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ABSTRACT

Volume IV of the report on the 1000
hour programme consists of three
appendices giving details of the
engineering/construction aspects of
the plant and reports from Stal-lLaval
Turbin A.B. '
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1. INTRODUCTION ]

The 1000 hr test programme carned out in the pressurised fluidised-
bed facility at Leatherhead durmg 1979 had three main objectives
which were to assess:

(i) the performance of alloys which may be suitable for
fabrication of the tube bank

(ii) corrosion/erosion/fouling of candidate gas turbme
alloys

(iii) the performance of gas cleanlng equipnent, together
with camprehensive techniques for assessing partlculate
oconcentration in the cambustion gases.

To carry out the programme major modifications and additions had to be
made to the Leatherhead PFBC Test Facility. These broadly involved,

(1) | Installing a néew. cambustor in the existing pressure vessel.

| (ii) Providing an additional cyclone, a Stal-Laval cascade and
associated ductwork and ancillary equipment on one stream fram the
- camnbustor (Stream 1). «

(iii)Providing a new clean-up train of three cYclones on the second
stream (Stream 2), a GE cascade of airfoils, and associated
ductwork and ancillary equipment. This Strealn incorporated some
existing equipment.

(iv). Providing additional lock hopper systems for dust removal from the
cyclones and modifying the existing ones. .

(v) Replacing the Petrocarb coal flow feed control arranganelts by
rotary valves

(vi) Installing special cooled and uncooled corrosion specimens in the
oambustor.

All site installation work and the greater part of the design and
construction work associated with the hot gas ductwork, and hot gas
clean-up systems was carried out by lLeatherhead personnel. The
arrangement of the plant is shown diagrammatically in Fig. L.1.

The major part of the work was carried out under Contract ET-78-C-Ol-3121*
but a number of other orgam.satlons contributed to and partic1pated in

- the programme.

*EanSDepartnentofmexgy
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" ‘Organisation

(i) Electric Power Research
Institute

(ii) Combustion Systems Ltd.

(iii) Stal-Laval Turbin AB

(iv) General Electric

(v) American Electric Power

Contribution

via Contract with Fluidised
Canbustion Contractors Ltd.

(i) special oooled and uncooled
specimens for materials evaluation
in the cambustor.

(ii) alternative refractory
materials for the cambustor walls.
(1ii) tertiary cyclone and associated
duct work for Stream 1.

" via Babcock, Renfrew, the tube section

of the oqnbustor.

Cascade of turbine blades including
supervision of testing, between-test
and post-test evaluation.

via contract from US DOE '

(i) cascade of airfoils, supervision
of testing, between-test and post-
test evaluation.

(ii) coordination of initial test
programme planning.

(iii) design data for Stream 2 hot
gas clean-up system, Nyserda sampling
equipment, equipment for providing and
for measuring electrostatic charging,
and operator training for the latter.

Supply of coal and dolomite.

Appendix L describes the engmeering of the rig in more detail than
hitherto and comments upon the operational behaviour of the important

camponents.



2. [DESCRIPTION OF THE TEST FACILITY

2.1. The Caorbustor

General

The carbustor (Fig.L.2) consisted of a refractory-lined casing
situated within a vertical pressure shell of 6 ft internal diameter.
Air campressors supplied the fluldlsmg/catbustim air which
entered through a connection at the top of the pressure shell.

The air flowed downwards -around the outside of the cambustor
(cooling the casings in the process) and then upwards through

the distributor plate and into the bed. Thus the walls of the
refractory-lined casings had to withstand only the pressure
differential due to the pressure drop imposed by the distributor
plate and the fluidised bed.

Tube Bank and Containment

The containment tapered fram the distributor plate to the level

of the top of the tube bank. The metal casing was of 3/8 inch
thick carbon steel and was lined with insulating and hard refractory
(see P. 6 for refractory details). The cross-section inside the
refractory was 2 ft x 2% ft at the top (Figsdl.2 andL.3).

The tube bank extended fram 2 ft to 8 ft above the distributor
plate. The general tube gecmetry was representative of that

being considered for the design of the AEP/Stal Laval Engineering ,
Test Facility (The Tidd Plant). The tubes were of 1% inch o.d.
heat-resisting steel an a 6% inch horizaontal pitch and a 3% inch
vertical pitch. Alternate rows were displaced to give a pattern
which, while it was staggered, was not uniformly triangular through-
out the tube bank. The proportion of bed volume (within the tube
bank) occupied by tubes was about 15%.

The tubes were formed in the shape of single hairpins. The feed
and return pipes passed through the sloping end walls of the tapered
section of the casing, being welded in position fram the outside and
set in the refractory on the inside. Alternate rows were mounted
fraom opposite ends so that half the tube bank was mounted fram cne
end wall and half fram the other. ‘This contruction can be seen

in Fig.L.44 a photograph of cne half of the tube bank -taken after

dismantlingthe combustor at the end of the prograsme.

In the upper part of the cambustor, each hairpin formed an individual
water circuit, In the lower part of the cambustor, two hairpins at the
same level were connected in series, external to the casing, to

form a single water circuit.
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Fig.L3"Tapered" Combustor casing before
lowering into pressure vessel

Fig.L4 North End wall showing tube bank

water connections
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Becuse water at low temperature was the cooling medium on the
Ieatherhead rig, only a part of the tube bank was cooled, the
remaining tubes operating at bed temperature. The cooled tubes
were distributed more or less evenly throughout the tube bank.
Each cooled circuit had a separate water inlet and outlet with
thermocouples to measure the temperature rise so that the heat
flux to each circuit could be accurately monitored. (Fig. L.4).
The circuits were of differing lengths, but no circuit included
tubes ‘at rore than one elevation.

Baffle Tubes and Freeboard

The casing section above the tapered part of the cambustor
constituted the lower of the two freeboard casings, and contained
the baffle tubes. These started 110 inches above the distributor
plate (i.e. about 14 inches above the naminal bed level) and were
in four rows on a triangular pitch of 2 inch vertical and 2 inch
horizaontal centres. They were constructed of 1 inch o.d. heat-
resisting steel tube and were welded at cne end to pegs attached
to the casing and protruding through the refractory. Alternate
tubes were attached to opposite sides, and the free ends were
supported by brackets fixed to adjacent tubes. The baffle tubes
were at right angles to the tubes in the tube bank.

The total freeboard height above the naminal bed level was 8 feet.
10 inches abowve the baffle tubes the casing section converged
slightly (over a height of 2 ft) fram 4 ft x 2% ft to 3 feet 11
inches x 1 foot 11% inches. This was necessary in order that the
topmost freeboard casing and suspension steelwork from previous
forms of the cambustor could be re-used. Gases left the freeboard
through a 9 inch diameter exit in the roof of the cambustor. 1In
the upper part of this gas offtake the gas flow was split into the
two streams (Fig. L.5).

Corrosion Specimens

Inserted into the bed, mostly within the tube bank, but same below
the tube bank and same in the freeboard were corrosion specimens
manufactured fram alloys that might be used in a commercial plant.
There were basically four types of specimen:

1. Cooled corrosion probes. These were made up of four tubular
specimens, 1% inches in diameter and approximately 4% inches
long, welded together to form a probe approximately 22 inches
lang and cooled internally by an air supply which was controlled
to give a specified metal temperature on one of the specimens.

A thermocouple was embedded in the wall of each specimen to
monitor its temperature. Cooling air for the prcbes was



Fig.L5 General view of facility showing

Streams1 and 2.



diverted fram the main carmbustion/fluidising air downstream
of the pressure and flow controlling elements. The air
exhausting fram the probes was piped to a position below the
distributor plate where it mixed with the main fluidising air.

2. Uncooled corrosion probes. ‘These were of a similar canstruction
to the cooled probes, but had no cooling air supply. The
specimens were made of two materials - Incoloy 800 H and
Inconel 617. Previous experience had shown that these alloys
could be used to indicate the corrosion potential in different
parts of the bed.

3. Uncooled corrosion rods. A number of % inch diameter rods, of
various materials, were inserted through the cambustor casing
to a depth of 3 inches at various positions. These rods were
drilled axially to take a thermocouple.

4, Corrosion indicators. A number of rods were hung fram two of
the uncooled tubes in the tube bank. These rods were made of
two materials - Incoloy 800 H and Inconel 617.

A. full description of the corrosion investigations will be given
elsewhere*. The general location of the specimens is shown in
Fig. L.6.

Distributor Plate

A cross-section of part of the distributor plate is illuslrated in
Fig. L.7. Passing upwards through two mild steel plates were 70
heat-resisting steel tubes on a 3 inch x 3 inch square pitch. The
upper ends of the tubes were closed off. The tubes were % inch

0.D. and each had fourteen 1/8 inch diameter holes in two rows drilled
through the walls so that the fluidising air emerged approximately
horizantally into the bed. The bottam row of holes, which was 1 inch
above the top plate of the distributor, defined the start of the fluidised
bed. Six of the nozzles were made fram different materials for
investigating corrosion behavViour and were fitted with thermocouples.
Two of the six nozzles extended a further 2 inches into the bed (the
air inlet holes remained at the same level) so that additional inflorm-
ation on corrosion behaviour at higher metal temperatures could be
abtained.

The chamber between the mild steel plates was internally divided
into a number of sections fram which propane could be fed into the
air nozzles via small holes. The propane was used to heat the bed
during start-up. Each section had an individually controlled propane

* The corrosion investigations within the cambustor are covered
by a separate contract between EPRI and Fluidised Cambustion
Contractors Ltd. (a joint venture campany of Babcock Internaticnal
Ltd and British Petroleum). The results will be reported by
FOCL to EPRI.
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supply and propane was fed first to those air nozzles closest

to the start-up bumers. Cold flow measurements of distributor
pressure drop together with pressure drop measurement during combustor
operation provided a relationship between p and a flow parameter

F* which, for the distributor plate used in this programme, is

shown in Fig. L.8. The pressure drop during normal operation,

was about 20 inches w.g.

Refractory lining

The whole of the cambustor and freeboard was lined with a 2-inch
thick layer of hard-face refractory backed by a l-inch thick laye

of insulation refractory (thermal conductivity approx. 1.5 Btu/ft .h.oF/ '
inch). As part of the contract with EPRI, different faces of the
carbustar were lined with different refractories so that a comparisan
of suitability could be made. The types of hard-face refractory

an the various faces are shown in Fig. L. 9. The refractory and
insulation layers were secured by two-piece, stainless-steel 'Y' type
anchors welded to the mild steel side and end plates. ‘The tubes of
the tube bank and the baffle were fitted to their respective casing
sections before refractory was placed.

Tube Bank Services

Thermo-wells, pressure taps, corrosion probes, coal and dolomite
nozzles and start—up bumer conbustion chanbers were all bolted or
screwed extemally on the casings and were fitted as the sections

were assembled. Thermowells were open ended of 5/16 inch o.d,

16 gauge heat-resisting steel, projecting approximately 3 inch in

from the refractory wall of the casings. Pressure tappings

finished flush with the wall. Positions of the thermcouples, corrosion
prabes, indicator prabes, and Zirconia—-cell oxygen probes can be

seen in Fig. L. 6.

All connections to the bed casings were made either from the top

or bottam of the cylindrical pressure casing or fraom one of the two
20-inch diameter marways on each side. Both the side manways and

the top head connection incorporated sandwich ring flanges with radial
tappings through which connections were made. The top dore flange

ring also supported the steel frame fram which the whole of the cambustor
casing assenbly was suspended. Most water circuit connections to ‘
the tube bank were made through the tope dome flange ring, via vertical
tibes fitted to the outside of the combustor casings (see Fig. L.4)
connected to their respective bed tubes by corrugated stainless-steel
flexible hose, Pressure tap impulse lines and thermmcouple cannections

¥ F = (éir mass flow)2 x apsolute tenperature/pressure = constant
x air density x velocity”. '

11
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were made via multiple gland assemblies fitted to nozzles an the

top dame of the pressure wvessel. Thermocouple cables between
measuring points and these glands were of standard compensating
cable laid in conduit fitted to the outside of the cambustor casings.
The rest of the water circuit connections were made through the side
manways together with supplies and controls to the two natural-gas—
fired start-up burners, and cooling air supplies to the corrosion
praobes.

Coal and Dolamite Feed Nozzles

Two coal feed nozzles were sited 6% inches above the base of the
fluidised bed as shown in Fig. L. 7. The nozzles projected wrtically
upwards through the distriubtor plate and ended with horizontal

pipes so that the whole assembly simulated a single coal feed nozzle
ending in a Tee in the fluidised bed. The nozzles had an intermal
diameter of 0.82 inches (% inch naminal bore pipe) and were thermally
insulated fram the fluidised bed to reduce the possiblilty of caking
of the coal. Dolomite was fed through the side of the cambustor
casing via a separate, uninsulated nozzle as shown in Fig. L. 7.

Start-up Burners

The carbustor was equipped with two gas-fired burners for initial
bed heating (item 6 of Fig. L.2). These bumers also acted as a
source of ignition for propane vapour, supplied via the air tubes
in the distributor, which augnentedothe- heat. output fram the bumers
ance a bed temperature of 400 — 600 F had been reached.

Each bumer consisted of a comrercial air/natural gas bumer,

with integral flame failure control, firing into a small refractory-
lined carbustion chamber into which dilution air was added to

reduce the gas temperature t06about 1600°F. . Each bumer had a
nomal heat input of 0.2 x 10" Btu/h and the carbustion gases were
emitted into the bed at a velocity of about 50 ft/s through 4 inch
diameter holes in the wall of the main cambustor, sited approximately
8 inches above the distributor.

Removal .of Bed Material

During normal operatian, bed height increased dve to the release

of ash fram the coal and to the accumilation of dolamite used for

the retention of sulphur. Bed depth, which was monitored by
differential pressure readings, was maintained at the required level
by periodic removal of bed material via a small hopper and an ash off-
take tube (item 9 of Fig. L.2). This passed down through the space
within the pressure shell below the distributor to be discharged to
atmosphere through two manually operated l-inch diameter full flow
valves (one a Neles and the other a lubricated plug valve with a
cooled base).

14



2.2. Solids Preparation and Feeding -

Coal Preparation and Storage

The coal was supplied, crushed and driad by an outside contractor
to the desired specification. It was delivered by sealed road
tankers which were discharged pneumatically into silos. The
silos were purged with nitrogen to reduce the risk of overheating
and condensation.

Occasionally during the programme excessively fine material reached
the carbustor. This was mainly due to poor quality cantrol by
the supplier but it is probable that same segregatian did occur
in the silos despite them being equipped with anti-sgregation bases.

Coal Pressurising

The equipment was generally as shown in Fig. L.10. It was originally
supplied by Petrocarb Inc. but had been modified substantially by

CURL over a period of several years. The storage and feeder vessels
formed a lock-hopper feeding system. The system was provided with
instrumentation for autamatic sequencing, but, as the capacity of

the vessels was such that the cycle time was about 10 hours, the

valve sequence was operated manually. The normal interlocks were
included to ensure safety in the event of human or mechanical error.

When a low level was indicated .in the feeder wessel, nitrogen was

blown into the storage vessel until its pressure equalled that of

the feeder vessel. The interconnecting valves were then opened and
material allowed to flow by gravity. Displaced gas from the feeder
flowed through a balance pipe to the storage vessel. After transfer,
the vessels were isolated and the storage vessel was vented to atmosphere.
Re-filling from the silos was via a dense phase pneumatic conveyor,

the coal having been first screened to remove oversize and tramp material.

'The feeder vessel pressure was autamatically controlled at approximately
7 psi above the cambustor casing pressure to provide the pressure

head necessary to transport the coal and to minimise the risk of

reverse flows owing to pressure fluctuations in the carbustor. The
control of this pressure difference was accamplished by injecting a
canstant flow of nitrogen into the feeder wvessel and throttling the
flow through the vent line to atmosphere.

The weight of coal in the system was measured by two sets of load
xells, ane on each of the vessels. To allow independent weighing s

the vessels were mechanically isolated fram each other by flexible
bellows. These flexible sectieans were normally vented to atmosphere
to eliminate errors in load cell readings caused by a variable pressure
in the bellows leading to variable thrusts on the valves on either side.
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Coal Feeding

The Petrocarb vessel was equipped with six offtakes. Three types
of feed control device were installed:

two rotary valves
two 'L' valves
two modified Petrocarb offtakes.

Only the rotary valves were used - the others were 'back-up'
arrangements in the event of rotary valve failure. The rotary
~valves were built specially for the programme by the manufacturer*
whose design was developed in censultation with CURL. Features

of the design of the rotary valves and comments on their performance
are given in Section 3.

Dolomite Storage, Pressurisation and Feeding

The equipment used was generally as shown in Fig. L. 11l. . The
sorbent, delivered in paper sacks, was first screened fram tramp
material and oversize before being conveyed pneumatically to a
bulk storage bin. Fram this bin the material flowed by gravity
into a lock hopper system, thence to the carbustor via a rotary
valve and a dilute phase pneumatic conveying line., Feed rate
was manually controlled by varying the speed of the rotary valve

The weight of material in the feeder was measured by a hydrostatic
load cell. A pneumatic transmitter fitted to the cell gave
signals for recording and sequence cantrol.

The lock hopper valves were cperated in sequence by a system of
moving-part pneumatic logic elements. This system was entirely
autamatic and did nét require manual interruption during normal
operation. A series of interlocks was provided to prevent depressur—
isation of the feeder and to isolate it from the cambustor in the
event of malfunction.

During the final 150 hours of the programme, the sorbent was fed
for part of the time using a pulsed 'L' valve. Features of design
and operation of this and the rotary valve are given in Section 3.

* Westinghouse Brake & Signal Co, Controls & Automation Div,
Chippenham, Wiltshire, England.
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3. 'DESIGN AND OPERATION OF ‘SOLIDS FEEDING SYSTEMS

The arranganent of the coal feed rotary valves beneath the feeder vessel
with their associated equipment is shown in Figs. L.12 and L.13 and
details of the valves themselves are shown in Fig. L.14.

CURL were aware that attempts to use rotary valves with coal at high
pressures elsewhere had been unsuccessful due to leakage from the shaft
ocalo and abrasion of the hody Aand hlades. Measures were therefore
taken to minimise these problems as follows: :

(a) The shaft seals were chevron_' gland packs which provided a
perfect gas seal with no "pulling-up" needed during use.

(b): the seals were purged with clean, dry air to prevent dust and
grit working into the packing.

(c) the bores of the valves were plasma sprayed with tungsten carbide
and the blades manufactured from hardened steel.

(d)  the rotor speed was kept low (typically 3 1/3 rpm).

(e) The pressure difference across the valve was kept low (about 4
psi) and the valves were used as simple volumetric meters, and
not as airlocks.

The motor drives were shunt wound D.C. with solid state controllers.
The set points of the controvllers were adjusted either manually, or
more usually, by a signal from the cambustor bed temperature controller
in the main control room.

The valves performed satisfactorily throughout the programme. The bed
temperature was maintained very close ‘to its desired value for virtually
the entire running period. The few irregularities in coal feeding that
did occur were a consequence of (a) excessive fines content of the fuel
and (b) the impedence to flow of coal with high fines content caused by
the small apertures at the bases .of the Petrocarb offtakes. Automatic
oontrol of bed temperature was found to be +feas:.ble, and it was possible
tomamtamthebedtemperaturetomtln.n-lOFoveratestperJ.odof
typically 200 hours. A typical set of operating conditions is given in
Table L.1.

There was no leakage from the glands of the valves. However, on
inspection after the first 250 hours operation the shafts were found to
be grodved in the seal areas. - These ar:2as were hardened and reground
after which the problem did not reappear. Failure to harden the :
shafts initially was an error on the part of the manufacturers. Blade
wear was minimal (Figs. L.15 and L.16) and no wear of the hody could be
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Fig.L13 Rotary valves on coal feeding system
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The. rotary valve on the dolomite feeder was a standard (2 inch) model
modified for high pressure use by the manufacturer*. The modifica-
tions consisted of installing a chevron packing in the shaft seals
and strengthening the end covers. It was not possible to pirge the
shaft seals because of the small size of the valve.

- The valve performmed satisfactorily through the test. Some leakage
was found. through the drive end shaft seal of the rotary valve after
850 hours. This was probably due to the lack of an air purge. The
gland packing and shaft were replaced between tests. A typical set
of operating conditions is shown in Table L.2. ‘

3.2. 'L' valve

The 'L' valve used on the dolamite feeder was generally as shown in
Fig. L.17 and was based on the work carried out at Argonne National

' Laboratories. A small pressure vessel of approximately 2 lb.

capacity was fed fram a side arm on the main dolomite feeder vessel.
The dip leg seal and balance pipe were found to be necessary to prevent
flow around the 'L' when the aeration gas was off. This is a :
consequence of the free flowing nature of the material.

The device worked satisfactorily. It showed promise as a potential
feeding device and has the advantage of being without moving parts in
the feed line, The feed rate was not as repeatable or consistent as
with the rotary valve, but with further development satisfactory -
operation can be anticipated. ' A typical set of operating conditions
is shown in Table L.3. ‘

Lok Westmghouse Brake & Signal Qo., Controls &> Autcmation Div.,
Chippenham, Wiltshire, England.
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Table L.1 . COAL FEEDING - TYPICAL OPERATION CONDITIONS

Feeder pressure

: 83 psig
Carbustor pressure : 76 psig
Canveying air wvelocity : 30 ft/s
Solids/gas mass ratio : 1.4/1
Lock hopper cycle time : 10 hours
Feed rate : 580 1b/h
Conveying line diameter : %" (Sched 40)
Canveying line ‘length : -30 ft
Rotary valve speed : 3.3 rpm

Table L. 2. . DOLOMITE FEEDING - TYPICAL OPERATING CONDITIONS

Rotary Valve Operation

Feeder pressure : 81 psig
Carbustor pressure : 76 psig
Canveying air velocity : " 30 ft/s
Solids/gas mass ratio : 1.2/1

Lock hopper cycle time' : 90 mins

Feed rate : 240 1b/h
Canveying line diameter %" (Sched 40)
Conveying line length : 30 ft

Rotary valwe speed : 6 rpm

“Table L.3. : ‘L. VAIVE OPERATING CONDITIONS
As above except:- ‘

Rotary valve speed not in use

'L' valve pulse rate : 19 pulses/min
Pulse duration H 0.2 sec
Pressure of pulse air : 100 psig.
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4. DESIGN AND CPERATION OF COMPONENTS EXPOSED

TO HOT COMBUSTION GASES AND SOLIDS .

4.1, Hot Gas Path

Gas Flow Splitter at the Carbustor Outlet

The arrangement by which carbustor gas flow was split into two streams
of 2 and 1.2 1b/s flow can be seen by reference to Fig. L.18 which
shows the positicn of the mixing baffles and splitter insert. The
parpose of this arrangement. was to provide streams of similar solids

concentration by splitting the cambustor gas flow isckinetically.

Fig. L. 19 shows the eonstruction of the cambustor outlet duct in

which the splitter was mounted. In order to allow for differential
expansion with respect to the pressure shell, the outlet duct

consisted of two parts: (i) an outer casing of mild steel which was
bolted to the pressure shell at the top 20 inch diameter nozzle with the
small expansion being taken up by a set of bellows at the bottom and
(ii) an inner refractory-lined duct (item A of Fig. L.19). The latter
sat on top of refractory cast in the cambustor ocutlet and was free to
expand uywards. Resting an top of this refractory-lined duct was a
duct cast in refractory (item B of Fig. L.19) which had side holes to
line up with the two stream branches. Dimensims were such that holes
and branches were in alignment at operating temperatures. The splitter
was mounted in the side hole to Stream 1.

This upper refractory duct was set in ceramic fibre packing in its
pressure casing and relied on this to prevent gas tracking between
sliding refractory joints to the casing.. On previous PFBC layouts,
with only a single stream, this system worked adequately but with two
streams - and two refractory-lined nozzles for the sliding duct to seal
against - it was not so successful. Caonsiderable difficulty was
experienced during assenbly and evidence of gas tracking behmd
refractory was seen during Test 1,

Subsequently the ceramic fibre packing was replaced by a refractory
"grout" and the construction gave no further trouble during the 1000 hrs,

Stream 2 Expansion Joint

The provision of a sufficient length of ducting for dust sampling,
electrostatic charging, and sampling on the inlet duct to the cyclones
of Stream 2 meant that the primary/secondary stage vessel was mounted
about 20 ft away from the gas off-take of the cambustor. The expansiun
of this length of duct (about % inch) at operating temperatures was
campensated for by the campression of a 20 inch diameter bellows unit at
the cambustor end, the total length of the duct being restrained by four
tie raods.
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Fig. L.20 shows the final arrangement of the bellows. The two-ply
corrugated section of 321 stainless steel was welded to mild steel
stubbs with flanges for mounting in the duct. Originally, the unit
had a mild steel liner mounted fram cne end and a two—-layer

refractory liner, mounted on a sandwiched flange fram the other.

This construction, used during a previous programe (G.E. Tests 8 and 9)
in the same situation had suffered severe local stress corrosian of -the
321 stainless steel with the result that longitudinal cracks appeared
in two places across the corrugations, forcing a plant shut-down.

A small concentration of chlorine in the cambustor off-gas ocondensing

an the relatively cool corrugations was identified by inspection and
analyses carried out by the manufacturers as being the most likely
instigator of the corrosion. Cansequently, a change in the material

of construction of the corrugations was recamrended for the 1000 hour
programme. Incoloy 825 was thought to provide more resistance to such
attack . However the extremely long delivery of a replacement set of
corrugations in this material and the small possibility that similar,
albeit less rapid corrosion may still occur, because of the sub—-dewpoint
operating temperature, prampted a small modification to the design of the
unit which is shown in Fig. L.20. This tock the form of a gland assenbly
welded to the free end of the existing mild steel liner, and bearing on
the inside surface of me of the stubb ends, thus providing a sealed
cavity around the inside of the corrugations. The gland packing was

not expected to form a gas tight seal but merely to provide sufficient
restriction to allow the cavity to be-filled by a small flow of nitrogen.
In practice a very efficient seal was provided by the gland once the unit
had reached cperating temperatures and marking of the inside surface of the
bellows stubb end, seen on inspection after 265 hours operation, indicated
that the packing had campensated well for lack of concentricity of the
pipe whilst allowing bellows campression of about half an inch. This
marking, and the very clean conditions of the inside surface of the
corrugations (321 gs), can be seen in Figs. L.53, a photograph taken
after 1000 hours of operation. A spare bellows in Incoloy 825 was
delivered part  way througn the prograrme, but was not used.

Duct work upstream of cascades

It was essential to avoid material break-away fram the walls of the duct
between the final cyclme stage and the cascade. This precluded the
use of refractory or ceramic materials and hence a metal lining within
castable insulation refractory was used. Two considerations arose:
camensation for the differential expansion involwed and avoidance of
material likely to suffer fram serious 'spalling' of the oxide film.
Final choice of material, however, was influenced as much by availability
and workability as by theoretical requirements.
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An example of the detail design of the metal-lined ducting is shown

in Fig. L.21. Apart fram the size (5 inches I.D. in Stream 1 and

4 inches I.D. in Stream 2) the only differences between the Stream 1
and 2 liners were materials of construction, (310 grade SS in Stream 2
and 316 grade SS in Stream 1), and the fact that the liners (not the
joints) were rolled and seam welded in the case of Stream 2, and were
thin-walled seamless tube in Stream 1.

Fig. L.2]1 shows how the liners were located in the insulation
refractory at a single plane in a way that minimised conduction to the
casing and which allowed longitudinal expansion in both directions from
that point. Male and female sliding joints were fitted at the ends of
each section of duct and the whole liner wrapped in ceramic paper
insulation before insulation refractory was cast around it. The
interlocking points protruded beyond the ends of each section and lugs
and sockets were added on the casing to provide more accurate alignment.

Flow measuring elements were built into the ducts to monitor hot gas
flow in each stream. These tock the form of a venturi in Stream 2 and
a nozzle in Stream 1, and used similar sliding joints to connect to
adjoining duct sections (see Fig. L.22).

Inspectim of the ducts between tests and after 1000 hours showed no
sign of malfunctian or damage even though parts of the Stream 2 duct

had undergane long periods of operation at up to 880°C when propane was
burmed to campensate for heat losses. The duct walls were, in the main,
coated with fine easily removable dust, particularly in the case of
Stream 2 where the coating thickness was 3-4 mm in many places. There
were sare bare areas in Stream 1 however, notably on the ducting at the
"entry to the Stream 1 cascade.

' Local build-up had occurred on the upstream facing edge of the branch
for the GESRI dust sampling probe at its intersection with the main

' _ duct on Stream 2 and thickness here was 6-10 mm. Although the type of

dust associated with PFBC systems is normally non-abrasive it is possible
that over a lang period of exposure to hot gases interspersed with periods
of shut-down in conditions where moisture absorption can occur, hard
agglarerates might form. Avoidance of aerodynamic conditions conducive
to the fomation of large dust deposits between the final gas clean—-up
system and the turbine is therefore desirable.

Spalling/exfoliation of oxide films on alloy ducting walls is also

a potential risk to turbine blades. Examination of the cascade on Stream
1 showed same scale to be embedded in the surface coating. This was

. not so an the cascade an Stream 2, where the ducting was more heavily
coated with dust.
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It is possible that spalling/exfoliation of the oxide layer during
oooling on the 316 alloy used for the ducting on Stream 1 led to the
smaller accumilations of dust as well as to greater risk to the

turbine blades. On Stream 2 the combustion gases were by-passed
until full operating conditions were reached, hence if spalling of the
oxide layer on the 310 alloy did occur the material would be discharged
through the by-pass on start-up.

Viewing window for the electrostatic charging system: Stream 2.

A sight glass (Fig. L.23) was installed in the duct ahead of the
primary cyclone on Stream 2 to enable the corona discharge fram the
electrostatic charger to be viewed. The unit was installed on a 2-inch
branch welded to the duct upstream of the charger and at an angle of

45° to the axis of the duct.

To provide isolation in the event of window breakage and to-facilitate
cleaning, tbe body of a "Worcester Series 44" ball valve was installed
between the windows and the process stream. Double windows were
provided as a safety measure, together with a wire mesh screen on the
outer window. The sight glasses were made fram Corning "Vycor" silica
glass and the housing was constructed from grade 321 steel. -

Nitrogen purges were provided to the inner face of the inner window in
order to prevent particle deposition. It was also supplied t0 the
space between the two glasses and the pressure there controlled to
approximately 40 psig by restricting the vent flow. Plant pressure
was therefore dropped in two stages and the resultant thrust on each
sight glass was only half of that which would have been taken by the
glass in a single window unit.

The unit operated satisfactorily throughout the 1000 hour programme.
No sight glass breakages occurred and, although a slight deposit
accumilated on the inner glass face, cleaning of the window was never

required.
4.2. Hot Gas Clean-up

Stream 1 Cyclones

All three cyclones in this stream were of conventlonal design. The
primary and secondary cyclones were of similar proportions and were
supplied by Van Tongeren (U.K.). Their dimensions are shown in Fig.
L.24. Salient features are wvolute inlets and outlets and tapered
vortex finders. (Not shown in Fig. L.24). The primary unit was 20
inch diameter with a design inlet velocity of 60 ft/s and the secondary
unit was 15% inch diameter with a design inlet velocity of 100 ft/s.
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Primary Cyclone

Mass flow =20 Ibys
Inlet velocity = 60 ft/s
Body diameter = 20 inches

a/D=0.46
b/D=0-21
A/D=0-30
S/D=0-.90
~h/D = 1.32
H/D = 3.80
B/D = 0-40

Secondary Cyclonre

Mass flow = 201Ib/s
Iniet velocity =100 ft/s
Body diameter = 15-4 inches

a/D=0.46
b/D= 0.21
A/D=0.19
S/D=0.90
h/D=1.32
H/D= 3.80
B/D= 0-40

Fig. L24 Dimensions of Primary and Secondary Cyclones on Stream 1
(Van Tongeren AC 850 Design)
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These units were mounted side by side from water-cooled support frames
in a 4 ft 6 inch diameter pressure vessel (see Figs. L.25 and L.30).
So that expansion movement ocould take place, the inlet to the primary
cyclone was not positively sealed to the pressure vessel casing. Gas
and dust bypass of the cyclone (i.e. into the pressure vessel) was
minimised by a labyrinth type design of the duct lining (see Fig. L.26).
Expansion of each cyclone and its ash leg downwards from the mounting
point, (which was at the level of the primary cyclone inlet) was taken
up by bellows units mounted in the ash legs.

The ‘separation hopper of the primary cyclone was fitted with a steam—
heated coil to reduce the effects of condensation during start-up and
also to provide a heat sink should mal-operation result in cambustion
in the cyclone hopper.

The outlet from the secondary cyclone was connected via another set of
expansion bellows to the tertiary cyclone which was mounted, again on
water-cooled supports, in an adjoining 2 ft diameter pressure vessel.
The tertiary unit was of the Stairmand "High Efficiency" design and
had a tangential inlet with a gas wvelocity of 145 ft/s (see Fig. L.27).
The outlet continued vertically on the axis of the vortex finder and
was sealed at the top flange of the containing pressure vessel.
Expansion downards and upwards fram the mounting point (again, at the
level of the cyclone inlet) was absorbed by bellows in the ash leg
below the cyclone and in the gas outlet above the vortex finder.

The conlainlny vessel for the primary and secondary cyclones was lined
in its upper half and top dame with approximately 4 inches of
vermiculite/Cement-Fondue insulation on the walls and the remaining
spaces around the cylones filled with loose vermiculite gramules to
provide a barrier to heat loss fram the cyclones. The adjoining
tertiary cyclone vessel was similarly filled with vemiculite granules,
the walls being lined with 2 inches of castable insulation. The
effectiveness of this method of insulation can be seen in Fig. L.28
which shows average values of pressure vessel skin tamperatures taken
during Test 4. Only on the tangential inlet nozzle on the 24 inch
diameter tertiary vessel, where insulation thickness was limited to
about 1% inches by the geametry of the cyclone inlet, was heat loss
appreciable.

Stream 2 Cyclones

The arrangement of primary and secondary stageg cyclones in this stream
was unusual in that they were mounted concentrically. Fig. L.29
shows the arrangement of the three cyclane stages and much of their
constructional detail. The configuration was suggested by GE in
order to form a large volume for the first stage to assist electro-
static enhancement whilst at the same time making use of an existing
pressure vessel.
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Tertiary Cyclone

Mass flow = =20 Ib/s
Inlet velocity =145 ft/s
Body diameter = 13 inches

3/03005'
b/D =019 .
-~ A/D=0.5
- 8/D =0.5
h/D =1,5
H/D = 4.0
B/D'—'O.38

Fig. L27 Dimensions of Tertiary Cyclone on Stream 1
Stairmand High Efficiency
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The primary cyclone was formed in the pressure vessel by pre-cast
refractory shapes which made up the roof and cone of the cyclone.

These were cast onto insulating refractory. The middle section of

the vessel was lined with 2 inches of hardface refractory to fomm the
cyclone barrel, and the lower half was cast into an offset hopper

shape to oollect the primary dust and divert it to the ash leg. The
outlet vortex finder had to accommodate the secondary cyclone in the
upper part of the vessel and so was of somewhat unusual shape (see

Fig. L.29). It was constructed of % inch thick grade 310 stainless
steel and had a ring flange on its top largest diameter which was
clamped onto a % inch thick water-cooled mild steel support plate

welded to the wvessel casing. Ceramic fibre packing was then laid on
top of the ring flange and clamp, (to allow space for expansion), before -
the oonical refractory shape in the top of the vessel was cast in position
on the support plate. Water connection blocks which -supplied the water-
cooled supports for the secondary cyclone were also mounted here. The
top of the conical vortex finder of the 1lst stage, clamped to the support
plate, with the 2nd stage cyclone mounted fram its water-cooled supports
can be seen in Fig. L.31, a photograph taken before the conically shaped
refractory lining was placed.

Dimensions of this first stage cyclone are given in Fig. L.32. The
unconventional proportions and the intrusion of the second stage cyclone
and ash leg on its centre line led to same uncertainty as to the
performance and prompted cold flow testing by GE on a full size model.

These tests indicated a tendency for re-entrainment of dust fram the
collection hopper beneath the cyclone up the outside of the secondary
stage ash leg which formed the core of the cyclone vortex. A simple
oonical skirt fitted to the outside of the secondary ash leg at the
point where it passed through the bottom of the primary stage cone was
found to reduce this tendency and was added in the later stage of
assanbly at CURL (see Fig. L.29).

The secondary cyclone, the dimensions of which are shown in Fig. L.33
was mounted above the outlet fram the primary stage on water-—cooled
supports as can be seen in Fig. L.31, and was constructed from Incoloy
D.S. It volute inlet had a slightly belled-out entry to reduce entry
turbulence. The axial outlet fram the cyclone - on the same axis

as the containing pressure vessel - was flanged and bolted to a heat-
resisting steel flange plate welded to the inside of the pressure
vessel outlet nozzle. The large tempesmature gradient which existed
along the radius of this plate under operating conditions was of some
oconcern since any expansive forces great enough to distort the plate
at its sealing face and cause leakage would result in bypass of the
secondary stage cyclone. Hence, the temperatures of the pressure
casing skin in this area, (see Fig. L.28), together with relevant
intermal skin temperatures were carefully monitored during the early
stages of the programme. 1In the event the design performed
satisfactorily and there was no evidence of dust and gases by-passing
the cyclone.
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Fig.L30 Van Tongeren cyclones installed in pressure vessel,
Stream 1.

Primary stage on left, secondary on right.

Fig.L31 Stream 2 Primary and secondary cyclones

during construction
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A Primary Cyclone
b ‘ I Mass flow 1.2 Ib/s

Inlet velocity = 65 ft/s
Body diameter = 36 inches
F1da a/D = 018
b/D = 009
H/D = 1.80
B/D = 0.22
H
Q Tertiary Cyclone
Mass flow = 1.2 |Ib/s
Inlet velocity =110 ft/s
B Body diameter = 10 inches
b/D = 0,25
A/D = 0.4
S/D = 0,75
h/D = 200
H/D = 400
B/D = 04

Fig.L32 Dimensions of Primary and Tertiary Cyclones on Stream 2
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Secondary Cyclone

‘Mass flow = 1.2 Ib/s
Inlet velocity = 105 ft/s
Body diameter = 10 inches

a/D= 0.5
b/D= 0-25
A/D = O-5
S/D=0.75
h/D= 2-0
H/D=4.0
B/D=0-4

Fig. L33 Dimensions of Secondary Cyclone on Stream 2
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The ducting between the secondary and tertiary cyclones was lined with
a 2 inch thick layer of hard face refractory backed by a 2 inch thick
layer of a vermiculite based insulating refractory with a conductivity
of about 0.6 Btu/ft2.h.9F/inch. Despite its low mechanical strength
and a quoted maximum operating temperature of only 800°PC (likely to
have been exceeded in the section of the duct where propane was burned)
the material behaved satisfactorily and the metal temperature of the
casing of the duct did not exceed 200°F.

‘The tertiary cyclone was supported, at the level of the centre line of
the inlet, on water—-cooled supports through the pressure casing in the
same manner as for the Stream 1 tertiary cyclone. The cyclone was
10 inch diameter, constructed of 310 grade stainless steel and had a
tangential inlet (Fig. L.32). A stainless steel section, leading
into the cyclone entry, was cast into the refractory-lined inlet duct
of the pressure vessel. A fourth stage of gas clean up, the shave-
off unit, was mounted in the outlet of this cyclone about 1 diameter
above the cyclone roof, (i.e. not exactly as shown in Fig. L.29).

Fig. L.52, a photograph on dismantling after 1000 hours operation shows
the position and the shape of the volute of the shave-off unit. Fig.
L.34 shows the internal configuration of the shave-off vanes. 1-2%
of the main stream flow was taken off through the shave—off vanes and
via a steamjacketed pipe to ceramic fibre filters where the dust was
separated at about 400-500°F and approximately 60 psig (see Fig. L.35).

The top of the shave-off unit was sealed to the cyclone vessel casing
by means of expansion bellows, (thus preventing the passage of gas
around the cyclone), and the cyclone outlet - an extension of the vortex
finder - teminated in the first slldmg joint in the steel~lined duct
to the cascade section.

‘Pressure Sealing of Dust Discharge Legs. The method used to bring the
cyclone ash legs through the bottom of their respective pressure
vessels avoided the necessity of precise orientation of flanges in the
ash leg and cyclone. A loose ring clamp was used on the pressure
vessel closure, which took the form of a modified blind flange in the
shape of an upside down "top hat". This "top hat" flange was
sandwiched between the cyclone ash leg flange on the inside of the
pressure vessel and the top flange of the ash leg to the collection-
hoppers on the outside. This type of assembly can be seen in Fig. L.36
which shows the lower end of the pressure vessel containing the Stream
-2 tertiary cyclone. Fastening was by means of holts or studs seal-
welded to the inside ash leg flange to prevent leakage down bolt holes.
In one or two instances the residual stresses in this flange after
welding caused slight distortion, sufficient to cause leakage at full
pressure and temperature conditions. Further machining of the flange
or replacement (by a thicker one) was carried out between test runs to
obviate the problem.
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‘Mechanical Performarnice of Cyclories and Imstallation Arrangements
Performance of all cyclones relating to their dust collection efficiency
is detailed in Volume 2. Only the performance relating to mechanical
design is described here. Opportunity was taken during most of the
shut-down periods between tests to visually inspect.:the cyclones
internally. Apart from a partial blockage of the Stream 1 primary
cyclone ash leg by a distorted expansion bellows liner there were no
major mechanical failures in any of the hot gas clean-up systems.

This bellows liner had buckled as a result of insufficient expansion
clearance being allowed in the lower part of the dust discharge leg,
and was replaced after Test 1. Ultrasonic thickness measurements
were carried out on Stream 1 cyclones before and after the 1000 hours
test programme and similar checks were done on the Stream 2 secondary
cyclone after the test programme. These measurements are shown in
Fig. L.37.

No abrasion was expected on the secondary and tertiary cyclones, but
abrasion in the primary cyclone had seemed a possibility, even though
the inlet velocity had deliberately been kept low. The lack of
abrasion in this cyclone is enocouraging and re-opens the possibility
of using metal cyclones as the first stage in a cammercial plant.

The inspections that ocould be carried out on cyclones between test

runs did not show any excessive depositions of dust. However,
inspection of the Stream 2 primary and secondary cyclones on dismantling
at the end of the test series showed large quantities of dust to be
"hanging up" on surfaces on and around the second stage cyclone in the
top of the main vessel. A ooating of dust 2-4 mm thick is quite nommal
on metal surfaces in secondary and tertiary hot cyclones but, as can be
seen in Figs. L.46 and L.47, the amount of dust that settled out in this
part of the system was excessive and can be expected to have influenced
the performance of the secondary cyclone.

4.3, Performance of Expansion Bellows. Extensive use was made of a
standard range of camercially-available bellows in the high temperature
duct work in order to take up axial expansion and,- in some cases,
lateral misaligmment. A standard "off the shelf" type was used because
of advantages in delivery and ocost despite lack of infommation as to
their performance above 1100°F. ' The material of construction was 321
S12 stainless steel to BS 1449 part 4. Consequently a fairly close
inspection of these bellows assenmblies was carried out to evaluate their
performance at higher temperatures. Details of these inspections are
reported in Section 5. .

Only the corrugated parts of the bellows units were purchased. The
design of the installations were carried out by CURL. A double internal
liner was used, sometimes in conjunction with a nitrogen purge, to
reduce the tendency for the corrugations to became packed with dust and
to sustain suitable clearances to allow expansion movement to occur.
Typical variations in this basic design are shown in Fig. L.38. Side 'A'
shows a bellows with a nitrogen purge and Side 'B' shows a bellows
without a purge and with an external shield.

52



- 2 1
Position |1 | 2| 3| & “ 112]3]a |
Primary Secondary 4
cyclone cyclone

1-9]1-1]1-5|0-9]l — |2-8|3:3

| Ma‘.terial' 1-6] — [0-7]|1-3}}1-4]1-3|2-2
- loss e |
12 o-2|tol1-1]1.-3||1-0]|2.0|1.9
(1000th.inch)

1:3]0-9|0-9|1-9|1-4]|2-5]3-0

1-3|1-1]0:-6|0-.9]|C-8]|2.8]|3-9

Fig.L37 Wall thickness measurements on
Stream 1 Van Tongeren cyclones.
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Fig L38 Typical -variations on standard expansion
bellows design
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In general the bellows assemblies used during the 1000 hour test runs
on the internal hot duct work performed satisfactorily- there was no
failure and in most cases the bellows could have continued in service.
However, the mspect;ons detailed in Section 5 have indicated scope
for improvement in the design and installation procedures and in

the materials used.

4.4, Dust removal fram cyclones

General Design Features. Each of the cyclone dust ramoval systems
contained a simple lock hopper system. No blowdown gas was taken from
the cyclones and dust was allowed to fall under gravity fram the
disengagement pot to the point in the ash systen from which it was

discharged.

The detail design of the six systems differed, but all followed similar
principles of depressurising and discharging batches of dust at
‘reqular, intervals. Two types of lock hopper arrangement were used,
one for the three larger capacity systems (Stream 1 primary, Stream 2
primary and secondary), shown schematically in Fig. L.39, and another
for the smaller throughput systems (Stream 1 secondary and tertiary and
Stream 2 tertiary) shown schematically in Fig. L.40%.

In the larger systems, two hoppers were used. Dust was collected in
the lower hopper with the isolation (top) valve open. The top hopper
was used as a dust reservoir when the top valve was closed during
depressurising and discharge operations. After depressurising the
lower hopper, dust was blown into a sealed collection system camprising
a canbined collection bin and bag filter. Fram here it was nomally
dropped straight into a 45 gal. drum where it was weighed before being
sealed, labelled and stored. Individual semi~-autamatic control was
used on each of the three large systems. The valves were ramotely
operated in an interlocked sequence with local manual operation of a-
meumatic fluid-logic control circuit. The hopper and ash leg
tanp‘eratu'res were reocorded in the main conlrol room.

The -small throughput systems used only a single hopper. The rate of
dust collection was so low as to make a top hopper unnecessary, the
wlume afforded by the ash leg being sufficient to hold the quantity of
dust falling fram the cyclone during emptying of the collection pot.

- In general these systems were only required to discharge dust every four
hours and then in such small quantities as to make manual operation
adequate. Key type valve handles were used, however, to prevent

simul taneous opening of both lock hopper valves. Dust control during
the emptying sequence was adequately effected through a vacuum cleaner
filter.
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Stream 1 Primary Cyclone Dust Discharge System. Dust was discharged
from the bottom of the primary cyclone through a 4 inch diameter leg
about 30 inches long into the top hopper. This had a capacity of
about 100 1b of dust (equivalent to about 2 hours operation) and

was lined with a 3 inch layer of refractory. The bottom of the hopper
convergéd at an included angle of about 45 deg.

The pipe connecting the upper to the lower hopper was steam traced
and oontained a 3 inch bore Kamyr valve. Valve performance is
cammented upon in Section 4.5.

The lower hopper was lined with a 1% inch thick layer of insulating
refractory and also had a heat-resisting steel lining. The hopper

had been designed for use where headroom was restricted. The outlet
oone was too shallow (90 deg included angle) for satisfactory flow

of 'difficult' solids and the outlet was only 2 inch diameter. However,
once the refractory had been thoroughly dried out and the steam tracing
was fully effective, operation was reasonably satisfactory. A major
factor was the favourable characteristics of the primary cyclone dust.
This was relatively free flowing and in sufficient quantity to keep the
tamperature in the system above the dewpoint. The latter was

probably aided by a decision to empty the lower hopper every half- hour.

Dust sometimes 'hung-up' in the discharge leg from the cyclone. Reasons
for this were not obvious but unsatisfactory dust discharge fram this and
other causes could be corrected fzirly easily by repeating the discharge
valve operating sequence and by adjustment o}f, the pressure in the lock
hopper before opening the upper valve.

Stream 1. Secondary cyclone dust discharge system. The hoppers were
initially identical in design to those installed in the primary system.
The upper hopper was fed by a 4 inch diameter heat resisting steel leg
about 5 ft long. A 3 inch bore Kamyr valve was bolted to a steam—
heated flange at the base of the hopper, and the bottom hopper was fed
by a 3 inch bore steam-jacketed pipe about 4 ft long.

The high efficiency of the primary cyclone resulted in only a small
quantity of dust reaching the seocondary cyclone and increased the
problem of keeping the discharge system above the dewpoint temperature.
Caking of dust in the Kamyr valve obstructed flow and caused it to fail
to seal. There was serious build-up of dust in the cones of both .
hoppers, and discharge of dust fram the system was only achieved with
difficulty.

The shortcamings in the design of the lower hopper were largely
rectified (after Test 2) by installing a steam-heated oonical liner with
an included angle of 30 deg and filling the space between the liner and
the hopper walls with ceramic fibre. The problem with blockage in the
Kamyr valve was largely overcame by replacing it with a steam-jacketed
lubricated plug cock sited at the top of the receiving hopper instead

of at the bottam of the upper hopper, (i.e. at the bottom of the 4 ft
steam—jacketed line connecting the hoppers rather than the top). Cooling
in the interconnecting pipe reduced the temperature of the dust and
gases associated with it to an acceptable level for the lubricated
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In this form this dust removal system was able to operate successfully
for the remainder of the 1000 hours. Plugging in the outlet fram the
discharge hopper was not totally eliminated but always cleared easily

by repeating the discharge sequence.

Stream 1, ~ ‘Tertiary cyclone dust discharge system. The dust flow
through this system was only about 500 lbs in total over its 665 hours
of operation. The single hopper, similar to the lower hoppers of the
primary and secondary Stream 1 systems was connected to the bottom of
the cyclone by a 3 inch diameter, 4 ft long steam—jacketed pipe.

The problems experienced with the dust discharge system of the tertiary
cyclone were of a similar type but of greater magnitude to those
experienced with the secondary cyclone. After Test 2 the hopper was
modified in the same way as with the lower secondary hopper on Stream 1
and the upper valve was replaced by a steam-jacketed Se:rck-Audoo plug
valve.

Dust removal thereafter was oonsiderably more reliable but the discharge
sequence was always repeated to ensure that dust was not left in the

hopper

Stream 2. Primary Cyclore Dust Discharge Systems. The concentric
design of the first two stages of dust separation on this Stream

(see Fig. L.3l) led to configurations of dust removal systems that were
less than ideal. -

The offset cone-shaped section in the bottom of the pressure vessel
containing the two stages constituted a disengagement pot for the
primary separation stage. Dust fell into the dust leg proper along the
line of minimum slope (53° to the horizontal) of the hopper which was
also interrupted by a seocondary stage dust leg passing through on the
centre line of the main vessel (see Fig. L.29). This was probably the
main impediment to the flow of dust to the discharge point.

Below the disengagement hopper the dust fell vertically for about 12 ft
into the top of the lock hopper system. The dust legs were lined with
4 inch diameter stainless-steel tubing cast into insulation refractory
in a 10 inch diameter casing. The top hopper (as in the secondary
system) was rigidly mounted and expansion of the dust leg was taken up
by a 10 inch bellows unit with a refractory liner mounted on top of the
upper hopper. The dust leg entry into this hopper was necessarily
offset but the lower hopper was located centrally below, separated only
by a short 4 inch diameter stainless-steel spool piece and a 4 inch full
bore Kamyr "hot" valve. Both hoppers were metal lined and the linings
were 'backed' by 4 inches of insulating refractory. The included
angle of the cone was about 40°
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It was difficult to avoid dust hanging up above the lock hoppers.

It was apparent during one inspection that combustion had occurred
in the neck of the disengagement pot. Iumps of lightly sintered
material had formed on the refractory walls and scme caked dust had
also built up on the cone of the lower hopper. External steam trace
heating fitted after Test 2 around hoppers, valves and pipework to
minimise condensation resulted in generally satisfactory perfor.mance
thereafter.

Stream 2. Seocondary Cyclone Dust Discharge System. This system had
smaller hoppers than the primary system (about 4 ft3 capacity instead
of 8.5 ft3) and the dust leg had a 3 ft section at about 3C° to the
vertical. This was necessary because of the close proximity of the
primary and secondary dust legs at theJ_r outlet fram the pressure
vessel (see Fig. L.29).

Dust 'build-up' on the cones of the hoppers that occurred during Tests
1 and 2 was eradicated with the installation of trace heating and

lagging as on the primary system.

The dust 'build-up' in the leg that was noticed after Test 1 at a
point about 8 ft below the cyclone was not noticed in later inspections
and was thought to have been caused by condensation during the 'drying-
out' of refractory early in the cammissioning test.

Stream 2. Tertiary Cyclone Discharge System. This is shown in Figs.
L.29 and L.36. The dust leg beneath the cyclone disengagement vessel
included two expansion bellows, one inside the casing and the other
outside, the latter being necessary because the dust hopper was mounted
rigidly on its own supports. The hopper was of similar design to the
others on Stream 2 and was stainless-steel lined. The isolation valve
above the hopper was manufactured by Neles (a Buropean version of the
Kamyr valve). The discharge valve had a steam-heated jacket and was
fitted to a steamheated flange on the bottom of the hopper.

The very fine dust from the tertiary cyclone tended to stick and cake
on any surface which was not steeply inclined or was slightly cooled.

The hopper was modified after Test 2 by the insertion of a steeper
angled (30° incl. angle) steam-heated conical liner inside the existing
hopper shape. This largely solved the problem in removing dust from
the hopper but there was a continually recurring partial blockage
higher up in the ash leg throughout the 1000 hours. This was close
enough to the cyclone to affect its vortex and incipient blockage could
be detected on the cyclone pressure drop indicator. With this early
warning it was a simple exercise to free the blockage by going through
the dust emptying sequence.
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- General

The experience gained during the 1000 hour test programme arqi)asized
the following major points on the design and operation of PFBC dust
discharge systems.

(i) Drying-out of Refractory Linings Must be Thorough. This may
seem to be obvious but it is not easy to accomplish particularly
when engineering work is being carried out against a tight time
schedule, and where in many instances there are limitations on
metal temperatures if distortion is to be avoided. Generally
-accepted dry-out procedures appeared to be madequate for the
hopper systems of the test facility. '

(ii) Oondensatlon ‘of Pmducts of Cambustion Must be Avoided: This
requirement is most onerous during start-up but continues to be
a problem during operation where the quantity of dust carrying
heat down into the collection system is small. Trace heating
of discharge legs, hoppers, etc., in the dust path is essential
"if difficulties are to be avoided. .

. (iii) Exacting Design Requirements Need to be Adhered to: - Reliable’
dlscharge of dust (and particularly of fine dusts), under o

gravity is most likely to be achieved (a) with discharge legs of

4 inch diameter or larger, (b) with corrosion-resistant metal-

lined legs and (c) fram hoppers with steeply inclined sides,

(e.g. an included angle of about 30 deg), and with metal 11m.ngs

ms:.de the refractory.

The above concepts do not represent a departure fram those that have
been successfully applied in the past, but a number of factors in both
pilot-plant and industrial applications can lead to major departures

from them. Factors such as lack of headroom, adaptation of existing
vessels to save time and cost, previous experience of having successfully
"takeri liberties" with design, can lead, and has led, to operating
problems.
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4.5. Lock-Hopper Valves on Dust Discharge Systems

Isolation Valves

The isolation valves (upper valves) an the lock hoppers were
Kaymr or Neles (European version of the Kamyr valve) and

the discharge (bottam) valves were mainly lubricated tapered-
plug valves (Fig. L.58) which were steam jacketed. Steam
jacketed valves were used (a) to cambat condensatlon and (b)
to provide same protection against overheating.

The service histories of the dust discharge system isolation
valves are shown in Table L.3 and leakage rates at the end

of the test series are shown in Table L.4. Fuller details

of servicing and inspections throughout the series are given

in Section 5. The principal problem experienced with isolation
valves was build-up of material between the seat and the ball.
Fine dust entered the cavity between the ball and the casing
and ‘worked its way' between the ball and the seat. The tendency
increased with finer dusts and was worse on the valves in' the
tertiary cyclane systems. The finer dusts wermmore cohesive
and contained a significant amount of material similar in size
to the working tolerances of the valves.

The Neles CDAHO3 valve on the Stream 2 tertiary dust removal
system showed slight leakage during the run, but was virtually
leak-tight when tested during the post 1000 hour inspection.
This is attributed to the way in which the tertiary dust, which
had collected in the body of the valve, packed and consolidated
once the valve had cooled below the prevailing dewpoint.

In addition to qausing the valves to leak, the dust entrained

in the escaping gases caused local erosion on valves with chramium
plated balls (see Fig. L.59) and indeed was the principal cause
of erosion experienced. The two valves with stellited balls as
well as seats showed no signs of erosion.

Ways of overcaming the problems were discussed with the manufacturers
and other use. rs, Purging of the space between the ball and casing
with dry air could not be used (at least an the final gas clean-up
stage) without risk of re-entraining dust separated by the cyclome.
This expedient could however be envisaged where there was a ccntmuous
positive blow-down of gases through the dust discharge system.
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Table L. 3 Service history of Lock Hopper Isolation Valves on Dust

Removal Systems

Test History
Cumulative hours of plant operation.
Valve Type | Locaticn 65 265 470 665 865 No. of
. ‘ Operations.
Kanyr * Stream 1 Slight ILeakage Inspected |[Slicht Ieakage | Slight Leakage -{Slight Ieakage 1400-1500 |
PDO3 Primary Dust| Not inspected : Rebuilt Not inspected Inspected Not inspected
: Rebuilt !
Karyr * Stream 1 very ; Severe . Kamyr approx 100 |
PDO3 Secondary slight leakage ! Ieakage :
: : No further leakage fram plug valwve :
Dust Not inspected ; Replaced by ' " :
Plug valve. Plug” &pprox zoo
: System :
' -modified
De Zurick Stream 1 No leakage .Ieakage. INo leakage No Ileakage De Zurick approx l
Permaseal Tertiary Replaced by System removed 40 :
Dust plug valve 'plug' approx :
60 !
i
Kayr Stream 2 very Significant ‘
PDD4 Pri slight leakage leakage Slight leakage No. change No chance
(Stellited rl’)"m‘a? Not inspected  [Rebuilt  [Not inspected | Not inspected | Not inspected 1100-1200
ball) Installation
modified ;
Kamyxr Stream 2 No appreciable Slight leak-Slight leakage No change No change ,
PDO4 _, Secondary | leakage age Not inspected Not inspected | Not inspected 35C-400
(Stellited | Dust Not inspected Rebuilt
kall) Installation !
modified

Neles Stream 2 Slight leakage Severe Severe Slight leakage | Slight leakage
CDAHO3 Leakage leakage 100-200 '
Tertiary Not inspected Rebuilt New seats Inspected Inspected i
Dust fitted Rebuilt Rebuilt :
Rebuilt ‘ '

* These valves had seen approximately 100 hours of service in similar situations prior to 1000 hour programme,
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Table L.4 Leakage rates of metal seat ball valves after

1000 hours operation

These measurements were done during the post 1000 hours inspection after the valves had

been removed fram the plant and before thev were broken down for visual inspection.

100 psig air was the test medium and leakage rate was measured by small variable area

flow meters ("Purge raters").

leakage ratées were measured.

All the valves were operated sewveral times before

Duty/Location

]
Valve Seat 3 Ball ‘No.of Operations ([Leakage rate SCFH
Kamyr PDO4 |Stellited |Stellited | Stream 2. Primary dust
(4" port) system isolation 1100 to 1200 17
Kamyr PDO3  |Stellited |Chromium | Stveam 1. Primary dust 400 to 1500 16
(3" port) | plated system isolation
Kamyr PDO4 ~ |Stellited |Stellited Stream 2. Secondary ! 350 to 400 10
(4" port) dust stream isolation
Neles CD AHO3|Stellited |Chromium- Stream 2. Tertiary dust] 100 to 200 1*
(3" port) |scraper- plated system isolation
type .
Neles CH AHOL|Stellited |Stellited Bed removal isolation | About-1000 15
(lu por’c) .
Neles CH AHOl|Stellited ;. Dust sample system About 1500 1.5

(1" port)

Stellited

|
i

isolation

* See text.




A potential solution for 'gravity' dust discharge systems would
appear to be in the further development of scraper type seats
(e.g. developments of those fitted to.the Neles valve later in the
programme) backed by means to ensure continuous contact between
the scraper surfaces and the ball irrespective of temperature
changes in the valve assenbly. It appears to be essential that
both the top and bottam faces of the ball should be 'clean' by
the time the valve is in the fully open position. Avoidance

of candensation by trace heating of the valves and associated
ductwork is, of course essential.

Fram several. pomts of view the isolation valve has the most
critical duty in that:

(i) Tt is nearest to the hot.gas flow path

(ii) It cannot be replaced or serviced without shuttJ.ng-down
the plant .

(iidi) In the (unlikely) event of failure of the system beymd
it leading to depressurisation whilst it is in the 'open'
position, it could conceivably attain a temperature close
to the gas temperature.

Mitigating factors are (a) that it aonly needs to seal against
plant pressure for the time needed to discharge the lock hopper
and (b) that exposure to excessive temperatures in the event of
(iii) can be avoided by autamatically closing the valve when the
temperature exceeds an acce:ptable workmg level. A

Discharge Valves

Valves used an the bottam of the ash lock hopper system through
which the collected dust was periodically discharged were of
ane design - the Serk-Audco tapered plug, lubricated-seal type
(Fig. L.58). In most cases they were steam jacketed, thus
providing heating during plant warm up and between ash systeiu
operation, and cooling protection during the actual discharge
of dust. This type of valve does not have seats but relies on
a renewable grease seal which passes from a supply in the stem
along channels in the plug and bcody.

Same problems were experienced early in the test series, the
grease channels becaming packed with dust, but when a more suitable
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high-temperature grease had been obtained and suitable service
intervals for each valve had been ascertained, these units
performed satisfactorily and provided a camparatively cost effectiwve
solution to the prablem of discharging hot cyclone 'dust under the
conditions prevailing in the pilot plant

4.6. BED MATERIAL REMOVAL

The system by which bed material was removed from the cavbustor
and which enabled bed level to be controlled was simple and
effective, relying on the skill of the operator for safe and
efficient discharge of bed material.

The system consisted  of a heat-resisting steel holding hopper, (item

9 on Fig. L.2) bolted directly onto the 2 inch i.d. insulated offtake
through the distributor plate which is shown on Fig. L.7. A

2 inch diameter pipe ran fram the bottam of the hopper via a connection
through the casing to the isolating and discharge valves below

the cambustor. A set of expansion bellows, continuously nitrogen
purged, was incorporated into the 2 inch pipe.

“The isolation valve was a 1 inch bore Neles/Kamyr type metal-seated

ball valve (type CDAHOl) with stellited ball and seats. This was
the only high—-temperature rated valve in the system. Below this

was a carban-steel round port lubricated plug valve with a water-
cooled base which was used to reqgulate the flow of hot bed material.
Approximately 100 1lb. of hot material was run out throu gh the system
into a specially designed hand bucket over a 2 - 3 min period every
hour. The hopper was designed to hold about 100 1lb. of material

so that each batch discharge was held in dense phase below the
carbustor for about an hour before passing out through the valves.
This provided a cooling period for the batch but preferential flow
through the hopper meant that for the latter part of each discharge
red hot solids flow was controlled by the plug valve. For this
reason the valve was opened for only a few seconds at a time and
then allowed to cool. This was done several times during a
discharge period. The holding hopper contained a thermowell,

and its temperature change and that of the skin temperature of the .
leg below the hopper was recorded and is reproduced in Fig. L.41 for
a two-hour period during Test 4.

Valve Performance The duty required of the plug valwve - to
requlate and shut off solids flow, was an onerous cne and an identical
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Fig.L41 Measured temperature variations in bed removal
system during Test 4
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stand-by valve was fitted below the operaticnal valve as a
precaution. It was nomally left in the open position and was,
in fact, never brought into regular service.

The Neles/Kamyr valve was used primarily as an isolation valve.
Attemps early in the programme to use the valve to regulate the
solids flow by aon/off action, (as used with the plug valve), were
mostly unsuccessful. The differential expansion of the ball relative
to the body together with the ingress of same bed material into

the body cavity eventually caused the valve to seize and the
extended manual actuator to fail. (All three valves were operated
manually using extended handles). It was fitted with a body

purge to help prevent material entering the body cavity and was -
subsequently used as an isolation valve. However, it usually
failed to provide a gas tight seal and the regulating plug Valve
below was also closed. Checks after each test run showed excessive
leakage through the valve, but the ball and seats had become

scored, mostly as a result of its early use without a body purge.
Fig. L.48 shows the condition of ball and seat after 1000 hours.

The seats had also became loose intheir sockets by this time.

The leakage rate in the post-test inspection shown in Table L4,

is high for a 1 inch valve. The data in the Table also show that

a similar valve used on a dust sampling system was virtually leak-
tight after 1000 hrs. This valve was used only for isolation purposes.

4.7. GAS QUENCHING AND PRESSURE LET-DOAN

This part of the test facility is the least relevant to large scale
plant design but its description is included for campleteness.

No attempt was made to recover energy fram the exhaust gases after
they had passed through the two Cascade sect.ions. Instead, each
of the three exhaust streams, (Stream 1l cascade exhaust, Stream 2
cascade exhaust and by-pass stream), was guenclied and scrubbed
before being let down through the three pressure control valves.
Two of these valves were used to set the pressure downstream of
each cascade to a level which ensured choked operation, the third
valve, an the Stream 2 cascade by-pass stream, being the plant
pressure cantrol valve.

In each case the gas streams were quenched by water sprays in
the final refractory-lined section of duct to about 250°F, the
adiabatic saturation temperature, before passing through a conventional
venturi scrubber. Water was supplied to spraysy in 1he venturi
throat at an approximate rate of 60 1b/1000 ft~ saturated gas,
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passing through the throat at a design velocity of 300 ft/s.
Water was then separated in wet cyclones (hydroclones) designed
basically to Stairmand proportions with an inlet velocity of

45 ft/s in a rectangular tangential entry. On the outlet fram
these hydroclanes were flow measuring elements (orifice plates)
and pressure let-down valves. From here the three streams
were canbined and vented to the stack.

All quench and scrubbing water separated in the hydroclones was
returned to settling points fram where it was recirculated.
Loss was made up fram the mains water supply and pH in the system
was cantrolled by injection of agueous Ammonia. :

One of the test programme requirements was that the Stream 2

(CE) cascade should be off-line whenever conditions in Stream 2
changed appreciably or \ghen the dust loading in the stream exceeded
500 ppm (0.27 grains/ft™). In order that this could be done
without changing total mass flow through the plant or changing
controller set points, it was arranged for the by-pass stream

to handle either 0.2 1lb/s flow (when the cascade stream was on—
line) or 1.2 lb/s, the total flow in Stream 2 (i.e. when the
cascade was off-line). The arrangement is shown in Fig. L.42.
When the cascade was to be by-passed, which was only at start-up
‘and shut-down since dust loadings never approached the limit of
500 ppm, a choked orifice was put in line and the cascade stream
isolated downstream of the cascade. The orifice simulated the .
pressure drop of the cascade for a flow of 1 lb/s and enabled the
cascade stream let down valve to continue controlling at the same
set point (20 psig ). A larger venturi scrubber and extra quench
sprays were brought into operatian .in the by-pass stream to

cope with the extra 1 1lb/s of flow, the remaining 0.2 1b/s

being handled as nommal by the pressure controlling side stream.
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‘5. DETAILS OF BETWEEN-TEST AND POST-TEST ' INSPECTIONS

5.1. Refractory lining of carbustor

This inclusion of different types of refractory as a camparison
of their suitability was part of the contract with EPRI. Visual
inspection of the refractory surface condition showed no surface
wear an any of the refractories apart fram one patch between the
coal nozzles and the start—up bumer an the west side face. This
can be seen in Fig, L.45, a photograph taken during dismantling.
The cracks visible in the refractory surface were mainly caused
by the separation of the four sides. In general the refractory
surfaces had been roughened, but original trowelling marks could
still be clearly seen.

It had been the intention to measure the thickness of the refractory
at a nurber of positions before and after the 1000 hours operation.
The pre-test measurements. on the tapered section were made by

the manufacturers (Babcock International Ltd.) before the ends and
sides were assenbled, and measurements at the end of the programme
were done by CURL using calipers. The results and positions of these
measurements are shown in Fig. L.43. However, dismantling of the
ends and sides for measurement resulted in sare disturbance to the
refractory layers, lifting them in places from the mild steel walls.
Uneveness in sdre places, due to the original casting of the refractory,
made measurement difficult, so that the values given in Fig, L.43

do not have a high order of accuracy. For example, an independent
(at a later date) inspection of the south section at point 5 of

Fig. L.43(c) showed no signs of erosion but a caonsiderable "rippling"
ol the refractory due to the initial "trowelling".

The thickness of the refractory in the freeboard was also determined
at specific locations using calipers. Measurements before and
after the programme were within + 1/16 inch, indicating no measurable
erosio. Because the refractory in the freeboard was not disturbed,
and because access was easier, the accuracy was considerably greater
than in the tube bank regians.

A full statement on the relative performances of the various refractories
is being included in a report fram Fluidised Cambustion Contractors
Ltd. to EPRI.

5.2. Internal expansion bellows.

Streaml primary and secaondary cyclone dust leg bellows

These were identical units with a similar duty, the only difference
being in their positions within the cyclone pressure vessel. Both
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Fig.L44 Half of combustor
tube bank after 1000 hrs.

Fig.l45 East end refractory
wall after 1000 hrs.
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were positioned just below their cyclone disengagement pots so
those on the secondary cyclone dust leg, (the secondary cyclone
being shorter), were higher up in the pressure wvessel. Both
mits included a surrounding water—cooled coil.

Inspection showed the corrugations of the bellows on the
secondary cyclone dust leg to be deformed. They had annealed into
a shorter overall length, about half being compressed and the rest
stretched (FIg. L.49). The surrounding cooling coil had the
appearance of not having been cooled at same stage and in their
well-insulated positi% the bellows corrugatiasmay have suffered
temperatures up to 800 C. There was no indication of their
movement being restricted by fouling of liners or shield. The
corrugations were covered with a black, fairly ccherent oxide
layer on the outside surface. The corrugations on this unit,
were sectioned and Figs. L.50 and L.51 show the slightly worse
condition of the inside surface.

In the primary cyclane system, the skin temperature of the dust
leg adjacent to the bellows ran at about 1200-1250°F throughout
most of the 1000 hours. The bellows unit had returned to its
normal length. Only at the outside edges of the corrugations
was the oxide layer blackened: the rest was purple/blue. There
was no discolouration on the cooli_nchoil and it had apparently
not been heated to greater than 220°F (Fig. L. 49).

Stream 1 tertiary cyclone dust leg bellows

This wnit was removed with the Stream 1 tertiary cyclone after
being in service for 650 hours. The corrugated section was similar
to those in the primary and secondary legs but had been installed
with a considerable amount of gre-stretch. Skin temperature records
show temperatures of 1380-1430"F on the ash leg close to the bellows
which were surrounded by Vermiculite insulation with no additional
cooling. Some of the corrugations were still campressed when the
mit was removed and the black/blue surface oxide was beginning to
flake.

Stream 2 secondary stage ash leg bellows

The wnusual concentric design of the lst and 2nd stages of
separation in this stream influenced the positioning of this
bellows wnit which was in an extension of the nozzle on the main
pressure casing (see Fig. L.29). Quantities of dark grey ash
were deposited on and around the bellows, Obviously due to same
leakage fram the 1lst stage dust hopper directly abowve these
bellows and through which the 2nd stage ash leg passed.
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Fig.L46 Stream 2 secondary stage cyclone in primary
stage outlet after 1000 hrs.

Fig.L47 Close up of
secondary stage

inlet.
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Fig.L48 Ball and one seat of 25mm Neles valve used

on bed removal leg.
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Fig.L49 Stream 1 primary (left) and secondary (right) dust

leg bellows and their cooling coils.
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Fig.L50 Inside surface condition of ash leg bellows and
gas path bellows (Top - Stream 1 secondary ash leg,

Bottom - Stream 2 tertiary cyclone gas path.)

Fig.L51 Outside surface of sectioned bellows units as
above 8i



The surface colouration of the corrugation changed fram purple

on the inside (concave) part to light bronze on the outside (convex).
There were signs of pitting corrosion around the welds which had
probably arisen since plant shut down. Apart fram this, the

oxide film was camplete and it was apparent fram the general
appearance of the bellows unit and adjoining part of the ash leg

that the assembly had not reached temperatures much in excess of
500°F. Unfortunately the skin temperature thermocouple on this
unit had apparently been damaged during installation and was

never serviceable.

Stream 2 tertiary stage ash leg bellows

The appearance of this unit showed that a temperature gradient

had existed along its length. The bellows unit, positioned just
below the disengagement pot on the cyclone was effectively the
lower connection between the cyclone and the ash outlet in the
pressure casing. (Fig. L.29). The casing at this point was
constructed of stainless steel. A skin tenperatgre mmmg;ple
just below the cyclone pot indicated between 1380 F and 1500°F during
the test runs, whilst skin temperature sugveys done on the pressure
casing at this point showed about 200-300F (Fig. L.36). Not
surprisingly, the metal oxide on the upper end of the corrugation
was black and not very ccoherent and some pitting corrosion was
evident around the welds. Measurements of the corrugatians
showed them to have annealed in a slightly campressed state at this
upper end. The lower end of the corrugated section appeared
normal and was still springy. The oxide film on this part was
bronze in colour.

Stream 1 tertiary gas path bellows

There were two units, ane with its axis horizontal on the duct
between the secondary and tertiary cyclones the other in the more
normal vertical position on the outlet fram the tertiary stage
cyclone. There was same concern about this arrangement because
the expansion and reaction forces involved were interactive at
right angles. The spring reaction of the horizontal set would

tend to misalign the vertical set possibly causing their movement
to be restrained. However, there was not firm evidence on inspection
to suggest that substantial prablems of this nature had arisen.

The horizontal bellows were annealed into an almost fully campressed
position and the black oxide surface on both bellows had roughened
and spalled quite badly.

Stream 2 secondary stage gas path bellows

This unit was positioned in the top (outlet) nozzle of the primary
and secondary stage pressure vessel and as can be seen in Fig. L.29
was in that part of the vessel which constituted the outlet fram
the primary stage and inlet to the secondary stage. The hot gas
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duct skin temperature close to the bellows indicated 1400-1420°F
throughout the 1000 hours of operation. This can be taken as a
fairly authentic operating temperature for the corrugated section
since heat losses fram the unit would be very small as it was
surrounded by cambustion gases fram the primary stage. The
bellows unit was lightly coated with dust on removal and showed
no sign of disfigurement, oxide spalling or pitting corrosion.
The nitrogen purge on this bellows unit, as with all the gas path
units, probably contributed to its apparently good resistance

to corrosion, by perhaps locally reducing the temperature of the
corrugations as well as providing an inert atmosphere.

Stream 2 tertiary stage gas path bellows

Rehest propane was injected immediately upstream of the tertiary

stage cyclone and heat loss between this cyclone and the cascade

made it necessary ofor the gas temperature in the cyclone to be

in the range 156C -1630°F. Hence this set of bellows had the most
arduous duty as far as temperature was concerned. Inspection

showed that it had had to take up a considerable degree of misalign-
ment between the cyclone centre line and the containing pressure
vessel's centre line (about 3/16 inch over the corrugated length

of 4 inches). The cyclone inlet was not sealed so that cambustion
gases filled the dead space around the cyclone in the pressure

vessel. There was a light covering of dust on the outside of

the bellows unit. The bellow wnit, apart fram being annealed into

its misaligned position, was in relatively good condition (Fig. L.52).
The oxide film was black, as would be expected, but seemed very smooth
and coherent. The corrugations were sectioned to inspect insideas well

as outside surfaces as shown in Figs. L.50 and L.51.

General

Loss of resilience was experienced an same of the units. These
had obviously campressed to take up expansion as required but had
not. expanded again to their original cold length when the plant
was cooled down. This was noticed particularly in bellows which
had experienced high temperatures. Internal stresses of cold
working, present in the bellows units and in the duct work at
assembly are apparently relieved at a particular temperature and
an annealing or normalising process occurs as the plant cools
after shut down. This may severely affect the number of
expansion and contraction cycles that such assemblies will withstand.
The number of cycles experienced by the bellows assemblies during
these test runs was very low (as few as 6 or 7 for same of the
gas path bellows), campared with what might be expected in normal
camercial use. The use of better materials should however
ocbviate this problem.

Pitting corrosion around weld zones was most noticeable on ash leg
bellows, 1i.e. those which operated at generally lower temperatures
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Fig.L52 Top of Stream 2
tertiary cyclone showing
cyclone inlet, shave - off
volute and expansion
bellows after 1000 hrs.

Fig.L53 Inside of 500mm casing bellows of Stream 2

showing gland sealing area.
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but which underwent more frequent thermal and mechanical cycling
and which had no nitrogen purge. On units which operated at higher
temperatures the main corrosion evidence was lack of adhesion-
cohesion of the oxide film. Both these corrosion problems can,

no doubt, be eradicated by using higher-grade materials.

5.3. Isolating valwves on dust lock-=hopper systems

A synopsis of the history of operation and maintenance of the
specialised high temperature valves used in the cyclone dust removal
system is shown in Tables L.3 and L4 . (pages 27 and 28).

Primary dust system isolating valves
Stream 1. Kamyr PDO3

This valve had been used in a similar situation an a previous
PFBC test run of approximately 100 hours. It was not serviced
prior to Test 1 but was leak tested.

Slight leakage between ball and seat after about 265 hours

of plant operation warranted inspection of the valve, together
with all other dust system valves, after Test 2. The body
cavity was found to be full of loose free flowing dust but the
ball and seats were clean and apparently undamaged. All parts
were cleaned and the valve reassembled with an offset applied
to the ball stem to provide a better seal on the bottam seat.
This was not successful and the valve was re-installed although
not being campletely gas tight.

The valve continued to operate successfully but was removed
for inspection again after Test 4. The ball and seats were
then lapped together in order to try and reduce the leakage
rate. Again, this was not campletely successful, giving only
a slight improvement.

The final inspection of the valve after Test 6 showed no major
changes apart fram slight discolouration or deposit on the polar
region of the seats. The ball had slight discolouration of the
edge of the port. (Fig. L.54).

Stream 2 Kamyr PDO4

This was one of the two high-temperature valves on the dust system
which had a stellited ball as well as stellited seats (all other
Kamyr/Neles types had duonium-plated balls). No appreciable
leakage between ball and seat was detected after Test 1 but

by the end of Test 2 the leakage was significant. Inspection
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Fig.L54 Ball and seat of Stream 1 primary dust system

isolation valve after 1000 hrs.
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Fig.L55 Condition of Stream 2 primary and secondary
dust system isolation valves after Test 2.
Top - - Ball of primary system valve.

Bottom - Body and seat of secondary system valve.
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showed the body cavity to be packed with damp campacted material
(Fig. L.55). This had the effect of lifting the ball fram its
seat and allowing dust to campact in patches on the seat. After
cleaning, no damage to the seats or ball could be adbserved.

The valve was re-installed with an offset an the ball stem to
assist sealing on ane seat (the lower one) and with steam trace
heating around the valve and adjacent pipework in order to
cbviate the apparent condensation problem within the valve.

Although same slightgas leakage through the valve was apparent
after only a further 200 hours operation, its performance did
not deteriorate further and was satisfactory for the rest of
the 1000 hours.

Final inspection showed same discolouration of the top seat
and slight scoring on the lower seat and ball. In general
the valve was in good caondition, this being only its second
inspection (see Fig. L.56).

Secondary dust system isolating valves
Stream 1. Kamyr PDO3

This was an identical valve to that on the primary dust system

on Stream 1, and had also had about 100 hours of previous use.
Again this showed same leakage after Test 1 but not enough to
seriously affect the operation of the system. However, by the
end of Test 2 the leakage rate was sufficient to severely restrict
system operation. The secondary dust discharge systems were

anly operated ance every two or four hours whereas primary
systems were operated every hour.

On inspection, the body aavity of the valve was found to be
packed with hard dry caked material and both seats and ball
surfaces were scored. Samne minute erosion patterns were visible
on the ball at the edges of the seat contact area.

The valve was considered to be unsuitable for further use

in this situation and was replaced by a jacketed tapered plug
valve made by Serck-Audco Ltd. The valve was installed at a
lower level in the dust leg, i.e. further fram the cyclone (see
Section 4.4.), where the gas and dust were samewhat cooler.
Although the plug valve required frequent on-line attention, it
performed satisfactorily for the rest of the 1000 hours programme.

Stream 2. Kamyr PDO4

This was identical to that on the primary dust system of Stream
2 and showed slight leakage between ball and seats after about
250 hours. On strip down after Test 2, it was found to be in

88



Fig.L56 Stream 2 dustsystem isolation valves after 1000h
Top = Ball of grimary systizii ualves.

Bottom - Lower seat of secondary system valve
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a similar condition to the primary system valve. Dust had
campacted in the body, apparently having been damp at same time,
and again the ball was beginning to be separated fram the seat
by patches of compacted material, mainly around the polar region
of the seats (see Fig. L.55). No damage had been incurred and
the valve was reinstalled in a similar fashion to the primary
valve, (i.e. with stem offset and steam trace heating).

Slight leakage through the valve showed up on leak tests at
the end of following test runs but no serious deterioration was
noticed and the valve did not receive further inpsection before
the end of 1000 hoursof operation.

After Test 6 the final inspection showed same considerable
build up of material on the seats around polar regions and
at edges (see Fig. L.56) The ball appeared to be in good
condition.

Tertiary dust system isolation valves

Stream 1. De Zurik Permaseal plug valve

This was a tapered plug design of stainless-steel constuction,

the plug being spring-loaded on to circular graphite seat

inserts (see Fig. L.57). It gave a positive gas seal when first
used, but was leaking after Test 2 and was removed for inspection
with all other dust system valves. The valve was stripped down
and showed serious scoring of the graphite ring seats. It had
been feared that the graphite would not withstand high temperatures
in what was a slightly oxidising atmosphere but there was no
evidence to suggest that chemical reaction of the graphite alone
had been the cause of failure. The condition of the seats suggested
that most of the sealing action was being affected by packed dust
in the body, making operation difficult. Since seats were not
renewable the valve was replaced by a jacketed plug valve which
performed satisfactorily until the cyclone and dust system were
removed after Test 4.

Stream 2. Neles CDAHO3 valve

Supplied as a "standard" high temperature valve (950°F) with only
minor differences fram the Kamyr type valves, this probably had
the most difficult duty to perform of all the dust system valves
because it was located relatively close to the cyclone above and
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Fig.L57 De Zurik permaseal plug valve.

Fig.L58 Typical lubricated plug valve used as discharge
valve on cyclone ash systems.
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hence the operating temperature was high, though still below
the design temperature. When the valve was closed the ball could
"see" djrect radiation fram the cyclone (see Figs. L.29 and L.36).

By the end of Test 2 severe leakage through the valve made
operation of the dust system very difficult. When stripped dcwn,
the body was found to be full of hard, dry, campacted material
and this had lifted the ball clear of the seat. (as supplied the
valve stem was already offset to push the ball on to the lower
seat). Both ball and seat had sustained same scoring and there
was marking of the ball surface. This marking (see Fig. L.59)
was apparent also an other valves with chromium plated balls

(viz Stream 1, Kamyr PDO3) and it is thougit to have been caused
by erosion when leakage occurred between the ball and seat. Same
renovation of the ball was done by lapping with Boron Carbide
paste. When tested after reassembly, the valve was still not
providing a gas-tight seal, but the leakage rate was low encugh
to allow rerinstallation.

Considerable leakage through the walve developed again during
Test 3 and on inspection it was found to be in a condition
similar to that after Test 2. In an effort to reduce the
build up of material between ball and seat, thin section
"scraper" seats were fitted. Ball and seat were again lapped
together and the increased clearance between ball and seat thus
produced was reduced by fitting a thinner body gasket.

The valve was again not completely gas tight when re-installed
for Test 4. Further leakage developed during this test but to
a lesser extent. Again, inspection showed material build=up
between ball and seat but this was easily removed. Ball and seat
were lapped again, and the valve was cleaned and re-installed.

Inspection and cleaning was carried out again after Test 5,
although the valve performed satisfactorily through this and
the final test.

Inspection after 1000 hours showed material build-up still
evident in the polar region of the seats. The ball seemed
to have sustained no more damage than that noticed after 265
hours but there was same "blueing" of the surface of what was
the top face of the ball in the closed position (Fig. L.60).
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Fig.L59 Typical surface damage on Kamyr/Neles ball
(chromium plated 316 ss)
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Fig.L60 Ball and lower scraper seat of Stream 2

tertiary dust system isolation valve after 1000 hrs.
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Fig.L61 Stream 1 cascade installation

Fig.L62 Stream 2 cascade installation showing cooling air

supplies and observation ports but not thermo-
couples and pressure taps.
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6. ENGINEERING DRAWING LIST

Some of the items were made to engineering drawings that are
proprietary and therefore not generally available. The list
of relevant drawings held by CURL is shown in Table L.5. In
Table L.6. the more important of these drawings are cross—
referenced to the relevant diagrams given in this report.
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Table

L.5 'List of Engineéring’Drawings

Drawing‘ No.
2 17 32
21733
21830

21828
21057

‘COMBUSTOR .

Detail - Freeboard casing for tapered cambustor
" Baffle Tubes " " i

Arrangement of bed off-take hopper and assembly,
showing Neles (Kaymr) valve and plug valve

Valve arrangement on bed off-take

Carbustor gas off-take (outlet duct external
to main pressure casing)

RD 2381 (Proprietary.)Woodhall Duckham - G.A. of Tapered Bed

21061
RD 2420

Ccambustor (Babcock & Wilcox)

General Arrangement of Fluid Bed Combustor
MK VI

Detail - Start up burner chambers

Distributor Plate, tapered cambustor =
Woodhall Duckham
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Drawing No.

21574
21575
21576
21577 -
21583/3
21593/1
21594
21597
21598
21599
21604
21612
21618
21619
21621

21632

21635
21636
21642
21650

21661
21662

21671
21675

STREAM 2 - GENERAL ELECTRIC.

Lock Hopper (Coarse) G.E. "Aerodyne" *

Lock Hopper (Fine) G.E. "Aerodyne"
Lock Hoppers - Top Flanges G.E. "Aerodyne"

. Lock Hoppers - Water Cooled Flange G.E. "Aerodyne"

G.A. of Ducting fram Aerodyne Outlet

Details of Outlet Ducting from Aerodyne

Details of Outlet Ducting .from Aerodyne

Details of Refractory Lining—inlet Duct to Aerodyne
Arrangement of Ducting Downstream of G.E. Cascade
Arrangement of Ducting Below Platform

Detail Bellows Assenbly in Stream 2 Ash Legs
Detail Ash ILegs on Stream 2

Installation of Stream 1 Cyclones - Schematic
Refractory for Tee Casing - Outlet fram Cambustor

Detail of Cooling Coil for Tee Piece = (Matlet
from Aerodyne)

Assembly of Lock Hoppers and Down Legs fram
Aerodyne

Corrosion Specifen = 12 Element Probes
Proposed Layout of Stream 1 Cyclones in Vessel
Arrangement of Cyclones in 4'6" Vessel - Stream 1

Details of Rectangular Ducting (Van Tangeren
Cyclones)

Assembly of 20" Bellows in Stream 2 - original
version

Assenbly of 12 Element Corrosion Specimens in
Casing
Coil for Primary Cyclone Disengagement

Details of Flow Straighteners and Half Area
Baffles. .

* In this context "Aerodyne" refers to the pressure vessel
used as the primary cyclone on Stream 2.
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STREAM 2 - GENERAL ELECTRIC

Drawing No.

21677
21679
21687
21688
21728

21731

21737
21738

21739
21740
21742
21745
21753

21755

21759
21762

21763
21765
21767

21778
21781
21785

21790

G.A. of Stream 2 2° Cyclone & Bellows Unit’
Details of Bellows for Secondary Cyclane

Detail - Connecting Ducting, Cambustor/4'6" vessel
Detail - 6 pass and 4 pass Tube Banks

Proposed arrangenent of CYciones in existing
Pressure Casing — Stream 2 (superceded by
21,755 and 21,759) .

Proposed arrangement of Cycld'les in existing
Pressure Casing and new 24" Casing - Stream 2
(superceded by 21,785)

Detail - Additional Branch in Ccmbustor Outlet
Tee

Details of Pre-cast Refractory Block for’
Aerodyne
Detail - Cambustor Outlet -~ Gas Splitter

" " " = Refractory Lining
Proposed Refractory Lining & Cyclone Support Aerodyne
Arrangement and detail of 2° Stage Cyclane - Stream 2

Arrangement of Primary Cyclorne Be ]lws Unit and
Pipework

Arrangement of Internals in 4' dia. Vessel -
Stream 2

Arrangement at inlet in 4' dia. Vessel - Streaﬁl 2

Detail - Inlet and Outlet Duct Work for 3° Stage
Cyclone Vessel - Stream 2

Detail - Shave off Element - Stream 2
Detail - 3° Stage Cyclone - " "

Bellows Assembly for Secondary Cyclone Dust
Outlet

Lock Hopper for Secondary Cyclone Dust Outlet
Cooled CQutlet for Skimmer for Secondary Cyclone

Assembly of 3° Stage Cyclcne, shave off and dust
hopper .
20" Bellows Installation
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STREAM 2 =~ GENERAL ELECTRIC

Drawing No.

21791 Proposed Cascade Outlet Sealing Arrangement -
21827 Details of Ash Hopper for Bottam Ash Outlet
21834 . Electrostatic Viewing Window - Stream 2
21841 : Assembly of Sight Glass for Laser Particle
' Sizing ' . '
21849 Steam Heating Coil for 3° Cyclone Hopper G.E.
Note: 1° Primary-
‘ 2° Secondary
.3° Tertiary
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STREAM '1 * 'STAL TAVAL

Drawing No.

R.D. 2398 Woodhall Duckham - Proposed modifigaticns
' to e.XJ.stlng plant to J.ncorporate 3
. Cyclane Vessel etc.
R.D. 2425 Woodhall Duckham - Assembly of 3° Cyclone
Outlet to Water Sprays
R.D. 2427 Woodhall Duckham - Assembly of main vessel -

to tertiary cyclone vessel,
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Table L 6 Engineering Drawings related to

Report Diagrams

Diagram Drawing No.
étart-up burners L.2 item 6 21061
Distributor plate L.7 RD 2420
Bed offtake arrangement L.2 item 9 21830
21828
Carbustor outlet and gas splitter L.19 21057(1)
Stream 2 50Qmm pressure casing
bellows L.20 ‘ 21,661
, 21,790
Typical sliding joint in cascade
ducting L.21 21,583/3
Stream 2 hot gas flow measurement
venturi L.22 21,583/3
Stream 2 cyclones L.29 21,755
21,759
21,785
Van Tongeren cyclone installation,
Stream 1 L.30 21,618
21,642
Typical expansicon bellows design L.38 21,767
21,785

Stream 2 cascade installation L.62 21,583/3

(1)
- Drawing is G.A. fram earlier programme. It shows typical
construction, but has not been modified to include detailed
modifications fo:; the 1000 hr. run.
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APPENDIX M

Examination of thermocouple from 1000 hour
test at CURL by Stal Laval.
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APPENDIX N

Examination of ‘Stal=Laval cascade and

interpretation of results

This is a reprint of a paper presented by Stal Laval
to the 6th Internaticnal Canference in aAtlanta, 1980.

It is reproduced here as Stal-Laval's formal contribution
to the report on Fluidised Bed Carbustian.
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TURBINE MATERIALS PERFORMANCE IN COMBUSTION GASES FROM
A COAL-FIRED PRESSURIZED FLUIDIZED BED COMBUSTOR

S A Jansson, N G Nilsson, B 0 Malm

STAL-LAVAL Turbin AB, S-612 20 FINSPONG, Sweden

SUMMARY

Turbine hlarde sartinns and a number of alloy
specimens were exposed in a turbine materials
cascade during the recent 1000 hour PFBC test at
CURL, Leatherhead, England. The material tempera-
turec were 770 to 780 ©C and the gas velonities
aver tested materials ranged from 180 to 520 m/s.
Examination.,of the different components after the
test showed no measurable erosive wear. However,
oxide particles which according to their composit-
ion must have originated from steel surfaces in
the system and most likely after the cyclones,
were found to have impacted and become stuck in
the coated blade sections. Proper system materials
selection will minimize this "exfoliation" affects.

Udimet 500 blade sections coated with FeCrAlY
and CoCrAlY exhibited very limited corrosion. An
uncoated Udimet 500 blade section showed >100 um
hot corrosion after 950 hours exposure at crevice
locations. Othsr specimens of the same allay had
<30 um corrosion attack. Alloy 713 C was very
little corroded. IN 671 showed severe hot cor-
rosion after only 200 hours exposure, This attack
was localized to the leading edge suggesting a
strong erosion-corrosion interaction, even in this
"non-erosive” environment.

Although the total exposure times are still
relatively short as compared with expscted compo-
nent lives, the combined results from the study
suggest that erosion, corrosion and deposition in
the gas turbine will not be of serious concern in
PFBC combined cycle systems.

INTRJDUCTION

Participation in the 1000 hour test at the
pressurized fludidized bed combustion (PFBC)
facility at Leatherhead, England, is one of the
activities within the current Phase II joint PFBC
development program of the American Electric Power
Service Corporation (AEP) and STAL-LAVAL Turbin AB.
That program has been recently described in con-
siderable detail by Markowsky et al.!s? This paper
presents the results from exposing turbine blade
materials in static cascades to the combustion
gases from the Leatherhead PFBC unit.
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GENERAL INFORMATION REGARDING THE TEST AND THE

STAL-LAVAL TURBINE BLACE CASCADES

The 1000 hour test, described in more detail
by Hoy and Roberts,® was divided into six shorter
test sections, i.e., a 50 hour commissioning period
{Test 1), followed by four 200 hour test periods
of approximately (Tests 2-5), and concluded with a
150 hour test (Test 6).

Glen Brook (Ohio) coal and Plum Run (Ohio)
dolomite were used throughout the test. The Glen
Brook coal has a sulfur content of approximately
3.2 to 4.6 % and an ash content of 13 to 19 %.

The Plum Run dolomite is a mixture of Tymochtee and
Greenfield dolomites. The 1000 hour test generally
went extremely well. Combustion efficiencies were
98 to 99 %. Sulfur retention was typically 90 %

at a 1.8 Ca/S ratio. NO, emissions were typically
180 to 190 ppm (i.e. about 0.45 lbs/10° Btu).

The bed temperature was approximately 860 °c
throughout the test with only a few degrees vari-
ation within the bed at any time. Operational
problems were relatively few. Compressor failures
caused some interruptions. Coal feed disturbances
did occur occasionally but were generally quickly
correctad. —

Figure 1 shows a schematic diagram of the
combustor and the part of the gas cleaning system
that provided a combustion gas flow (Stream 1) to
the STAL-LAVAL cascads. Approximately two thirds
(2 1bs/s) of the combustion gases from the com-
bustor went through the STAL-LAVAL cascade. The
remaining gases (Stream 2; 1.2 lbs/s) were guided,
with the aid of a flow splitter at the outlet from
the combustor, to another set of cyclones and a
cascade provided by General Electric Company under
contract to DOE.

A special STAL-LAVAL cascade was used during
Test 1 only, with the purpose of providing early
information about the performance of the flui-
dized bed and of the cleanup system (two Van
Tongeren (UK) Ltd cyclones and ane Stairmand High
Efficiency cyclone in series). Here gas turbine
components and other test specimens were exposed
to the PFBC efflux at velocities up- to 360 m/s.
This cascade was dismantled after Test 1 for de-
tailed examination.



A second cascade, schematically shown in
Figure 2, was used for the remainder of the test.
It contained three sections of GT 120 first stage
turbine blades. The material in these blades is
cast Udimet 500 with a nominal composition 19 % Cr,
19.5 % Co, 4.0 % Mo, 2.9 % Ti, 2.9 % Al, 0.01 % B
and 0.08 % C, rest Ni. Two of the blade sections
were coated by physical vapor deposition (PVD)
techniques with FeCrAlY and CoCrAlY, whereas the
third blade section was used in the as-received
condition. As indicated in Figure 2 the gas velo-
cities before and after the set of blades are
230 m/s and 380 m/s respectively. The nominal gas
velocities before and after the first stage blade
in a GT 120 gas turbine were 277 m/s and 330 m/s
respectively, i.e., slightly higher than the
corresponding velocities in the cascade. A con-
siderable number of other test specimens were
placed in the tascade at gas velocities between
180 mvs and 520 m/s. These included additional
Udimet 500 specimens and also IN 671 (basically
50 % Cr, 50 % Ni) and Alloy 713 C (nominally
12.5 % Cr, 4.2 % Mo, 2.0 % Nb, 0.8 % Ti, 8.1 % Al,
0.012 % B, 0.10 % Zr and 0.12 % C, rest Ni)
specimens.

All three cyclones were in use during Tests
1-4, providing a dust loading to the STAL-LAVAL
cascade of approximately 100-120 ppm. Figure 3
shows a diagram where the dust loading/particle
size relations are displayed for dust leaving the
combustor, and the primary, secondary and tertiary
cyclones respectively. The data presented in this
diagram are based on Coulter Counter measurements
in an aqueous electrolyte, using ultrasonics to
break up aggregates. -Results from such measure-
ments at National Coal Board's Stoke Orchard
Laboratories and at Exxon Research and Engineering
Company, Linden, N.J., gave very similar results,
which were also similar to results obtained by
quite different techniques, i.e., optical and
impactor techniques.?® Figure 3 shows that the
primary cyclone reduced both dust loading (from
10 000 to 800 ppm) and particle size very con-
siderably. The secondary cyclone produced a
further reduction in dust loading (from 800 to
200 ppmr and in particle size, whereas the tertiary
cyclone was effective in lowering the dust loading
further (to approx. 100 ppm) but did very little
to the particle size distribution.

After completion of Test 4, the tertiary

cyclone was removed from Stream 1, and dust-laden
. gases from the secondary cyclone were passed
directly to the STAL-LAVAL cascade during Tests

5 and 6. The purpose of this change was to get
' comparative data on cascade component performance
at two different levels of particulate removal.
Examination of cascade components during the test
had up to_ that time shown no signs of erosive wear.

The temperature of the combustion gases at the
inlet to the STAL-LAVAL cascade was approximately
750 OC during Test 1, due to air leakage into the
freeboard. During subsequent tests it was bstween
770 and 780 OC, with the exception for Test 2
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where prbpane was injected after the tertiary
cyclone to produce an inlet temperature of 787 ©C.
These are slightly higher temperatures than are
normally experienced by the first stage blades in
a STAL-LAVAL GT 120 gas turbine.

RESULTS FROM INVESTIGATION OF THE CASCAOE COM-
PONENTS AFTER EXPOSURE 10 THE PFBC EFFLUENT

Examination of the vane and blade sections
and other materials in the special cascade used
during Test 1 revealed no measurable erosion or
corrosion. Also, deposition was minimal. Acc-
ordingly, it was possible to state that the cyc-
lone system had performed very well, and that the
combustion products were not excessively corro-
sive. This latter observation was in good agree-
ments with results from earlier tests within the
AEP/STAL-LAVAL joint program.!»?

Figures 4 and 5 show photos of the blade
assembly portion of the cascade used during Tests
2-6, after removing a lid that serves as one side
wall of the cascade during operation. These photos
show the exposed surfaces of the blade sections to
have only slight deposits (on the suction side).
No signs of major erosive attack are seen. Note
the size of the components and the wide spacing
between the blade sections (the chord of this
blade is 80 mm).

Figures 6 and 7 show scanning electron micro-
scopy (SEM) photos of the surface region of the
FeCrAlY-coated blade before and.after 950 hours
exposure to the combustion gases. The areas of
the blade where these photos were taken from are
on the pressure side near the leading edge. The
photos show two changes to have occurred during
the test. First, the microstructure of the coating,
and especially at the blade material/coating inter-
face, had changed. Second, the outer surface of
the coating had become slightly roughened, sug-
gesting deformation due to particle impact or else
loss of local portions of the surface. Special
notice should be paid to the two deeper inden-
tations, at top and center of Figure 7, which have
a common "angle of impact” and which, as judged
from the contrast in the SEM image, are partly
filled with some non-metallic material. This di-
rection corresponds to the path rather large par-
ticles would take through the blade assembly. This
is further illustrated in Figure 8 where the
locations and directions of such "impact craters”
are summarized schematically. As shown in Figure 8,
similar craters were also found on the CoCrAlY-
coated blade.

Scanning electron microscopy energy-dispersive
X-ray (EDX) analyses, showed the material in the
craters to be rich in iron and sometimes in iron
and chromium, and to be a multiphase material
that in some instances also contain traces of
aluminum, silicon, calcium and sulfur. Polarized



light images of the material in the craters showed
it to be metal oxide particles mixed in part with
coal ash and sulfated dolomite dust from the com-
bustor. (The PFBC ash appears red when viewed in
polarized light.)

The directional crater pattern suggests that
particles that could cause deformation of the sur-
faces reached the blades during this test. There
is, however, no evidence of any measurable. loss of
material from the surfaces of the FeCrAlY- and
CoCrAlY-coated blades. This is illustrated in
Figure 9 where coating thickness measurements
around the periphery of the FeCrAlY-coated blade
are shown. The different arrows, representing
the points where the measurements were made, are
connected to open and filled dots that show the
coating thickness according to the scales at the
left side of the figure. The open dots represent

measurements before the test, with the definition
givan in the figure, and the filled dots represent
measurements after the test., Clearly, tha agree-

ment between "before” and "after” measurements is
excellent. We therefore conclude that no ‘measur-
able erosion of the blades did take place during
the test. Similarly, no measurable erosion of
turbine companent materials occurred elsewhere in
the cascade, even at the highest velocity loca-
tions. .

Examination of the uncoated Udimet 500 blade
showed variable corrosion attack to have occurred
after 950 hours exposure, whereas results from the
50 hour Test 1 and from previous 100 hour tests's?
had shown very little corrosion to take place.
Figure 10 shows the maximum measured extents of
attack, i.e., the combined oxide laysr thicknass
and dapth of subscale attack as measured around a
section through the blade. It should be noted that
maximum attack had occurred where a narrow crevice
has existed, between the blade and the blade mount-
ing device. The attack, Figure 11, is character-
ized by growth of an extarnal oxide scale, intemal
oxidation in a surface layer; and the formation of
subscale chromium sulfides, and perhaps some other
sulfide phases in and just below the intemally
oxidized zons. It represents a type of hot corro-
sion attack. The bright appearance of ths affected
zone when the specimen is stched, Figure 12, sug-
gests compositional changes in the alloy result
from these reactions (chromium daplestion is likely
to have occurred).

Examination of all other Udimet 500 specimens
exposed in the cascade showed a maximum corrosion
attack after 950 hours of approximately 30 um, in-
cluding in some instances some very slight sub-
scale penetration of sulfur with the formation of
chromium sulfide precipitates.

Alloy 713 C was found to be nearly unaffected
by the combustion gas environment. IN 671, on the
other hand, exhibited severe oxidation-sulfidation
(hot corrosion} attack at the leading edges of the
specimens, Figure 13.
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DISCUSSION

‘The lack of measurable erosion attack on the
cascade components shows that erosion need not be
a life-limiting factor for gas turbines which
operate on combustion gases from PFBC units, and
which rely on cyclone systems for particulate re-
moval. Similarly, the absence of any significant
corrosion attack on Udimet 500 blades coated with
FeCrAlY or CoCrAlY makes it likely that acceptable
component life, i.e., at least 8000 hours and
possibly two to three times that figure, can be
achieved through proper materials selection. Build-
up of deposits also would seem to be no problem,
based on the observations from this test and from
earlier tests within the AEP/STAL-LAVAL program.!s.?

Erosion

An outstanding feature from the present study
is that measurable erosion of turbine materials
occurred nowhere in the cascade, i.e., throughout
the velocity range of 180 to 520 m/s. This implies
that dust passing through the second (or third)
cyclone in Stream 1, Figure 3, was essentiall
non-erosive to turbine materials at the test con-
ditions, By comparison, considerable erosion did
occur during the 117 hour shakedown test in the
Exxon rig, whereas subsequent testing during 565
hours produced little or no erosion attack on
FeCrAlY- and CoCrAlY-coated blades.“»S

With the assumption that PFBC efflux dust
from the Exxon rig is similar in nature and pro-
pgrties to the corresponding material from the CURL
rig it is of interest to compare the levels and
particle size distributions of dust passing the
cascades during the two tests., Figure 14 compares
Coulter data from Test 3 at CURL (with three cyc-
lones) to earlier data from tests performed in the
Exxon rig.“»® It is clear from the figure that the
dust through the STAL-LAVAL cascade had a lower con-
centration of particles >2 pym then any of the other
two size distributions. Since it is very difficult
to measure small amounts of larger particles in
large amounts of finer dust, there is considerable
uncertainty about the exact concentration/particle
size relationships for particles larger than per-
haps 3 um in the curve that relates to the STAL-
LAVAL cascade. Similar uncertainty should exist
ﬂ?r the low concentrations ends of the Exxon size
distribution curves, i.s., for particle sizes around
10 um (565 hour test) and 20 um (117 hour shakedown
test) respectively.

In spite of these uncertainties it is tempting
to attempt to correlate the absence or extent of
e;osive damage to turbine component materials in the
different cascades with the level of large particles,
say >5 wm, in the PFBC dust that reached the cas-
cades. The data in Figure 14 would then suggest
that if that concentration is close to 30 ppm
(the 117 hour shakedown test) severe



erosion can occur, whereas a 2- to 5-fold reduction
of the concentration of particles >S5 um would eli-
minate the problem (the 565 hour test). If that
is correct, and if the size distributions are very
similar for larger particles than 5 um, a thres-
hold value for erosive wear would exist some-
where between 6 and 30 ppm >S5 um particles.

(This way of rationalizing the problem is ab-
viously too much simplified. In reality, the
nature and shape of the individual particles must
enter the picture. Accordingly, differsnt coal
and sulfur 'sorbents should in principle be -
capable of producing slightly different results.
Also, the cyclons characteristics would have a
very major impact on the concentration/size dis-
tribution relations for particles >5 um and thus
for the position of any threshold valus.)

Clearly, for Test 3 at CURL the level of par-
ticles >5 pm would seem to be 20 to 30 times below
that of the 117 hour shakedown tast at Exxon. If
the 565 hour test concentration/particle size re-
lationship is taken to represent a "safe” relation-
ship for cascades operating. at close to 6 atm
pressure, the Test 3 curve would represent an addi-
tional safety factor of approximately 4 to 6 times.
The successful opasration with only 2 cyclones, which
approximately raised the concentretions of large
particulatas by a factor of 2, is then not sur-
prising.

Oxide_scale_sxfoliation

The chemical composition of the metal oxide
particles found in "impact craters” on the coated
blade sections in the STAL-LAVAL cascade suggests
that these particles originated from oxids scalss
on low alloy and stainless steels upstream of the
cascade. Spalling of such oxide scaless is nor-
mally referred to as oxide scale exfoliation. It
is a familiar phenomsnon in steam turbine systems,
with the oxide particles originating in the boiler
tubing.

Oxide exfoliation occurs most readily on cool-
down of oxidized steel surfaces due to differaences
in thermal expansion, Also, for alloys forming
two-layer oxide scales it is mostly the outer oxide
which will spall off. Spallation at temperature
can happen but is less likely. It therefore seems
probable that also the oxide found to have im-
pacted the blads sections was released on cool-
down.

Oxide that exfoliates upstream of the cyc-
lones is 1likely to be caught by thoss. Therefors,
the most likely source for the oxide particles
found embedded in the blade surfaces are system
walls from the outlet end of the tertiary cyclone
to the cascads. Also in an actual PFBC system and
with perfectly functioning cyclones, such ex-
foliation will provide a background level of oxide
particles that will reach the gas turbine. To
choose more exfoliation-resistant alloys is one
way of lowering this "background”. Another is to
minimize the area of metal surfaces after the cyc-
lones., A third method is to take steps for re-
moving exfoliation-prone oxide in a controlled
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manner and possibly collecting it before entrance
to the gas turbine. With such precautions, oxide
scale exfoliation is unlikely to be important as
an release mechanism for erosive agent that can
reach the gas turbine components.

Corrgsion

The very minimal corrosion attack on FeCrAlY-
and CoCrAlY-coated Udimet 500 blade sections, the
chemical composition of these coatings (FeCrAlY:
26.1 % Cr, 5.0 % Al, 0.19 % Y, rest Fe and CoCrAlY:
24.9 % Cr, 11.1 % Al, 0.34 % Y, rest Co), and the
relatively small structurel changes that occurred
in the coating during 950 hours exposure to the
PFBC efflux make it likely that acceptable life of
coated turbine components can be reached with these
coatings. Studies are underway to determine in
more depth the extent of the structural changes.

Although coated turbine components should be
preferred for use in a coal-fired PFBC combined
cycle unit, the information obtained about corro-
sion of different alloys in the turbine cascade
helps throw some light on the corrosion mechanisms,
and also on the interactions of erosion and corro-
sion processas. Thus, the observed extent of corro-
sion on the uncoated Udimet 500 blade section in
the cascade shows that the PFBC efflux environment
is not innocuous. This is to be expected in view
of the presence of sulfur, chlorine, sodium and
potassium compounds in the coal and to same extent
also in the dolomite. Upon combustion chemical and
physical changes occur, causing the release of most
of the sulfur, a considerable fraction of the chlo-
rine and a small part of the alkali metals from the
burning coal, the coal ash and the dolomite. Sulfur
oxides, hydrogen chlorides, and alkali chlorides and
hydroxides are among the prevalent gassous rsaction
products.

Continued chemical reactions occur between
thess agents and the solid particles in the bed,
in the combustion gas stream leaving the bed, and
in deposits that form on system components. es-
pecially where a temperature drop enhances the ad-
sorption and condensation of volatile reactive
species. Much remains to be learnt about the
actual chemical reactions that occur in the very
complex ash/partially sulfated dolomite dust/con-
densed alkali chloride-sulfate system. It is
especially important to recognize that the de-
posits form a partially reactive "sponge” that can
affect the corrosion bshaviour, both the mechanism
and the kinetics, of the PFBC system component
materials.

The observed differences in corrosion rate for
the cast Udimet 500 blade section and for other
Udimet 500 specimens in the cascade suggest that
alloy pretreatment (mode of manufacture, micro-
structure, degree of cold work, etc) may be im-
portant. Longer term exposure is needed to de-
termine the role of such factors during actual gas
turbine operation. -

The observation of maximum corrosion attack,
with sulfur penetration of the scale, at narrow -



crevices betwsen the blade and the blade mounting
evice suggests that the conditions for growing a
protective oxide scale on Udimet 500 were less
favorable there. One possible explanation for
such an effect could ba that the crevices fillaed
up with dust already during the start-up of the
PFBC system, and before the alloy came to such a
temperature that a proper oxide film could form
(this probably requires at least 550 to 6500 °C).
A change in the reaction mode to produce the
structure $een in Figures 11 and 12 may not sasily
revert to the formation of a protective oxide
layer. .

The lack of significant corrosion attack on
Alloy 713 C shows this alloy to have formed a pro-
tective surface oxide during the test. As far as
IN 671, which is not a gas turbine alloy at all,
is concerned, it was included in the cascade for
two reasons, First, it has been shown to bs very
sensitive to hot corrosion attack within fluidized
bed units burning coal with limestone or dolomite
as the sulfur sorbent.” This type of attack has
been suggestad to result from a chemical reaction
between the calcium sulfate (formed as the product
of reaction between limestons or dolomite and sul-
fur oxides) and calcium oxide or calcium carbonate
in the presence of reducing agents. Thaese could
be gassous hydrocartons or else char embedded into
the deposit. Coexistence of calcium sulfate and
calcium oxide (or carbonate) in a reducing en-
vironment will result in a high chemical potential
for sulfur that can drive sulfur through the oxide
scale and cause initiation of hot corrosion. IN 671
was now included in the cascads in order to examine
whether it would be a hot corrosion indicator also
at that location, where the presence of reducing
agent would be much less likely to produce a low
oxygen potential/high sulfur potential snvironment.

The other reason for including IN 671 in the
cascade was that Mc Carron et al had tested blades
clad with this alloy in the Exxon rig and had sesn
severe degradation of this alloy.”’® This ohser-
vation was taken to show that the PFBC efflux was
indeed a very severs corrosion environment, and
the corrosivity of the environment was ascribed
to the contents of alkali in the gas stream and
the presence of significant amounts of potassium
and chlorine.

The location of initial degradation of the
IN 671 clad during the test in the Exxon rig was
at the leading edge. This is the same location
where hot corrosion occurred on the IN 671 speci-
mans in the STAL-LAVAL cascads. Our interpretation
of this observation, based also on other laboretory
tests, is that the degradation of IN 671 occurs
through an srosion/carrosion process, see further
below. Pasically, the oxide scale on IN 671, due
to the two-phase nature and composition of this
alloy, seems to be extremely sensitive to particle
impact. The damage caused to the oxide upon im-
pact of the PFBC dust seems to allow sulfur to
penstrate the scale, react with the alloy, and then
sat up the conditions for a repidly progressing hot
corrosion attack. If this hypothasis is right,
then it does not -take a very corrosive environment
to introduce sulfur to the alloy/oxide interface.
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It is possible that the high sensitivity of
this alloy to hot corrosion attack within fluidized
beds is also, in part at least, due to an excessive
sensitivity of the oxide scale to erosive damage.

Erosion/Corrosion

Turbine materials exposed to the PFBC efflux
may suffer from erosion and corrusion separately
or in combination, The latter case is called ero-
sion/corrosion and implies that the kinetics and/or
mechanism of attack differs from what it would be
in the presence of either an ervsive or a corro-
sive agent separately.

When "good” turbine alloys are exposed to com-
plex high temperature combustion gas environments,
protective oxides may form which are not damaged by
particle impact or the presence of corrosive con-
taminants. This was basically the case for all
turbine alloys in the STAL-LAVAL cascade during
the test at CURL, with one exception, the uncoated
Udimet 500 at narrow crevice locations. There, as
outlined above, the corrosive environment and there-
fore the initial oxidation stage was probably ef-
fected by the deposition of dust into the crevices
upon start-up.

Initiation of hot corrusion attack on the non- .
turbine alloy IN 671, on the other hand, seems to
have been caused by the demage done to the oxide
by impacting particles, even in this very non-ero-
sive environment, If that is correct, then it
follows that oxide scales on gas turbins alloys
are less sensitive to particle impact. In other
words, even the dust that passed through the STAL-
LAVAL cascade had some erosivity, and the nature
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etermine whether erosive damage will.occur or not.
It seems likely that erosion/corrosion will
become the important process of gas turbine com-
ponent materials degradation under conditions where
the particulate cleanup systems malfunction. This
conclusion points to the importance of securing good
cyclone performance. in PFBC plants. Although
short term upsets can be tolerated, the surveill-
ance system should be such that deviations can be
rapidly noticed. This points to the need for on-
line instrumentation to determine particle size
distribution and concentration in  the gases that
will reach the gas turbine. The very successful
results from the 1000 hour test at CURL give
good hope about the possibilities of arriving at
a workable solution, even with existing technology.

Use of cascade_erosion data for_ turbine_erosion

Cascade studies give information about the
performance of meterials under well-known flow con-
ditions. Particle concentration sffects, such as
may occur in actual turbines, may exist also in a
cascade provided that the dirsctiocnal changes and -
the valocitiss are large enough. Secondary flow
effects may also affect the local concentrations
of particulates in a gas turbine. Other differ-
ences relate to angle of particle impact, effective
velocities at impact (a result of blade rotation),
and frequency of multiple impacts due to



the differences in particle paths relative to the
components. These differences affect the location
and extent of a possible erosion pattern through a
turbine compared with results from cascade ex-
periments, Multiple impacts, due to bouncing off
surfaces, are probably unimportant for particles
<10 um and therefore do not have to be considered
for the levels of gas cleanup achieved during the
PF3C test at CURL.

Although angles of impact differ, cascade re-
sults are relevant provided the specimens have a
suitable shape. This was the case in the STAL-
LAVAL cascade. Concentration effects are of two
kinds, i.e., those that depend on pressure and
those that relate to centrifuging and secondary
flow effects. The effect of pressure is straight-
forward (the number of impacting particles per
time unit is directly proportional to pressure;
in this respect there is a direct analogy with
increased velocity, otherwise erosion rate is
normally assumed to increase with particle
velocity to the second to third power.) Centri-
fuging and secondary flow effects are likely to be
small for particles <5 um. As a result cascade
results will mainly have to be adjusted for con-
centration of particles >5 um when used to
estimate turbine esrosion. In the STAL-LAVAL
case the static pressure is 9.6 atm at the en-
trance to the first row of rotating blades in
the GT 120, as compared with 6 atm in the cas-
cade. An "effective” concentration increase of
1.6 results, i.e., very close to that factor which
was imparted in the cascade tests simply by rais-
ing the velocity to 520 m/s from the wvelocity at
the blade sections.

Based on these considsrations it would seem
. that levels of particles >S wm reaching the GT 120
gas turbine from a full scale PFBC unit can be
sllowed Lu by at least 2 td 3 times higher than
what resulted from the Stream 1 cleanup system with
two cyclones. Existing cyclone systems meet this
requirement.
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Figure 1. Leatherhead combustor configuration for the 1000 hour test.
The Stroam 1 cyclone train and placemant of the STAL-LAVAL
cascade are shown.
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Figure 14. Comparison of concentration and size distribution for dust reach-

ing the cascades during PFBC tests.at CURL (Test 3 during 1000
hour test) and at Exxon.
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Figure 2. STAL-LAVAL turbine blade cascade.
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Figure 3.
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Figure 4.

Figure 6.

Photo of cascade blade assembly
at end of 1000 hour test.

SEM-image of surface region

(in cross section) of FeCrAlY-
coated Udimet 500 blade. Coat-
ing thickness is approx. 100 um.
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Figure 5.

Figure 7.

Other view showing also part
of pressure side of FeCrAlY
coated blade.

SEM-image of corresponding
region after 350 hours e«-
posure to PFBC comtustion

gases.



Figure 8.

Distribution of sharp-edged particles at
the surface of cascade blades. Compo-
sition of blade materials and direction
of gas flow are shown.
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120 O=before test (average of ] e
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values for adjacent B
10- portions of blade)
1004 ®=measured values after /
test (at center of blade)

Note:
The locations of the different measurement
points are shown by the arrows.

Coating thickness, um
s
g

Figure 9. PFBC 1000 hour test. FeCrAlY coating thickness on cascade
turbine blade.
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Figure 10. Maximum observed corrosion attack (in
um and including subscale attack) on
uncooled U-500 blade after 850 hours
exposure to PFBC combustion gases.
"Contact” indicates point of contact
with blade mounting device.

Figure 11. Light micrograph showing corrosion attack

on uncoated Udimet 500 blade at point of
contact with mounting device.

Figure 12. Light micrograph of the same part of the
uncoated Udimet 500 blade. Electrolytic
etching in cxalic acid shows a composition-
ally changed surface layer.
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Figure 13. Light micrograph showing oxidation-sul-

fidation attack at leading edge of .
IN 671 specimen.



APPENDIX M

Examinations of Thermocouple positianed before cyclane an Stream 1

INTRODUCTION ~ Material: Prcbably samé sort of INCONEL

Time of testing:1000 hrs

Gas speed: 62 ft/s

Temperature 850 °C ,

Dust Ioading: 7000~10000 ppm (most particles~ lOO/u.m)
The thermocouple has belonged to the test plant at

CURL. It was kindly received fram CURL with wishes -
to take part of the result of the examination.

RESULTS Two cuts through the thermocouple, according to the
sketch below, have been examined microscopically
(M)

> -
47 e
ZI - - .

This examination shows the following:

= About half the circumference has an attack -
of a character similar to pure oxidation on
INOONEL. No signs of sulphides are there.
(IM) Before EDX~-analysis which has not yet
been dane it cannot be fully explained. The
maximum depth of the attack is in a cut ~<.54m

= The éttack seems to be positioned on the
tralling edge (back side) of the element.

= ‘The result of both the cuts is the same.

- Measurentson the cut show no signs of

descaling or erosian
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