser indicates the Lypass flowrate and a set of
l1s two pressule regulators maintaincd the correct flowrates of O3 and

the reaction chauber, which was evacuated bv a Welch 1399 Vacuum Pump.




Fig.5.27 shows how each of i) zero gas, ii) calibration gas or sample gas could be
admitted to the analyser by means of a 3-way valve. Zero gas used was air external
to the laboratory and filtered before reaching the instrument, laboratory air was not
used due to the slight build up in ambient NOX levels anticipated during burner
operation. The instrument output response was monitored by means of a Chessell 301
miniature chart recorder which had three 10 mV input channels, chart scale width was
10 cm and the recorder response was extremely rapid.

The operating conditions under which the NOx analyser was run were:

a) 02 pressure:- 2 psi.

b) Reaction chamber vacuum:- 3-15 mm Hg. f

c) Sample vacuum:- 5 ins. Hjz.

d) Sample flow:- 0.5-2.0 scfh, typically 0.7 scfh of which = 57 reached the

reaction chamber, the remainder being bypassed.

Whenever the instrument was required for actual data acquisition it was turned on at
least 24 hours beforehaad to ensure that it had completely warmed up. The photo-
multiplier dark current was then read (usually 0-0.5 ppm), before the instrument was
zeroed and calibrated i.e. ready for use. Calibration gas used was 950 ppm NO in
N2.

Two Grubb Parsons SB2 Infra Red Gas Analysers (IRGA) were used for the purpose
of continuously measuring CO and CO2 concentrations in the sampled gases. As
Fig.5.28(A) shows, they were connected in series, this posed no real disadvantage
from a response time point of view since steady state readings only were required.
A water manometer was connected as shown, sufficient flow to the analysers was
assured if a pressure drop across them of 4" W.G., i.e. = 500 cc/min was registered. f
Both IRGA's were connected to the remaining channels of the Chessell miniature chart
recorder after the output potentiometers on each analyser were first substituted with
lower range types, this enabled sensitive adjustment of the output signal in the
ravge 0-10 nv, Fig.5.28(B8) illustrates tiie principal components comprising the

.
4

RGA
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Nitiugent was eliploved 4s cerv gas aud a standard gas coctaining 772 CO

2’

CO nsed ftor calibratiun purvoses. Both IKGA's were serviced tefore use and were

= 100
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As Fig.5.28(A)

left permanently switched on to assure steadybstate §peratio$.
shows, it was a simple matter to check the zero/calibration of each instrument
before making any actual measurements.

As Fig.5.26 shows, provision was also made in the sampling line for the
connection of another analyser, however this take-off point was normally used
whenever batch samples were required to be accumulated in sample bottles for
analysis by gas chromatograph. This method of analysis was used for checking
IRGA operation and for the estimation of CH, levels, as the latter were found
to be typically < 17 they were not in fact further investigated.

5.8(e) Isokinetic Sampling Procedure.

Due to the importance of sampling isokinetically which was stated in
5.8(a), an experimental procedure was devised that enabled the sample mass flowrate
to be adjusted so that isokinetic sampling under any burner exit flow conditions
could be obtained as accurately as possible. It is perhaps worth mentioning
that various gas sampling probes have been designed which feature additional
capillaries, these allow simultaneous measurement of static and dynamic pressures
within the probe. The sample flowrate from the probe can then be adjusted until
these pressures balance and the isokinetic sampling condition is achieved.
Such probes suffer three drawbacks however, firstly construction difficulty is
enhanced, secondly the overall probe cross-sectional area is inevitably
increased and lastly the additional capillaries may be pronz to blockage.

Four variables are required to be meacured from the riy tn provide input

data for the procedure, they are:

1) thermocouple probe voltage output, MV millivolts.

ii) pitot probe manometetr reading, h'" W.G.

iii) rig ambient temperature, TR °c (as measured using a Comark
digital thermometer).

1v) Saiiple Lines wvacuum, AS wm 1lg

ike fhernccounie ontput MV was translarcd into the estimated mean gas

temperatuive, alter radidiion heat losses had Leen corrected, using the technique

dvsccilad i Avpendia C. siug this method torether with the equation of state

= 1O




a curve of burner exit flow density p_as a function of the variable MV was |l

c

constructed, assuming the gases to be composed predominantly of nitrogen.

This curve is presented in Fig.5.25 and was fitted by the quadratic equation:

P = (0.497 - 0.0325 MV + 0.00072 MVZ) kg/m3 canesissene (5.10)

8 £ MV < 18 millivolts
The burner exit flow mean velocity V was computed from:

} |
v = 032§535L11)2 m/sec T e (5.11) |
B i

Now, mean isokinetic sample flowrate is given by:

d2
mI = T —=—V pp kg/sec e akte (5.12)

where, d = Probe sarple capillary ID = 0.84 x 10_3 m.

Measurements of the probe sample exit flow temperature with the NiCr/NiAl
thermocouple established that this temperature never exceeded 27° C (see next
section 5.8(f)), hence after passirg the cooled water trap, the sample temperature
was assumed to be close to ambient.

Hence, sample volumetric flowrate at rotameter conditions RSl

. & e
Q = T — V— . 60,000 lit/min SEte e selsFaint ((5=41:3)
R 4 PR
5 28 273 (730-18) 3
PR = 554 (273+1R) 560 Kig foi e o eisels (5.14)

The rotameter calibration was at N.T.P., Fig.5.30, so that it was necessary
to apply a density correction before the rotameter could be used for measuring

sample flowrate:

. Lo 2 R 3
Qg ® o g =) (5.15)

Now, the calibration curve Fig.5.24 was fitted by the linear relation:
S 2 5ul6 Qe ok 0046 e USE K8 L e \is (5.16)

inal o of 1 he above six equations tiew vields an expression for the rotameter

crale reodime < whiey oo cesnonds Lo rcokinerte sampilrug Tor oy rig experimencal
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SC ~ + 0.46 4o adinnsse (5.17)
(730 - AS)

where pp is given by (5.10).

A Hewlett Packard HP25 electronic calculator was programmed to compute SC,
using (5.10) and (5.17), from the four rig variables. The sample line regulator
could then be adjusted until this flowrate was indicated on the rotameter. AS
was a function of regulator setting so that the program allowed updating of SC
as the sample flowrate was varied. The advantage of using the portable calculator
was that the isokinetic sample flowrate for any experimental conditions could be
rapidly and easily set (essential due to finite sampling run times) whilst working
on the rig.

5.8(f) Gas Sampling Runs.

With the blue flame burner fired on kerosine a series of data acquisition
runs was made to measure exit flow velocities, temperatures and CO/COZ/NOx
species concentrations for a range of operating conditions. Such data was
acquired after burner steady state exit flow temperatures had been reached (= 15
minutes), at which point the cooled sampling probe was mounted into the sampling
stage. The probe was purged as described in 5.8(d) whenever not actually
sampling; a single probe failure, as manifested by a water leak from the tip,
was experienced after = 10 hours sampling time. This was remedied by resoldering
the tip. Due to the limited sample flow available analysis for either CO/CO2 or
NOX was made during each run, throughout which frequent zero and calibration
checks were made. The maximum probe cooling water exit temperature
observed was = 43° C.

The maximum sample temperature at the probe exit measured throughout the
sampling runs was 27° C, this value was used in the quench efficiency calculations,
Appendix C.

[nitial tese ruus proved that, under all conditions, the NO, content of the

2
campled gases never eoxoeeded 5% of the nmeasured NO_. 'ha MO  Analyser (CLA)
“h ~
wi1s thercfore used cnly in the NO mode, so that use of the ClLA converter and

cnce the associated interfererce errvors for this device (5.8(a)), were avoided.




A series of tests under various conditions was carried out to determine whether
or not the actual probe could introduce similar interference errors, the procedure
used was:

1% Set the isokinetic sampling rate, 5.8(e), and measure the corresponding

NO concentration with the CLA for the probe located in the hot exit flow.

2, Turn off sample pump; change from sampling to purging mode and switch
pump back on. (Air pumped back through the probe and hence no surface

@eduction) interference reactions).

3. Turn off sample pump; quickly change from purging to sampling mode and

turn the pump on again.

4, Examine the time dependency of the CLA-measured NO response using the

chart recorder. Compare steady state value with 1.
Fig.5.2¢ shows typical transient responses observed for CLA-detected NO using
the chart recorder, for both stocichiometric and fuel rich overall burner operation,

where the estimated overall equivalence ratio for the burner oy is defined as:

Fuel flow rate = éFUEL - 0.0129 + 0.00641 Pfé— 0.000207 Pf LG/ Seioie (D1n18)

Air flow rate m = Qj )j X 10“3 kg/min L ORI e o

AIR

" (]
Applying a density correction to Qj to allow for the rotameter calibration (NTP):

:
. N -3
@R = Qj pj ( 7%——) x 10

/ 730 + 25.4 P

2
<k cc : :
7.554 x 10 4 . \ I3 T > kg/min S ST R (1 |
J ROT

blue flame burner air manifold pressure, "Hg.

#

where, P
(o]

iE
ROT

Hence, ¢ov 1s given by:

: o
rotameter air temperature, C.

e \ PAIR iy "FUEL _ (5,313
ov . \ 0.068 l‘:lAIR R Datd
/.'T‘f_@.)
\TATR :
stoich
when the Luiner 1s ruetied with kerocine.

Referiing back Lo Fig.5.29 it is appacent that steady state levels are

ittaired atter 20 sec. although kinks 1n the curves are obrerved before the same
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steady state levels are regained. These kinks are due to the pressure pulse

transmitted by the pump when it is turned on. It is important to note that only

a decay of about 57 in steady state response is apparent for rich operation only,
hence it was concluded that possible interference reactions within the probe

would have minimal effect on the accuracy of NO gas sampling measurements. Similar
tests were conducted for CO/CO2 measurement, for which zero decay in steady state
level was observed.

Fig.5.31 shows the CO2 measured in the burner exit flow as a function of tue
indicated air rotameter reading Qj (i.e. density correction not applied, small)
and for a range of Pf. Fig.5.32 presents the similar characteristic for CO
pollutant emissions, it should be roted that all gas sampling data was obtained
under isokinetic sampling conditiors and 1s expressed on a dry basis.

In the next series of runs the BFB NO emission characteristic was measured,
soon after commencing this series the burner became noticeably noisier, with exit
flow mean temperatures somewhat higher than usual. On dismantling the burner the
recycle path was found to be partizlly blocked with flaked/oxidised mild steel
which had lifted away from the comtustion chamber wall. Removal of this material
caused a resumption of normal BFB cperaticn. NO emissions and exit temperatures
were determined for each of these Z ''modes'" of operation, Figs. 5.33, 34, 35 present
this data for 3 values of Pf and for the former mode of operation. Eigs. 5.36, 37,
22 give the same characteristics for exactly the same conditions but for the latter,
i.e., normal, mode of operation. The former set of curves then, correspond to
reduced levels of internal recirculation, accordingly higher values of NO and exit
temperature were observed than for normal burner operation. Note that selected

values of @ov are additionally given on each plot (non linear scale) and that in all

cases NO decreases as Qj is reduced from stoichiometric proportions, until a

minimum is attained, after this point it increases again as the burner operation

i changes from the Bloes o Lhe Yellow-Flame made.
Fig.b 30 showe vhe effect of the probe samwiting rate ov the measured gas
I rucentrarion for eacn of the specres €O, €O, and NO. The ¢iwves were obtained

+

frv the former mode ot BFB operation (ar described above), as were the transient

response curves given in Fiy.5.29.




The BFB air manifold pressure Pcc as f(Qj) is depicted in Fig.5.39, it is
only a weak function of Pe. Another burner operating characteristic, the exit
flow mean velocity as f(Qj) is given in Fig.5.40, this is also only weakly
dependent on Pf.

5.8(g) Additional measurements.

co, 002, NO profiles in the BFB exit flow orifice were found to be nearly flat
with the maximum in each occurring on or close to the burner central axis.

Since a cooling of the recirculated combustion products is to be expected
during flow around the Coanda unit it was decided to estimate the mean temperature
of these gases just prior to entry of the inlet plane of this unit, i.e. after heat
exchange. A Pt/Pt 137 Rh thermoccuple(bead diameter 0.4 mm) was thus mounted
through the burner headplate after being conventionally coated with silicon to
minimise catalytic effects. Radiation heat losses experienced by this thermo-
couple were assumed to be low. Teble V presents the results that were obtained,
this temperature is seen to be 1100 ¥ 70 k.

Finally, Plate 5 shows the condition of the burner combustion chamber and
Coanda unit after completion of all the above tests. Note the '"scaling"
exhibited by these mild steel components, particularly (i) combustion chamber -
immediately downstream of Coanda (i.e. main flame zone), (ii) Coanda unit -
rear face. Note also the absence of such effects in the cooler recirculation
and exit flow regions.

TABLE V. MEASURED MEAN GAS TEMPERATURES; BFB RECIRCULATION PATH

Indicated Qj(lit/min) 550 500 450 400 380 350 320 300 280 250
A-Temperature(K); Pf=160 psig 1033 1033 1041 1114 1146 1138 1090 1066 - 1041
B-Temperature(K);P = 120 psig | 1024 1024 1033 1049 - 112, 1138 1114 - 1057
C-Temperature (K); PL=80 psig 1033 1033 1041 1049 - 1016 1066 1114 1114 ‘1074
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CHAPTER 6.

ON-LINE AUTOCORRELATION MEASUREMENTS

6.1 Introduction.

The phenomenon of turbulence and its influence on physical mixing processes
in heterogeneous combustion has been introduced previously, 2.2(c) and 3.5, where
it was shown that energy spectra, intensities and characteristic scales are the
most important turbulence parameters with respect to mixing. The various eddy
size ranges comprising the energy spectrum were also identified in this section,
rates of turbulent mixing are governed by the energy containing eddies although
the actual process is carried out by the dissipation eddies. Because a) relatively
little is known about the behaviour of turbulence eddies under hot or isothermal
conditions, b) turbulent mixing processes are fundamental to all types of combustion,
it was decided to measure typical turbulence scales encountered in the blue flame
burner internal flow. Use was made of the hot wire anemonmetry setup that was
employed for mean velocity measurenents described in 5.4, this unfortunately ruled
out investigation of the hot flow. This Chapter then, describes an extremely
interesting technique that was developed for the estimation of characteristic
turbulence scales by the on-line analysis of hot wire anemometer signals, using a
digital computer.

It is possible to make reasonable estimates for characteristic turbulence
scales from turbulence correlation functions, these are of two types.

6.2 Cross Correlation Function.

This is defined mathematically:

I
_limI/ IO
ny(r) ® O P T . x(t)y(t-1)dt e v s (6.1)
(9]
tne the two signals %(t) and y(t) obtained from two bot wive probes placed close

togethcr ip the trrbilent r'ow, the function relates the sinilarity between one ot

the wavetorins and a time shifted version of the «ther waveform. It is possible to




derive characteristic eddy length scales from the form of curve (6.1) but the

method has the serious drawback that spurious results can be obtained due to the !
eddy shedding of the forward probe. In addition, the limited area available at
the burner exit for the insertion of probes, ruled out the accurate positioning |
of more than one probe within the combustor flowfield. ‘

6.3 Auto Correlation Function.

This function is defined:

T

g eyl

i Tse T | x(t)x(t-t) dt (6.2)

0 E
The autocorrelation function relates the similarity between a waveform and a
time-shifted version of the same waveform. It is again possible to derive chara-
cteristic length scales from the curve, this approach has the considerable
advantage that a single probe is required to measure this curve. When a particular
eddy is distant from the probe IRXX(T)] is zero and when the eddy is central about
the probe |Rxx(r)| has the value unity; hence the time taken for the eddy to sweep

past the probe can be deduced and consequently the eddy size estimated.

The autocorrelation function is convenient to work with also since:

R (1)

XX RXX( £ T)

As Fig.6.1(ii) depicts the curve maximum occurs at T = 0O, the diagram.shows
also that for a typical autocorrelation function there is a zero crossing before the
curve gradually settles back to zero. The autocorrelation shown in Fig.6.1(ii) 1is

of the normalised type pxx(t), where:

oxx(r) = Rxx(r>/Rxx<0) and —lspxx(r) €+ 1 st labeesioa ot (6.3)

As will be seen shortly, it is possible to transform (6.Z) to the frequency
domain by means of the Wiener-Khintchine relation to obtain the corresponding Power
Spectrum, which can give useful information concerning the dominant turbulence

Llequaicleh .

Y fo charactevisiic antocorrelat ion derived lengst! scales, the macro
werale 1 15 defined 4= the integral of the normalised av ocorrelation function:
w©
f
kEdT . L Ll e e e v (6.4)

‘ma Pix




It is then, simply the area under the cufve. ‘Now for é turbulence of. relatively
low intensity it is possible to invoke Taylor's Hypothesis to obtain the corresp-
onding length scale Ama' This hypothesis states that time variations in the flow
velocity observed at a fixed point would be approximately those due to the

convection of an unchanging spatial pattern past the point with the mean flow

velocity u. Hence,

A = T U = Gf P (T)dr (6.5)

T o

This macroscale is also known as the integral scale, it tends to select the average
size of the largest eddies in the turbulence spectrum. The micro time and length

turbulence length scales are defined mathematically:

2 1
T s = = e O TG B e (6.6)
ml (2)
P (0)
and using Taylor's Hypothesis again,
g = . 2R =2 1
| )‘mi = TmiU 5 o e Ami = U 'ﬁ(—o-)- Wislie e uin) v olie e (6.7)
{ Pxx 3
i The microscale is characterised by the correlation function near the origin since the t

shape of the curve in this region is attributable to the smallest eddies of

corresponding high frequency present in the turbulence. For small values of T the
autocorrelation curve may be approximated by a parabola, Fig.6.2, this is known as
the osculation parabola. The micrc length scale Ami is considered to bg a measure
[ of the smallest eddies, to measure this to any real accuracy naturally requires
that the length of the hot wire prote be of the same order as the smallest eddies
present. It is well known that the correlation function may be expressed in the
form of a Taylor Series:

4

Z
2 2 )
() = 1 + ort [——%I s ot [3—%] ¥ G seisss E)
9T =0 9T -

Taking ouly the tirsi 2 terms of this series, we can deduce an expression for the
wseniarion parabola, asing (6.6):

p(r) = 1 = g . (6.9)

‘2- ;' ] DR
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and (6.8) can be conveniently reexpressed:

2
o(t) = 1 - % = = 4 é%- p(a)(O) 14 o e ate S e letainlatstota e (6.10)

mi

6.4 Correction of Measured Autocorrelation Length Scales.

Any correlation measuring system has a finite time-resolution power, this
causes a smoothing of the correlation function which is naturally undesirable, the
time-resolution power is characterised by amplitude and phase attenuation at high
frequencies. It can be shown (113) that the time resolution error is usually
negligible for a properly adjusted hot wire anemometer, so that the time resolution
error (i.e. finite frequency response) of the correlation measuring system need
only be evaluated. Before describing the correlation measuring system used a
method for correcting measured autocorrelation length scales is presented, the
method is due to Andersen (114). Measured autocorrelations and associated length
scales are bracketed as < >. Fig.6.3 illustrates the general setup in which a
hot wire anemometer is used to transduce the turbulent velocity fluctuations and
X(f) is the frequency response function for the Total Measurement System. X(f)
has separate phase and amplitude components. ;

Now it may be shown that (1) the power spectrum of the output signals

<Gxx(f)> is related to the power spectrum of the input signals Gxx(f) by:

< = * ¥ >
Gxx(f)> X(f) x(f).bxx(f) S s wEraiaee (6.11)
where, * denotes a complex conjugation.

The Wiener-Khintchine relation is:

F[R(r)] = ,r R(T).e'i“” dr & JOLE) ssureessus (6.12)

|

-0

where, F {-:] denotes a Fourier Transform; o = 2nf
| .

Hence, (6.11) may be rewritten:

o N

Pl R (07 | -:—tu)Ax(f).i*‘;mR (1) | (6.13)

or,

2lternarively, in the more useful form:
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Rxx(r) = j' <Rxx(T-t)> “xx(t) = KXX <Rxx(T)> sesesseces (6.14)

e

after transforming to the time domain, where,

=1 1 M : . : o .
¢xx(t) F [jx*%] = the Welghting Function describing correlation

correction

”~
KXX = the Operator for correction of measured

autocorrelations.

A
The problem then is to derive an expression for KXX to enable measured auto-
correlation functions to be corrected for the finite frequency response

property of the total measuring system. As a first approximation this property

is represented by the characteristics of a low pass filter, i.e.:

b
& X
X - s AT L P (6.15)
X
where, p = iw
fx = bx/2ﬂ = filter cut off frequency.
Therefore:
=1 bx bx e =1 22
o = F = . : = F L= €
& [(bx p) LR ] [ b 2:’
X
= s - L @y (6.16)
b
X
Since, (114):
F-l(Pn) = G(n)(t); 5 = delta function
: (n) = n'P derivative

So that (6.16) into (6.14) becomes:

‘ <R__(t-t)> uxx(t)d!




”—“2 ,
= / 1 = ....3.__ <R (T)> 6
L W A o e (6.17)

—
b 2 4.2
X

Since, (114):

T sM ey R (t-t)dt = (D* R (@)

- o

Hence, the required correction expression for this case is:

’12 = /1 e _.8_2. > (6.18)
XX \ . 5 312 .......... .
X

An expression for the undistorted macroscale Ama in terms of <Ama> , the

measured macroscale, may now be deduced. From (6.5):
f}.'r <p > drt

XX
ma i = A RXX(O)

2
>

v
[N

|

ma roc <Rxx(0)>

this is because X*X = 1 at £ = 0.

Hence, using (6.3),(6.14) and (6.18):

<k > 2

Ama = / 1 - _}__ 3__.- <p (T)

ma e b 4 Brz s

X =0
Inserting (6.10) into this equation gives: °
<)\m> - A <T > = T 1
ma
na - 02 = = BR' = g cssiasesss (6.19)
A T b <t_>
ma ma x mi

An expression for the undistorted microscale Ami in terms of <xmi> , the measured

microscale, may now be similarly obtained. Using (6.10):

L - " %‘ <p(4)(0)> T2
KT P
ml

<p(2)(r)> NP

Since” K is lipear:




(2)

R (1) . \

xx A e /_ 11 _ (& 2
L. S o) (1)> = e e— _.___2+_ <p (O)> T
\Rxx(0)> XX "xx \ x2 aT2 <rmi> 2

saie s siei (B 20)
Substituting T = 0 into (6.20) and using the previous result (6.19):

b 2 > N
D . o __1_2_ RO / mi \
- \ 2 b 2/
T X L+ b e
mi Tmi
So that, using (6.6):
<Imi>2 1 + (bx/<tmi>)—2<p('4)(0)>
= R (6.21)
e 1+ 8"
mi

Equations (6.19) and (6.21) enable approximate corrections to the measured
macro and micro scales respectively to be made using a simple frequency response
analysis. This treatment could be mide more detailed if X(f) for any actual

measuring system is accurately known.

6.5 Autocorrelation Measurement Facility.

A PDP 8/E digital computer was used for the on-line acquisition of autocorrelation
data, a DISA 55D05 hot wire anemometer being employed to transduce isothermal turbulent
velocity fluctuations. The complete hot wire anemometry setup has been previously
described in (5.4,5.5),see Fig.5.9,5.10. After appropriate filtering, the hot wire
anemometer signal (from point A of Fig.5.9. Fig.6.1(i) shows a typical hot wire
anemometer output signal at any instant in time, the DC Level having been removed,
note the range of frequencies present.) was fed into a LAB 8/E (Dec Standard
Equipment) interface system, before actually entering the computer which was
programmed to control 1) data acquisition, 1ii) data storage and iii) data
processing to derive the required autocorrelation function.

Fig.6.4 schematically shows the complete hardware arrangewent which was used,
the functioa of the filter netyork F will be discussed shortly. As tlis diagram
magrerie dise agna tape deck peripheries ore available [oo intermediate and

final data ctorags, fhe coopputer was dnleractively esntrolled by a teletype device.

LL3




Hot wire anemometer signals were digitised by an A+D converter before being
processed by the PDP8/E, a multiplexing unit was needed for the electronic scanning
of information input channels - although only one channel was required for auto-
correlation measurement. An electronic clock unit provided input to the computer
since time-dependent calculations had to be performed. On the output side a
Visual Display Unit and an XY Plotter were connected via a D»A converter. The
VDU enabled instantaneous display of either the input anemometer signal or the
computed autocorrelation function as desired, throughout the course of data
acquisition. From equation (6.2) it can be appreciated that a considerable amount
of time is required to accurately ccmpute an autocorrelation, hence the value of the
VDU for monitoring purposes. The XY Plotter was used for making hard copies of
any particular curve displayed on the VDU, the XY plotter was synchronised to the
VDU device.

Now the sampling of continuous information is in fact a critical operation
which is subject to important restrictions. The most important limitation to
continuous sampling of information was first formulated by Shannon, whose theorem
states that the maximum frequency of a sampled signal must not be greater than one
half the frequency Sorresponding to the maximum sampling rate of the system.
Frequencies greater than this maximum value are incorrectly interpreted 8s lower ones,
unless they are removed noise is introduced into the sampled signal. As will be
discussed below the maximum sampling rate of the autocorrelation measurement
facility was 0.1 millisec so that the maximum frequency which could be sampled was
5000 Hz, hence the use of the filter network F which is shown in more detail in
Fig.6.5. Since only the fluctuatirg component of the anemometer signal was
required the DC level was removed by means of the high pass section of the filter,
time constant R'C' = 0.1 sec. Frequencies greater than the maximum permissable
were suppressed by means of the differential amplifier, whose bandwidth was set at
6 - 6000 Hz. The dirfereattal amplifier was thus cifectivel:r used as a low pacss
ritres whish wavtd bave dropped the signal down to 3 dB at 10,000 Hz; the rate of

s1gnal dropotf was boosrogd ro ensire thac it was 10 dB down at thils fiequency, a
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low pass filter section of time constant RC = 0.2 millisec was thus used. Now the
range of signal voltage which could be fed to the A*D converter was : 1 volt, the
input potentiometer located on the interface was therefore adjusted to ensure that
the filtered signal was within this range. It should be appreciated that the net
measuring system exhibited approximately the characteristics of a lowpass filter
of cut off frequency fx = 5000 Hz. The technique described in 6.4 was used to
correct measured autocorrelations for the associated time resolution error.

Turning now to the software side of the PDP 8/E on-line technique, a
standard (Dec) program CORD3 was employed for the acquisition of autocorrelation
data. CORD3 completely handled the input of information to the system, data
storage and evaluation of the normalised autocorrelaticn function, control of CORD3
was effected by means of high level commands transmitted from the teletype. The i
maximum sampling rate of the hardware plus software combination was 0.1 millisec.
Processing of the ac uired data will be described in 6.7.

6.6 Experimental Procedure.

The turbulence autocorrelation function was measured at various points along

the combustor central axis. At each point of measurement the location of the hot

wire probe was accurately set by means of its traversing mechanism, after the
probe had first been calibrated so that U at each point could be determined.

All data was obtained ét air input flowrates of 300 lit/min. Since the initial
section of the autocorrelation curve i.e. before the zero crossing, is of most
importance, the range of displaced time T over which each curve was acquired was

0 + 10 millisec. At each measurement point the correlation function was

"built up" for an integration time of at least 30 mins, combustor conditions being

frequently checked throughout this period, Qi and anemometer bridge voltage were

periodically recorded. The acquired autocorrelation function was then stored as
a dava file on a magnetic tape for subsequent processiug.
6./ lrocessing, of Autococielation Data aad Resu'te Cpt _"’_"I’.'f},:

Thae datg firl. for each antocorrelation c.uve wvas plotted oit accurately using

the XY plotter and A% siced paper, thesc plots then being irecac.d to A4 size.




A standard (Dec) program DAQUAN for data processing was employed for controlling
the XY plotter, the plot routine incorporated in this program was extremely
sophisticated and had provision for:

a) Controlling the VDU monitor (on which the particular curve was first

displayed).
b) Synchronizing the XY Plotter.

c) Calibrating the Plotter.

d) Plotting a graticule plus scales on the paper as well as the curve. ?
e) Overall control of the plotting routine from the teletype.
f) Providing a linear interpolation between each point.

Before the actual autocorrelation data file could be loaded into DAQUAN a
series of conversions was necessary to ensure that the data had the correct format
and was in the range, O g (data value) < 1000. A BASIC program was written to
handle this conversion and also compute measured correlation timescales, the

program then corrected these values for the time resolution error as detailed

in (6.4). Appendix D describes this program in some detail. Multiplication

of these timescales by the prevailing mean velocity U then yielded the required
estimates of micro and macro length scales for that measurement point.

Using the above measurement and processing techniques data was acquired for
a range of points along the combustor central axis, Fig.6.7 is an example of a

measured autocorrelation for L/(S‘c4 + Qex) =0 In each case isothermal flow,

U T N Ty —

characterised by Qj = 300 lit/win , was prevalent. Fig.6.6 then shows the

profiles of Ama and Ami that were cerived, these results are discussed in

Chapter 8.




CHAPTER 7.

THEORETICAL MODEL AND PREDICTIONS

7.1 Foreword.

This section presents details of the mathematical model which was derived for
the blue flame burner and utilised the general stirred reactor and evaporation theory
given in Chapter 4. A great deal of model input information was obtained
experimentally, as described in Chapter 5, this data 1s hence discussed in this
Chapter rather than in the succeeding one. Model predictions are then presented.

7.2 The Blue Flame Burner Stirred Reactor Network.

In 3.2 the BFB "expected" flow pattern was described in order to explain the
burner operating principle, confirmnation of this flow pattern was provided by the iso-
thermal hot wire anemometer measurements of U and T%, 5.5. Examination of Fig.5.12
shows the position of the high velocity attached layer, this profile decays to that
shown in Fig. 5.11 at the Coanda exit plane due to mixing across the attached layer.
Notice that the centre line velocity is increasing as would be expected. As Fig.
5.13 shows this axial mean velocity continues to increase until ¢ # 0.15 (24 + Qex)’
after this point U decays until a constant value is reached at £~ 0.55 (24 + lex).

Now the Coanda exit flow is a type of enclosed jet flow, as illustrated in Fig.7.1,
with the point of impingement on the combustor wall Z occurring at distance 23
= 0.55 (2.4 + 2ex) from the Coanda exit plane. Hence the boundary of this enclosed
jet, prior to Z, is given approximately by the dashed line in Fig.7.1, U thus
decreases in this region as the flow effective cross sectional area increases.
Recirculation of combustion products from the flame zone takes place across this

boundary. Fig.5.14 shows that the axial turbulence intensity varies as the

reciprocal of 1/, again it should be emphasised that Fig.5.14 provides only the trend

in, and not accurate magnitude of, axial T7%. Regious of accelerating flow are

3 1) ’ E

characrterised hv decreas ong 14 and vice veisa. T7% Jdecays through the dissipation
ct turbolcence eaergy a2'vbovgh, as kFig.S. 14 ghows, nor to very low levels as required

for perfect mixing lote that U decreases slightly just before & = 0.83 (24 + nev),




this is due to the fact that a small amount of flow recirculates at this point as

shown in Fig.7.l. Beyond this point U increases to a new constant value at
L = 0.9 (R4 + 1ex) due to a contraction of the flow by the exit orifice.

"rom the above flow pattern considerations it is possible to deduce a stirred
reactor network to model the BFB combusting flow at steady state, assuming the hot
flow pattern to be essentially the same as the 1sothermal flow; this network is given
in Fig.7.2.

Since the mean gaseous residence time in the Coanda unit throat is so small
(volume = 30 cm3) it follows that a stirred reactor (stable) could not be used to
represent this region, hence the throat is assumed to act as an isothermal mixer of
atomising spray, feed air and recirculated gases. The mean gaseous residence time
in this volume is assumed to be equél to the cspray atomisation time. WSR1 is used to
approximate the main flame zone, its volume is assumed equal to the truncated cone
bounded by the dashed lines in Fig.i.l, i.e. 240 cm3. Equation (2.22) and Figs.

5.39,40 were used to estimate the mixing parameter T D for this reactor, its value is

S

thus 300. The secondary . lame zone is represented by another well stirred reactor
WSRZ, rather than a PFR du2 to two main considerations. Firstly the level of co,

in the BFB exit flow, Fig.5.31, is rot compatible with complete burnout, and secondly
the relatively high levels of U and T7 in the exit flow suggest insufficient
discipation of turbulence energy. The volume WSR, is the combustion chamber volume

2

downstream of the point Z i.e. 280 (m3, Tsp for this reactor was therefore set to

S

a low value - it was estimated as being of the order of 7. Plate 5, which is

discussed in 5.8(g), also confirms the position of the main flame and cocler zones.

Both stirred reactors in Fig.7.2 are assumed to operat: adiabatically as a first

approximation.

7.2(a) Blue Flame Burner Recirculation Level.
iy
1
tleasurewents of the BU'D internal recirculation characteristic under isothermal
¢V conditions were descvibed in 5.4, Fig.5.8 ortrays b as L\'Q.‘) for 3 values
f alit width S. Now 1t rne measured esCimates tor A, aad A glven in this section
) o
are inserted into (4./9) tor § = 0.010 ineches, 1. e. A /A. = 23, then this theoretical
Gl
equation nay Le directl omn, atred with the ap;ropriate curve in I'ig.5.8. Hence itis

118
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estimated that the entrainment efficiency factor " relating the theoretical value

of ¥ to the typical measured value, = 0.39 for Qj> = 250 lit/min. The justifi-
cation for permitting this term in (4.78,79) is provided by the fact that the simple
momentum exchange analysis given in 4.5 is almost independent of the "mixing length"
between the Coanda inlet and exit planes, since the influence of the skewness
factors on y 1s comparatively weak, Fig.4.11. All hot tests made on the BFB were
conducted for the above value of S, also, it was necessary to assume that this value
of n prevailed under combustion conditions. The term CH in (4.78) corresponds to
the recycle gas composition and is evaluated at the measured recycle gas mean
temperature given in Table V. The air feed density pj is evaluated at temperature
TAIR’ which is the estimated air temperature as it passes through the Coanda slit.

Hence Rin is now directly available via (4.80).

t

7.3 Spray Evaporation Data.

The molecular formula for the kerosine fuel used in all tests except 5.3 is
assumed to be C12H24, this is reasonable as its ultimate chemical composition is
86.37% €, 13.6% H2 and 0.17Z S. Other propertiez of the fuel are density 790 kg/m3,
B.Pt.= 493 K and LHV 300 kJ/kg.

In order to estimate fuel evapcration rates in WSR1 and WSR2 the general
theory given in 4.4 is used, where it = 10_4 sec. Equation (5.8) is used for
calculating ﬁFUEL and (4.48+52,55) employed for calculating the fuel spray ISD.
Note that these correlations have been adjusted so that they in fact predict the

experimentally measured data given in 5.7, also, x" < x.

- The evaporation calculations g.ven in 4.4 are essentially for l-dimensional
flow by necessity. Also, although VRel(t) exists between the two phases, it is
convenient to assume equal phase residence times in all reactors to avoid excessive
analytical complexity. Droplet-droplet interference effects within the spray
are neglected.

tmploving this cvapordaiicn model for the BYB Figs. 7.3+5 were predicted,
the s show YU a® t (time, i.~. distance frow the atomiscr): the sensifiﬁiry of

3 ‘ Fult) to T, Q. and P. 1s veflected in Figs. 7.3, 4, 5 vespentively.
J e
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7.4 General WSR Input Data.

---u---u--u--ull-l-lllllllIllllllIlllllIlllllllllIlllllllllllllllllllllll

The identity and order of the gaseous species used in the WSR system of

equations is as follows:

(H,N,0,0H,H

hence the values of the integers

2

0,Kero,CO,NO,N

2050075 H),0,,80) i e

(02,N2,Kero)

- N=9, MI=13, NT=16.

unmixed

The four element conserv-

ation balances which are used for calculating Y for the last four mixed species are:

(Carbon)
(Hydrogen)
(Oxygen)

(Nitrogen)

12 Kero + CO + CO

jH + JOH + H
40 + iOH + jH

iIN + INO + N,O + N

2

2O + 12 Kero + H

2
2

2

0 + 4CO + {NO + IN,0 + CO

----------

(7.1)
(7:2)
(7.3)

(7.4)

The chemical reaction mechanism and asscciated kinetic data used to describe

kerosine combustion in the BFB model is given in Table VI.

TABLE VI. BFB MODEL REACTION MECHANISM
Reaction A Ejical /mole) R
KERO® 602 = 12H2#+ 12C0 .552000E¢ 09 +124000E405 .100000E+01
CO & OW a3 CO02 ¢ H .560000E12 +S544L000ES03 0.
H ¢ 02 = OH & O .220000E13 «845000E+04 0.
0 ¢ H2 =3 OW ¢ H .180000E*1" 44B8000EC0L .100000E«01
H ¢ 0 s OH o M .530000E«16 =, 278000E«04 0.
H » O 3 KH20 & M L.140000Ee24 Ui =-,200000E+01
] ¢ H 3 H2 ¢ M .300000E¢16 0, 0.
0 ¢ 0 = 02 ¢ M LAWTO0000E®16 0, -,280000E«0Q0
N ¢ 02 = NO ¢ 0 .64A0000E¢10 +315000Ee04 .100000E+01
N2 ¢ 0 s NO ¢ N LT60000Ee14 +380000E«05 0.
N ¢ ON = NO ¢ H .320000Ee14 0, 0,
N2 & 0 s N20O & M L162200E¢12 +160100E¢04 0.
N2O ¢ O a NO e N L4S58100Ee14 «121300E¢05 0.
N2O & O = N2 ¢ 02 ,381100Ee14 »121300Ee05 0,
NCD ¢ H a N2 ¢ OH L295100Ee14 +542000E¢04 0.
OH & H2 = H * H20 L,219000E+14 1259180Ea04 0.
OH + O4 s O ¢ H20 L575000€193 «393000€«03 0.
Note that the first reaction is the quasiglobal reaction (2.27) with n = 12 and m = 24,

the reverse rate for this step is

introduced in 2.2(d), the kinetic

et al (48).

It is apparent from

Zero.

Table VI that NR

17,

The remaining 16 reactions were previously
data for these reactions was taken from Baulch

The coefficients in the

thermodata polynomials (4.43) were obtained from McBride et al (110) for all species

except gaseous kerosine, the technigue devised for obtaining the coefficients for

this important species is given in Appendix A.
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The equations used to compute equilibrium composition for any specified T are

given in Appendix F, in order to additionally calculate Teq’ the equilibrium
(adiabatic) flame temperature, it is necessary to iteratively solve a heat balance
involving product species heat contents and heats of formation. Hence this "full"
equilibrium calculation is veyy time consuming, Fig.7.6 shows the results of such

a calculation using a modified computer program written by Burdett (116). T1 is

the reactor feed temperature and the equivalence ratio ¢WSR is defined:
" " Fuel/oxygen - 18(Carbon) _ 3 H7.1) RHS (7.5)
WSR (Fuel/bxygen)stoich. 12 (0xygen) 2 {(7.3) RHS]

¢NSR is conveniently defined in this way since a reactor feed stream may contain any

species which appears in(7.1,3) as reactants. It was found that the temperature
(Teq - 200) provided a good initial guess f{oi: commencing the WSR solution procedure
shown in Fig.4.2. In order to avoid the time consuming computation of (Teq - 200)
in the model, each of the curves in Fig.7.6 were fitted by three straight lines,
linear interpolation being used for any T, between these curves. The above relation
for QWSR allowed this guess to be applicable to all reactors in a network.

7.5 Computer predictions.

The computer program GRASP was developed for general heterogenecus combustor
simulation studies in accordance with the requirements in 2.5. It is intended
that a wide variety of stirred reactor networks may be investigated using this
basic program. GRASP is presented and fully described in Appendix F.

7.5(a) Effect of on WSR temperature.

LT

As mentioned in F(a)parametric evaluations are efficiently carried out using
Subrovtine DALTER of GRASP, this facility was used to determine the effect of
Tgp OO WSR performance with respect to Tye Fig.7.7 shows the results obtained
for a single WSR fed with air and completely vapourised kerosine, ¢NSR = 0.7;

the results are given for three levels of recirculation. l

1:5(b) General WSR observations.

It was found that WSR solution oscillation occurred for the full scheme given |
in Fig.4.2, this was overcome by evaluating the intermediate concentrations \i*

for the first 10 temperature iterations only. Values for Tz and T, at this point

- kLl -




are very close to the fina 1lues. I'his type of oscillation was also encountered

in the T, variable during the solution of recycle loops under certain conditions,
however if the WSR feed teuperature Tl was fixed after 15 loops of calculation then

were reduced to 8+20 K, i.e. negligible.

oscillations in Tz
Introducing recirculation of combustion products to a single liquid fuelled
'SR lowers the reacto{ temperature, for a WSR fed with vapourised fuel the opposite
effect 1s apparent. This phenomenon is due to the reduced reactor o and hence FE
which results, Figs. 4.9, 7.375.
Another important WSR observation was the failure of the solution scheme to
converge under fuel! rich conditions, the method worked very efficiently under fuel

lean and stoichiometric conditi ns, however. he fuel rich convergence problem

is discussed in the next chapter.

5 FB Model g s - sansitivitv to WSR. ~
1.5(e) BFB Mcdel results 5 'f__,,;;_l_’__l__“_g_,____'.,b‘\‘_‘ .
In 7.2 it was explained that the value of t_.. for the 2nd reactor in the BFB
SD

network given in Fig.7.2 had to be estimated, hence the influence of this variable

on NO and CO emissions for the BFB model was investigated, results are presented in
Table VII. In all the model predictions the indicated rather than the calibration

corrected values of Q. are used so that direct comparison between model and measured
pollutant emissions can be made. In the experimental gas sampling system, Fig.5.26,

any water in the sample will condense out in the probe, sampling line and water

trap, it is assumed that 90%Z of the water vapour condensed out in the system so that

the model predictions, i.e. exit flow composition was corrected accordingly.




TABLE VII. FULL MODEL:

Effect of WSR7 T

., on pollutant emissions.
y

Network as shown in Fig.7.2.

BFB conditions: P_. = 120 psig, Indicated Qi = 500 1lit/min, Pcc
p 1
AF - . T o .
lAIR 353 K, oot 288 K, recirculated flow temperature
- oY/
¢0v 0.704

Model predictions:

e}

= 8" Hg,

WSRl_
e
= () : = J = 3 7 = / 3 =
QWSR 0.62 T2 1454.5 K NO 1.57 ppn co 0.457 002 7.36%
Kero(miXEd) = 5.29 ppm 02(mixed) = 8.457%
WSRZ_ EXIT FLOW COMPOSITION
(907 HZU removed)
TSD ¢WSR T2 NO co CO2 Oz(mixed) Kero(mixed)
(K) (ppm) (D) (@) (%) ()
300 0.70 1724.8 4.94 0.38 9.79 6.56 0.036
50 070 1721.% 4.87 037 9.77 6.60 0.035
10 0.69 1706.6 4.61 0.35 9.67 6.76 0.032
7 0.69 1699.4 4.48 0.33 9.63 6.84 0.031
MEASURED EXIT FLOW COMPOSITION (Figs. 5.31 - 38):
T = 1590 K NO = 5.3 ppm CO = 0.1% €0, = 4.5%

The Table shows the effect

then of unmixedness in WSR

2

2

on BFB emissions of NO, CO

and mixed 02, Kero reactants.

1:5(d)

BFB Model results as a function of Q. and T

Table VIII presents model predictions for a range of air flow rates and estimated

feed air flow entry temperature T, _.
e AIR

and CO? plus exit flow temperature are again included.

values of CO, the measured values for this species are rather low, this observation
2

is discussed in 8.1(b), CO,

“

7.5(e)

BFB Model results as a function of

) ATR-

D

Pee

Corresponding measured emissions of NO, CO

Compared with the predicted

is therefore excluded from the remaining predictions.

Table IX presents model predictions for a range of P, and constant air

flowrate.

f
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TABLE IX. FULL MODEL: Effect of Yf on pollutant emissions
Network as shown in Fig.7.2. WSR, tsp = 7S
BFB conditions: Qj = 430 lit/min, P__ = 7.3" Hg, T, . = 288 K.

Model predictions and corresponding measured values (Figs. 5.31 - 38):

EXIT FLOW MEASURED EXIT FLOW
WSR, WSR, (907H,0 removed) COMPOSTITION
o’ : " n
PelT02 ¢y | fush T, NO CO | ducp i NO co T NO co
(psig)| (K) (K)  (ppm) (2) (K) | (ppm) (Z) (K) (ppm) (%)

80 353 ©.71010.59 1433.2 1.78 0.38 [0.69 1723.6 5.76 0.35 1570 S5u2 =

100 |353 ©.776 §0.68 1533.8 2.08 0.51 [0.76 1791.2] 7.03 0.44 = = 0.15

120 |453 0.827 | 0.74 1643.4 2.96 0.69 {0.81 1876.7[11.35 0.57 1675 14.4 0.4

140 1553 0.865 |0.79 1710.7 4.26 0.83 [{0.85 1954.819.70 0.76 = = 0.7

160 |653 0.89s5]0.83 1779.5 6.71 1.04 {0.88 2009.0[29.07 0.90 1830 35 1.2
1.5(E) BFB simplified model results. »

As an experiment some predictions were made for the BFB network with no WSR2 i.e.

a single WSR, reactor of volume equivalent to the 2 other reactors, the results appear

1
in Table X.

TABLE X. PARTIAL MODEL: Single WSRl, effect of air flowrate on pollutant
. emissions.
Network as shown in Fig.7.2 but nc WSRZ. Volume ws&l = 520 cm3.
Tgp = 300 as before.
i Pf = 120 psig, TAIR = 353 K, TRUT = 288 K.
i EXIT FLOW MEASURED EXIT FLOW
BFB CONDITIONS WSR] (907 H20 removed) COMPOSITION
Qj Poo 8, [ NO co T NO co
(%/min) ("Hg) (K) (ppm) (%) (K) (ppm) Z)
620 15.4 '0.518 | 0.45 1319.7 Le75 0.28 1480 2 =
500 8 0.704 | 0.66 1540.7 3.62 0.40 1590 3+3 0.1
430 7.3 0.827 | 0.78 1685.4 5.64 0.66 1675 14.4 0.4
370 5.2 0.990 | 0.94 1839.7 13.47 39 | 1765 28 1.55
& G, WM D SR |




CHAPTER 8.
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8.1(a) Experimental measurements - Model input data.

Determination of the BFB recirculation characteristic Rint (Qj,s) using the
baffle technique for isothermal conditions was described in 5.4, in order to use the
simple recirculation theory given in 4.5 it was necessary to estimate the efficiency
factor n, for combustive conditions. This has been covered in 7.2(a). On the
basis of the measurements given in 5.5, plus the discussion contained in 3.2 and 7.2,
the BFB flow pattern was determined sufficiently accurately to enable deduction of
the model stirred reactor network shown in Fig.7.2. The fuel spray ISD correlations
given in 4.3 were adjusted so that they precdicted the experimentally measured values,
5.7, this has been explained in 7.3. Fig.5.18 shows the difference in x and n

between the uncorrected correlations and the measurements; the large difference in

x is due to the fact that the flow number for the atomiser was only 0.05 gal/hr(psi)%
whilst Bowen & Joyce's correlations were derived for the range 0.5 £ F € 4.0 gal/

|
hr(psi)?.

8.1(b) Experimental measurements — BFB characteristics. .

General burner operating characteristics were described in 5.2 and the
FRONTISPIECE shows the flame colour for three fuel/air ratios, also, Figs. 5.36 -+ 38
depict the practical blue flame operating limits. In order to achieve such wide
limits however, feed air pressure drops are high, Fig.5.39; it may be possible to
reduce these through the use of larger Coanda slit widths if overall performance is
not impaired.

The technique and program given in Appendix B for assessing the quench
efficiency ¢f a water cooled sampling probe was found to be particularly useful and
is recommended as an aid to the design of such probes. Using the techniques given
in 5.8 the BFB CO and NO pollutant emissions were measured over a range of operating
conditions, Figs. 5.32 -+ 38. NU and temperature levels were observed to decrease
when a blockage discovered in the recirculation path was removed, it 1s extremely
interesting to note that a similar decrease in both variables with increased Rint was




detected whilst using t thematical model, 7.5(b). Emissions of NO from the

BFB are thus very low, (maximum of 40 ppm) especially under substantially fuel
rich or fuel lean conditions although CO emissions are quite high, Fig.5.32,
and peak at around 77. There 1s good reason then to suppose that the 2 stage
combustor configuration described in 3.2 would be effective in suppressing NO
and CO emissions. This 1s because NO formed in theBFB can be maintained at

Pt

very low levels under fuel rich conditions (e.g. 8 ppm), it should also be

possible to design the 2nd stage so that all the BFB-generated CO is oxidised to

CO,, excessive temperature rise in this stage should naturally be avoided. The

99

secondary maxima in the NO curves occur when the blue flame fuel rich limits have
been exceeded and the droplet diffusion mode of cembustion prevails, 2.2(b).

As mentioned in 7.5(d) the measured 0, levels,(Fig.5.31), are intuitively
very low so that their accuracy 1s extremely doubtful. The model predictions
for CO2 given in Tables VII and VIII emphasise this point, the predictions for
this species seem very reasonable. The reason for the erroneous CF: measure-
ments would appear to be an invalid calibration chart, the validity of the IRGA

-0y

chart at CU2 concentrations 2 was regrettably not checked since no such
standard gases were available. The calibration chart for the CO IRGA however
was completely verified and complete confidence is placed in the data given in

; Fig.5.32. Accurate COZ measurements are fortunately not of prime importance

to this project.

8.2 The autocorrelation results.

As outlined in 2.5(a), the derivation of the most suitable reactor network
s
for a particular combustor is one of the characteristic problems encountered in
P

stirred reactor modelling. Apart from the mean flow pattern, knowledge of two
other properties of the flow would be useful in the evaluation of combustor
mixing patterns, these are the turbulence structure and the spatial turbulence
dissipation rates. learly a continuum model (2.5(b)) would appear capable of

\

the prediction of these, the alternative approach is to try and deduce this

information experimentally. 'he on~line technique for measuring auto correlation
functions described in Chapter hen is a step in the direction of the implementation




of the latter approach the eddy length scale information provides a
useful insight into the turbulence structure. Fig.6.6 shows the axial profile
of the corrected A and > it is worthwhile noting that the effect of the
correction was surprisingly small and typically < 17. The action of removing

high frequencies from the turbulence would be expected to substantially affect
Ami but this did not prove to be the case. This may be partially due to the
fact that the expression for X(f) takes account of frequencies present in the
measured signal but is independent of the actual bandwidth of frequencies present |

in the turbulence. The measured A . would be expected to be relatively constant
o P y

since the finite length of the hot wire limits the size of the smallest

discernable eddies; 1t shoul!d also be said that the microscale is expected to

P

be larger than the size of the smalliest dissipating eddies, Bradshaw (124).
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It would thus appear desirable to replace the Hot Wire Anemometer with a

Laser Doppler type to eliminate this difficulty, exactly the same technique could

be applied to this transducer.

Now Ama is normally comsidered to be representative of the energy containing
eddies which are gesponsible for gaseous phase mixing, the measured Ama grows
linearly with distance downstream from the Coanda. This type of dependence is
very reasonable and has been found for other types of flow by other workers,
Coates (125)- On a practical note it has been demonstrated, (38), that whereas
® is approximately independent of temperature, Ami is roughly a(temperature)z.
Use of the Laser Doppler technique however, would circumvent the need for such
corrections.

model.

8.3 The BFB mathem:

The solution oscillations described in 7.5(b) are a result of incorporating

/

so many temperature dependent variables (physical properties) into the model, 4.2,
4.5; mnot all of these are actually in the Newton Raphson scheme, Fig.4.2.
The inclusion of a relaxation scheme in Subroutine TEST for recycle loop

calculations would appear worthwhile, since undesirable step changes in the

recycle flow composition and temperature coduld then be damped.
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Turning to the WSR ! rich convergence problem, the PSR Newton Raphson

scheme which forms a large part of the model (equations (4.29+40))is due to
Osgerby (115), who claims it to be efficient over a wide range of pressures,
stay times and stoichiometry. However, testing Osgerby's PSR program (115)

revealed that convergence could not be attained under fuel rich conditions

except at a single point when the scheme for adjusting the correction terms had
been modified. Without this alteration, and at all other points tested, over-—

or (more usually) under-ccrrection resulted. Clearly the correction procedure
requires optimisation and this 1s a numerical mathematics problem. This
unfortunately precludes the use of the BFB model for fuel rich (¢ov > 1) conditions
only at present.

8.4 Model predictions discussion.

Predicted spray evaporation characteristics for the BFB are given in Figs.

7.3+7.5, the stepped effect is due to the disappearance of complete intervals at

appropriate elapsed times. The first set of curves show that PU(t) is strongly
dependent on T via the physical properties, the next set shows PU(t) is only

weakly dependent on Qj and hence V As expected PU(t) is strongly dependent

Rel”
on Pf, Fig.7.5, this naturally reflects the influence of drop sizes and the ISD.
In all cases at least 807 evaporation is obtained after 3 mSec.

Fig.7.7 conveniently igolates the effect of mixing on the temperature of a
homogeneously~fed WSR for three recirculation levels, in each case blowout occurs
at 4 g Tgp € L Note also the dependence of a) reactants burnout and b) pollutants
emissions on WSR2 unmixedness which is reflected in Table VII, Tgp = 7 being
normally selected.

The influence of each of the model primary variables on predictions may be
discerned from Tables VII - X; the temptation of optimising the values of these
(and other) parameters to force agreement between predictions and specific

measured values has been resisted. It is very encouraging that both the correct

trends in, and orders of magnitude of, BFB exit flow pollutant concentrations and
temperature are predicted, e.g. Table VIII. Using the relatively simple reaction
mechanism for kerosine combustion shown in Table VI the predicted NO and CO
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emissions are quite close to, although usually a little lower than, the measured

values for fuel lean and stoichiometric conditionms.

Section A) of Table VIII presents predictions as a function of air flowrate
for constant fuel feedrate and estimated air inlet temperature, agreement with
the ‘measurements is very reasonable. Section B) of this table reveals that .

prgdictions are moderately sensitive to T

AR for ™ 0.704 then a 100K

increase in its value results in roughly a 36K increase in exit temperature, note

also the effect on NO and CO. Clearly T is not a constant for BFB operation

AIR

over a range of conditions but is strongly related to prevalent flame temperature.

Table IX shows the predictions for constant Qj and a range of P the estimated

f’
TAIR is allowed to increase with e in this set of predictions.
It can be seen from Tables VIII, IX that at operating points corresponding
to ¢ov < = 0.87 the predicted CO exceeds the measured value, the reverse is true
for G = 0.87. However, the magnitude of the difference is always less
than 0.37 (actual concentration, not percent error).
In most cases the measured exit temperature is less than the model value,
this suggests two things. Firstly the latter temperatures may be slightly high
since both reactors are assumed to operate adiabatically, if heat loss data
were available then non zero values of ﬁL could be utilised. Combustor heat
loss has been partially allowed for in that measured temperatures of the cooled
recycle flow have been deliberately employed. Secondly, the exit temperature
measurement technique used, 5.8(e), is undeniably approximate; even though thermo-
couple radiation heat losses have been corrected using Appendix C it should be
remembered that forced convection and/or turbulent heating effects, plus
conduction losses, have been ignored. Hence the measured temperatures are
expected to be on the low side.
In spite of the above the predicted NO is invariably less than the measured
values, this may indicate that some significant NO formation steps are missing

from the reaction mechanism, e.g. of the type (2.53+55). CO predictions are

reasonable in spite of the fact that a single destruction reaction only is used
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For an example of other species predictions refer to the GRASP program sample

output given in F(e) which usefully gives the composition of all network streams.

Prediction of Rip are governed largely by the measured recycle flow temperature

t
and are typically 357. Almost complete fuel vapourisation is predicted and
in WSRy, dygp * Yoy
Although predicted and measured exit temperatures agree well for the single
WSR1 partial model, Table X, this is only superficial since incomplete fuel evap-
oration is apparent. Agreement for CO and NO is not so good as for the full model.
Parametric evaluations were found to be particularly easy to carry out using

GRASP.  An important conclusion cof this discussion is that experimental measure-

ments made for comparison with mathematical wodels should be of the highest

possible accuracy.
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CHAPTER 9.

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

9.1 Conclusions.

1) Pollution suppression techniques applicable to heterogeneous combustors
have been discussed, it was concluded that the approach of combustor redesign
constitutes the most satisfactory solution. The present need for a general
mathematical model capable of predicting realistic pollution emissions was
identified and the potential of stirred reactor modelling demonstrated.

2) The emission performance of a laboratory scale Blue Flame Burner (BFB)
which was fuelled with kerosine was experimentally determined, blue flame (soot
free) combustion was obtained for overall equivalence ratios of ¢ov of at least
0.5 + 2.0. This performance was obtained at the expense of high inlet air
pressures which were typically 2 + 4" Hg for fuel rich conditions but it may be
possible to reduce these by increasing the Coanda ejector slit width. A low

}

throughput pressure jet atomiser (0.05 gal/hr(psig)*) was used to ensure the

"mean" drop size was

production of fine sprays, for which the Rosin Rammler
measured as 40-70 u using a laser diffraction technique. The maximum detected

NO for the BFB exit flow was 40 ppm although concentrations as low as 8 ppm, under
fuel rich conditions, are practicable. CO emissions peaked at around 77 although

incorporation of the BFB into the 2 stage configuration would eliminate this and

probably all major pollutant species.

3) A completely general analysis for a heterogeneous WSR operating at
steady state has been derived in which the processes of evaporation, turbulent
mixing and finite rate chemical kinetics are included. The analysis was used
5 to construct a model for the BFB which additionally features: 1) atomisation
to the experimentally measured ISD, ii) 17 step quasiglobal reaction mechanism,
iii) a simple internal recirculation sub-model, iv) measured temperatures of the

cooled recycle flow and v) a stirred reactor network employing 2 adiabatic WSR's,
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4) The mcdular computer program GRASP was developed to enable the solution
of a wide variety of heterogeneous stirred reactor netwecrks and was used for the
BFB model calculations.

5) Compared to the measured values the correct trends in, and orders of
magnitude of, BFB exit flow NO, CO and temperature T are predicted using the
mathematical model. Convergence of the model solution scheme could be obtained
for fuel lean and stoichiometric conditions only, 9.2.

The amount by which the predicted T exceeded the measured T increased from
typically-17 at ¢ov = 0.52, to+l27 at ¢ov = 0.99. However, measured T is
expected to be on the low side since a simple bare thermocouple plus approximate
radiation heat loss correction were employed; predicted T is likely to be a
little high in view of the adiabatic WSR assumption. The difference between
measured and predicted NO was as much as 427, the magnitude of the corresponding
difference for COiemissions was always <37 (actual concentration, not 7 error).

6) Experience gained through the use of GRASP confirmed its suitability to
i) general model: parametric evaluations and ii) use by a relatively inexperienced
design engineer.

7) Modification to the reaction mechanism, e.g. addition of SOX formation
reactions, are particularly easy to implement using GRASP.

8) A convenient on-line digital computer technique for measuring
turbulence autocorrelation functions and length scales has been presented, a means
of correcting such measurements for time resolution error has also been developed.
The effect of the correction depends on the assumed system frequency response
function.

9.2 Suggestions for future work.

1) In order to extend the applicability of the model to fuel rich
conditions the correction procedure of the basic PSR Newton Raphson solution
scheme, which is due to Osgerby (115), requires numerical optimisation in order
to avoid the hitherto experienced over- or under-correction which is often a

characteristic of Newton Raphson techniques.

i <




2) The testing of GRASP for other stirred reactor networks, especially

those featuring PFR's and different reaction mechanisms, is naturally required.
Comparison between predicted and measured pollutant emissions should be retained
as a prime objective.

3) Experimental measurements to ascertain actual BFB heat loss rates
could be usefully carried out, this would enable similar heat loss terms to be
incorporated into the WSR analysis, hence more accurate temperature predictions
could be made.

4)  The evaluation of BFB emission performance for fuels other than
kerosine, and which contain significant amounts of sulphur should clearly be made
in order to examine SOx suppression.

5) A logical extension of this project is the experimental testing and
modelling of the 2 stage combustor design. It would then be possible to deter-—
mine more precisely the extent to which the suppression of all major pollutant
species is possible with this type of configuration.

6) Finally it is recommended that further computer on-line techniques
(involving possibly Laser Doppler anemometry or Photon Correlation) be developed
for the elucidation of turbulent combusting flow structures, and the measurement
of spatial turbulénce dissipation rates, to aid the construction of stjrred

reactor networks.
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APPENDIX A.

Estimation of Kerosine Thermodynamic Data.

The WSR submodel requires thermodynamic data for all gaseous phase species as
an input. Chapter 4 describes how a 7th order polynomial for each species is used
to describe the thermodynamic functions of heat capacity, enchalpy and free energy.
Two sets of the polynomial coefficients a,_, per species are necessary since the
two temperature ranges:

300 € T < 1000 K
1000 § T s 5000 K

are employed, i.e. 14 coefficients/species. As explained in Chapter 7 no such
coefficients were available for gaseous kerosine, this species appearing in the
quasiglobal chemical reaction. This appendix describes the methods that were used
to estimate the set of polynomial coefficients for gaseous kerosine.

Due to the marked lack of such thermodynamic data for kerosine i.e. the

n

hydrocarbon CIZHZA it was necessary to approximate the species properties by
considering them to be equal to the arithmetic mean of those corresponding to
Undecane C11H24 and Dodecane CIZH26' This reems reasonable when one considers

that i) the thermal properties for such high hydrocarbons are very comparable

ii) kerosine tends to behave very much as a pure hydrocarbon. Since reaction

(2.27) is considered irreversible free energy data for the reaction is not needed,
hence values for a6 ocnly are required for kerosine:

o - 2 3 4 o
Cp /R = a, +a, T 4 a, T + a, T + ag T (Cp Cal/mole K) cicswas (A1)

a a a a a
B U 2 3 o2 4 .3 5 b 6 o
H /RT = a +——2T+—3T +—6T +—5T tT (H

T 1 T cal/mole) .... (A2)

These 6 coefficients could be determined in each temperature range if values of
HTo at 6 different temperatures in each range were known, the solution of 6

simultaneous equations then being required. The exact methods used to calculate

a_¢ in each temperature range are now given.
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A(a) 300 & T < 1000 K Range.

Values of(HTo/RT) were first computed at T = 300, 500, 600, 700, 900 and
1000 K for Undecane and Dodecane from the Enthalpy Function (HTO = Hoo) for these
2 species at these 6 temperatures from (108); Hoo for either paraffin was

calculated from:

0 h o - o _m o
(QH) = (H D) oowe n(H )C(graphite) 5 (Ho )Hz(g) Loy eke e atm el (A3)
where, AHfo = Heat of formation of the hydrocarbon (ideal gas state) from
carbon (solid state) and hydrogen (ideal gas state) at
298.16° K, cal/mole.
(AHEO)T = as above but at absclute temperature T(K)

Hence substituting these 6 values of HTO and T into (A2) gives 6 linear simultaneous

equations in the 6 unknowns a, ,, a FORTRAN IV computer program was written to solve

1-6

these equations, the program is discussed in A(c) and presented in A(d).

A(b) 1000 s T g 2000 K Range.

Insufficient high temperature data for hydrocarbons placed an upper temperature
limit of 2000 K on the range of the second polynomial. Values of HTO were obtained
at T = 1000, 1200, 1400, 1600, 1800, 2000 K3 for the first 3 temperatures data for

HTO was again calculated using the above procedure. For the latter 3 temperatures

the following equation was employed:

(o} (o}

N o e o _E
(GHeDp = )iy = W) eoraphite) ~ 7 (p )Hz(g) o't (A4)

Values of (cﬂfo)Twere computed using the technique developed by Souders et al (109)
which is based on the premise that thermodynamic functions within a molecule are

additive, so that the values for the whole molecule can be built up from an i

assignment of definite contributions to the various molecular constituent groups.
The technique (maximum error < 37) plus necessary data is fully described in this
reference, values of HTO for carbon and hydrogen were taken from (110). The

coefficients a ¢ for this temperature range were calculated in exactly the same

manner as A(a).
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A(c) Thermodata Program Description.

Program MASTER BB3DATA was developed on the Sheffield University ICL 1907

computer for the evaluation of the coefficients a for kerosine in each of the

1-6
two temperature ranges using the above techniques. The program can also be used for
the fitting of polynomials to other species for the derivation of corresponding
coefficients.

After reading in all the necessary thermo data the L.H.S's B of equation (A2)
are first calculated, a (6x6) matrix A of the corresponding temperature coefficients
is then computed:

A.X = B siaesie e s s sl (A5)

where, X = a

A standard subroutine F4ACSL was called to solve the simultaneous equations for X,
the routine uses a Crout method; before this routine could be used a matrix trans-

formation operation had to be performed, see A(d). This was necessary due to the

o
1-6? Cp

o ’
and HT were computed throughout each temperature range, the results of which

non linearity of the columns in the matrix A. Having evaluated X, i.e. a

appear in the program output which follows the program listing below in A(d).

A(d) Thermo Data Program Listing and Output.

Program MASTER. BB3DATA is now presented together with sample output for the

first temperature range only, FORTRAN IV was employed.

MASTER BBSUATA

C THERMD ATA =KEROSINE=,AVERAGE OUF UNUDFCANE/DUDELANE
H=EwTHALPY CAaL/MOLE
C CPp=nta]l CAPAGITY CAL/DEG  MOLE

DEMENSTON AACSH) g RBCA) pRETNTCS0) s FCO) 9 HUCH) s HDCAH) b ENNCS) ,CPAES)
DIMENGTON BOR) ,TCA) o Xx(6) pAC36) s ENCLT) s CPCGT) ,T1(0T)
DIMENSTON V1CS),VZ205) 0 RT1(3),Re(S) HC(3),H(3)
Wl YT 2h
DY 100 L= ,4
L f)f‘ LT L."-\-'S
KEALCZ41) CTCL) 2 1=1,6)
FERE=T) E3pd e
Cl READCZ41) (U)o 121,06)
KEALCZ 1) (nDCL) o127 ,0)
',‘.':(

s PV 5%

R AR




Zn

2%

51

21

1v

15

30

40

45

KREADCZ2 1) (HUCT) » 121,3),(HDCTL) ,121,5)
KEADCZ 1) (VT (KK) ok K=T,3),(V(KK), KK=1,5)
READC24 1) (RTI(KKR) 4 KK=T1,3) s (RZ(KK) ,KK=1,3)
READCAp 1) (HLCKE) pKK=T435) s (HH(KK) s KK=1,3)
DU ¢% Kr=1,35
TN=6, Uk R (T(KK+5)=278,16)/1000,10
HUCKK+3)=(2. . 0%VTI(KK))+() , 0*V2(KK))+ (2, U*RT(KK))+ (B, U*RZ(KK))
1+T0L=-64 .4
HUCRK+3)=(1000, O%HUCKK+5))+ (11, 0%HC(KK) )+ (12, 0U*HH(KK))
HDCrRK+5)=(,0*VI(KE) )+ (10O, U*V2(EK) )+ (2, 0%RTI(KK))+(Y,0*KZ2(KK))
1+TD=6v.5¢
HDCRK+3)=(1000, O*HD(KK+5))+ (12, G*HC(KK) )+ (13, 0x4p(KK))
BORKR+S)=(HUCKK+S)+HD(KK+5)) /(2. 0*R*T(KK+3))
LONT I wUE
1M=5
NY 53 1=21,1u
BCI)SHUCI) +nD(1)=76178.8=82095,8
BCI)=0 () /(TCl)*2,0%xR)
CONTIRUL
SET uUP Ttwk., CUFFFES., MATKIX
PO 10 J=1,0
A(J)=1,u
DO 20 K=¢,5
AC(Ce=1)xn4¢d)=(T(J)2x(K=1))/xr
CORTINUE
A(Su+0)=1,0/TCY)
CUNTINUE
MATKIXx TRANSFUKHATIUN
DO 15 J=1.,6
c(J)=a(n+bx(J=1))
CONTINUY
DY 50 J=T,5
Do S50 k=1,0
A(I+Ax(k=1))=A(J+H*(K=T1))/ala+o*(¥=1))
CONTINUE
DO 4 =1,06
A(O+A*x(k=1))=1,0
CIONT L vUE
WRITECS,7)
Pl @5 J=1406
WRITF(3,8)(A(J+H*(K=1)),r=1,6)
CONTINUE
SOLVE MATRI] X
N=
NA= 56
NBE6
InN=T
CALL FAACSLCA B aNswWAPNEB, TN X oLy D, IV sAR,BRyRETNT)
[F(L=1) 60,700,060 : '8
NKITECS, $)
“T=15 :
Y=500,0
L35,
il T &
WwRITEC(S,4)
mT:49
=000, 0
=100 ,0
TRANSHFOKM POLYNOMIAL COFFES,
b SO F1eY g0
XCHE)=x(ClL)/7eCIL)

€ INT Y LEEY

i

:
;v
4
i




-,

10>

110

100

N>V S

-~

WRITFCS,5)11,(XC1) s 1=7,0)
*"(l”'(,‘r'f')

COMPUTE THabExrMmO DATA

O Ay N=feT

T1IC) =Y+ (L*ELOAT(M=1))

SumM=t 0

DY 108 1=, 5

ENACHT) SR 1) /M) XTI () *x*(11=1))
SUM=SHIM+ENN(MT)

ConNTIwnUE
ENCD) = A +50UM+(X(6)/T1(M))
Sum=0,u

DY 110 92=2,5

CPN(MZ) =X (M) (T1 (M) **x(92=1))

SUm=SUM+CPN(M2)

LIONT Lrttbr

CPOCI)=X(T)+5uUm

WRITEC3,9) T1C1),CP(M),EN(N)

CONT T NUE

FIORGAT(AFD 0)

FOK ATCIHY s ST X s GHAPPRUAIMATED B85 COFFFICIENTS: T=3500=700uk)
FORKGAT(IRY , SIX,63HARPRUXTFATFD KBS CUOFRFFICLIENTS: T=luou=50uiur)
FURCGAT (IR 5 i anN0 OF TTeRATIONSE MG, /o0 000l))
FORGAT(IH 210K, 6HTEMP K, 15K 46HCP/RIOK LHH/KT)
FOKGATCIN o/ /17 039K Y (K, H.S5."'S) TRANSFUKAED MATKIK)
FOURSATCIR 2 5F17.8)

FORGATCTIH 39X b 7. 09X017.5:,9%X,E11,5)

STuw

ENU
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Lo
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LO=300000022°0
Yidlvt
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S0
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L
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20
20
20
20
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SSINITINA430D $494

Lo
00
0o
oe
0
Lh=

UIEHOJSNY ]

400000001 °0
J0H0000 LR 0
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300000096 * )
100000062 %)
4000060006 " 0
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JOYE0) %0
L2689 °0
469199 °0
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A(e) Discussion.

The actual computed values of the required coefficients appear in the
program output, A(e), whilst Fig.A.l presents graphical comparisons between the
available thermo data and the fitted polynomials. The fits obtained for each
temperature range are excellent although, for the second temperature range, the
function CPO/R diverges rapidly as would be expected after T > 2100 K,ie outside

the range of fit. However, actual model temperatures encountered were <2000 K.
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APPENDIX B

Gas Sampling Probe - Quenching Calculations.

This Appendix presents details of the calculations that were made to determine
the efficiency of the gas sampling probe in quenching chemical reactions occurring

in the sample. The method uses a simple heat transfer analysis plus chemical

reaction rate data to determine the practical reductions in chemical reaction

possible in a water cooled probe which imparts no expansion to the sample.

The decrease in temperature of the sample after it enters the probe is assumed

to be exponential:

- Fi - 3 %
T Tw (Tp Tw) exp (-x/L) iels atetenotals e (B1) ;
|
where, T = sample temperature at any distance x from the probe é
entrance. |
Tp = initial sample temperature, i.e. at probe entrance.
Tw = probe mean wall temperature.
L = order of magnitude of flow distance required for the

equalisation of T with T,

Now L is given appfoximately by (105):

L = C m ceesess e (B2)
1% I/
[ A Nu 7
piu
where, Nu = 4 for a cylindrical pipe.
Cp = sample mean specific heat, cal/gm K.
lp = sample mean thermal conductivity, cal/cms K
pp = sample mean density, gm/cm3.
' Hence, the time to flow over this distance g is:
c dzp
W Tf = L/V = —L-X Nu.pp. T &8N (B3)

Now chemical production/destruction reaction rates are extremely sensitive to
temperature, equation (2.24), so that even a moderate drop in T produces a con-
siderable reduction in reaction rate. It is now assumed that a decrease in reaction

rate by a factor ¢f 100 is sufficient to quench a sample so that composition changes
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within the sampling system «re negligible. Estimates of the probe flow distance
and corresponding quench time to obtain this order of magnitude are now derived

for a general chemical reaction in which:
§

w(T) « T . exp (<E/RT) = ...ee AL 2ot (B4)
where, w(T) = general chemical reaction rate, mole/cm3 sec.
§ = temperature exponent.
E = activation energy, cal/mole.
§

Hence: w(Tp) « T exp (-E/RTP)

P
w(T -aT) = (T -aT)® exp (-E/R(T -AT))
P P P
where, AT = actual temperature drop experienced by the sample.

So that the corresponding reaction rate ratio is:

w(T_-AT) §
i - SRR R fzE &% :
) (1 T) exp \RT_(T.- &) N . (B5)
P P P P
Rearranging:
T )
AT 7. B E . 4T
6 1m (1 "T_-) * ln\ o(T =AT) ol TT__“_A-'F)_ N et (B5)
P P P P
For § = O:
1n/ ae) > LB
\ w(Tp-AT) RTP (Tp-AT) (B6)
For E = O:
w(T_ )
& _ AT\~ 8
(T 5D = (1 T ) R e (B7)
P P
For § = E = O:
T -AT) = w(T R (B8)
w( A ) ( p)
Hence for any given E, R, Tp and § it is possible to calculate the actual AT
w(T.)
required to achieve o(T =5T) = 100, clearly a minimum reaction activation energy
- P

exists for which this is possible however. Having found AT then, x/L can be

obtained from (Bl) and the reaction quench time Tq estimated (order of magnitude):

- L C d x p
;1 = E = e— * - = 3-(- b —L-E——p- R . (Bg)
q \' L )" L 4 Xp Nu

1t should be noted however, that although (B6,7,8) are solved trivially,

equation (B5) has to be solved iteratively.
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A FORTRAN IV computer program was developed on the Departmental PDP 8/E
digital computer for the purposes of testing whether or not the gas sampling ‘
probe designed, could quench any general chemical reaction. The temperature

estimates used were:

1 = 2000 K ; T = 300 K, see 5.8(f).
Ploax. L

B(a) Probe Quenching Program and Output.

The listing of this program , together with the corresponding output is given

below. The output presents quenching efficiency details for each of the 17

chemical reactions used in the WSR model.
(% 3AS SAVPLING PROURKE(HZ2O)=-CUULED Se Se) PRUGRAM
(A ASSESSMENT OF QUENCHING OF UP T 3@ REACTIOVNNS

LIMENSTUN TaX(38)s nXC30W)s DTC30) s KLC3G)» TALIC3R)
DIMEVSTUN RRC30)5 E1C33)5 n2(30) 5 JKC39)

€ [EX=HEACTION HATE CONSIAN] TeMPenATURE EXPUVENIT
€ KX =rBEACTIOV =ATE CONSIANT ACTIVATION KN KR GY /1
34 R =3AS CUNSTAN1 (CAL 7MULE«X)
99 JERITEC45,1)
1 FOEMA1C// " JNUMBEK OF REACTIONS ')
READC4, 2INR
2 FOEMATCI D)
FEADC4, 3) (TEACIR) s EXC(IH), TH=1,NK)
3 FORVMAT(FSe 25 Fte 1)

RP=0e419E-01
PI=3.1416
® EXPUNENTIAL PuHuRE TEMPe DISTeN
1I=22000 64
IC=300 e
Dl4=TI-TC
Niu={<
CP=e225
BK=1eTE~A4
HO= (2N /224404 (2736B/TII%(1eAE=-33)
TAUL=10 10 e Dk (Ul .k RUR(RP*%Z2e 1)) ) /(BK*NU)
dITiEC4, 5)TAUL

o FOL¥ATC AT " OAPPROXIMATE SAMPLE CUULING TIME = "sr e s
1 ML LLT SEC " s 727
C REACTION ®ATE =ATIO =142 FOR QUENCHED REACTION IR
JKJ=

DO 59, 15=1,\R
IFCIEXCIR)) 40, 30, 49

3 RAM=4e 61H2%(TI=-DTVMI*TI /DTH
ITFCRXCT s )=EXM) 32, 34, 34

34 DICTIEI=TI/ZCle A+ (EXCIRY/(TI*x4e 652)))
JEXCIR)Y=1
G0 TO 47

37 ERCT ) =XPCEXCIR)*DTM/CTI*CTI-DTM) ) )
JLJ=1
JELCIR)=2
) TO H9

4 Fou=TI«CIT=-D01WY /7D

s | DR Cle 652+ CTHEXCT ) AT UGCL o= CDHTMZ1T))))
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44
62

43

47

5

~i
2

g9
91

9

592

TECEXCINY=-EXN) 42, 44,
DTCIRY=20.0
ElCITR)Y=BXCIR)*DTCIRIZCTI*(TI-DTCIR))
EECIR)I=4e 6A0+ (TEX(TH)*(ALOGC1 V- (DT
IFCABSCEY (TR)=E2(TI5))=-0eD1) 47,471,483
RDICIR=DTCIRn)+1MA

IFCDT(IR)« GT«DTM) GO 1O 9¢

50 TO 69
FACTRISEXPCEXC(IRY /T ZCCleA=CDTM/TI)
JKJ=1

JACTITHY)=2

50 TO 58
XLCIR)=ALOGC(DTM/(CTI-DTCILRY=-TC))
IAJCI)=TalUl*XL ¢TI k)

JKCTH)=1

CONTINUE

WwRITEC4, 6)

JxTITEC4L, 7))

DO 7@ IR=1,3NR

IFCIKCIR) e NE1XGD TU 70

WRTTECL, T2)IH, DTCTRI)XLCIR), TAUCTIR)
CONTINUE

TF(JIKJe ENaBYGO TO 99

Sl TEC4, 8)

#RITRC45,9)

PO 82 Ik=1,Nx

IF(JLCTIR)eNE«2)E0 TO K9
ARITEC4, 82) I s KEKCIR)

CONTINURE

CONTINUE

FORMATC" **xx COMPLEIELY

T

" /)

FORMAT( ** REACTION NUMBER DELTA T
AUENCH TIMECMILLISEC)')
FORMATCIH, 6X5 12, 10XsF6els 4Xs Foe 351 7X
FORMATC/ /" **x*xPAkTTALL
Sy /)

FORMATC " KeACTION NUMRBREK

FORMATC1Y . 6X,12,26XsF6e2)

2O EQ 9

END

JUXBER OF REACFIGNS 2
17

1.49 124A7%.0

7oA SA4e

Medd  H4DJe

1e 4487349
AeA) =2787¢0

~2e'AA 1o iA
eiAA e
~}e 28 “hel

1000 315340
el 3RAANO
el Hel)
Me™A 16710
Ne?A 1213060
Het3% 121309

Y42 N+ )

\
4449 D991 e ¥
5

39 46"

)
CRRY 4TI

d)RATEXCLit))

QUENCHED KEACTIONS* %

X/L

s F6e 4)

Y QUENCHED REACTIuUNGS

DEGREE OF QUENCHING

« % %

2y




APP2OXT¥ATE

SAYPLE

COOLING TIME =

De 1 1OMILLISKEC

*%«kCOVPLETELY QUENCHED HEACTION S* %%

~*ACTION NUYRER BELTA T X/L QUENCH TIMEC(MILLISEC)
1 19560 Ae 6314 Dels 694
3 114361 Me951 DelB 4l
4 12376 1.301 Ve 1432
9 1372+ 1. 645 Pe 1812
17 390.2 he 261 Aelh28 1
13 4032 He 129 “et) 181
1~'~' 8630/’ ')’.rﬂ)g 1.(')7’:51
BS 1259. 1 1. 350 Me 1486
16 195960 e ¥ 2e¢ 52 Me2726
kkkPASTIALLY CUBJNCHED REACTIOUNS* ** 1
PeACTION NUMRER LRGrkE OF QUENCHING 4 §
o 4.6 {
=5 D eAA |
6 ReRA2
(/ 1.9
& Ae 59
1k lo i)
12 93. 33
. Jei' 4

B(b) Probe Quenching Efficiency.

The reaction numbers in the output given in B(a) correspond exactly to those
in the reaction kinetics section of the WSR submodel. Virtually all of the reactions
are predicted to be quenched, reactions 2 and 17 being the only notable exceptions.
The other partially quenched reactions in fact are special cases of zero or negative
activation energy and as such would not be expected to be "quenched". The results
of these calculations then, appear to verify the quench efficiency of the gas
sampling probe design; the method used is relatively simple and constitutes a

useful water-cooled probe design aid.
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«Te hAy (Tf = Tb) = 0 Ab(e B =k

APPENDIX C.

Calculation of Ambient Flame Gas Temperature from Thermocouple

Bead Temperature

As explained in 5.8 a Pt/Pt.13%7 Rh thermocouple was used for the purposes of
estimating mean values of burner exit flow temperature Tf °cy. Due to heat
transfer considerations the thermocouple bead temperature Tb does not equal this
value, a heat balance in fact is necessary to relate the two. This Appendix
outlines the method by which Tf was calculated from Tb'

Pig.5.19shows a sketch of the thermocouple, whose bead was approximately
spherical and of 1 mm diameter. For any output signal MV the bead temperature
was determined through the use of standard conversion tables, since no cold junction
was used, room temperature was added on to this value.

Thermocouple bead steady state heat balance:

Rate of heat transferred Rate of heat transferred Rate of heat transferred
to bead by convection =\ from bead by radiation >-+< from bead by conduction >
from gases to the combustor walls along the leads

. . .

9 92 93

4) + q3 T (c1)

where, T = mean combustor wall temperature, K.

h = heat transfer coefficient, —g——

m K
€ = bead emissivity
o = Stefan Boltzmann constant, 5.67 x 10-8 zw 7
m K
< = absorptivity of walls
D, = bead diameter, m.

Forced convec ion and turbulence effects constitute additional complexities but were
neglected since first order approximations only are required; it is further

assumed:
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i) éz >-d3, in practice é3 can be minimised by the use of small diameter
leads.

ii) 'r“>Tw“, Tw is difficult to measure without resorting to the implant-

b
ation of further thermocouples.

For heat transfer to a cylindrical object

By et o 2.0 e e R (B2)

Now A and e are not constants but functions of temperature, in the interests of
mathematical simplicity both these thermal properties were expressed as linear

relations.

5 2 W

A= Aair = 6.13 x 10 Tf FE 3T OIS @R = AT eresstets (B3)
For 500 s Tf < 1800° C, using data available from (111).
B lativem = 9,63 % 16~ T, + 0.05 i Py (B4)

: b
wire

For 500 g Tb € 1700 K, using data from (112)

Substituting (B2,3,4) into(Bl) and rearranging gives:

2(Tf-Tb)

B

For specif&ed D

2 4

6.13 10 ° T, + 3.01 x 10°%) =0 (9.63 x 10> T, + 0.05) T* (@5

b
b a®d Tb then, equation (B5) is quadratic in Tss the desired gas
temperature. A FORTRAN IV program was written for use on the Departmental PDP 8/E
digital computer, in addition to evaluating Tf for any given Tb the program

estimates the density of nitrogen at corresponding Tf for use in the isokinetic

gas sampling procedure, 5.8(e).

C(a) Gas Temperature Estimation Program and Output. |

The program listing, plus output for three different thermocouple bead
temperatures is given below.

AV EU UL T TN TR AN RSN AR WE o 8 SO S O

e 7)1 el T A l..'.,J..‘/)‘,: .
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s T e €/, 4)
wARCAy ) [ERL
IP={RY b el
=) e A4p-AY
1=De 6 r=iAK
5 P2 (Me 101 1R/71138%e 22)+0 3D
AN SN2 (36l D) xE G4 ) ¥k SBOKAR

A=] e UO4hk=i1{

12N e [Dk=1y

ez = (A ]i)

PO [RY+ CLIse QDN L7838 (e d)

IP=C =" 4500 [ ((FeeR)+ (4 MeNe())) /(2% A)
MUSCPRe A/ 200 1) €€ [Re A/ (e AV KD (Ba1 /(2 (Seh4r))
T LlCda, 3) 1k s O

¢ rLNIA [ CpHe 3)
3 pUHMAOTCIH, ki, A4k, LYY =W, r e 35" LG C"s DNs "HIU=""s1r 80 39K G/ 538" 77)
2] FORMALCIN, "TIHERMUCUUPLE [mMP %)
5 FURYATCIW, ® v CyPL e nARIATTUN HEAT Lubs Cuniie PRUGRAM')
CHS TR 0 ) (67,
=N D
i)

PP wAPTALlT N HeAl LJsS Curixde PHUGLOY
[HESY U CowPl, e TeEvp ¢

1437,

pl.AYH [revb =113bed890EG O BJ= e 233X/ %3
HE voE0JPLE TEYR> ¢ i
1944, ;
rlAY e r/P =1 1)."'?’. 438 1ns © Hu= Ao 93K Grv3 i
I‘»J RO O P WA 2 ik [ ¢
147 ' :

F AN E [24P =1 f42¢ 032008 U HMUE He 1E63KLIYS -

3

1 C(b) Discussion of Method.

Catalytic bead heating from surface reactions and possible droplet inter-

ferement effects have also been excluded from this method as these are very diffi-
cult to incorporate. Fig.C.1l shows T, as f(Tb) for the thermocouple used in the
experimental measurements, due to the fourth power effect the difference between

the two variables clearly becomes more important at higher temperatures.
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Autocorrelation Data Processing Program.

D(a) Program Description.

A BASIC Program ACPROC.BA was written for the purpose of converting the range
of autocorrelation data before the plot routine could be used. The program also
evaluated the measured time scales by means of equations presented in Chapter 6
and corrected these for the net time resolution error of the autocorrelation
measuring system, using equations presented in (6.4).

A standard program (Dec)COND14 was first of all employed to convert each data
file from CORD3 format, to BASIC format. The next step in the processing routine,
which is illustrated in the printout given in D(c), involved the running of program
ACPROC.BA. A listing of the actual program appears in D(b). The program takes as
input a data file which is the result of this format conversion and generates an
output file in which the value V of each point lies in the range: O < V < 1000.
Negative values of V being converted to the range: O s V g 200 and positive
values: 200 g V g 1000. ACPROC.BA was written so that, for curves in which the
zero crossing did not occur in the 100 points (i.e. 10 millisec)of displaced time T,
it was possible to extend the curve by typing in extrapolated values until the
zero crossing was cbtained. This naturally affected the macroscale since under-
estimation of the area under the curve would have resulted without this modification,
area under the curve after the zero crossing was neglected since this oscillates
about the displacement axis and is very small. Area under the curve was
estimated, and hence <Toa? using Simpson's Rule. A least squares curve fit is
then performed for the normalised autocorrelation curve to derive the constants
<t and <p(a)(0)> for the osculation parabola. Finally equations (6.19) and
(6.21) are applied, in order to correct these measured time scales for the time
resolution error of the measuring system. All pertinent data is printed out.

Having run this program, CONDl4 was then run a second time in order to
convert the output file format from that of BASIC, to that of DAQUAN. The program

DAQUAN could then be called and the converted data file loaded for display and

plotting.
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D(b) Data Pr

ocessing Program ACPROC.BA

ACP

K
R
D
p
)
I
P
F
I

OCR~NOU D WM

x0OC BA 3.0 A5-NOV=175

kM -- PROGRAM FOR PROCESSING AUTOCORRELATION DATA
EM -- 1 CONVERSION OF DATA TO DAQUAN INPUT
IM Y(2003),Z2C108),X(108),R(1D)

FINT *"NO. OF EXTRA POINTS M 2

NPUT M

F M=0 GO TO 29

RINT *SPECIFY EXTRA POINTS"

OR I=1 TO M

NPUT Z (1)

NEXT I

FILEN#1:'"PSACl.TM"
FILEUN#2:"PSACl.TP"
INPUT#1¢ABR,Cr D E»F ;
PRINT#2:A»BsCs )5 E»Fs 1000
INPUT#12:G

FOR I=1 TO 99

INPUT#1:T

T1=202+K800%T/G

J=1+1

YCI)=T/G

PRINT#2:T1

NEXT 1 1

FOR I=1 TO M .
T2=20A+5A0%7,C1)

J=1+100

YCJ)=ZC1)

PHRINT#2: T2

NEXT I

CLOSE#2

PHINT ¢

DRINT

PRINT *"CONVERSION COMPLETE"

PRINT

PRINT

Y(1)=1.0

P=0.03001

REM =-- 2 INTEGRATION RY SIMPSON'S RULE

REM == P=T INCREMENT

5=0.2

IF INTC(J/72)<(J/2) GO TO 218

J=J=-1

Kl=(J=-3)72

FOR N=1 TO K1

LL=2%N

K=1,+1

S=S+(4.0%PxY(L)/3.0)

w» G

B
=S+ (4.0%P%xY(J=-1)73.0)
S=S+((YC1I+Y(JII)%XP/3.0)
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D(c)

30 PHRINT "mSITIMATE OF INIEGHAL="3S
319 PRINT

320 PRINT

330 REM =-- 3 LEAST SQUARES FIT OF NORMALISED AUTOCORKELATION
349 kM == FUNCTION AROUND PEAK
350 FOR I=1 TO 8

360 K(I)=0.0

379 NEXT !

38d FOR I=1 TO 10

394 X(I)=CC(I=1)%P)*xx2

479 R(1)=KH(1)+1.0

419 KH(2)=H(2)+X(1)

429 HE3)=RH(3I+X(T)HX*xX(1)

4370 RC4)=R(4)+X (1) **x3

440 RCOHI=HIOI+X (I ) x*x4

450 KR(6)Y=RK(B6)+Y(I)

4600 RCT)=nCIH)+Y(I)*X(])

470 R(EI=H(B8I+Y (I D) «X(ID)%X(]I)

480 NEXT I

492 Al=R(3)xE(D2)-RC(4)X*R(4)

SAA R1=R(3)*KR(4)-K(2)*¥R(S5)

514 Cl=R(2)*R(4)-K(3)*K(3)

5200 DI=RC1)YXR(5)-R(3)Y*R(3)

533 Kl=F(2)%K(3)-RC1)*xK(4)

S48 F1l=R(1)*EC(3)-h(2)%E(2)

950 Z=A1*K(1)+B1I*R(2)+C1*K(3)

560 U=C(Al*R(EI+BLI*xRC7)+CL1%xR(B))/2Z
510 v=(B1*R(6I+DI*xRCND+EL*xK(B)) /7
SO W=(Cl*REHI+EIX¥RCTI+FI*xR(8)) /2
593 PRINT "RO=A+RB*Tx*2+CxTxx4"
6004 PRINT ' A='"5U

610. PulINT ¢ B="5V

620 PRINT * C='"5 4«

630 PAINT

647" PRINT

645 nEM == 4 CORRECTION OF MEASURKED MICRUSMACKO TIME SCALES
647 REM == FOR SYSTEM FREQUENCY KESPONSE
6957 BRP=9.%7KE+AUR

660 N=¥%k24.0

610 Q==1eA/(2eD%V)

6540 RB3=1.0/70532%Q)

697 AR2=(C(Jx0/B2)+1.2)/7(B3+1.3)
7083 01=50RCO/A42)%107A0

713 0=SQRC(D)Y*1A09

715 S=5%100%

720 £1=5/C1.0+B3)

7300 PRINT ' <TMA>="; 53 "MSEC"

145 PRINT ** TMA ="5515"MSEC"

142 PRINT

744 PRINT

750 PRINT " <IMI>=";0;"MSEC"

7604 PRINT * TMI ='"5015"MSEC"
90 END

Data Processing Routine.

The teletype listing given below shows the complete processing routine used.
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’r e I - ' 7 .
! R CONDLl4 ; - “ "

*PSACle ITM<PSALCL « DA
* Fy<CO

*1C

NEw OF OLDL=-ULD DTAA:ACPHROC.RBEA

b READY |
B HUNNH
NG. OF EXTHA POINTS M ?
20
4
CONVERSION COMPLETE

ESTIMATE OF INTEGHRAL= 0.00249433

HU=A+Bx [+« 2+ CxTx%x4
A= A.98K218
B==513720
C= «263815E+212

<TMA>= 2,49434 M5eC
IMA = 2449174 MSEC

<TMI>= A.986555 MSEC
TMI = P.984001 MSEC

READY
BYE

«RB CONDLl4

*PSACI« DO<PSACL TP
* DA<= 4

*tC

«k DAQUAN

DAQUAN 0S5-8 !

TTILE: DISPLAY AND PLOT AUTOCURRELATION CUkvk ¢ PUINTI
OKs HIT ME!

MA:*PSACL e« DO

NOe POINTS= 190
PTSe TO SKIP=6

PL¢ - e
LINE PLOT?ZY
XY

LOFEE PP 2Y
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APPENDIX E.

Calculation of Equilibrium Composgition.

The concept of chemical equilibrium was introduced in 2.2(d), this appendix
then describes the method used for calculating flame equilibrium composition
which, as mentioned in 4.2(a), is employed as an initial guess for WSR solution.

The following dissociation equilibria are used:

3
Pco po2
C02 2 Co0O + 02 Kl = ——BCO—. o s o aie nlels (E1)
2
pﬂz Pozi
B0 ® B * 30 K = (E2)
2 2 2 2 P
H,0
Py B t
OH PH,
HZO = in + OH K3 = —P;—O— el o (E3)
2
P
— = H
}H, = H K, p—T .......... (E4)
H,
p
: “ Lo '
4 02 20 K5 = TR (E5)
Py
2
P
§ N, + 40,2 NO T = (E6)
5 Py <Py )
N,"Po
Py
N, = N e @ aERe e g (E7)
Py 4
2
Now :
B, ® Peg ° Pco, i (E8)
h Py e PH,0 *Poy t 2y LA (E9)
n, = 2pCO +pCO+pHO+2pO +p0u+po+pNO.. ....... (E10)
Oy S ey TR PN2 NI (E11)
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The total pressure is considered toc be 1 atmosphere so that:

, Zpi = 1.0 ensiaiears  (BYD)

Now, the ratios no/nH, nc/nH and nN/nH must clearly be the same for the feed
composition and the equilibrium composition so that the values of these ratios
for any particular feed, together with equations (E1-12), form a closed system at
any temperature T. At any known T the equations can be solved by a modified
iterative triangulation process (116), provided that K1_7 which are functions of
temperature, are also known. K1-6 as £(T) were obtained from Reference (14) whilst
K7 as f(T) was taken from Reference (117). When the equilibrium flame temper-
ature (adiabatic) is also required a heat balance, involving species heats of
formation and heat contents (l4), must be additionally satisfied, so that further
iteration is needed. Using the basic method (116) a FORTRAN IV computer program
was developed to enable the calculation of flame equilibrium composition for a feed
of variable temperature and general composition, in terms of the chemical species
used in the WSR model described in Chapter 7, the program was capable of operating
in the two modes:

a) gpecified+flame temperature, ¥

b) unknown equilibrium flame temperature (adiabatic).
A simplified version of the program, SUBROUTINE EQUILB, is described in Chapter 7

and presented in Appendix F; the program operates in the former mode.
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APPENDIX F.

PROGRAM GRASP

F(a) Program description.

The FORTRAN IV computer program GRASP (General Reactor Analysis and Simulation
Program) was written to enable stirred reactor combustion calculations to be carried
out for a wide range of reactor networks and options. GRASP was used to derive
the BFB model predictions which are presented in 7.5; a listing of GRASP appears
in F(f). The program was run on the Manchester University CDC 7600 regional
computer due to the large storage and computation rate facilities. GRASP requires
approximately 36K storage.

GRASP is organised into a PROGRAM control segment plus a set of SUBROUTINES.
Table XI lists these routines and identifies the function type and contributing
authors of each, it may be seen that certain SUBROUTINEs have the status of a
Module. A Module is considered to be a unit in which specified chemical and/or
physical prucesses occur, the function of a Module then is the evaluation of the
composition/T/P of its output stream(s) - for defined input stream(s). TEST
and LOOPl have a different status as will be appreciated shortly. For each Module
a 30 element UNIT list is defined which contains pertinent data. GRASP is
dimensioned so that gip to 10 Modules may be used in any reactor network. Modules
are numbered left*ri;ht in any network, e.g. Fig.F.l which is the GRASP e{uivalent
of the BFB model Fig.7.2.

All Modules are interconnected by streams of distinct composition/T/P which
are represented by a 25 element FLOW list, up to 20 streams may be used in a
network at present. All elements of UNIT and FLOW, plus the various program

control variables, are defined in GRASP.

a)  PROGRAM Segment.
This constitutes the "Executive" or control section of GRASP, it controls data
loading, the calling of each Module in sequence and selection of the required
printout routines. If more than one run is required then DAITER is called for
the wodification of program input infocrmation.
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b) _SUBRCUTINE MODULE

This routine is called by the PROGRAM segment each time a new Module is to
be entered, the type number of each Module is given in this routine.

c) SUBROUTINE DLOAD

DLOAD reads all the reactor network parameters including UNIT and FLOW plus
various network options. If required a printout of the loaded UNIT and independent
FLOW data is made.

d) SUBROUTINE DALTER

DALTER loads the modified input data if NRUNS >1. For each run a maximum of
20 changes to each of the UNIT and FLOW arrays may be implemented.

e) SUBROUTINE WRITEL

WRITEl outputs the final flow analysis after all recycle loops and individual
Modules have been solved. In addition a separate set of information regarding
the state of all WSR and PFR network modules is printed. Output Channel 3 is
principally used by GRASP for data printout.

f) SUBROUTINE WRITE2

WRITE2 outputs the values of the UNIT and independent FLOW arrays whenever
called, i.e. performs a useful intermediate check of this network data.

g)  SUBROUTINE WRITE3

WRITE3 was written specifically for the BFB reactor model; it prings out
air and fuel feed flows and initial mean velocities, also the fuel spray ISD, ¢ov
and Rint'
h) SUBROUTINE WSR

This routine is the control and initialisation section of the most important
Module in GRASP, it is called for the solution of a single WSR or a chain if in
a PFR; WSR employs 8 service routines. The order of species used must be the
same in all the various calculations, data input and FLOW list, the order is (with

reference to the BFB model):
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e : - LIQUID
2k - % E
GASEQUS PHAS | =
(Mixed) [ (Unmixed)
MODULE WSR 1 2 3 4 5 6 7 8 9| 10- 1L 120 18iEY4 15 e 17
!
FLOW List eSO R 2SI e S 16 L7 18 g 20 A0 0 23 245125
i
BFB MODEL H N 0 OH H20 Kero CO NO N20l CO2 H2 O2 N2 02 N2 Kero|Kero
t
- Independent species +« Dependent = (Fuel)
' species

WSR may be operated in either the constant temperature or constant enthalpy

mode, the latter being usually used. Note that P and ﬁl/V must be specified.

The main functions of WSR are i) reading of input data, ii) initialisation
before COMP is called and iii) the setting up of the output FLOW and UNIT lists.
For any WSR which is either not in a recycle loop or for the lst pass through one
which is located in such a loop, it is necessary to guess T and e in order to
estimate - EVAP 1is then called to compute Y; , BBl is then called before

calculating ¢ and finally entering EQUILB for a modified equilibrium initial

WSR

Seavds B

guess. For the 2nd and subsequent passes through a WSR (in recycle) the initial

. *
guesses for v., T
1

I

s P and T, are set to the previous converged values for that

Module.

i) SUBROUTINE PFR
B J

PFR calls WSR 10 times (4.2(b)), if in a recycle loop and LOOP >1 the first
subvolume initial guesses for T, e and T, are set to the previous values for that

Module subvolume = an equilibrium guess at that T is then used to derive initial

values for V. A set of LOGICAL variables control EVAP and WSR when solving a PFR.

j)  SUBKOUTINE MIXER

MIXER enables streams to be adiabatically mixed/split at any point in a network,
ceneral mass and heat balances are performed on the gaseous phase, BB3 supplies
species specific heat terms. A separate mass balance is performed on the

1s5e, negligible sensible heat for this phase and V = 0 being assumed.

Rel
i one output stream it is necessary to supply the appropriate split

MIXER UNIT list. MIZER was also used to set the temperature of




; k) SUBROUTINE COAN

COAN was written for the BFB model, it describes the operation of the Coanda
internal recirculation unit for this combustor. From values of TAIR’TROT’ Qj
and Pcc the calibration-corrected air mass flowrate is calculated. COAN is also
called by EVAP when VG(O) is needed, equations (4.78,81) being employed. (4.80)

is then applied for evaluating Rint and hence the split fractions for Module No.6.

COAN also feeds 2 network control parameters into EVAP.

L) SUBROUTINE PJUET

PJET is a general routine for pressure jet atomiser calculations although it
contains the BFB device mass flow calibration. From the single variable P PJET
returns mFUEL (eqn. (€5.8)), VS(O) (eqns. (4.56,57)) and the spray ISD(eqns.
(4.48+52,55)) for use in EVAP.

m) SUBROUTINE TEMPRES

TEMPRES enables T or ' (or both) for any network flow to be set to desired

values.

n) SUBROUTINE TEST

TEST 1s a standard routine developed by Burgess et al (123) for the iterative
solution of recycle loops, to a specified accuracy. A convergence promoter may
be used to increase the rate of convergence.

o) SUBROUTINE LOOP1

LOOP1 is the lst Module to be entered after a recycle loop has been solved,
NCYCLE and LOOP are reset according to whether or not further recycle is required.

p)  SUBROUTINE COMP

COMP solves (4.29+40) by means of a Newton Raphson iteration scheme, BB4 being
called for the partial derivatives required to evaluate a composition change,
CHOLES reduces the interation matrix thus generated. A scheme for reducing the

correction terms to prevent over—correction is used, when the species eqn. (4.29)

and energy balance (4.30) are satisfied control is returned to WSR. EVAP is
ralled for the first 10 temperature iterations to obtain Yi* for good estimates of
T and t_, in this way oscillatory iteration was avoided. BBl is called each time

* s - i
Y; are moditied and BB3 each time T changes.
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qQ)  SUBROUTINE BR1

BBl evaluates the coefficients of the element conservation equations used for
the WSR dependent species. The first time through BBl the independent species
conservation coefficients are read.

r) il,'BR.il"l'l.'\'h BB3

BB3 computes species enthalpy, specific heat and free energy values, it may
be called from MIXER, WSR or COMP. The 1lst time through BB3 a set of 14 coeff-
icients for each physical species are read in, these coefficients correspond to
those in (4.41-43). This data for Kero and NZ is alsoc available to EVAP for use
in (4.59,60).

s) SUBROUTINE BB4

BB4 contains the chemical kinetics of the system being investigated, the
lst time through kinetic data incliuding participating species, rate constants,
3rd body efficiencies and reverse rate options for each reaction are read. If
it is specified that IK = 1 then the lst chemical reaction is selected as the
quasi-global finite rate pyrolysis step (2.27). BB4 produces a printout of the
above data, e.g. Table VI for the BFB model. The partial derivatives required
in COMP are then computed.

t) SUBROUT INE EVAP

EVAP evaluates Yi* for specified T and T for any network WSR. Since this
involves time dependent quantities a number of control parameters are required for
incorporation into both the WSR and recycle loop iterative solution schemes, these
parameters are defined in GRASP. An option is provided for region A or B thermal
properties in (4.59). EVAP was written as a completely general evaporation/mixing
routine, it requires additional inputs of spray ISD, VS(O) and VG(O).

u) SUBROUTINE EQUILB

EQUILB generates an equilibrium initial guess for WSR composition when Tl and
¢WSR are specified. As explained in 7.4,(Teq—200) is curve fitted, an alternative
value of T may be supplied if IEQ # 1 is selected. The equations given in Appendix

— : *
E are then used to compute the equilibrium Yi.




V) SUBROUTINE CHOLES

CHOLES is a standard service subroutine which reduces the iteration matrix
generated in COMP by means of the Choleski factorisation method.

w) SUBROUTINE RATES

RATES evaluates the values of the rate constants and their derivatives required
in BB4. Equations (4.36+39) are employed for this purpose and Kj are calculated

using free energies derived from BB3.

FLow vecirculation

TEST
0
COAN > q A8
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TABLE XI. Program GRASP, Breakdown of Routines.

Subroutine Function type Contributing authors
PROGRAM SEGMENT 1 B,F
MODULE 2 B
DLOAD 3
DALTER 3 B
WRITE1L 4 B F {
WRITE2 4 B i
WRITE3 4 P :
WSR 5 P,F,0
PFR 5 F,P
MIXER 5 F,P i
COAN 5 ik
PJET 5 P
TEMPRES 5 B
TEST 5 B
LOOP1 5 P |
COMP 6 0,P
BB1 5 0
BB3 6 0,P H
BB4 - 0,P,F
EVAP 6 P
EQUILB 6 P
CHOLES 6 0
RATES 6 0
B = Burgess, Robson & Wells - joint authors of chemical engineering flowsheet

program PRIMER: Ref.(123).

0 = Osgerby — author of a PSR program: Ref.(115)
K = Felton - coauthor of program GRASP, version for PSR type calculations.
P = Prior - main author of WSR version of GRASP. %
1 = Main control segment.
2 = Module selection segment.
3 = Data input or modification. ¢
4 = Data printout. i
5 = Module. %
6 = WSR Module service routine.




F(b) Program data input.

Two data input files are required by GRASP, the lst is read by DLOAD (also

DALTER if NRUNS ) 1), data is specified in NAMELIST format, F(c). The 2nd input

file contains information required by BB3, BBl and BB4, standard format is used
J ’ s

F(d). Species names and molecular weights are contained in a WSR DATA statement.
F(c) BFB Model; typical module network data file.

SEXECY

NRUNSE1,

TITLEs18*0,

L1ST®9,2,3,4+5,6:7,8:,9:0,

JOCP®Y ,2,3,4+5/6¢7,8,9:10,9%,12:13.14,15:16,
KPRINT=3#1,0,

$

SUNITL
UNIT121,9,3¢%,3,8%0,46350,7,3,288:11%0,4,0,
UNIT282,10,2%%,2+4,8¢0,%20,7 %50,
UNIYS'}",Z"’,3(‘15!7'0!1,‘YQ&O,“;
UNIT“I“'J,Z:"p5191617'011'1“011l
UNITSm5,1,21,6,7,940,300,13e0,240,
UNITO=6+3,1,8,7,8,10,720,14+0,1035,1,
UNIT?a7,8,2%1,8,9,8¢0,30:0,02,12,3,12a0,
UN!T8-8:§.111.10”0'8*0:16'0:
UNITH29,3#4,10,11,9¢0,7,13+0,280,

$

3FLOWL
FLOWY=Y,4e¢0,35%,0,.96,1:,17%0,
FLOWEm2,4#0,300,0,96,%1,17»0,
FLOWY2Q,4#0,300,0,96,98+0,

F(d) BFB Model; thermodynamic, conservation and reaction mechanism data.

9 ? 17

¢ 22902000A20L 40
§ 2547 Q2497F 425
* JADNBARARAE 40
«25147937F 421

S6127767F 405

W2140AR3AF L1 02

JIAD1ARGLE 42

Y 0 29137{9¢E + 18

W 59643621¢a11
JIB23470RE 4
JI5BS27RTF 404
J19B72278%EF 41
LA15650 1 HE 4O
w,302B8770F 405
J11794853F,29
e 2BRAY1O6RSIE 4N

w 38539585k 405
-, 24949955k ,06

JABARRAARARESAQ
v ,A60A1AQKF 440
t;»—””a': .IMME +20
w,11243701Fen]
«41193n32F+2
e,125111758Fm1 4
«,21737249F02
,26460076F+ 1
w,557436028F=15
e, 11187229F 2
,38253029F¢002
w,18452040E w15
«,17244334Fw0?
-, ABALA24HE 470
»,h1973558F =14
L14759410F 4020

Y ARIAAANAL (A
s 1A vF ey

LARAZACAAE+NA
W25NPARADE DY
225470497k +u5
2 20647506FE=0A
,24422261E 491
56148821 E+05
W 37542203F =05
. 25372567E 401
W 20232007F +05
J12466819FE 05
,28K895544F ¢ 01
LIRR11702E 404
. 56982316E=A8
, 267075326401
,PORRAROQ4E 415
o 12031326E=)
,C2B260PB5E 403

LANUR44KERL w 17460569 4016
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WRORAABARES AN
JAANAANANE ¢
-, 46NQ1A96E 404
w,3246404QF =110
2 12276187Ed}
LA4d4Q9257n8E ¢+
w,299472v3F =8
v, 18422190Fen4d
40467 Q42F ¢+
v, 21N35806F=n9
99835061 Ee]
S5H697016FE+0)
-.4593044%EOF8
236317115k =@2
266838391 Feny
o 7575337427
., 4011 324F + 000
2100NRAAGRF B

LARODARIOE A0
RRRORPLPE+20

 12505465F=12
«,84602719Ewi7

,O0777547Ew12
~,BBA17921E=¢R

« 52546551F=13
..2’ R79QHdF =K

14233654F =1
«,85351572F«0A

., 26583020Eall
54502000F N




237871 3X2E 401
=, 1436350ARE 4,5
e 11350336t A9
«414H947AE 4 A
¢ ,97447854F 414
«12628229E .09
238211718 .2
«87229964¢t 444
J22B55952F .19
221721 AARE LAY
» ABRYR2ANACF 4 A5
W241487446F o9
J2BANARANGF )
« 967253728423
.,20331900F 41
W3718G946F 47
v AP576700F 4124
4240901 60F ot 0
23691 61d8BE Y
e, {PA2BIIAE 04
o1 1315R49F 4 1Q
«371RQQ4KF 4AY
»,10576730E 424
(424001 hRF L1
WI36Q16148F 421
o, 11628336k 414
o1 1315849F 29
®,2RA16B853F (1
e, 38530585F 4uh
®,2492905KF oA
3 5
s 127AFen2
e DANNE 4 P
SACAAF ¢ (2
S502CE e
SpArEenr

N O W~ O

NVVVNNNNNNV NNV VINVNNONRTNVNN ) s e
VRNV s NN es vasa a AN D

-, 21700526F w22
2 2H335459F 404
«,77R82732E=14
«, 41197237602
W 29R9429PF + A
w,73720783Faid
103525 56Fey
NA227044E4012
w, | 8R497 1 Mt}
W102378115Ee0
JINRBAIRRF 4012
w,1H57429REF 13
241932116t w2
w, 14117850k 0}
,245937903€E=t4
-.?S!b’?gﬂ;-ﬂz
L3928 74F+ 01§
»,334608201PFeld
w,13332552Fa2
J2PR7 49840
e, 7RRQ7R7QF =4
w,25167200F w2
2390817 1AF +2
-, 33460203¢VEe] d
e,13330552Fe22
JP2R7AQRAE ¢}
w, 7589707 #F w4
L,14759419¢F¢00
JAPNRAPRAF + Y
LAPQ24460E=1 0

2] A
7 J100GF4Rt 10
4 HNUREeRR 8
4 SHUPE+PN 5

1n L IP0AE+0Y 12
A BAYAF 4P A Q

& 12 11

7 A {0

1 12 4

3 11 4

1 3 4 1

i 4 9 {

1 i 11 i

3 3 12 1

2 12 8

3 5, A

’ 4 8

% 3 G !

9 3 #

] 3 13 i

9 { t3

4 1 1

4 4 J

B N LD DL D N

raN >

w

J5A757337E«08
29511519k 40t
v, 14231827k 4005
«9B6G9224K7EmUS
«31529362E+01
,98522448E 44
w,11167634Feid
s 4626547 CGE+D Y
B1356645F¢n1d
19733038Fedd
d4129266F ¢t
ARQ44P243F ¢ 15
9A11Q332t =15
I24368BQ7F e
85491 770E+3
B5837353E=045
LI5076120F 401
«,11927G913F +04
265431 PAF=A8
L,2R5A5761E 401
BOPI7445F +013
BA7383F=5
35976120 ¢4
1192791 2F +04
265031 PFw@b
PB545761E w01
., BOA17445F 443
v 12031326F=03
LP28B26ABS5E+0 Y
« , 1P462569F 4026

L
.
v
.
o
0
=9
¢

-
L]
-
¢
*

«JOARE 2
RELEIRYS
2 IANDE + 10
JIPPRF 4 Y
JIABOF 421

6
74

.
L
S L]
«DB220AF +0A0
«DO6APNLESLZ
2 220NN PESLS
18OPRAES Y
L5300 00E+16a
W JADRPAE 4D 4
IAABACF 416
A7 32PPE+ 16
DHASPATESLD
¢/ BARANES | 4
W32V ARE G 4
1 B22AP¢E 12

LY)l#&
JADBLANE ¢ 1«
cIR1IARE+1 4
2?9517 FE+1 4
221000 F &4
JH75000F 13

*
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OPHABPAE AR

MARANNE QB

e €

«3930VAFE ¢03

~,34737726Fe?8
2 15525569F 02
060314450 F 0
« 7H633639F«N8
2 14059955F @i?2
JOV446465F 404
06583165F=78
cIN216BATF~(2
o, 11463655F«01
283450175k «08
< 31922806F w2
-, 72875769400
WI8122662E 2B
:611871103FaR3
v, 16481330F +01
w BP20GRT723F =R
27814560 3F w3
s 3744926609F ¢2 1
“w,37688341F g
«15G976316Fe22
«63902879E+41
«,829G8720FwlR
¢ 78145670 3F el
«37492669E 0
-, 976BE341FeUg
,15976316F =02
s 639287 9E +A Y
o 75758374FE-07
« 491 {32404F+00
W IAAARARAF 2P

,77216B41Fay?
« 6101141 1Fmpb

0 2P32GE ({PEwy
v, 57076462E«06

“, 18780102k «11
«,12156P14E~058

-, 162BB70 Ewt]
“, 1P97RIIVEmAS

e, 3370342 1F=11
« 73933551 E=08

L27PB218PF =]
., 223B667GFwdR

.,99772234F w13
«,62566254E =06

W27PR21BVE e}
«,2238667FF=06

«,9G772234F=13
" 62566254E=06

«,2h5R3P20FE=ti
JHA5020 20 e

12RCE+02 11 L,1020EeNY
5003+ 8 ,5220F +20
{00AE ¢+ Y

124000k +35
BA4APOF ¢ 3
BESAPAF o+ 4
4480 WAL+ 4
S7B8ACPFE 424

APRARAVAE DA
ANARANPE ¢AV =
315002 ¢+ 24
SBRAAVOE ¢AS

16010AF +00 4
12130PF¢95
121300F ¢S
KAPAURE+N4
259180k et 4

(s

JIENRAAE S A
dHUPUACRE AR
LA
dI2AMANE ¢
A2ACARE SRR
«2AQPAPE 4V
JACAPAPE 4O
W 2BARARE « AV
I AABNPE SR Y
LJARAPAOE ¢ A
JAPDARNE AR \
JARPRAREAR @1 N
cARAPARE N

JMABAAAE +A0
JARAPARE SR @ A
PARAPE¢Rd © A
a \

dHARRAAE AN

(2 A
) A
APE+BE 2 O
A A
a o
s ¢
7 A
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ESTIMATED AIR INLET TEMPERAYURE = 353 000K
AIR MANIFOLD PRESSURE . 7,3001N,HG
AIR FEED FLOWRATE e 3OV,7B7L1T/MIN
COANDA INLEY PLANE,MEAN GAS VELCCIYY = e2,872M/SEC
FUEL INJECYICON PRESSURE s 120,000PS16
ATOMISER FUEL MASS FLOWRATE " S60GM/SEL
SPRAY INIYIAL MEAN VELOCITY . 9.,98OM/SEC
SPRAY INIYIAL SIZE DISTRIBUYION
ROS,RAM, EXPCNENT " 2,542
ROS,RAM, MEAN = 49, 769MICRON
ESTIMATED RURNER OVERALL FQUIVALENEE = 827
OEGREF OF INTERNAL RECIRCULAYION - 35 ,430%
set e B INAL FLOW ANA(YS[Seesns
STYREAM NUMBER 1
SPECIES FLOW RAYE TEMPERAYURE 353,0K FRESSURE
“ o.
N 0.
0 °'
Oow 0,
M20 0,
KERD 0,
(4] 0,
NO 0,
N2O 0,
o2 0,
He 0.
0¢ 0,
N2 0.
o‘ °|
N2 e,
KERQ [
LiQ¢r 0,
SYREAM WUMBER 2
SPECIES FLOW RATE TEMPERAYURE 300,0,K PRESSURE
" Q.
] 0,
0 0,
o“ ol
Meo 0,
KERD U
co 0,
NO 0.
N2O 0,
co2 0.
He 0,
0 0,
NZ 0.
0¢ 0.
L4 0.
KEROQ 0,
Ligy 0,
STREA™ HUMBER 3
SPECIES FLOW RATE TEMPERATURE 333,0,K PRESSURE
¥ 0,
M 0,
c 0,
(1] D4
Hee 0,
KERO 0,
co 0.
NC 0,
"20 o'
co2 0,
M 0,
02 0,
L 0,
02 6,9888E-02
N2 2,6291€E-01
KERC 0, 165 =

O

96 ATH,

96 ATH,

96

ATH,

YOTYAL FLOWRATE 1,0000E+00 MOLE/SEL

TOTAL FLOWRATE 1,0000E+N0 MOLE/SEC

TOTAL PLOWRATE 3,3280E«01 MOLE/SEC
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STREAM NUMBER

SPECIES

L

N

0

on
NZo
KERO
ce
NQ
N2O
€o2
we
02
We
0¢
N2
KERQ
LiQr

PLOW RATE

0,
5,4031E=01

STREAM NUMBER

SPECIES

L]

»

0

on
N20
KEROD
co
NO
N20
to2
N2
02
N2
02
N2
KERQ
Lias

FLOW RATE

0,
0.
6,9888E=02
2,6291E=01
OI

3,4039E~0"

STREAM NUMBER

SPECIES

LR
XERD
Lias

FLOW RAYE

2:5848E-04
6,5297¢E=12
b,2669E=04
6,0392E=04
1.7343E02
8$,5243E=07
1,2500E~03
6,5094E=07
9,4951E=~C8
1,6852E-02
3,2792E=04
1:.1591E=02
1,4391E=019
6,9970E=02
2.,6322E=01
3,2553E=06
5,8218E=0%

STREAM NUMBER

SPECIES

Z2 OO TOOET=XE
o
o

O MmN X
>

on

He
NZ
02
LT
KERQ
Lias

LOW RATE

7.3194E-04
BSK6E=1Y
2033E-0)
7044E=03
9C43E=CR
1,56R3E=048
1 5419E=03
1 28T LE=QS
2 6688E~07
b, 7443E=03
9,2948E°04

B P b Bl

- .

3,2597E-0¢2
&4, E~Q1
3 =04
B E=0b
o a4
1

4

3

6

TEMPERAYURE

TEMPERATURE

TEMPERATURE

TEMPERATURE

300,0.K

$53,04K

433,34K

160%,49K

PRESSURE

PRESSURE

PRESSURE

PRESSURE

96 ATM,

96 ATH,

96 ATN,

V6 ATH,

YOTAL FLOWRAYE O,

MOLE/SEC

TOTAL FLOWRAYE 3,3280E~01 MOLE/SEC

TOTAL PLOWRATE 5,2576E=01 MOLE/SEC

-
i

OTA

'
-

FLOWRATE 5,4477E~01 MOLE/SEC




STREAM NUMBER

SPECIES FLOW RATE TEMPERAYURE 1033%,04K PRESSURE ,96 ATM, TOTAL FLOWRATE 1,9306E=01 MOLE/SEC
N 2,5940E=04% ]
N 6,5797E=12 |
¥ ¢ L,2643E-04 |
¥ 0K 6,0411E=06
H2o 1,7380E=02 ]
KERO 5,5578E=07
co 1.253%2€=0)
NO &, 4703E=07
N2O 9,4881E=08
E co2 1,6886E=02
P W 3,2940E~04 |
$ 02 1.1552E%02
Ne 1,4397E=01 i
0¢ 8,2382E~03 |
N2 3,0009E-04 {
KERO 3,2585E6~08
LIQE G 1445E%02
STREAM NUMBER [}
]
SPECIES FLOW RATE TEMPERATURE 1035,0,K PRESSUAE ,94 ATM, TOTAL FLOWRATE 9,9296E~01 MOLE/SEC
L] 2,5848E=04 3
L] 6,5297€E=-12 1
0 L,2669E=04
On 6,03928-04
K20 1.7343E=02
KERQ 5,5243E=07
co 1,2500€E«03
NO 4,5094E-07
NZD 9,4951E=08
€o2 1.6852E=02
H2 3,27528=04
oR 1,1591E=02
N2 1,4391E=01
02 8,2382E-09
N2 3,0091E=06
KERO 3,2533¢E-08
LIGF 4,1867E-02
‘ STREAM WUMBER 10
. SPECIES FLOW RATE TEMPERATURE 1601,6/,K PRESSURE ,96 ATM, YOTAL FLOWRATE 3,5171E=01 MUOLE/SEC
3 H 4,7256E=04
4 N 1,1986E=19
0 7.7683E«04
OH 1,1005E=03
F W20 3.1462E+02
KEROQ 1,0125E=(6
co 2,28646E=-03
NO B,1436E=07
NZO 1,7230E=07 ]
< coz 3,0762E=02
: 2 6,0007E=04
Q¢ 2,1043E=02
N2 2,6228E=01
0e 1,5008E=04
4 ' e 3
KERQ 3
L1QF 7

STREAM NUMBER 11

SPECJES FLOW RATE TEMPERATURE 91841,2,x  PRESSURE ,04 ATM, TOTAL FLOWRAYE 3,3333E=01 MOLE/SEC
. L] 1,7941E=04
e N Y,1796E=10
0 3.4986Ew04
oK 1.1317€=03
H20 3,6713E%02
KERD 6,2737E<09
o 1,7384E~03
ND 2,7184E-06
N¢O 1,3217€=07
toz 3,606BE<02
N2 he2173En04

0¢ 1,5836E~02

N2 2.,6277E=01
; Oe 1.8750E08
Ne T.0372E~03
KERQ 3,62357E03
LiGgf 7,5300E~064
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ERRATUM

Line 884:- Add ZPP(260)
Line 921:- Replace ZPP by ZPP(J)
B Line 922:- Replace ZPP by ZPP(J)
. Before Line 923:- Insert IF (YS(J)/Y0(J).LT.~1) GOTO 775
ZPP(J) = 6.37
GOTO 777
775 ZPP(J) = 0.37/7ZPP(J)
Line 928:- Replace ZP by Z2PP(J)

This correction gives satisfactory convergence for all stoichiometries tested
(from 6.5 to 2.6).

P.G. Felton.
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PLATE 1. FRONT VIEW OF BURNER RIG.

PLATE 2. SIDE VIEW OF BURNER RIG.
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PLATE 4. GAS ANALYSERS.
C02,C0 IRGAs on the left,
NO/NOx CLA to the right.

PLATE 5. BLUE FLAME BURNER COMBUSTION CHAMBER
AND COANDA UNIT.

Components removed after tests completed.
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