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EXECUTIVE SUMMARY

The EC Wade Incinerator Directives lay down minimum conditions for furnace residence
time, temperature and furnace gas oxygen content. They dso require that plant are subject to
aopropriate verification a least once to show that the minimum requirements are satisfied,
even under the most unfavourable operaing conditions. This report consders and
the avalable literature concerning possble monitoring methods and makes recommendations
for guidance on BAT.

Desgn and measurement approaches are consdered and the report recommends that
verification shoud be based on measurement. The role of moddling is aso consdered and it
is recommended that the use of techniques, such as computationa fluid dynamics, should be
encouraged to promote good design.

The sudy found that there are no standard methods covering this area and therefore the
reviewed methods are described in some detal.

The report recommends that the minimum temperature requirements should be verified usng
a suction pyrometer system. Other approaches are aso recommended, including shielded
thermocouples, infra-red pyrometers and acoudtic pyrometers, but these will need to be
cdibrated against a suction pyrometer and corrections applied.

Two residence time measurement approaches are recommended. The first is based on an
assumption of "plug flow" and measures the resdence time by monitoring the mean gas flow
rate leaving the sysem. As plug flow is assumed then the mean and minimum gas resdence
times are consdered to be identical. A suggested procedure is described which measures the
mean gas flow in the sack or boiler outlet, and through subsidiary measurements this can be
related to the mean furnace residence time at mean furnace gas conditions.

The second approach assumes that some gtirring occurs within the furnace chamber and uses
a time of flight determination. Two measurement methods are recommended and described.
The firgt uses an inert gas pulse injection, with mass spectrometer detection of the response
sgna, which is compared to a reference pulse. The second uses a pseudo random binary
pulse perturbation, in which propane is injected and the response sgnd detected by a fast
carbon dioxide cross duct detector. Cross correlation techniques are used to compare the
input and response sgnas.  Such methods can measure residence time digribution, including
minimum mean and peek vaues.

The report explains that a mgor obstacle concerned with vdidating resdence times in
incinerators is the lack of a comprehensve definition for this parameter.  The report finds that
clarification of the definition to be employed is essentid to dlow any verification procedures
to proceed, and suggests severd possible ways forward. When the plug flow approach is
used the problem is avoided, because by convention minimum and mean resdence time are
taken as being the same. However, if the patidly dirred reactor time of flight gpproach is
followed then a didribution is produced. Consequently, minimum, mean and pesk resdence
time vaues can dl be obtaned and interpretation of the data can become complex.
Moreover, the minimum resdence time obtained using this gpproach has little meaning and it
is recommended that time of flight approaches should therefore take the mean or the pesk
vaue as the resdence time parameter to be determined. An dternative approach is dso put
forward based on the system residence time of the partidly irred reactor. This occurs when
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67% of the tracer has left the combustion zone. In practice, there is little difference between
the mean, the peak and the system residence times.

For plant where combustion optimisation measures are not in place the time of flight and gas
flow methods both tend to give results for resdence time that are around two thirds of the
design vdue. This should be taken into account when the design conditions for new plant are
being agreed.

The use of the time of flight methodologies and the partidly gtirred reactor modd represents
the best approach, as it more closaly reflects the red gStuation. It is recommended thet these
methods should be used for determining residence timesin new plant.

Time of flight methods could be used a some exiging plant but its use could become more
difficult. This arises because of the need to provide additiond access points in furnace
chambers and could prove difficult and costly for exising inddlations. Consequently, it is
recommended that exigting plant be dlowed to use the "plug flow " approach based on the
mean gas flow measurement procedure. When the gas flow measurement approach is
employed, it is recommended that the resdence time results are reported a actud mean
furnace gas conditions and are not corrected to standard temperature, pressure and oxygen
conditions.

Recommendations are given concerning the conditions to be tested, the minimum number of
tests a each condition and minimum sampling times.

Recommendations are dso made for defining the datum for the quaifying combustion zone.
The technicd difficulties likely to be encountered are consdered for various type of plant,
including exiging and new plant. Recommendations are made on where latitude should be
alowed.

It is recommended that because of inherent technica difficulties, bubbling fluidised bed
combustors burning northazardous waste should have the temperature minimum relaxed to
800°C. To compensae, it is recommended that the minimum residence time requirement be
increased to 2.2 seconds.

The capitd cods associated with the purchase of monitoring equipment are reviewed. The
cods and implications for operators in providing access, space and services are consdered.
For exiging water-wdl furnaces it is concluded that making access holes in furnace (to
provide the ided monitoring postions) is likdy to be impracticable and cost prohibitive.
Consequently, compromises will need to be consdered for much exising plant, and
Regulators should accept that this would introduce additiond uncertainty into any monitoring
programme. It is recommended that new plant should meet the ided monitoring port
requirements laid out in the report.
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INTRODUCTION
1.1  Overall Project Aims

Technical guidance for waste incineration processes regulated under the integrated process
control (IPC) regime was issued by the Environment Agency in 1996 (Environment Agency
1996). This guidance now requires revison to address developments in technology and new
congderations brought about by new legidation, notably the change from the IPC regime to the
Pollution Prevention and Control (PPC) and the recent EC Directive on the incineration of
wadte (EC 2000). This study was commissioned to supplement and update current information
on best avalable techniques (BAT) contained within existing guidance in order to assgt with
the development of future guidance.

The study is presented in three parts:

Part 1 Waste pyrolysis and gasification
Part 2 Techniquesfor the monitoring and validation of furnace conditions
Part 3 New PPC consderations

This report presents the findings of the Part 2 study. Parts 1 and 3 are reported separately.
1.2  Part 2gudy aims

The new EC Wadte Incinerator Directive (EC 2000) lays down conditions for temperature and
gas reddence time within incineretion combustion chambers in order to ensure efficient
degtruction of volatile organic compounds and any products of incomplete combustion present
in the gas phase. The am is to diminae or minimise the release of such species from the
combustion chamber. The current IPC technicd guidance note, 2 5.01, (Environment Agency
1996) gives very few detaills of the precise methodology for meeting or demondrating these
conditions. This study was commissoned by the Environment Agency intends to provide
updated information on standards and performance in the sector.

The main objectives of the sudy areto:

(@ ldentify the best avalable techniques and methodologies for monitoring and vdideting
furnace operating conditions.

(b) Assessthe technicd and financid implications of ther gpplication to UK incinerators.

(c) Produce recommendations for guidance on BAT for monitoring and vdidating furnace
conditions, which are suitable for incluson in anew Technica Guidance Note.

1.3 Method

The range of avalable techniques has been identified through a literature search, whilst the
practicd and resource implications has been assessed by drawing on our experience in this
field and by taking with other researchers, equipment manufacturers and plant operators. The
practicd recommendations for guidance on BAT monitoring /vdidatiing has been produced
aiter conddering dl the issues identified within the review and teking into account ther
applicability to new and existing incinerators of various types.
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2. BACKGROUND
21  EC Directiverequirements

The 1989 EC Directive on New Municipd Waste Incinerators (EC 1989 &) contained minimum
requirements regarding furnace gas conditions. New plant were required to sustain a furnace
temperature of at least 850°C for at least two seconds. Exigting plant were covered a the same
time by a sepaae Directive (EC 1989 b) and those that had mgor technicd difficulties in
meeting the new requirements were required to satisfy them when the furnaces were replaced.

An EC Directive on the incineration of hazardous waste (EC 1994) was trangposed into UK law
in 1997 and adso contans minimum furnace conditions. However, a new Directive on the
incineration of waste (EC 2000) is replacing the earlier Directives and will goply to both the
incineration of hazardous and non-hazardous waste, (with exemptions for vegetable waste,
radioactive waste and animal carcasses). The new Directive contains minimum furnace condition
requirements smilar to those given in the earlier Directives, dthough a range of temperature
criteriais specified that depend on the nature of the waste stream.

Unfortunately, the wording of the various directives in respect of the furnace gas condition
criteria (see Boxes A and B) is ambiguous and this has led to problems when trying to
demonstrate compliance.

BOX A: Article 4 of both 1989 Directives specifies that "the gases reaulting from the
combugtion of waste must be raised, after the lagt injection of combustion air, in a controlled and
homogenous fashion and even under the most unfavourable conditions, to a temperature of at
least 850°C, for at least two seconds, in the presence of at least 6% oxygen'".

BOX B: Article 6 of the Directive on incineration of hazardous waste reads, "incineration
plant shdl be designed, equipped and operated in such a way that the gas resulting from the
incineration of hazardous waste is raised, after the last injection of combugtion ar, in a
controlled and homogenous fashion and even under the most unfavourable conditions
anticipated, to a temperature of at least 850°C, as achieved at or near the inner wall of the
combustion chamber, for at least 2 seconds in the presence of at least 6% oxygen; if hazardous
wagtes with a content of more than 1% of haogenated organic substances, expressed as chlorine,
are incinerated, the temperature has to be raised to at least 1100°C".

Article 6 of the new Directive on the incineration of waste has smilar wording to the Directive
on the incinerdtion of hazardous wadte in respect of furnace conditions, but it alows the
competent authority to authorise the use of an dternative "representative’ measurement point for
the monitoring of the minimum temperature.

22  Temperatureissues

The 1989 Directives are not specific as to where furnace temperature is to be verified. However,
the other two Directives a least give some indication on where verification should be carried
out; for example, they mention the temperature minimum "as achieved at or near the inner
wall of the combustion chamber”. The 2000 Directive aso gives Regulators some latitude and
dlows the competent authority to authorise the use of an dterndtive "representative”
measurement point for the monitoring of minimum the temperature.
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The Environment Agency has tried to give clearer guidance in guidance note S2 5.01, both on
the temperature minima to be achieved by certain incineration processes and on the location of
the measurement point. For example, it says that gas temperature at the point of exit from the
secondary combustion chamber should be continuoudy measured and recorded.

The Directives (and guidance note S2 5.01) are quite clear that furnace exit temperatures are to
be measured, but the issues to be resolved are "where, when and how' these measurements
should be made.

2.2.1 Wheretotake minimum gastemper atur e measur ements ?

The location of the minimum temperature measurement plane will need to be chosen carefully,
taking into account furnace design ges resdence time data The exact location of a sngle
measurement point is important, as there will be a temperature gradient across the chosen
plane. Gas temperature is likely to incresse as locations are sdlected further into the furnace
chamber. As the minimum temperature is to be proved, then the verifying measurement point
should be made where the temperature is likely to be lowest. The latest two Directives specify
the temperature criteria as that "achieved at or near the inner wall of the combustion
chamber”. Thislocation is sengble, as gas temperatures will be lowest near the wall.

However, the measurement should not be in the wal itsdf, as this would result in an atypicdly
low reading as discussed in Section 3. It would be better to be more specific about the point of
measurement and pecify its location on the plane in terms of the furnace diameters.  For
example, measurements could be taken a a distance of no closer than 0.05 D from awal, (D =
furnace internd diameter), or no further than 0.5 meters from the wall in case of smal plant. It
would be even better to require four measurements points to be employed, each the same
digance from the wal. This is because temperatures are likely to be different near certan
walls depending on the geometry of the furnace, the attitude of the secondary air injections and
the location of any support burners.

It should be borne in mind that whilst it may be possble to sdect the ided pogtion for the one-
off proving of minimum furnace temperaure, it may be much more difficult to use this same
point for continuous temperature monitoring. It would be more practicable to undertake this
activity at the outlet from the furnace, through the use of roof temperature sensor probes.

If gas resdence time is to be determined assuming "plug flow" and by measuring or estimating
the mean gas flow rates (see 2.3.1 below), then it will adso be necessary to have some estimate
of "bulk mean gas temperature" in the middle of the furnace chamber.

2.2.2 When to take minimum gas temper atur e measur ements ?

The Directives are dl clear that the gas minimum temperature is to be verified at least once,
even under the mogst unfavourable conditions. Consequently, a range of firing conditions may
need to be conddered. Continuous furnace temperature monitoring requirements are aso
specified. However, these refer to the furnace exit gas temperature, and at that location the
temperature is likdy to be somewha lower than a the postion used to demondrate
temperature compliance for meeting the 2 second gas resdence time criteria.
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2.2.3 How to measure minimum gas temper atures ?

The Directives do not prescribe any techniques for verifying minimum gas temperatures,
dthough it is clear hat they are to be measured rather than estimated or calculated. Mean gas
bulk temperatures are not mentioned, but if they were required for the chosen resdence time
vaidation approach, presumably estimation would be acceptable.

The description and assessment of avalable temperature techniques are two of the man
objectives of this review, and recommendations will be made on those considered to be BAT.

2.3 Residencetimeissues

For demondrating compliance with the resdence time criteria, the word "verification” is used
in the Directives. However, it is uncler whether verification can be based on design
cdculations and estimates, or whether only cdculations based on actud measured data are
acceptable. It is dso undear whether a minimum or an average resdence time is beng
refered to.  Consequently, a mgor obstacle for determining the resdence time of an
incinerator is the lack of a comprehendve definition of this parameter. Claification of the
definition to be employed is therefore essentia to allow any verification procedures to proceed.
If an incinerator furnace combustion chamber is consdered as a reaction sysem (or vessd),
then a least three Situations can apply concerning residence time:

231 Plugflow

This is a dmple hypotheticd case in which there is no mixing and the gas velodty is uniform
throughout the reactor vessel (see Figure 1a8). If a short discrete pulse of tracer gas were
injected into the reector, it would emerge from the high temperature zone Hill as a discrete
pulse but after a short dday. The duration of the dday is the minimum gas resdence time
(dso cdled the plug flow time). Under this modd, the minimum gas resdence time and the
average resdence time are the same. Veification by this method is reaivdy draght-
forward. The single gas residence time (RT) can be found by dividing the qudifying volume of
the high temperature secondary combustion zone (Vgscz) by the average ges volume flow-rate
(Qc) through the secondary combustion chamber.

Therefore, RT (in seconds) = Vgscz * 3600/Qc

Where Voscz isinn? and Qeisinn? bt

=) =

Plug Flow

Residence Time Distribution

Response

Time, secs

Figure 1a- No Mixing (Plug Flow M oddl)
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2.3.2 Stirred reactor flow

The other extreme is aso possble i.e. a dirred reactor in which theoreticd and instantaneous
perfect gis mixing occurs. In this case, if a short pulse of tracer gas were injected into entered
the reactor then some would immediatdy emerge from the high temperature zone. The
remaning tracer would only emerge dowly and would exhibit an exponentid concertration
decay / time characteristic (see Figure 1b). This is because a smdl and ever decreasng
concentration of tracer remans in the combugion chamber but this is beng progressvey
diluted by incoming cleen gas which contans no tracer. In this case the minimum ges
residence time would appear to be zero and verification would be irrelevant.

Residence Time Distribution

|
\
Z
|

Time, sacs

Figure 1b - Perfect Mixing
2.3.3 Real flow situation

In the red dtuation there is patid mixing, and both plug and dirred reactor flow
characterigics will be present (see Figure 1c). If a short pulse of tracer gas were injected into
the vessd, the reaulting concentration curve would be somewhere between the above two
extremes. After a dhort dday a smdl amount of tracer would emerge from the high
temperature zone. A short time theresfter, the concentration would rise to a maximum (this
goproximates to the average resdence time) before the concentration dowly decays away.
Consequently, a didribution of resdence times is now present which contain the characteristic
components of both plug and dirred flow. More correctly the sysem has a plug flow time and
adtirred reactor time constant.

The didribution may be bel shaped or, more likely, it will be skewed. The shape of the
digribution will be influenced by severd factors, including the existence of dead spaces,
recirculation zones and high velocity channds. As a consequence, the interpretation of such a
concentration / time response curve is difficult. Different gpproaches are possible.

Residence Timé Distribubion

o

KD -

TN R

Rasponsaé

Time, $ecs

Figure 1c - Real Situation (Partially Stirred Reactor)
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2.3.4 Implication of different approaches

If the plug flow modd is to be taken as an acceptable gpproach to verification then compliance
demondration of reddence time will reman rdaivdy smple, as the minimum and memn
resdence time will be taken to be equa by convention. The smple equation given in Section
2.3.1 can then be used to find the resdence time, with this parameter depending on the volume
of the reactor and an estimate (or a measurement) of the gas volume flow rate.

If the red flow dgtuation, usng the patidly dirred reactor modd is to be verified,
demondration of compliance will inevitably become complex. For example, a time doman
method will have to be employed and therefore a didribution of resdence times will be
obtained, as per Figure 1C. This presents a number of posshiliies For example, if the
minimum gas residence time is required, should this be taken as the time when the tracer just
becomes detectable? Uncertanty will be & a maximum a this point because any measured
paameter will be dose to the limit of detection. Alternatively, should the minimum gaes
resdence time be taken as the time when 5% or 10% of the gas exits the high temperature
zone. Either of these approaches will be very difficult to judtify.

Veification could be made somewhat easer if the mean or pesk resdence time were accepted
as the parameter to be determined. Neverthdess, a range of rdatively difficult time doman
measurement-based approaches (e.g. step-response and pulse response) would be required. A
mathematicd modd (for example, based on computational fluid dynamics, CFD) aone would
be unacceptable as, at best, this could only ddiver results which are as good as the input
information supplied to the modd. Consequently, this would need a substantid measurement
programme to deliver areliable result.

An dternative approach has been put forward by Swithenbank (Swithenbank 2000), which
may represent a useful way forward, especidly where a distribution of times is concerned.
Under this gpproach, the resdence time is defined in terms of the system residence time, which
will take into account both plug flow and gtirred reactor characterigtics.

For the patidly dirred reactor the system residence time becomes 11/1og.10. This means that
the resdence time of the system would be taken as the time when 63% of the tracer gas has I€ft
the sysem. This point in time can be found &fter integrating the time / concentration response
curve. In this context, it should be noted that the problem of defining resdence times has
dready been addressed for nuclear power plants (Internationd Atomic Energy Agency 1996).
In these cases, a centroid method has been employed, defining resdence time in terms of 50%
of tracer escaping the system.
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3. REVIEW OF AVAILABLE TECHNIQUES

A search of avalable literature showed that a range of techniques could be used for verifying
furnace temperatures and furnace gas reddence times. The number of rdevant published
papers was quite smdl; for example, there were no measurement-based standards found. This
may reflect the fact that this area has not atracted as much attention in recent years compared
to that of demondirating compliance with regulatory emisson limits.

There was awide range of practicability for the techniques and a summary is given below.
3.1.  Furnace gastemperature techniques
3.1.1 Acoustic systems

Acoudic pyrometers have been commercidly available for determining gas temperatures in
very hot and dirty environments since the late eighties (Coe 1987) . They are non-invasve
devices and have been used widely to provide a means of carrying out short or long term
furnace gas temperaiure measurements in hot dirty flue gas environments such as cement kilns,
cod fired boilers and waste incinerators. Their main advantage is that they are not susceptible
to the physica degradation experienced by contact systems because they are not exposed to the
very aggressve gas conditions present in furnace chambers. In addition, they are not labour
intensve and can supply large amounts of data very quickly and accurately. They have a wide
band of applications and have been used successfully from 30°C to over 1700°C.

Box C - Theory of Acoustic Pyrometers

The velocity of sound in the combustion gas mixture depends on three parameters, two of which depend
on gas composition:

The average specific heat ratio of the furnace gases, |
The average molecular weight of the gases, Mw
The absolute temperature of the gases, T

These parameters are related to the velocity, V of the gas as follows:
V=[Ro*i * T/ Mw)] *°
Where, Ryis the universal gas constant.

If the distance travelled by the sound wave is known and the time for the sound to complete the
trip is measured then the temperature is eedly caculated, as long as the gas mixture remans
gpproximately constant.

The eguations governing an acoudic pyrometer are given in Box C, but smply the sysem
operates on the principa tha the velocity of sound passing through a gas is dependent on the
gas temperature. A complex sound wave is emitted from a high power source (see Figure 2a),
such as a compression driver, and is transmitted to a receiver (microphone) on the opposite or
adjacent furnace walls. The source and receiver are located in recessed air-cooled guide pipes
and are therefore not directly exposed to the full furnace temperature.
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Comprassicn Al Dlasters Freampifiar
dheivr i

Fig 2a - Schematic I llustration of a Acoustic Pyrometer System

The emitter and receiver are @ntrolled by a microprocessor. This scans the frequency range to
sdect the optimal operating frequency, then sends a coded sgnd from the emitter and records
the dgnad a the receiver. It uses cross corrdation agorithms to check the vdidity of the
reedings  The received waveform is moved in time until it corrdaes with the emitted
waveform (Figure 2b) and the time ddlay is the time of flight. Once the unit has verified that
the received sgnd matches the emitted sgnd, it cdculates the time of flight and derives the
average temperature dong the line of flight.

The received waveform is 'moved in time"
until it correlates with the transmitted wavetorm
to determine the 'flight time' of the pulse

!
Transmitted | \ J.f-ﬁ-'l—! 7
waveform | V' Vo

gt B o
Received

m j g
waveform & i &b‘h’" t/\,, !

Fig2b - Cross Correation Technique

The technique is very useful for determining bulk mean gas temperatures, but would not
normaly be used to determine the temperature a a sngle point. However, if severd devices
are used, sophigticated furnace temperature profiling can be undertaken and point temperatures
can be computed. A typica acoudtic temperature profile across the top of the radiant shaft of
an UK domestic waste incinerator can be seen in Figure 3. For this research programme (Scott
and Loader 1989) two transmitters /receiver pairs were postioned in the front wall and each of
the two adjacent wdls. Although the temperature a the back wal was dightly over estimated
(because there were no sensors in that wall), it is dear that the gas temperature fdls off coming
down the adjacent walls towards the front wall corners. In this experiment the balance of front
and rear secondary air was carefully arranged to produce a short flame that was postioned in
the centre of the shaft.
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The main sources of error (Kepple 1991) are dueto:

() Uncertainties in the estimates of furnace gas molecular weight, but for furnace gas of
known composition this error reduces to less than 1%.

(i) The eror due to flight time through the wave-guides mounted on each sde of the
furnace. The relevant corrections require knowledge of the temperaiure of the wave-
guides and the expected gradients. Extreme care must be taken to obtain a proper "end
effect correction” and if carried out properly errors from this source can be contained to
under = 0.5%.

DISTAMCE NTO F

=
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Fig 3 - Plot of TemperatureAcroésTop of Radiant Shaft

Trids have been caried out comparing peformance with suction pyrometers a waste
incineration plant. These acoudic sysems performed very favourably being generdly within +
1.5% of the suction pyrometer reading a temperatures around 900°C (Scavuzzo 1990, Scott
and Loader 1989 and Best Practice Programme Future Practice Profile). Some difficulties
were found with early sysems as they were unable to provide a consstent sgnd over a
prolonged period. These versons used spark discharge emitter units but these have now been
superseded by the more reiable compresson driver-types. In addition, the latest versons
generate complex waveforms rather than just the smple "click” generated by the older spark
discharge equipment. Early background noise problems (rumble from the burning zone) have
asn been overcome by use of the complex waveform and the cross corrdaion andyss
technique (Fukayama 1996).

The equipment is reatively expensve compared to other systems and would not normdly be
used jugt for confirming minimum gas temperatures or bulk mean temperaiures. Their main
goplication is in large boiler plant where accurate high speed temperature data is required to
ensure superheater tube protection from "over temperature”’ events.

3.1.2 Infrared pyrometers

Vaious types of infrared pyrometers ae commercidly avalable which have been
demondgrated to be gpplicable for measuring gas temperaures within incinerator furnace
chambers. Some are mainly used for examining temperatures close to the furnace wadl, whilst
others are avalable which can measure severd meters into the furnace chamber. Some types
have been widedy used to provide a means of carrying out short and long term furnace ges
temperature measurements in hot dirty flue gas environments.
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They are non-invadve passve devices, which are not susceptible to the physca degradetion
experienced by contact sysems. They are not labour intensive and can supply large amounts of
data very accurately and quickly. For example, their time response ranges from between 1 and
10 seconds. Whilst their temperature application band ranges from 400°C to 1800°C, they
perform best a gas temperatures above 800°C. Consequently, they are well suited to the range
of temperatures expected in waste incineration furnaces.

Mogt infrared pyrometers designed for measuring gas temperatures operate on the principd of
examining the infrared emisson spectra of carbon dioxide (CO.). Some use wide wave-band
filters, i.e. where a range of infrared frequencies passes to the detector. Others have been
developed which employ narrow wave band filters (Figure 4); these can look at a discrete CO,
emisson frequency and thereby reduce interference from other radiation sources. The
pyrometers are fitted in an ar or water-cooled mounting/ protection jacket fixed to the sde of
the furnace and view radiation from the furnace through a sighting tube located in the furnace
wadl.

\AANNNNNNSRNNNNN
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Sighting tube Furnace bed
Fig 4 - Infrared Pyrometer

The average ges temperaure dong the line of Sght is determined. I there is insufficient
carbon dioxide present, or the atmosphere too cold, the sight path becomes extended and the
indruments will see the "back-wal" to some degree. Consequently, there will be an under
reading error (negative bias) of gas temperature. Errors are greatest for the wide wave band
filters systlems, and ther agpplication is therefore limited to measuring gas temperatures close to
the furnace front wall.

Narrow band filter systems are less affected as they can recelve radiation from at least two
meters into the furnace chamber, depending on loca carbon dioxide and temperature
conditions. For cold, non-reflective back-walls, and CO, concentrations around 4%, the
narrow-band systems read around 10°C low at around 1200°C for a 2 meter path length
(Private  Communication 2001a) . This bias increases with decreasing carbon dioxide
concentration and decreasing gas temperature, so that at 900°C the bias is about -90 °C. The
effect is substantialy reduced at higher CO, concentrations. Therefore, for a more norma case
of 6% CO, and back-wall reflectivity of 40% a 900°C, the bias is around -25°C for a 2 meter
path. Thisincreasesto around -40°C for a1 meter path.

Additiond erors will aise when paticles are present that have temperatures sgnificantly

different from the gas furnace temperature.  If the temperature difference is lessthan + 150°C,
the additiond error islikely to be less than 5°C at gas temperatures around 1200°C.
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3.1.3 Infrared fibre optic pyrometers

Infrared pyrometers are dso commercidly avalable which utilise flexible fibre optic cables. In
these systems, radiation from the furnace is collected by a fibre optic cable light guide which
has the leading end of the optic bundle sited within a protection tube located in the wdl of the
furnace chamber. The radiation is trangported aong the cable to the detector, which contains a
suitable wave band filter. The advantage is that the pyrometer detector and eectronics can be
located in aless hogtile environment and access to difficult targets is made much eesier.

The range of agpplication is smilar to normd infrared pyrometers, ranging from 600°C to
1600°C. Cetain fibre optic pyrometers are most suitable for use in very hot dusty
environments, such as incinerator furnace chambers.  As with norma infrared pyrometers,
reponse times are short.  The norma commercid sysems are non-invesve but their man
drawback is that they do not measure gas temperature, rather they gather energy radiating from
a taget surface surface. In this application they would measure the temperature of the
radiating particles entraned in the furnace gases and ae likdy to over-estimate the gas
temperature

Specid research fibre optic probes have aso been developed which can be located within
water cooled probes. These can be linked by fibre optic cable to Fourier transforming infrared
spectrometers, rather than to smple band-pass filter detector sysems. They ae invasive
devices and thelr applications are limited to high temperature furnace research gpplications.
They are able to measure locd flame temperatures by traversng the probe tip across the
furnace shaft. The sysems are not sufficiently robust for routine work, and as they are not
avallable commercidly they cannot be consdered for BAT.

The accuracy for the norrinvasive systems is not known, but the traversing optica fibre system
has been assessed againgt suction pyrometers around 1100°C and found to show a dight
positive bias of about 20°C (Clausen 1996).

3.1.4 Shielded thermocouples

Shidded thermocouples are commercidly avalable and have been used for many years to
meesure gas temperaures within  furnace chambers, incduding incinerator  combustion
chambers. They comprise two insulated meta wires with different metdlic compostions held
together in a flexible tube (probe). The wires are joined a the "hot" junction (the sensor) and
generate a voltage proportiona to the temperature of the furnace gas. Thermocouples have a
wide range of temperature gpplication, with K types spanning the C to 1100 °C range and N
types spanning from 200°C to 1700°C.

Thar man advantages are tha they are rdiable, ample to use and rdatively inexpensive;
dthough those for specid high temperature applications can be expensve due to the materids
of congdruction. Thermocouples suffer from a number of serious disadvantages. Firdly, they
are invasdve, as the sensor must be placed within the furnace in order to measure the gas
temperature.  This means that the sensor would be fully exposed to the hogtile environment
encountered within the furnace chamber. If protective measures were not taken the probe
would soon become damaged. For example, it may lose mechanica srength and droop or the
eectricd continuity of the circuit may be lost. Consequently, furnace thermocouple probes are
normaly protected by a stout ceramic (or high temperaiure resstant metd) shiedd. The use of
the shidd can cause a ggnificant delay before the thermocouple can fully respond to a sep
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change in temperature. Also, some thermocouple types can suffer from memory effects if ther
temperature maximum is momentarily exceeded. For example, if K types exceed 1100°C they
tend to over-read thereafter.

The man drawback to employing thermocouples is thar characteridic temperature
underestimation due to the "radiant” hest loss effect, which can become serious a furnace
temperatures (see Box D). For example, in waste incinerator combustion chambers with
temperatures around 850°C, the bias has been shown to be about -150°C compared to suction
pyrometer and acoustic pyrometer systems (Scott and Loader 1989). The thermocouple
actudly indicates the temperature of the sensor itsdf, not the actud gas temperaure. In
attempting to measure the temperature of the gas it is necessary to give careful consideration to
al the factors that may cause the indicated thermocouple temperature to differ from the actud
gas temperature. Details on how to correct for the bias are given in Box D.

Workers commonly use suction pyrometers to evaluate the corrections (see below).

Box D - Correction for Biasin Thermocouples

For a steady-date energy balance on the thermocouple:
Qconv + Qrad + Qcond =0 ------------ Eq 1l

Where,
- Qconv isthe convective heat transfer from the gas to the thermocouple
Qrad is the radiative heat trandfer to the thermocouple (if the gas is transparent, Qrad
represents the radiative energy exchange between the thermocouple and solid surfaces)
Qcond represents the heat transfer to the hot junction by axia heat conduction dong the
thermocouple.

If the immersgon depth of the hot junction is sufficiently large compared to the diameter, then
Qcond can be neglected and Eq 1 smplifiesto:
Qconv+Qrad =0 -Eq 2

Many furnace Stuations involve extremey hot gases but the furnace wadls are often water-
cooled and are therefore much cooler than the gas. Therefore, Qrad will be negative, meaning
that the thermocouple is losng energy by radiation to the cooler walls. The deady State energy
balance then requires Qconv to be postive to balance this radiative heat loss. For Qconv to be
positive, the thermocouple must be cooler than the surrounding gases and thus the
thermocouple will indicate a temperature which is lower than the true gas temperature. Qrad
and Qconv can be evauated (Zikratov 1999) usng the Equations 3 and 4 and corrections
gpplied to yield the true gas temperature:
Qrad =sA'(T,*-T\") ----mmmmmeeeee- Eq3

Qconv =hA(Tg -Ty) ---------m-mm-m--- Eq 4

Where,

s isthe Stefan-Boltzmann congtant; A is the surface area of the thermocouple
" isthe effective graybody emissvity of the thermocouple

T; isthe actud temperature of the thermocouple

Ty is the measured gas temperature

h isthe convective hest transfer coefficient
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Thermocouples can dso be affected if the sensor "sees' radiation from the flame. This would
lead to a pogtive bias. It is normdly overcome by shidding and postioning the thermocouple
well awvay from the flame. In the case of proving furnace gas temperatures a the end of the
combugtion zone, the magnitude of this item is likdy to be smdl in comparison to the radiant
hest |0ss affect.

Although they can only measure the temperaiure at the point where the sensor is located, it is a
ample matter to obtain traverse information by moving the probe dowly across the furnace.
Information using one probe can only be obtained sequentidly but as the system is inexpensve
it is common practice to locate severd thermocouples within a furnace chamber. If these are
located a various postions through the furnace then a least an edimate of both the "bulk
mean" gas temperature and the minimum furnace temperature can be obtained.

3.1.5 Suction pyrometers

Suction pyrometers (or high velocity thermocouples) are commercidly available and have long
been used to yidd accurate gas temperatures within furnace chambers (including incinerators).
They are often employed to cdibrate or vaidae other types of temperature measurement
sysems. The pyrometer contains smal diameter thermocouple wires linked to an eectronic
thermometer (Figure 5). The thermocouple is surrounded by a protective metal probe tube and
the hot junction (sensor) is placed at the location where the measurements are to be taken.

Suction pyrometers can completely overcome the temperature under-reading difficulties
associated with normd thermocouples.  This is achieved by firg surrounding the sensor with a
series of ceramic shidds, which isolates the thermocouple from the surrounding rediation. A
known volume flow rate of flue gas is drawn into the probe and pulled over the shidds
containing the thermocouple. By maintaining a high rate of flow over the shidds, the trandfer
of hest to the sensor due to convection increases while the losses due to radiation are
minimised. Smdl diameter thermocouple wires (gpproximady 0.25mm) are needed to negate
conductive heat losses. Therefore, the temperature of the thermocouple "hot" junction may be
brought into equilibrium with the loca true flue gas temperature,
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Fig 5 A Suction Pyrometer

The temperature reading of a suction pyrometer system increases with increesng gas mass
veocity flowing between the inner and outer shidds. It is important when usng these
pyrometers to ensure that an adequate mass velocity is maintained. It is therefore necessary to
devdop an "efficency” curve smilar to tha shown in Fgure 6 for each individud suction
pyrometer design. This is accomplished by sampling a a low mass flow (approximady 10%
of the pyrometers capacity) and recording the corresponding temperature.  The gas mass
velocity is then increased and a new temperature is recorded. Eventualy, the temperature will
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reech a plateau (equilibrium). This temperature is the true temperature of the sampled gas
dream and the mass veocity measured a this point is the minimum flow rate that must be
pulled for that pyrometer design to measure the true gas temperature.

It is recommended that the gas mass velocity between the shields is not less than 1.2 kg. m? st
(Private Communication 2001b and Rakes 1985).

The suction pyrometer has a wide fidd of temperature gpplication (0°C to 1700°C) depending
on the choice of thermocouple and probe materids employed. For higher temperature work, it
is norma to cool the probe by water cooling to maintain the mechanica strength of the probe
material. Air-coolingisaso possble.
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Figure6 Suction Pyrometer Efficiency Curve

The man advantage of the system is its high accuracy and rdiability. It dso responds much
fagter than the normd shielded thermocouple system.

The system has severd disadvantages. Firdly, it is an invasve technique, as the sensor must
be placed within the furnace in order to measure the gas temperature. Secondly, it requires
manua attendance and, in addition, the commercia sysems are heavy and cumbersome. This
is mainly due to the presence of the water-cooling jacket and because probes tend to be
purchased in lengths long enough to cover various furnace chamber dimensons. The large
mass is a mgor drawback when the sysem needs to be moved from one line to another,
especidly if work a different heights is involved. Another disadvantage is that the probe can
quickly become clogged in the dud-laden environment found within incinerator furnace
chambers and consequently sampling times in an incinerator combustion chamber would need
to be limited to 15 minute increments.

Although the commercid sysems ae cumbersome, the technology involved is not
sophisticated and therefore many workers tend to construct their own lighter probes.

Although suction pyrometers can only measure the temperature a the point where the sensor is
located, it is a Smple matter to obtain traverse information by moving the probe dowly across
the furnace.  Multi-point data from one probe can only be obtaned sequentidly, but if
smultareous information is required a severa points the suction pyrometer could be used to
cdibrate severd shidlded thermocouples a various podtions.  In this way, "bulk mean" gas
temperature, minimum furnace temperature and even profiles can be obtained.
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3.1.6 Heat balance methods

It is possble to caculate combustion chamber gas temperatures by performing a mass and
energy badance around the combustion chamber and by employing fundamenta combustion
cdculations.  Unfortunately, the detailed physcd, chemicd and thermodynamic data needed
for each of the feed streams, effluents and combustion gases are often not readily available.
Furthermore, a rigorous mass and energy baance caculaion can be time-consuming unless a
computerised routine is avaladle. Consequently, a compromise gpproach is normaly
employed which uses a combination of known and "best estimate" information.

An iterative computer programme is normdly used and edtimates or actud data for input
parameters are required. The caculation splits down into the following input components:

Feed Chemicad Compodtionad Data, i.e. Support Fued and Waste Feed (approximate
andysis for hydrogen, carbon, nitrogen, oxygen and sulphur contents)

Support Fud and Waste Feed Net Cdorific Vaues

Hue Gas Data (excess air, and flue gas composition worked from feed compostional data
for 0O,, CO,, Ny, SO, and Hzo)

Fud / Waste Heat Release Rate

Detals of the Radiant Section Heat Transfer Data are required dong with the target outlet
temperature.

As dl the heat from the fud is rdeased into the incinerator furnace chamber then the enthdpy
of the resulting combustion gases can be computed. The adiabatic flame temperature can now
be cdculaed dong with the radiant temperaiure. The full adidbatic flame temperature is
unlikely to be developed, especidly if furnace chamber heat recovery is employed (eg. water
walls). The radiant temperature is condderably lower temperature and gives a reasonable
edimate of the bulk mean gas temperaiure. However, experienced measurement teams can
often produce just as good an estimate based on previous experience of smilar combustion
processes.

The gpproach has the advantage that it is comparatively chegp compared to other methods,
especidly if the inputs are based on estimaes  Although it is good enough for providing
reasonable edtimates for furnace gas mean bulk gas temperature, it is not sufficiently accurate
for predicting minimum gas temperatures at the end of the 2 second zone,

3.1.7 Comparison of Furnace Gas M easurement Techniques

A comparison of the above furnace gas messurement techniques is given in Table 1 with
summary comments on key aspects of their performance characteristics.
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Tablel Comparison of Gas Temperature Measurement Systems

Methods Measures | Response Equipme | Suitablefor | Comments
Time nt M easuring:
Point | Bulk
Mean
Acoustic Average [ nstantaneous, Nor+ Yes' | Yes | Good accuracy
Pyrometry over path continuous intrusive,
permanent
Optical and Average Instantaneous, | Viewing | Yes® | Yes |Cansuffer from
Radiation over path continuous point "cold wal" and
Pyrometry particle effects
Shielded Geas Delayed Pemanent | Yes | Yes’ | Considerable
Thermocouples | temperature | response but negative bias.
a point can operate Candroop if
continuoudy orientated
horizontaly
Suction Gas [ nstantaneous, Specid Yes |Yes® | Very accuratebut
Pyrometers temperature | periodicaly probe for needs manua
a point periodic attendance.
working Can be
only cumbersome
Heat Baance Edtimate of Requires Off-line, No |VYes Edtimate only, but
bulk mean computations based on acceptable for
gas knowledge bulk mean
temperature of temperature
operating edimation.
parameters
Notes:

1. Can only deliver point dataif severd arrays are ingaled.
2. Only some systems can be focused.
3. Can ddiver profile information only if severa probes are used or traversing is undertaken.

3.2.  Furnace asresdence time assessment

3.2.1 Mean gasflow rate methods (assuming plug flow)

Furnace gas resdence times have traditiondly been assessed in incinerators usng design or

meesured data that assume no mixing (i.e. plug flow).

The man advantage is that these

methods are rddively smple to use, and snce plug flow is assumed, the mean and minimum
gas resdence times can be taken as being identica. The resdence time is Smply the quotient
of the totd available qualifying geometric volume, Vascz (n7) within the qualifying secondary
combustion zone and the average gas flow rate, Q (in nt/s) through the zone at the actual
mean gas temperature conditions pertaining in the zone.

i.e., Gasresdence time = Vgscz/ Q (seconds)
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An explanation as to what volume of the combustion chamber should be counted as
qualifying for the resdence time calculation, and where datums should start and end, is
discussed in Section 4.2.2.

3.2.1.1 Calculating resdencetime using design data
0] A smpledesign approach - BS 3316

The smplest desgn based cdculaion is that given in BS 3316:Part 2 (BS 3316:1987) . This
dlows manufacturer's dated design data (for mean gas flow rate, temperaiure and geometric
chamber volume) to be used, and no measurements are required. This information is secured
from dementary combudtion and heat trandfer caculations.  Although, the method is smple it
contains severad assumptions, which can lead to serious over-estimation of the gas resdence
time.

For example, any loca variaions in gas velocity caused by recirculation (Figure 7), dead space
or high veocity (channdling) areas are not taken into account. Also, there is no condderation
given to variations of gas flow with time due to changing combustion rates or excess ar levels.

Operators merely assume that the stated design gas flow rate gives a true estimate of the mean
gas flow rate and therefore the mean gas resdence time. Consequently, minimum gas
resdence time will be over-estimated if high velocities are present in some portions of the
combustion chamber, or if gas flow increases as combustion progresses, or if excess ar leves
rise.
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Fig 7 - Likely Flow Pattern Showing Channelling and Re-Circulation
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BS 3316 reddence time cdculation darts with the stated design gas flow rate a the design
outlet gas temperature but the procedure dlows normdisation to the specified minimum
temperature requirement, (for example, 800°C, 850°C or 1100°C etc). If the outlet gas
temperature exceeds the specified minimum, normaisation will reduce the computed mean ges
flow rate and thereby atificidly rase the cdculated minimum resdence time above the actud
vaue. The use of the outlet design temperature, rather than the bulk mean design temperature,
will help to compensate for this factor.

This ampligic desgn approach can easly result in the computed minimum resdence time
being over-stated by up to 50% with respect to the measured vaue. The effect is most
noticesble for baich feeding of heterogeneous solid waste materias. For example, Figure 8
shows measured gas resdence time profiles (measurements based monitoring gas flow and
asuming plug flow) for two identical batch incinerators. These both had design resdence
times of 3.0 seconds. The measured hourly means are both around 2.5 seconds, whilst the
lowest 1 minute values are close to 2.0 seconds.  Consequently, if the designs were based on 2
seconds the measured resdence times would be below the design vaue for considerable
periods during the firing cycle. Clearly, if this plug flow design approach were to be alowed
then some condderable allowance for headroom would be required when sgting minimum ges
residence time criteria

The errors with this smple design approach could be reduced in severd ways. Firdly, desgn
gas flow-rates and temperatures could be replaced by continuousy measured data.  This could
be gathered over a 1 hour period and computed to show 1 minute residence time information.

Secondly, the measurements could be made throughout a series of different burn cycles to give
wors case.  In addition, no gas volume flow rate correction should be applied for gas
temperatures above the set minima, asthiswill artificidly inflate the computed resdence time.
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Fig 8 - Gas Flow Rate Flow Measured Residence Timesin Two Batch Incinerators
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(D)} M or e comprehensive and complex design appr oach

More comprehensive design procedures are available which can be used to generate theoretica
resdence time / temperature curves (Scavuzzo 1990) throughout the various zones (Figure 9)
of a combudtion chamber. This can provide the design engineer with a method for evauating
the gas phase combugtion performance of a particular desgn throughout the whole furnace,
and can look a the effect of intended waste throughput rates. The sSmultaneous liberation of
hest from combustion and the absorption of heat by the furnace walls can be taken into
account. The effects of conduction, convection and radiation heat transfer to bare furnace
refractory or water wals, together with the energy associated with combugtion gas mass flow,
can be used to predict the temperature and location of a furnace gas control volume a any
giventime,

A computer mode is used to cdculate the temperature, quantity and compostion of gas
entering or leaving each zone, for a given wagte analyss and st excess air vdue. Plug flow is
assumed to amplify the modd, therefore gas temperature and flow are taken as being evenly
digributed a each zone boundary. The theoreticd volumetric gas flow rate for each zone is
determined from gas mass flow and dendty at the average temperaiure. Findly, the zone
residence time is cdculated by dividing the zone volume by the volumetric ges flow rate. If
seveard zones are being examined, the cumulative resdence time is the sum of the resdence
times for the preceding zones.

The results of such desgn approaches have been compared with measurement studies for
severd large waste to energy plant (Scavuzzo 1990) and reasonable agreement was found over
most operating ranges.

|

Fig 9 - Typical Zones of a Combustion Chamber (Energy from Waste Incinerator)
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3.2.1.2 Simple measur ement of gasresdencetime

The literature search did not reved any standard methods for measuring gas resdence times in
waste incinerators, but there are a least three smple gpproaches that measure mean gas flow
rate and assume plug flow. The firs, see (i) below, uses a mixture of desgn (or estimated)
furnace data and measured stack parameters. The other two are variations of this method, but
utilise increedang amounts of measured data As plug flow is assumed, the mean and minimum
gas resdence times are again taken as being identical. It is recommended that the approaches
(outlined in (i) and (iii) below) should be used as the basis for proving gas resdence time in
exiging UK plant.

0] Residence time based on design furnace data and measured stack data

The first approach described by Eicher (Eicher 2000) involves a mixture of cdculaions
employing both desgn and messured data The combusiion gas flow rate through the
quaifying zone (and the gas phase resdence time) can be cdculated. Standard thermodynamic
reference tables and combustion chamber drawings are required, together with measured stack
gas and combustion chamber bulk mean temperatures data The technique is gpplicable to
sysems that incorporate adiabatic saturation cooling of the flue gas usng direct water
evaporation in a quench chamber or smilar device. It can be extended to systems where
adidbatic sauration cooling is not achieved (i.e. patid quenching) or where systems
incorporate externa heat removal (i.e. boilers, indirect scrubber water cooling, etc.).

The method rdies on the assumption that the mass flow rate of dry stack gas is equd to the
mass flow rate of dry combustion gas passing through the secondary combustion zone. It dso
assumes that the total combustion gas mass flow rae is equa to the sum of the dry gas mass
flow rate plus the mass flow rate of water vapour in the combugtion gas. It does not assume
that the water vapour content of the combustion gas and the stack gas are the same.

The average dry sack gas volume flow rate is measured, dong with the average stack gas
temperature, moisture content, compostion and dry molecular weight. The standard methods
employed for these tasks are US EPA Methods 2, 3 and 4, but the relevant 1SO, CEN or BSI
methods could aso be utilised. The mean bulk combustion gas temperature is aso measured
over the same period (e.g. by usng asuction pyrometer).

The dry stack gas mass flow rate is caculated from the measured stack gas volume flow rate,
a standard conditions. The totd (wet) and dry stack gas enthapies are determined from the
measured mass flow, composition data and heat capecities (taken from the tables). Since the
mass of dry stack gas is equa to the mass of dry combustion gas, the enthdpy of the dry
combustion gas can be determined from the flow rate of dry stack gas and the measured
temperature differences of bulk mean combustion chamber gas and stack gas.

Since the tota enthapy of the combugion gas is equd to the totd enthadpy of the stack gas,
then the difference between the cdculated dry combustion gas enthdpy and the cdculated tota
dack gas enthdpy must be attributed to water vapour in the combustion chamber gas. Thus, the
amount of water vapour in the combustion gas can be found, see Box E
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BOX E: Combustion Chamber Water Vapour Calculation
My = Hu/hue

Where:

my = Mass flow of water vapour in combustion gas

hae = Unit enthapy of water vapour (superhested steam) at bulk combustion gas temperature
Hy = Enthapy of water vapour in combustion gas

and, Hy = Hg - Heg

Where:
Hg = Enthalpy of wet stack gas
Hca = Enthapy of dry combustion stack gas

The totd (wet) volumetric flow rate of the combustion gas a normd conditions can now be
determined from the measwred dry stack gas flow a norma conditions, after gpplying a
correction for the computed moisture content of the combustion gas. The totd volumetric flow
rae of combugtion gas a combustion chamber conditions is caculated by correcting for the
measured combustion chamber and stack gas temperature and pressure etc.

Findly, the combustion chamber gas resdence time (RT) can be determined asfollows:
RT= Vgscz* 3600/Q
Where:

Vgscz = Avalable and qualifying geometric volume of the combustion zone, in nt, taken
from drawings. Thisisexplained later in Section 4.2.2.
Q = Total combustion gas volumetric flow rate at combustion chamber conditions (n/h).

This method contains several errors that could lead to an underestimation of residence time.
For example, only one feed condition is examined, whereas severad should be looked a. Also,
only the average stack veocity is measured. In addition, the method assumes there is no
ggnificant ingress of arr between the furnace chamber and the stack. Whilg this is correct for
many ingdlationsit is not true for others and serious error can result.

Also, there is ds0 an assumption that any gaseous component remova between the furnace and
the stack is not dgnificant. Whilst this may be true in most cases, if hazardous wadte is being
burned, the hydrogen chloride leve in the furnace gases may be very different from that in the
gack due to the acid gas scrubber. Therefore, if the unabated hydrogen chloride leve is likely
to be greater than 5000 ppm, then its concentration in the furnace exit gases should be
messured (or estimated) to enable a correction to be applied.

Only the bulk mean combustion gas temperature has been measured and the assumption is that
this is the same as the gas temperature at the end of the two second residence time zone. This
may not be correct and additional temperature measurement at this location will be required to
confirm the actud end of zone temperature.
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(i) Residence Time Based on Measured Combustion Air Flow Rates and Furnace
Temperatures

This measurement based approach has been commonly used in the U.K. on large mass burn
waste to energy fadilities (Private Communication 1996a). Agan, it assumes plug flow. The
additional measurement festures are included to try and reduce the error associated with the
gpproach mentioned in (i) above.

The temperatures, pressures and flow rates of al the various combustion ar supplies to the
combugtion chamber are continuoudy measured under a range of firing conditions. This data
is used to deduce Q, (the totd combustion gas volumetric flow rate at combustion chamber
conditions. The indaled plant flow meters and thermocouples are sometimes employed when
the are linked to a data collection sysem (DCS). Alternatively, contractors tend to use pitot
tubes and portable thermometers linked to a data logger. In this way, the dry gas flow rate of
the combustion gases can be measured directly, without any need to cary out sack
measurements.  However, the moisture content of the combustion gases needs to be measured
at the outlet from the secondary combustion zone and a correction factor applied.

The temperature and pressure of the combustion gas is measured and logged over a range of
firing conditions ~ The bulk mean temperature is determined by monitoring furnace ges
temperaiures in the middle of the secondary combugtion zone.  Additiond temperaure
measurements are aso taken at the end of the secondary combustion zone, a a location that is
a least 25% beyond the two second residence postion (based on design cdculatons). |If
practicable, additiona gas temperature measurements are taken about 0.5 to 1 meter beyond
the lagt injection of secondary ar so as to improve the estimae of the bulk mean gas
temperature. The best estimate of the bulk mean gas temperature is used with furnace pressure
data to cdculate the total combustion gas volumetric flow rate a combustion chamber
conditions.

Agan plant drawings are employed to determine the avalable geometric volume of the
qudifying combustion zone (Vgscz), in nt. As before, the gas residence time, RT=
V gscz* 3600/Q seconds.

The gpproach has a number of advantages. Firdly, the use of continuous measurement and
logging of ar flows means that 1 minute gas resdence time data can be obtained over any
chosen firing cycle. Therefore, a better estimate of the worst case can be obtained. However,
as the plug flow modd is used it is merely assumes that the measured 1 minutes are identicd to
the red gdtuation minimum gas resdence time.  This is not correct because in the rea Stuation
(apatidly stirred reactor) the true minimum could be considerably shorter.

The approach is very useful for municipa solid waste, where tests (Private Communication
1996b) have shown close agreement & 10%) between combustion air deduced flow rates and
those deduced from measured stack or boiler outlet gas flows. However, it is not suitable for dl
wades. In addition, consderable error can be introduced under high draught conditions if any
unmetered air enters the combustion chamber.
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(iii) Residence Time Based on Measured Furnace Chamber Data and Measured Stack or
Boiler Outlet Data

The third gpproach has been used on a wider range of incinerator facilities in the UK (Private
Communications 1996a and 1996b). Continuous measurements are taken of stack flue gas
temperature, pressure, flow-rate, oxygen and / or carbon dioxide contents during a test firing
(Figure 10). The same parameters can instead be measured in the boiler outlet duct (if a boiler
is fitted) and if the velocity profile across the duct is acceptable. Stack or boiler outlet flue gas
moisture content is also periodicaly determined by manual methods to yield gas compostion
and dendty data. As before, periodic measurements ae made of the furnace gas moisture
content at the outlet from the secondary combustion zone.

If gas flow rae monitoring takes place in the dack (i.e. after the ar pollution control
equipment), then smultaneous measurements of the carbon dioxide and / or oxygen contents of
the secondary combustion zone outlet gases are dso required to correct for any air ingress.

As before, furnace pressure and bulk mean furnace gas temperature are determined and logged.
Temperature measurement data are dso logged at the end of the secondary combustion zone at
alocation that is at least 25% beyond the design two second residence position.

. . Continuous (at stack or boiler
Periodic: Continuous: "
exit): Temp, pressure, flow
Bulk mean gas | Temperature, O
rate, O or COs.
temperature and chamber | or COo. Periodic: H-O
pressure Periodic: H20 “eriodic T

Figure10- M eésuring Points (Based on Stack Flow Rate M ethods)

Again, a range of firing conditions is examined and the measured data used to deduce the tota
combugtion gas flow, Q, a furnace conditions. If inddled, plant sensors (venturis and
thermocouples) can be used to measure duct gas flow and temperature.

Agan plant drawings ae employed to determine the availdble geometric volume of the
combustion zone and the gas residence time is computed as described previoudly.

This method retains many of the advantages of the second approach, including securing a

better estimate of the worst case scenario due to the on-line profiling of resdence time over
any chosen firing cycle. It works wel for any waste stream and is not affected by ar ingress
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effects as these are taken into account by the continuous oxygen and /or carbon dioxide
monitoring at the two locations.

There is ill an assumption that any gaseous component remova between the furnace chamber
and the dack is not dgnificant.  Consequently, if hazardous waste incinerdion is being
examined (where chlorine levels normadly exceed 1% by mass), then corrections may need to
be applied for the differing hydrogen chloride concentrations pre and post abatement.
Therefore, if the unabated hydrogen chloride leve is likey to be greater than 5000 ppm, its
concentration in the furnace exit gases should be measured (or estimated) to enable a
correction to be applied.

3.2.2 TimeDomain Methods (Assuming Partially Stirred Reactor Models)

Techniques aso exis whereby the partiadly sirred (or red flow) reactor model can be used to
predict or measure furnace gas resdence times in waste incinerators. They are more complex
and more difficult to use than those based on plug flow. The determinations of residence times
in these cases are based on time domain methods, which can be predictive methods (using
models), or they can be measurement based. The mean and minimum gas resdence times are
now different, but as the time domain methods are designed to provide the gas resdence time
digribution, both the minimum and mean can be obtained. Agan no standard methods exig.
The design and measurement methods are based on predicting or measuring the digtribution of
the times of flight of injected impulses (red or virtud) between two points (or planes).
Therefore, the predicted or rea mean bulk gas temperature is not required but the temperature
at the end of the qudifying zone gtill needs to be demondrated.

3.22.1 Prediction of Gas Resdence Time Using Time Domain Models

Computational fluid dynamic (CFD) packeges are now avalable which can be used to
mathematicaly mode and predict gas resdence time didributions within dmost  any
incinerator combustion chamber. Simultaneous dsudies were carried out a large mass burn
wade to energy facility in the UK usng a CFDCFD modd and an injected impulse time of
flight messurement technique (Nasserzadeth 1995 and Loader 1993). These showed good
agreement; for example, the CFD predicted minimum residence time of 0.9 seconds and the
peek of 1.1 seconds (Figure 11) were in good agreement with the measured time of flight data
(0.8 and 1.3 seconds respectively).

It is now suggested (Swithenbank 2000) that it is more correct to interpret the data presented in
Figure 11 in terms of the system resdence time rather than minimums, means and peeks etc. |If
the curve is integrated and normaised the system residence time can be found. This takes both
plug and stirred characteristics into account, and as explained in Section 2.3.4 this point occurs
when 67% of the tracer has left the system. In this case, the CFD modd predicted a system
resdence time of 1.2 seconds whilst the measured time of flight experiment gave 1.3 seconds,
(ie 60% and 65% respectively of the designed 2.0 seconds residence time based on the BS
3316 approach).
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Fig 11- Histogram of Gas Residence Times I njection Point: Front Secondary Air

It should be redlised that the good agreement between the two techniques was only achieved by
substantial prdiminary measurement support being provided to ensure that the CFD inputs
were redigic. Consequently, CFD models should not in themsaves be taken as confirmation
of resdence times. Although in agreement, these data are consderably shorter than the
theoretical value of 2 seconds cdculated for this facility on the bass of measured furnace
volume, desgn gasflow rate and temperature data and assuming plug flow.

Provided the correct input information is supplied the CFD technique offers a very powerful
desgn tool. For example given the agppropriate moddling, dong with suitable boundary
conditions, CFD codes can provide numerica results for gas velocity, temperature, and species
concentration within the furnace chamber. The chosen key furnace parameters are modelled in
dices. The gas flow, temperature, and gas compostion didributions obtained can provide
important information that can be used quditaively to assess and improve the desgn and
performance of the incinerator such that Good Combustion Practice (GCP) is satisfied. For
example, locd aeas with dmost no flow, (dead zones), recirculation zones, or channds of
accelerated flow, can dl be reveded and steps taken to optimise furnace flow profile.

Through extensve evduations of computed flow peformance of incinerators it has been
concluded that the flow pattern is srongly affected by two mgor parameters. geometric shape
and operationd modes. CFD enables designers to deduce optimal shape for new ingdlations
and the operationa drategies (combugtion ar injection patterns) required to optimise furnace
gas flow and temperaure profiles for new and exiging plant (Swithenbank, 1995 and
Donghoon S. 1998).
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The predicted resdence time didribution in any zone can be obtaned by injecting a large
sies of virtud paticdes into the mahematicd modd. In the case of the UK plant
smultaneoudy studied by Nasserzadeth and Loader particles were introduced into the mode
just after the last injection of secondary ar and their paths and flight times traced until they
reach the end of the zone (Figure 12). The moded can aso incorporate a facility for predicting
gas temperatures throughout the combustion chamber and therefore the predicted gas resdence
time digtribution at temperature can be produced. For the large mass burn vertica shaft plant
examined by Donghoon (Donghoon 1998) it is intereting to note that the desgn mean gas
resdence time criteria of 2.7 seconds was not sdisfied, even after optimisation of the
secondary air injection (Figure 13). For Case 1, before optimisation, 60% of the gas flow
escapes the secondary combustion zone before 2 seconds.  After optimisation, (Case 2), only
23% escapes after 2 seconds and 60% remains for at least 2.7 seconds.

Although the second case shows a clear improvement, it appears that for both cases a
ggnificant portion of the furnace gases will have a minimum gas resdence wdl bdow 2
seconds.  Consequently, it would suggest that if incinerators were to be tested on the basis of
minimum gas residence time then most upgraded and, many new plant, w would fal. If, on the
other hand, residence time were to be viewed in terms of the system, ie when 67% of the tracer
has left the secondary combustion zone, the outlook is much more encouraging. For the
optimised Case 2 the system residence time is about 2.9 seconds, whilst for Case 1 it is about
2.1 seconds.

R&D TECHNICAL REPORT P4-100/TR, PART 2 26



10

' l ) )
r - . o » =
08 s L\
L 81%
-? 613"
5,1 Y
8 ; i
a i i
¢ ‘ 59%
= 04 » ‘
(] ; / f
= } . / case 1 (avg =2.63)
g ‘ ~— case 2 (avg =3.61)
O gss R 23|% |
i v A
[ : e |
Oﬂl ",’ ; i L J
Q 1 2 7 3 4 3

resicence lime, 1 (sec)

Fig 13 - Cumulative Probability Distribution Of The Resdence Time At The Chamber
Exit

3222 Measurement of Gas Residence Time Using Time Domain Methods (I njected
Pulses or Steps)

Time domain methods involve the injection of a tracer gas pulse or sep. Radioactive argon,
sulphur compounds, mercury vgpour or hdium tracers have al been used in incinerator
resdence time measurement sudies with the injections into the combustiion chambers being
made as close as practicably possible to the last injection of secondary ar. The time of flight
through the secondary combustion zone is measured by anadysing the concentration of the gas
a the exit as a function of time Severd of the methods have been employed a waste
incinerators but with varying success. Both step-response and pulse response approaches have
been used.

The injection system requires a microprocessor control to mark the injection datum tme on the
concentration / time output response of the detection system. The use of both cross-stack and
extractive detection systems has been investigated.

There are saverd common drawbacks associated with these methods.  In the presence of signa
noise ether the input disturbance sgnd must be so large that the norma operation of the
incinerator is affected, or the measurement time must be so long that process changes have a
sgnificant effect on the measured concentration.

Some methods have been more successful than others and a summary of their performance
characterigticsis given below:
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0] Radioactive Argon Gas Pulse I njection

This was developed by Kolar (REF 25 1987) and involved the introduced a short pulse of
Argor! radioactive tracer gas into one of the secondary ar injection tubes of a fluidised
bubbling bed combustor.

The method gave good reproducibility for the mean residence time but a poor performance for
measuring the resdence time didribution. The man drawback for usng this method is the
associated hedth and safety issues as well as the emotive environmental questions surrounding
the release of radioactive materias to the environment.

(i) I njections of Gaseous Sulphur Compounds

Injections of ether sulphur hexafluoride (SFe) or sulphur dioxide (SO,) have been employed
for the measurement of incinerator gas reddence times. Resdence time measurements were
made by Warren Spring Laboratory a a large UK mass burn facility usng SFs (Loader 1991).
Injection of SFs was achieved trough one of the sde walls of the verticd radiant shaft a the
same devation as the front secondary ar nozzles. An dterndive injection point was into one
of the secondary air ddivery tubes, ieby passng the injector probe through the secondary air
manifold duct. The gas ddivery sysem was made from a pressurised cannon discharger of the
type used in industry to clear blockages in storage hoppers. Detection was for the SFg
oxidation derivative SO»; this was accomplished usng a fast response infrared cross-duct
detector placed at the furnace outlet.

A number of problems resulted in poor response for the resdence time digtribution.  Firdly, as
the detected response was for SO, a rdatively large pulse (20 litres a 5 bar) had to be injected
to overcome the dgnificant and varying background SO, concentration naturadly occurring in
the incinerator flue gases. Secondly, the pulse had to be delivered in a very short time (less
than 0.1 seconds). In addition, there was substantial signal noise when the detector was placed
immediately following the outlet from the radiant furnace shaft. This was probably due to
interfering radiation emitted from high temperature particles in the flue gases.

Secondly, the need to deliver a rdativey high gas volume in such a short time resulted in a
disturbance of the furnace conditions (over-pressurisation). Consequently, some of the injected
sample must have been forced downwards, towards the primary combustion section. In the
case of injection into a secondary ar ddivery tube, a sgnificant portion of the charge "spilled-
back" into the secondary ar combined manifold sysem and eventudly found its way into the
secondary combustion chamber sometime later.

All these effects meant that the resdence time digtribution became spread much wider than
expected and probably did not reflect the true situation.

Modifications were introduced in an atempt to improve response. The temperature of the
infracred source was raised and the detector modified so that the absorption signd could be
compared with a reference wavelength further away from the detection wavdength. The
detector was aso moved behind the first bank of super hester tubes to reduce noise due to the
radigting particles.  Although there was a marked improvement in sgnd the moving of the
detector meant that the minimum and mean gas resdence time could not now be detected
directly from the detector response. Corrections had to be applied taking into account the
displacement of the detector and these were greetly affected by the gas flow profile through the
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tube package. Consequently, the uncertainties in deducing the residence times became very
large.

Although this technique is smple to use and shows promise, it clearly requires considerable
development work before it can be consdered as an available and rdliable technique.

(@iii)  Hedium Injections

Warren Spring Laboratory also carried out a gas residence time measurement programme on
the same mass burn facility usng a hdium tracer gas injection technique (Loader 1993). The
technique was a modification of that developed by Jager (Jager 1987).

The injection was ddivered into one of the front secondary air tubes (Figure 14) usng a 0.1
second pulse, and this was repeated 20 times for each test condition. Background helium
levels were less than 10ppm and consequently a low injection flow rate (about 20 litres per
second) was employed to give a resulting average hedium concentration of around 1000ppm.
The low flow ddivery rate meant that a thin flexible hdium dedivery tube could be inserted
deep ingde the secondary air tube, dmogt dl the way to the nozzle. Consequently, problems
with "soill-back" into the air manifold chamber were avoided. Caculations were made of the
affects of molecular diffuson and low gas density and were found not to be important.

W Ubmaraption FHobss

Figure 14- Incinerator Furnace, Showing Secondary Air and Helium Injection Points

The combustion gases from the furnace were continuoudy extracted from behind the first
water-tube curtain section and a sub-sample trandferred via a 100 meter heated line to an on
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line, sami-portable mass spectrometer, where the helium concentration was monitored. The gas
injection and detection sysems were eectronicaly linked so that triggering the gas injection
automatically started the mass spectrometer recording the concentration of the sampled gas.
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Figure 15 - Residence Time Distribution of 0.1s Pulse of He Injected Into Secondary
Front Air

The technique was easy to use and gave good results for the pesk resdence time (Figure 15).

There were some draw-backs that were mainly attributable to the logistics of the incinerator
ingalation and the redrictions caused by the avalable equipment. However, the method is
flexible enough to dlow an improved approach to be developed. The draw-backs and possible
solutions are outlined below:

() Heium was only injected into one of the fourteen front secondary air injection tubes but
the tests could have been repested using some of the other front and rear tubes.
Alternativdly, dde-wdl injection could have been used if ports had been avalable, and
such gpproaches would have improved the accuracy of the derived resdence time
digribution.

(i) The response sgnd was extracted from a single point in the eitry to the boiler section and
this incorrectly assumes that the tracer was equaly dispersed across the exit duct. A dmple
improvement would have been to take individuad samples from severa locations across the
duct and thereby produce a profile.

(i) Insufficient access points were avalable a the end of the qudifying temperature zone (ie.
anywhere on plane EFGH in Figure 14), near the top of the verticd radiant shaft.
Therefore the sample was extracted after the firt water tube curtain (P8 in Figure 14).
Consequently, the measured residence times were ggnificantly longer than those that
would have prevalled a the end of the qudifying temperature zone. This meant tha
corrections had to be made to take the displacement into account and this introduces
additiond error. However, the sample could have been taken a the end of the qudifying
secondary combugtion zone if sample ports had been avalable and this would have
obviated the need for the correction.

(iv) The use of the long extractive sampling line was necessary, as across-duct detection system
for heium was not avalable and the semi-portable mass spectrometer had to be Stuated
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some digance away in a mobile laboratory. This introduced some additional uncertainty in
resdence time measurement as the sample transport sysem had plug and sirred reactor
characteridtics in the same way as the furnace chamber. This was compensated for in the
case of the pesk resdence time by injecting a second pulse of helium at the furnace exit at
the entrance to the sample extraction tube (P7 in Figure 14). It is now possble to improve
this compensation technique by employing the new generation of truly portable mass
spectrometers, as these can be positioned much closer to the extraction position.

(V) In the reported study the main and compensation (reference) pulses were separated by
severd seconds to avoid overlgpping of the sgnd.  Unfortunately the reference pulse
goproach did not dlow full compensation to be made for the minimum gas residence time
because some spreading occurred, especidly for the main pulse. There was therefore a
smal overlap between the pesk of the reference pulse and the initid rise of the sgnd pulse.
This seemed to suggest that some helium was being detected as soon as it entered the
furnace. This was thought to be due to a number of effects; (a) limit of detection problems;
(b) mixing characteridics in the sample line being dightly different for main and reference
pulses and; (c) the reference pulse time being 60% longer than the sgnd pulse (due to a
dower solenoid valve response).

These effects dl combined to prevent an accurate determination the minimum gas resdence
time and this is a feature of such methods. Severd improvements could be gpplied. Firdly,
the detection could be improved if neon is employed. Although it is more expensive, it has a
higher atomic weight that would lead to improved detection and its background leve is dso
low (less than 20 ppm). Secondly, the sample should be extracted from a postion close to the
end of the qudifying zone. Thirdly a short sample transport line should be used in conjunction
with a modern portable mass spectrometer.

If the minimum gas residence is taken as the time when the concentration is 10% of the pesk
response (after making appropriate correction for the reference pulse), then the result is about
0.7 seconds.  This is close to the minimum predicted by the CFD study (0.9 seconds) carried
out & the facility at the sametime (Nasser zadeth 1995).

Alternaively, the resdence time could be based on the time displacement of the pesks for the
reference and main tracer responses.  Using this approach the corrected peak of the residence
time digtribution was established a 1.3 seconds (Figure 16) and this was in good agreement
with the 1.1 second vaue predicted by the smultaneous CFD study. Another dternative is to
use the gpproach recommended by Swithenbank (Swithenbank 2000), ie computing the system
resdence time when 67% of the tracer has left. In this case, after making correction for the
reference pulse, the resdence time is again 1.3 seconds compared to the vaue of 1.2 seconds
predicted by the CFD study. The residence time calculated from design data, and assuming the
plug flow modd, was 2.0 seconds.

R&D TECHNICAL REPORT P4-100/TR, PART 2 31



LINMNHY | - =
|

TiMHNE
1000

(o0 [NPGRS

[/ S— = _
V] 5 {1 15
time, s

0.1 = pulse of He injected via front 2nory a7 inled; mean of 20 runs

0.16 5 puisa of He myectsd at Airmace ext: mean of 10 runs

Fig 16 - 0.1s Pulse Of He Injected Into Secondary Front Air Inlet and Reference Pulse
(Mean of 20 Runs, L ogarithmic Scale).

The technique is smple to use and dthough it needs little further development it is flexible
enough to benefit from the suggested improvements mentioned above. Consequently, it is
recommended that this technique could be employed to edtablish the mean, the pesk or the
system residence time for new UK plant.

The edimated capitd codts that contractors would incur in obtaining gas cylinders, a suitable
injection probe, a computer programmed gas ddivery system, a sample extract system and a
portable mass spectrometer with dataloggers etc would be around £30,000. This would not
include the cods of carrying out the study or the additiona costs incurred by the Operator for
providing the necessary services and access holes etc.

3.22.3 Measurement Using Pseudo-Random Binary Signal Tracer Techniques

These techniques share some common fegtures with the time domain injection methods in that
they can be used to measure gas resdence times in incinerator furnace chambers and produce
resdence time didributions. They can use a tracer gas such as methane or carbon monoxide
but could aso rely on making rapid smdl changes to secondary ar injection flows. In essence,
they rely on producing disturbances of the steady dtate conditions within the furnace chamber
that can be detected and the input and output responses compared by cross correlation anayss.

The method was successfully researched on a medium szed UK mass burn waste to energy
fadlity (Nasserzadeh 1995). The furnace arangement was very smilar to that used in Figure
14 above for the heium injection method. The steady sate furnace conditions were disturbed
by the superimpostion of smadl fluctuations (perturbations) in the form of a pseudo-random
binary sequence of methane pulses and the response of the incinerator was detected by
continuoudy measuring the carbon dioxide concentrations a the entry to the boiler section
using a high frequency cross duct optical gas analyser detector. The output response was cross
correlated with the perturbation signd to give the impulse response of the incinerator.

The pseudo random binary sequence (PRBS) technique has severa advantages over those
employing step and pulse injections. For example:

@) The PRBS is on average a dteady-dae function and therefore the incinerator can be
operated at close to steady-state conditions.
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(i) Unlike the pulse or step approach, the size of the fluctuation does not need to be large.
Consequently, overloading (eg. over-pressurisation) of the furnace chamber can be
avoided.

(i)  Foragiven sgnd to noise raio the sampling time is reatively modest.

(iv)  Many disturbance frequencies can be generated for one easily generated code.

Prdiminary experiments are necessary to ad the desgn of the find measurement programme.
For example, it is advisable to establish the following before the main measurements begin:

() Magor time constants

(i) Permitted input amplitude

(@ii)  Presence of nontlinearities and time variation of the process
(iv)  Noiseleves.

Sampling rates should be fast enough to extract dl the avalable information in the input Sgnd.
Generaly two to four output data samples per PRBS hit is adequate.

For the plant examined, the flow rates per injection ranged between 6 and 12 litres per second.
This is amilar to the rate required for the heium tracer injector technique but consderably
smaller than the 1000 litres per second required for the Sk injection approach.

In the tests carried out by Nasser zadeh, methane from a cylinder was introduced via a water-
cooled probe through a hole in one of the sde-walls, just above the drying zone of the moving
grate (P1 in Figure 14). A solenoid valve was fitted to the supply line and programmed with a
pseudo-random signal to disturb the process. The location of the injection probe was below the
secondary ar injection leve, therefore computed resdence time digtributions would be
consderably extended beyond those commencing from the secondary air injection datum.
However, the method is aufficiently flexible to dlow injections to be made a more suitable
positions, as long as access ports are provided.

The output response was detected on the cross-duct fast response CO, andyser positioned at
the entry to the boiler section. This was cross-corrdated with the perturbation signd to give
the process impulse response of the process. The results indicate that the impulse response can
be extracted from the noise by increasng the number of cydes over which the dgnd is
integrated. The cross correlaion function for a typicd (impulse response) for the plant is
shown in Figure 17 and shows a marked peak 1.5 seconds. Figure 18 shows the log plot of the
integrated response versus time for this sgnd and the derived response indicates that most of
the time dday is due to plug flow, with the remander being due to wdl-dirred flow
conditions. The derived system residence time for the incinerator is aso 1.5 seconds and this
isin good agreement with CFD dudies at the same plant.

R&D TECHNICAL REPORT P4-100/TR, PART 2 33



= R 18w, (e = 7 =T

Ciau cemalolion Aunchen ahwidn the FES signal ed Ra dalici outpul
i

Fig 17- Cross Corrdation Function (Impulse Recorded) for PRBS on Combustion
Chamber

105 forde
i

Fig 18 - Log Plot Of Integrated Responsevs Time For Thelncinerator Test

As the cross-duct detector was postioned a the entry to the boiler section the temperature
there was less than the dlowable minimum. Consequently, the resdence time at the location
where the temperature fdls below the minimum dlowable (i.e. 850°C) would be significantly
ghorter. It is known that corrections were used to take account of this factor but it is unclear
how they were gpplied. There were no reasons given for displacing the position of the detector
but it is likely that it necessary to overcome possible interference effects with the IR source and
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detector. For example, high temperature particles could give rise to radiation interference and
widow deposition problems.

The edimated capita cods that contractors would incur in obtaining gas cylinders, a suitable
water cooled probe, a computer programmed gas ddivery system, a suitable cross-duct fast
detection system and dataloggers etc. would be around £30,000. This would not include the
costs of carrying out the study or the additiona costs incurred by the Operator for providing
the necessary services and access holes etc.

Although this technique shows great promise, cdearly some further development work is
required to make it an available and reliable technique.
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4. TECHNICAL IMPLICATIONS

4.1  Exiging plant/new plant issues

There are some important factors that should be taken into account when consdering existing
plant versus new plant. The implication is tha exiding inddlations may need to be handled
differently in anumber of aress.

New plant operators should be able to meet the ided requirements for providing the monitoring
ports, access, and gpace, essentid for carying out the time of flight reddence time
determinations (ie they could be examined as for partidly dirred reactors). However, there
will be some practicd difficulties for exiging plant, which means it would be better to dlow
them to use the gas flow measurement techniques for resdence time determination, (ie,
assumption of plug flow). The ided requirements are outlined in Section 4.2.3 (Table 2), but a
summary of how alowance should be made for exidting plant is as follows:

0] Furnace access holes

The provison of new monitoring access holes in exiding incinerator combugtion chambers
will be problematic, as cutting through bare refractory or modifying exising water-tube
sections to provide gppropriate apertures will raise practicd difficulties and will be codtly.
Consequently, compromises may be necessary for existing plant.

For example, exising holes (e.g. viewing ports) may have to be employed even if the location
isnot ideal. Even where new ports can be provided, these till may not bein ided locations.

(i) Boiler exit or stack access holes

There may dso be a need to alow some latitude in the provison of acess holes in the boiler
exit. However, the full provison for access ports should be met concerning the dack
monitoring pogtions

(>iii)  Spacerequirements

Meeting the full space requirements outlined bdow may be difficult around the furnace
chamber for exiging plant, as inddled equipment and wals eic may intefere.  Similar
problems may arise a the boiler exits but the full space requirements should be met a the stack
monitoring pogtion.

4.2 General issues
4.2.1 Introduction

Severd generd questions need to be conddered and settled before any recommendations can
be made on guidance for BAT. These cover items such as describing clearly what should be
conddered as a qudifying combugtion zone. In addition, the basc requirements for monitoring
ports should be settled dong with generd equipment and personnel access questions.  Findly,
the test conditions need to be established under which resdence time at temperature is to be
messured.
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In discussing these quedtions it should be noted that plug flow measurement methods (ie based
on gas flow rae determinations) will be acceptable for some plant, whilst for others the sirred
/ red reactor flow measurement approaches (based on time-domain methods) should be used.
Wherever possible, guidance should be clear cut and apply across the board, but compromises
will be needed because of specific problems arisng with particular types of plant.

4.2.2 Qualifying zones and datums

Egablishing exactly where the qualifying zone for the gas resdence time darts and finishes is
presently unclear. It is important to settle this question, if possible with clear-cut guidance,
otherwise the determination of residence time could be in continuous dispute. At the same
time, it should be recognised that flexibility will be required for certain types of plant exist
because of their design or operating considerations.

The various Directives dae that the qudifying geometric volume will commence after the last
injection of combustion ar and end when the gas temperaue fdls bedow the dlowable
minmum.  Moreover, the minimum temperature is to be measured a or near the inner wall.
Such descriptions can cause confuson because it is not clear what is meant by combustion air.
For example, are the Directives referring to primary, secondary, or tertiary air as combustion
ar, or are they refaring to al of them. Also, what is the pogtion regarding recirculated flue
gasss as these will contain some excess air that could be used in the combustion process?
Where primary / secondary / tetiary ar injections are present within the same vess, it is
uncler how Regulaiors and Operators should decide where the qudifying zone should
commence. Also, the postion of combustion ar supplied to a support burner is confusing. For
example, support burners pogtioned within the qudifying zone will be supplied with excess ar
(or cooling ar) and it is undear if the qualifying zone datum is to be reset because this ar will
contribute towards the gas phase combustion activity within the furnace chamber.

To avoid confusion it is recommended thet the qualifying zone should be a clearly identifiable
discrete zone. Primary combustion should not take place there, gas phase combustion should
be completed there and gas temperature and oxygen concentrations should not fal below the
dlowable minima in this zone It is therefore recommended that the zone be taken as
commencing after the last injection of secondary ar (or over-fire ar). In some desgns it is
common to employ an aray of secondary air nozzles and these are often staged, or they are
stuated on opposng (e.g.front and rear) furnace wadls. In such cases, the start datum for the
zone should be defined as the plane across the secondary combustion zone which links the bst
aray of secondary ar injections on one wal to the last secondary ar injection array on another
(usudly the opposing) wal. For plug flow resdence time determinations the datum should be
taken as darting at the centre of this plane, and if the pant in Figure 14 is used as an example
the datum plane of interest is ABCD. The zone of interest should be referred to as the
quaifying secondary combugtion zone (QSCZ) and in Figure 14 this is the geometric volume
contained between planes ABCD and EFGH.

If a support burner is indaled in this zone the datum should not be reset unless the
temperaure fals beow the dlowable minimum.

Where tertiary ar injections are present within the zone they are often indaled for cooling
purposes to protect refractory and prevent it from being taken above its design temperaure
maximum. If these injections follow the secondary air injections then the datum should
normaly be reset immediately behind them because; (i) these injections could contribute to the
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completion of gas phase combudion; and (ii) they could reduce gas temperature below the
dlowadle minimum.

Where recirculated flue gases are being introduced into the zone these should be treated in the
same way as tertiary and secondary ar. Consequently, if thar injection is after the secondary
or tertiary injections then the datum should be reset to take account of this.

Specific examples of various incinerator desgns ae given in the next section to provide
guidance on how to determine these issues. Some examples are dso given where latitude
should be alowed because of design and operating congtraints.

4.2.3 Provison of monitoring ports

Pant operaiors will need to make provison for ingdling monitoring ports and providing
necessary access and services so that monitoring can be undertaken. The specific requirements
will depend on severd factors, such as:

The temperature and residence time measurement methods to be employed
Pant factors (existing or planned facility, bare refractory furnace or water walls etc)

The specific factors that need to be taken into account for particular designs are discussed later
but the idedl requirements are discussed here and are summarised in Table 2.

0] For monitoring gastemperatures

Gas temperature monitoring could be required at at least three different locations, depending on
the measurement method chosen for demondrating gas resdence time. A summay of the
number of locations and required access port requirementsis as follows:

At the end of the QSCZ - All plant will need to have access provisons to dlow for gas
temperature to be monitored a the end of the qualifying secondary combustiion zone
(QSCZz) whilst the once-off gas resdence time tests are being undertaken. Operators will
adso need to make some provison for permanently indaled sensors for the continuous
monitoring of temperature a or near this location. The directives require the measurements
to be made at a sngle point, a or near the wall. It is recommended that at least two access
ports be fitted 9de by sde. In this way thermocouples could be used for the continuous
measurements, but a suction pyrometer could be introduced periodicdly to cdibrate the
thermocouple or to prove the temperature during the resdence time tests. Each port should
therefore be large enough to accommodate a suction pyrometer. The internal diameter of
the ports will depend on the type of suction pyrometer employed, but most systems could be
accommodated using 3-inch BSP ports.

In the middle of the QSCZ- Pant usng the plug flow resdence time measurement
goproach will need to determine temperatures in the middle of the qudifying secondary
combustion zone, so that the bulk mean gas temperature can be established. Two 3inch
BSP access ports are recommended (fitted side by side). Although both ports could again
be usad for thermocouple sensors (or an infra-red pyrometer), both need to be able to take a
suction pyrometer.

At the boiler outlet or the stack - Plant usang the plug flow measurement approach will
aso need to measure gas temperatures at either the boiler exit or the stack. At least two
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4-inch BSP sampling ports will be required a these locaions to accept the monitoring
sensor. Other measurements such as gas flow and compostion are aso required a the
same location, see (i) below.

(i) Flue gas velocity and gas composition monitoring

Pant measuring resdence time by the plug flow goproach will need to monitor flue gas
velocity and composgtion, ether a the boiler exit or in the stack. 4-inch BSP sample ports
should be provided. = The podgtion and number of ports will need to be chosen such that
representative velocity / temperature and gas compostion profiles can be obtained. The
selection procedure given in BS 3405:1983 would be acceptable. Therefore, at least two ports
will be required, but it would be prudent to fit a third so that gas compostion determinations
do not interfere with the other measurements.

Pant usng the plug flow resdence time measurement approach aso need to provide an
additional 2inch sampling port at the end of the end of the QSCZ, so that gas composition can
be measured at that location. The port should be on the same plane as the two temperature
messurement ports mentioned above.

(iii)  Tracer pulseinjection and response extraction ports

Pants usng time of flight measurement techniques will need to provide ports for accepting the
tracer injection probes. Provison of two 3-inch ports on the furnace wadl, a the same
elevation as the secondary air injections would be satisfactory.

Alternatively, if a secondary air injection array was inddled, a series of quarter inch glands
could be fitted in every second or third ar ddivery pipe.  This would dlow a flexible pulse
injection tube to be insarted deep indde the chosen pipes, thereby avoiding "spill-back”.  In
some plant it may be more convenient to inddl the series of 1/4 inch glands in the rear of
secondary ar manifold chambers, such that access into the air pipes can be obtained through
the sde of the manifold.

Extractive response detection systems (eg. mass spectrometer) will aso require a 2-inch
access port to be supplied at the end of the QSCZ. This is needed to accommodate the
extraction probe taking the response concentration parameter to the detector. Another 2-inch
port will be needed just below the first to accommodate the reference injection probe.

If a cross-duct response detection system is to be employed then two 4inch access ports would
be needed at end of the QSCZ on diametricaly opposed walls.
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Table 2 - Summary of Ideal Access PortsFor Monitoring

Residence Time | Parameter (and Size of Ports No of Ports
M easur ement L ocation)
Method
GasVolume Flow Temperature (mid QSCZ) 3inch 2 (ddeby dde)
Temperature (end of QSCZ) 3inch At least 2,
(side by sde)
Temperature and Gas Vdocity | 4inch BSP Atleast 2
(bailer exit or stack)
Gas Composition (end of QSCZ) | 2inch 1
Gas Compostion (boiler exit or | 4inch BSP 1
stack)
Time of Flight Temperature (end of QSCZ) 3inch At least 2,
(sde by sde)
Injection of Pulse (wall) 3inch 2
Injection of Pulse (secondary | 1/4inch Every 2" or 3™
ar) pipe
Injection of Reference Pulse 2inch 1
Extracted Response Detection 2inch 1
Cross- Duct Detection 4inch 2 (diametricdly
opposed)

4.2.4 Space, access and service provisions

Plant operators will also need to make the necessary space, access and service provisions to
alow monitoring to be undertaken.

(iv)  Spacerequirements

There needs to be sufficient space avalable a the monitoring postions so that injection
/detection equipment, temperature probes and sample extraction systems can be mounted in
pogtion. At some furnace chamber locations the probes will be quite long, as they need to be
traversed to the centre of the chamber. Therefore, sufficient clearance will be required to alow
the probes to be removed without interference from wadls or ralls.

The temperature, velocity and gas compodtion monitoring a the boiler exit or stack will aso
involve traverdng. In this case, the probes will need to reach across the whole duct and
aufficient clearance will be required to alow the probes to be manoeuvred and removed.

(V) Access

Some of the monitoring ports may be located a height. In such cases, a least temporary
access platforms and ladders will need to be provided. The sze of the platforms will depend
on the dze of the equipment employed. In most cases the length of the sensor probes will be
the determining factor, as platforms have to be large enough to dlow the hot probes to be
removed and handled safely.
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(vi)  Services

Operators will need to provide the essentid services to enable any monitoring programme to
proceed. Provison of adequate dectrica supplies will be essentia.  In addition, some types of
suction pyrometers and sample probes will require a cold water supply, whilst others will need
compressed air (100ps).

425 Tes conditions

All incinerator plant will have been provided with a manufacturer’s firing diagram a the time
of inddlation. The diagran will describe the acceptable firing envelope for the facility.
Therefore, in addition to testing norma operating conditions, it is important that resdence time
a temperature is verified at the limits of this envelope (to represent worst case). Operators
shoud therefore make arrangements for three conditions to be tested. These will be defined in
the firing diagram in terms of a percentage of the Maximum Continuous Reting (MCR) and
should be asfollows:

Normal operating conditions — This would be expected b fal in the range from 90 to 100
% MCR, unlessthe facility had been down-rated.

The maximum-turn down condition — This will be very different for different type of plant,
e.g. for mass burn waste to energy plant maximum turn down is around 70% MCR.

Over-load condition — The firing diagram will probably have defined an over-load
condition, where the plant will be dlowed to operate for a few hours. This is normaly set
around 110% MCR.

43  Specificissuesfor different typesof plant

4.3.1 Barerefractory sysems

Exiging incinerators with bare wall refractory furnace chambers should be able to provide the
necessary access holes without too much difficulty.  However, it should be recognised that
indaling access holes is a specidig activity and could only be undertaken when the plant is on
a planned "shut-down". Some latitude will need to be alowed concerning the proximity of co-
located sample ports.  Access holes will have to be far enough apart such that there is no risk of
gructura damage to the refractory wall and operators will need to take professond advice on
this matter.

Some furnace access holes will progressvely become blocked due to clinker formation and
operators will need to take steps to ensure that the holes remain free during any monitoring
programme.

The codts of providing access holes in refractory wadls are dedt with in Section 5. Codts will
depend on severd factors, such as wall thickness to be penetrated and whether staging will be
required to resch the pogtion. The costs will be most reasonable when the work is co-
ordinated with other maintenance activities, i.e. annud "shut-downs'.
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4.3.2 Water wall sysems

Exiding incinerators with water tube wal furnace chambers will find provison of the ided
access holes recommended in Table 2 much more difficult. As wel as having the same
problems mentioned above for the bare refractory systems there is the added difficulty that for
many water wadls the clearance between the water tubes will be insufficient to alow access
holes of the desired size to be cut.

Consequently, compromises will have to be consdered which may affect the accurecy of
determinations.  In most cases, access will be possible using the exiging furnace viewing ports.
Although these holes may not be idedly located, reasonable corrections could often be applied.
Each case will have to be considered on its merits.

Occasondly water wal furnaces need to be re-tubed. When this occurs, Inspectors should
take the opportunity to consder requiring the ided port requirements to be satisfied. As before,
latitude will need to be dlowed concerning the proximity of co-located sample ports.

4.3.3 Massburn vertical radiant shaft systems

Many of the UK mass burn incinerators which burn solid wadte are fitted with verticd radiant
shafts congtructed from refractory coated water tube wals. Consequently, many of the existing
plant will need to consider compromises mentioned in the matter of providing access holes.

However, it is useful to congder a typica plat where furnace condition monitoring has
dready been caried out and note the location of the quaifying secondary combustion zone
(QSCZ) datums and monitoring points. Referring to Fig 14, there is a dealy identifiable
secondary combusgtion zone.  For plug flow, the start datum for the QSCZ is the centre of plane
ABCD that connects the front and rear secondary combustion air arrays. The end of the zone
is plane EFGH, and its disgplacement from the dat datum was based on plant design
information and was st a the predicted height for 1.25 x the required 2 seconds residence
time. Port P3 was for bulk mean gas temperature determination, whilst ports PS5, P6 and P7
were for temperature and gas composition monitoring.

The same daums were used for time of flight (time-doman) monitoring udng the partidly
dirred reactor model. However, in this case the front and rear secondary ar injections would
normaly be utilised for tracer injection. Existing viewing Ports P1 and P2 could adso have
been employed for this task. Port P7 was used for the reference gas injection whilst Port P8
was employed for the probe extracting the system response to the online concentration
monitoring device (mass spectrometer). Ports PS5, P6 or P7 would have been better for this task
but would have needed some modification.

4.3.4  Box furnace massburn systems

Some UK incinerators for burning solid waste are fitted box shaped furnace chambers and
most of these have bare refractory wals, ie no water wal cooling. These plant tend to be of
older desgn and the operators may wish to count some of the box furnace as qudifying
secondary combustion zone for gas resdence time purposes.  Such an approach is very difficult
to judtify and is not recommended.
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The difficulty arises because there are severd different types of ar injections within the box
and it is not possble to be sure where qudifying gas phase combugtion starts and ends.  For
example, primary ar is supplied through the solid wagte from the wind-box, whilst secondary
ar is normaly supplied through a roof array. It is therefore unclear where the digtinct QSCZ
datum should be taken.

Two other ar injections arrays can often complicate matters further. The fird is the emergency
cooling ar injections, normdly Stuated on the front wal of the box furnace. These injections
are needed to protect the furnace chamber refractory from high temperature excursons because
there are normaly no water tube walls associated with this type of furnace. The second is
Stuated in the cross-over duct between the furnace and the first heet recovery section (if one is
fitted). Both injections can promote or hinder the maintenance of good gas phase combustion.

It is recommended that none of the box furnace volume should be consdered as QSCZ,
therefore such designs will need a quite separate secondary combustion chamber.

4.35 Rotary kilns

Severd incinerators designs employ rotary kiln furnace chambers. Most have bare refractory
walls and only a few have heat recovery incorporated into the kiln. As before, a clear divison
between primary and over-fire ar functions is difficult to establish. Again, it is recommended
that none of the rotary kiln furnace volume should be conddered as QSCZ and again such
designs will need a quite separate secondary combustion chamber.

4.3.6 Fluidised bed systems

Fluidised bed incinerators may have to be consdered as a specid case. There are difficulties
both with identifying the dart of the QSCZ and there can be problems meeting the minimum
temperature criteria

Two designs are in common use, both employ verticdly orientated furnace chambers. The firg
is the bubbling bed, which is suitable for homogeneous materids and is widdy used for
incinerating sawage dudge. The other is the circulating fluidised bed (CFB) combustor, which
is popular for burning mixed shredded solid waste. Both designs employ sand or duminium
dlicate combustion beds, which are suspended by the passage of heated primary (plenum
chamber) ar through them. The beds have a dense section where most of the primary
combustion occurs.  Above this, in the bubbling system, the bed has a clear area known as the
"free-board’. The circulating bed has no true free-board area, as the upper zone is merdy less
dense (the fagt fluidigng zone). Therefore, a dgnificant fraction of the bed materid is carried
out of the furnace chamber by the flue gases before being trgpped by a hot cyclone and
returned to the bed.

Both designs have secondary air injections postioned above the dense zone. As can be seen
from Figure 19, those for the CFB combugtor are in the fast fluidisng zone and some primary
combudtion is 4ill occurring.  Consequently, there is difficulty in establishing exactly where
the QSCZ dart datum should be taken. It is recommended that none of the volume in the
vertica section of CFB furnace chamber should be consdered as QSCZ and that such designs
should have a quite separate secondary combustion chamber.
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For the bubbling bed it is recommended that the datum should be set a the gart of the free-
board. However, it should be recognised that this levd will move with changing air- flow and
feed rate conditions. The level should be verified by use of inspection ports and the highest
free-board level should be taken as the start datum.

Huidised bed combugtors will adso have difficulty in consgently stisfying the minimum gas
temperature requirements laid out in the various directives. This is especidly the case for
bubbling bed desgns a dart-up and a maximum turndown. The problem occurs a sart up
because the support burners must raise the bed and gas temperatures to at least 850°C before
waste can be fed. However, as waste is fed temperatures can rapidly elevate above the ash
dagging temperature, which can cause the bed to dump. Consequently, start up of the
bubbling bed under such demanding conditions can cause a series of Sart-up / shut -down
falure, with attendant gas phase combudtion problems. It is therefore recommended that the
gas temperature minimum requirements for bubbling beds burning non-hazardous waste be
relaxed to 800°C. It is dso recommended that the minimum gas residence requirements be
raised accordingly to 2.2 seconds.
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Fig 19- The Fast or Circulating Fluidised Bed Combustion System

4.3.7 Modular designs

Many modular designs exist, some based on box type furnace sections and some based on
cylindricad combustion chambers.  Many introduce secondary ar into the primary combustion
chamber and again some operators may wish to count parts of this furnace volume towards the
gas resdence. Agan it is recommended that this should not be alowed because it is not
possbhle to etablish exactly where primary combugtion finishes and gas phase combustion
COMMences.
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5. FINANCIAL IMPLICATIONS
51 General

The financid implications will be affected by severd factors, (i) the measurement gpproach to
be applied by the operators monitoring contractors, and (i) whether a new or an existing plant
is involved. Some cogts borne directly by operators, whilst others will be passed on by their
monitoring contractors.

The cogts to be borne directly by operators include:

Provison of monitoring ports
Providing the necessary space, access and services to allow monitoring to proceed

Undertaking continuous monitoring of the temperature a the end of the qudifying
secondary combustion zone (QSCZ).

Contractors will charge their full daff, fixed and consumable cods to operators, but it is not
posshble to date these. Contractors will aso have to invest in hew monitoring equipment, and
a portion of these cogs will be passed on to the operator when resdence time confirmation
work is commissoned. It is not possble to state what proportion of capital costs will be
charged to an individud operator, as this will be a function of the expected instrument
utilistion over its lifetime (normdly 5 years). This will dso depend on the number of plant
that are likely to need this type of service.

5.2  Capital costs of monitoring equipment

The capital cods of the necessary temperature sensors will depend on the temperature
monitoring method employed and the resdence time goproach to be followed. Table 3
summarises the various options. Choices can be made both by operators and contractors
regarding the sophistication (and cost) of equipment. The table ligs dl the syslems that could
usefully be employed. For monitoring contractors, the use of at leest one suction pyrometer
should be obligatory, whilst the base temperature sensor could be the shielded thermocouple.
For operators, their minimum requirement would be for the continuous measurement of QSCZ
exit temperatures and the base item for this would be the shielded thermocouple.  All systems
would need some method of reading and logging the measured data.

Table 3- Capital Cost of Temperature Monitoring Equipment

Suitable Methods Cost per Unit (£)
Accoustic Pyrometers 10,000 - 15,000
Radiation Pyrometers( narrow band) 2000 - 30007
Radiation Pyrometers( wide band) 1500 - 2500
Shielded Thermocouples 200 - 1500°
Suction Pyrometers 5000 -10000
Logger 1000 - 2000
Reader / Computer 500 - 2000

Note 1. Priceincludes signal processor and purge system, additional paths are about £6000
Note 2: Priceincludes purge and cooling system
Note 3. Price affected by quality of the alloy and the length
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521 Gasflow residence time measurement methods

The capital cogt edimates for the monitoring equipment required for measuring residence time
based on gas flow (assuming plug flow modd) are given in Table 4. This assumes tha the
measurements will be based on monitoring certain parameters within the furnace chamber and
a the stack, or at the boiler exit, as described in Section 3.2.1.29(iii). The capital costs for the
necessaty gas temperature measurement equipment is not included as that has aready been
givenin Table 3.

Table 4 - Capital Cost of Gas Flow Residence Time Measuring Equipment

Monitoring Equipment* Numbers  of | Cost per Unit
Units Required | (£)

CO, Monitor 2 2,000 - 4,000

O, Monitor 2 1000 - 2000

Gas Ve ocity Meter / Sensor 1 1000 - 2000

Pressure Sensor 2 ~ 500

Sample Pumps /Trandfer Lines 2 500 - 1000

Loggers 2 1000 - 2000

Totd Costs - 11,000- 21,000

5.2.2 Timeof flight resdence time measurement methods
0] low flow gas pulseinjection

The capitd cost edtimates for the monitoring equipment required for measuring residence time
based on the hdlium injection pulse time of flight goproach is given in Table 5. This assumes
that the measurements will be based on monitoring certain parameters within the furnace
chamber, as described in Section 3.2.2.2(iii). Agan, the capital cods for temperature
measurement is not included as that has dready been given in Table 3.

Item 1 in Table 5 has included for the purchase of a helium gas cylinder, but not renta charges.

This would easly be sufficient to test a least 10 incinerator facilities. Neon gas could dso be
used but it is consderably more expensive (about £1000 for aNo 1 sized cylinder).
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Table5 - Capital Cost of Helium Pulse Resdence Time Equipment

M onitoring Equipment Numbers of Cost per Unit
UnitsRequired  (£)

1Tracer Helium Pulse Injection| 1 2,000

System and Electronic Trigger

2.Helium Reference Injection | 1 1,000

System and Electronic Trigger

3.Sample Extraction / Handling and | 1 2,000

Trander System

4.Portable Mass Spectrometer, with | 1 20,000

datalogger

Totd 1 25,000

(i) Pseudo random pulse

The capital cost estimates for the monitoring equipment required for messuring resdence time
based on pseudo random pulses of propane are given in Table 6. This assumes that the
measurements will be based on monitoring certain parameters within the furnace chamber (as
described in Section 3.2.2.3). Agan, the capita costs for temperature measurement is not
included as that has dready been givenin Table 3.

Table 6 - Capital Cost of Propane Pseudo Random Pulse Residence Time Equipment

Monitoring Equipment Numbers  of Cost per Unit
UnitsRequired  (£)

1Propane Injection Sysem and| 1 2,000

Randomiser

2. Fast Response Cross Duct CO, | 1 10,000

Monitoring System

3. Logger 1 2,000

4. Computer 1 1,000

Tota 1 15,000

5.3 New Plant

The additiond direct costs to be borne by the operators of new plant should not be great. For
example, the full provison of monitoring ports laid out in Section 4.2.3 should easily be able to
be accommodated within the price at the contract / design stage. The same would apply to
ensuring that the plant desgn provided sufficient space, access and sarvices to dlow
monitoring to proceed.

The undertaking of continuous monitoring of the temperature a the end of the QSCZ should
adso not ental additional cog, as it is dready a requirement that furnace outlet temperatures are
to be continuoudy monitored. The only issue is that the monitoring pogtions offered in most
desgns ae a the furnace outlet, which may be ggnificantly disolaced from the end of the
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QSCZ. If the minimum temperature requirements were guaranteed at the outlet, additiond
monitoring and additiona access ports would not be required. However, it would be prudent
for operators to specify additiona ports closer to the end of the QSCZ (as determined from
design cdculations and models). Agan the codsts of these additiond ports and the monitoring
equipment should be able to be absorbed within the price at the contract design stage.

54  Exiging plant

If the Agency were to decide that exising plant should fully meet the requirements given in
Section 4.2.3 and Table 2, the additional costs could be substantial.

54.1 Codgsof providing additional access ports

The costs of mesting the ideal access ports requirements shown in Table 2 could be the most
expengve item for existing plant and are summarised in Table 7.

Modifications to exiging plat with water-wal furnace chambers ae likdy to be most
expensve and most technicdly difficult.  Information was gathered by Warren Spring
Laboratory during ther 1989 furnace temperaiure / resdence time profiling research
programme (Scott and Loader 1989). For this programme, additiona access gpertures were
necessary in three of the four furnace water walls of a lage waste to energy plant. The
programme was delayed to coincide with a mgor tube replacement activity and the
modification costs were thereby reduced to about £1000 per aperture.

Major tube replacement programmes are infrequent events, consequently, if the ided access
port requirements were demanded for existing plant then stand-alone modifications would be
required. The mgor cost of a stand-done modification, would be the lost production, which
for a 10 tonne per hour waste to energy plant will certainly be in excess of £5,000 per day of
lost production. The modifications would probably take between 3 and 5 days and the
engineering cods of providing a single aperture would be at least £2000. Therefore, such a
modification would be prohibitivdy expensve as wdl a beng practicdly difficult.  If
modifications could be co-ordinated with an annuad shut down, the cost per aperture could be
cut to around £1000 and there would be no lost production.

Modifications to bare wdl refractory sysdems are less expendve but are dill technicdly
difficult and require to be caried out by experts. The cost of providing a sngle 3 or 4 inch
access port depends both on the thickness of the refractory, the thickness of the metd casing
and the access to the dedred location. Cutting would need to be undertaken during a mgor
ghut-down and would cost between £800 and £1600 per port. As cutting may need to be
undertaken on both the inner and outer surfaces there may aso be a need to provide temporary
access platforms, which would cost around £500.

The additiond costs of providing two access ports on boiler exit ducts is not great a around

£400, whilst there should be no additional costs d providing access ports on the stack as they
should aready have been provided as part of the norma emisson monitoring requirements.
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Table 7 - Cost of Providing Access Ports on Existing Plant

Item Cost per Unit (£)
Loss of Production 5,000*

3 or 4 inch port in water wal (sand | 2,000-2500
aone)

3 or 4 inch port in bare refractory | 800-1600
(stand done)

Internd scaffolding in chamber (for | 500

stand aone aterations)

4 inch port in boiler outlet duct 200

3 or 4 inch port in water wal (co- | 1,000-1500
ordinate with annua shut-down)

3 or 4 inch port in bare refractory | 200-400
(co-ordinate with shut down)

1/4 inch portsin air tubes minimel

Note: based on daily loss of gate fee and eectricity for a 10 tef hr MSW incinerator.
5.4.2 Cogsof providing space, access and services
5.4.2.1 Space

The space and access requirements to enable probes to be mounted in furnace, boiler or stack
walls, (see Table 2), will be determined by the sze of the ducting. In the furnace section,
probes will need to reach at least to the centre of the duct, whilst & the boiler outlet or stack the
probes must be able to traverse the whole duct. Consequently, there must dso be enough
clearance to dlow probes to be safely removed, without interference from structures.

The cogt of modifying hand rals etc is minima, but moving permanent dructures, such as
plant machinery or wals would normaly be prohibitive and impracticable,

5.4.2.2 Access

Temporary platforms may be needed a some plant to reach furnace and boiler outlet
monitoring podtions. The exact cost will depend on the height, Sze and durétion of hire, but
typica costsfor a 3 x 3 meter 6 meter high platform, 1 week hire, are around £500.

There should be no additiona costs involved in providing access to stack monitoring positions
as this should dready have been provided as pat of the norma emisson monitoring
requirements.

5.4.2.3 Services
The cost of providing essentid service to support a monitoring programme should be minimd
as mog plant will aready have dl the required services. In some case there may be a need to

provide compressed air and some plant may not have this. Consequently, this item may have
to be hired in. Thetypica cogtsfor a1 week compressor hireis around £100.
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6. RECOMMENDATIONS ON GUIDANCE FOR BAT

There are a number of recommendations on guidance for BAT. These take into account both
the technicd assessments, as well as the technicd and financid implications mentioned earlier.
The recommendations fall into three main groupings.

Those of a generd nature for dl plant, dthough some latitude should be adlowed in certan
specified cases.
Those which should be applied to new plant.
Those which should be required for exigting plant
6.1  General recommendations

6.1.1 Definition of the qualifying secondary combustion zone

It is recommended that the interpretation of the qudifying zone within the furnace section for
the purposes of proving the resdence time requirements a temperature should be based on the
recommendation gven in Section 4.2.2. These are summarised in Box F below:

BOX F: Recommendations on Definition of Qualifying Zone

1. It is recommended that the qudifying zone should be a clearly identifiable discrete zone.
Primary combustion should not take place there, gas phase combustion should be completed
there and gas temperature and oxygen concentrations should not fal below the dlowable
minimain this zone

2. The zone should be taken as commencing after the lagt injection of secondary ar (or over-
fire ar). Where arrays of secondary air nozzles are Stuated on opposing furnace wals, the dart
datum should be defined as the plane across the furnace which links the last and penultimate
secondary ar array. For plug flow resdence time determinations the datum should be taken as
darting at the centre of this plane.

3. The zone should be referred to as the qudifying secondary combugtion zone QSCZ). . If a
support burner is inddled in the zone, the datum should not be reset unless the temperature
fals below the dlowable minimum.

5. Where tetiary ar (or recirculating flue gas) injections are present within the zone, and are
behind the secondary ar injections, the datum should normally be reset because; (i) these
injections could contribute to the completion of gas phase combustion; and (ii) they could
reduce gas temperature below the alowable minimum.

6. For box and rotary kiln furnace designs (and for circulaing fluidised bed combugtors), it is
recommended that none of the box , kiln or verticd suspenson chamber should be consdered
as qudifying zone and such designs should require a quite separate secondary combustion
chamber.

7 For bubbling fluidised bed combustors it is recommended that the datum should be set a
the start of the free-board. It should be noted that this level will move with changing air flow
and feed rate conditions. Therefore the level should be verified by use of ingpection ports and
the highest free-board level should be taken as the sart datum. .

8 Bubbling fluidissd bed combudors have insurmountable technica difficulty satidfying the
minimum temperature requirements & dat up ard a maximum turn down. It is therefore
recommended that when such units are used to burn non-hazardous waste, the gas temperature
minimum requirement be reduced to 800°C. It is dso recommended that their minimum gas
residence time requirements be raised to 2.2 seconds.

R&D TECHNICAL REPORT P4-100/TR, PART 2 50




6.1.2 Design and validation

The genera recommendations on this point are given in Box G below:

Box G - Recommendations on Design and Validation.

1. Whilgt design data can be accepted as a sarting point, it is recommended that minimum gas
resdence time and minimum temperature requirements be demondrated periodicdly (at least
once) under anumber of specified conditions by carrying out a programme of measurements

2. It is recommended that moddling sudies, such as computationd fluid dynamics, should be
encouraged to hdp identify operationd and minor engineering drategies for optimising
performance within QSCZ in exidting plart.

3. It isrecommended that such modelling studies be mandatory for new plant

6.1.3 Test conditionsfor the measurement programme
The genera recommendations on test conditions are given in Box H below:

Box H — Recommendations on Test Conditions.

1. Gas reddence time a temperature should be demondrated by a measurement programme
under the following three conditions, (i) close to maximum turn-down; (ii) norma operating
conditions, i.e. between 90% and 100% of the maximum continuous rating; and (iii) over-load
conditions, i.e. dloseto 110% of the maximum continuous rating.

2. Each condition is to be tested &t least twice during the programme.

3. The monitoring within each test period should cover &t least aone hour.

6.1.4  Monitoring timesfor the measurement programme

The generd recommendations on tes monitoring times and test numbers are given in Box |
below:

Box | - Recommendations on Minimum Monitoring Timesand Test Numbers

1. Furnace temperatures should be monitored and recorded continuoudy over the minimum 1
hour test period mentioned above and reported as 1 minute means.

2. When usng suction pyrometers, then sub-tests of a leest 10 minutes duration should be
required and the number of such sub-tests should be sufficient to give a least 1 hour of valid
data

3. If time of flight resdence time measurement methods are to be employed then a least 20
injections and response measurements are to be undertaken during each test period.

4. If mean gas flow rate measurement methods (plug flow) are to be used for determining
resdence time, then the required measurements of gas flow, oxygen / and or carbon dioxide etc
should be continuoudy recorded over each test period. Flow and residence times should be
plotted as 1 minute means. Fue gas moisture content should be determined & least once
during each test period.
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6.2  Recommendationsfor new plant
6.2.1 Resdencetime proving for new plant

The main recommendeations are given in Box Jbelow:

Box J Main Recommendations on Proving Residence Time
1. New plant shoud be required to measure residence time during proving tests using a time of
flight (atime domain) method.
2. Either of two measurement methods is recommended:
The procedure based on that described in Section 3.2.2.2 (iii), involving the injection of
helium (or neon) and employing mass spectrometer response detection should be
acceptable.
The procedure based on that described in Section 3.2.2.3, involving the pseudo random
binary sgnd tracer gas pulse with propane should be acceptable.
5. The injection rate should not exceed 1% of the nomind furnace gas flowrate and the pulse
should not exceed 100 m seconds in duration.
6. Where an array of secondary air nozzles are indaled, tracer injection should be carried out
sequentidly in a representative number of ar delivery tubes and where the QSCZ is
symmetrica it should be acceptable to use a sample of tubes on one side of the centre line.
7. Side wdl probe injection should only be carried ot if there is no suitable dternative.
8. The parameter to be determined should be either the peak or system residence time.
9. To be accepted, it is recommended that none of the computed pesk or system residence time
data should be below 2.0 seconds.

Additional recommendations for the helium or neon pulse / mass spectrometer method are
givenin Box K.

Box K - Additional Recommendationsfor Helium / Neon Pulse Method

1. The response sgnd should be extracted sequentialy from a number of points across the
outlet from the QSCZ. Where the QSCZ is symmetrica it should be acceptable to use tubes on
one Sde of the centreline,

2. A reference compensation pulse should be employed.

3. The extraction sampling line should be as short as practicable.

4. The resdence time should be taken as the time displacement between the peak responses of
the main injection and reference pulses.

5. Alternatively, the system residence time can be taken, after correction for the reference pulse

5 For each test condition the resdence time data should be averaged for esch injection and
extract point and a profile produced
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Additiona recommendations for the pseudo random pulse method are given in Box L.

Box L - Subsidiary Recommendations for Pseudo Random Pulse M ethod

1. A cross duct fast response detector should be used and this should be free of interference
from radiating particles.

2 Cross corrdation techniques should be used to compare the perturbation and process impulse
response sgna

3. The sampling rate should be fast enough to extract al the available information in the input
signal and two to four output data samples per pseudo random binary sequence bit should be
acceptable.

4. For each test condition the peak or system residence time data should be averaged for each
injection point and a profile produced.

6.2.2 Temperature proving for new plant

As residence time for new plants is to be measured by time of flight, it is therefore only
necessary to measure the temperature at the outlet from QSCZ. The recommendations for
temperature proving are given in Box M.

Box M - Recommendationsfor Temperature Proving (New Plant)

1.Gas temperature traverse measurements should be required at (or shortly after) the end of the
QSCZ for each condition so that the lowest temperature location can be identified.

2. Where furnace sections are asymmetrica it should be acceptable to traverse only hdf way
across the furnace.

3. Gas temperatures should be monitored and recorded continuoudy at the lowest temperature
location over each test period (at least 1 hour) and reported as 1 minute means.

4. The use of suction pyrometers should accepted as the reference technique for proving
furnace gas temperatures. Therefore, data collection should be dlowable in 10 minute sub-tests
as per Box I.

5. Other sysems such as acoudtic pyrometers, and shidded thermocouples should be alowed
but only if they are calibrated against a suction pyrometer and the appropriate corrections
applied.

6. For an acceptable test it is recommended that at least 95% of the corrected 1 minute means
should be meet the stated minimum temperature requirement.

6.2.3 Monitoring positionsfor new plant

It is recommended that new plant meet the full requirements for providing ided monitoring
port access, as given in Section 4.2.3, Table 2 (for time of flight resdence time measurement
method).

6.3  Recommendationsfor existing plant
Some exiging plant may be able to meet the full recommendations for monitoring as per new
plant.  However, the engineering modifications required to be able to follow the same

monitoring approach is likdy to be impracticable due to technica difficulties or prohibitive
cost. Consequently, an aternative approach is recommended for existing ingtalations.
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6.3.1 Residencetime provingfor existing plant

The main recommendations are given in Box N below:

Box N Main Recommendations on Proving Residence Time

1. Exiging plant should be required to measure mean gas resdence times during proving tests
by monitoring the mean gas flow rate through the QSCZ, and assume plug flow.

2. The measurement procedure outlined in Section 3.2.1.2 (iii) is recommended. It will require
the continuous measurement of both bulk mean furnace chamber gas temperatures and the
QSCZ outlet temperature, together with the periodic determination of moisture and oxygen
content of the furnace chamber gases.

3. Stack (or boiler outlet) gas flow should dso be smultaneoudy and continuoudy messured a
a single point over the same 1 hour test period. The location chosen should be shown to be
representative by undertaking apreiminary traverse as per BS 3405.

4 Simultaneous continuous measurements should aso be made in the stack (or boiler outlet)
for temperature, pressure and oxygen / and or carbon dioxide. Only periodic determination of
stack (or boiler outlet) moisture content is necessary.

5. The measured mean gas flow rates should be averaged over 1 minute intervals and mean gas
resdence time a furnace conditions computed. The resulting 1 minute means should be
plotted over at least a 1 hour test period.

6 Resdence time performance should be accepted if at leest 95% of the 1 minute mean data
mest the 2 second requirement and the temperature minimum is satisfied.

6.3.2 Temperature proving for existing plant

The recommendations for temperature monitoring a existing plant should take into account the
need to measure temperatures a following three locations:

() in the centre of the QSCZ to provide an estimate of the bulk mean temperature;

(i) a the outlet from the QSCZ to prove the minimum temperature requirement is satisfied;
and

(i)  inthe stack or boiler outlet to alow accurate calculation of gas velocity.

Our recommendations for temperature proving are given in Box P.
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Box P - Recommendationsfor Temperature Proving (Existing Plant)
a. Bulk Mean Gas Temperature (BMGT)

1. Continuous temperature measurements should be required near the centre of the QSCZ
during the proving tests to provide the bulk mean gas temperature (BMGT).

2 The exact location of the measurement postion should not be consgdered criticad as only an
esimate is needed of the BMGT.

3. Measurement by suction pyrometer, shidded thermocouple, infrared pyrometer, acoustic
pyrometer should al be acceptable, but corrections should be applied where appropriate.

4. If measurement of BMGT is not practicable then estimation by other means it should be
alowed

b. QSCZ Outlet Temperatures

5.Gas temperature traverse measurements should be required a (or shortly after) the end of the
QSCZ for each condition so that the lowest temperature location can be identified for the tests.

6 Where access to the ided location is not practicable then a compromise location should be
considered and corrections applied. .

7 Where furnace sections are asymmetrical it should be acceptable to traverse only hdf way
across the furnace.

8. Gas temperatures should be monitored and recorded continuoudy at the lowest temperature
location over each test period (at least 1 hour) and reported as 1 minute means.

9. The use of suction pyrometers should accepted as the reference technique for proving
furnace gas temperatures. Therefore, data collection should be alowable in 10 minute sub-tests
as per Box I.

10. Other systems such as acoustic pyrometers, and shidlded thermocouples should be dlowed
but only if they are cdibrated against a suction pyrometer and the gppropriate corrections
applied.

11. For an acceptable test it is recommended that at least 95% of the corrected 1 minute means
should be meset the stated minimum temperature requirement.

c. Stack or Boiler Outlet Temperatures

12. Stack or boiler outlet temperatures should be monitored continuoudy a a sngle
representative point over the same period.

13. The point should be chosen after traversing in line with BS 3405. Use of an appropriate a
thermocouple should be acceptable.

6.3.3 Monitoring Positionsfor Existing Plant

It is unlikdy tha exiging plants will be ale to meat the full ided monitoring access
requirements, as given in Section 423, Table 2 (for gas volume flow methods). It is
recommended that Regulators agpply some latitude, but should recognise that even after
applying corrections the uncertainty in the find results may be considerable.
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