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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-Laval 
Turbin A.B. · 
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1. . INJ.'R)DUCI'IOO 

The lOCO hr test programne carried out in the pressurised fluidised­
bed facility at I.Batherhead during 1979 had three main objectives 
which -were to assess: · 

(i) the perfonnance of alloyS whidl may be Suitable for 
fabrication of the tube bank 

(ii) oorrosion/erosion/fouling of candidate gas turbine 
alloyS . 

(iii) the perfo~ of gas cleaning equipnent, together 
with ccmprehensive techniques for assessing particulate 
ooncentration in the cx:xnbustion gases. 

'lb carry out the p:rogranme major m:xUfications arid additions had to be 
made to the Ieatherhead PFBC Test Facility. '1heSe b:roadJ.y involved, 

(i) Installing a new. canbust:Or in the existing pressure vessel. 

(ii) Providing an additional cyclone~ a Stal-LaVal cascade and 
associated du~rk and ancillary equi:Pnent on one stream f:ran the 
oc:mbustor (Stream 1) • 

(iii) Providing a new clean-up train of three cyclones on the second 
stream (Stream 2), a GE cascade of airfoils, and ass:>ciated 
ductx>rk and . ancillary equipnent. This Stream inoorp:>rated sane 
existing equipnent. 

(iv). Providing additional. lock mpper systems for dust renDVal .fran the 
cyc;:lones and nodifying the existing ones~ . · 

(v) Replacing the Pet:rocarb ooal flow feed oontrol arran:;Jements by 
rotary valves. 

(vi) Installing special oooled and unoooled oorrosion specimens in the 
cx:mbustor. 

All site installation ~rk and the greater part of the design and 
oonstruction ~rk ass:>ciated with the mt gas ductl«>rk, .and mt gas 
clean-up systems was carried out by Ieatherhead personnel. The 
arran:;Janent of the plant is ·sb:>wn diagramnatically in Fig. L.l. 

~major part of the ~rk ~carried out mtde.:r OOntract ET-78-c-<>1-3121* 
but a number of other organisations c:xmtributed to and participated in 
the ~Ldllllte. 

* Fran US Department of Energy 
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Stream 1 

To pressure 
let- down 

2° cyclone 

1. Dust sampling (CURL) 
2. I kor probes 
3. PMS laser and impactor 
4. Spect ron laser 

To 
I ockh oppers 

5. Dust sampling (NYSERDA) and ionisation 
· alkali monitor · 

·&. Gas analysis (02 • C02 , CO •• SOz, NOx) 
7. 50 3 analysis 
8. . Spect~al alkali .photometer 
9. Electrostatic charging · 

10. Electrostatic charge sampler 
11. Propane Injection (reheat) 

:stream 2 

~ + To lockhoppers 

Combustor. 

Fig.L1 
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· Ol:ganisation 

(i) FJ.ectric R:Mer Research 
Institute 

(ii) <l:xnbustion Systems Ltd. 

(iii) Stal-Laval TUrbin AB 

(iv) General FJ.ectric 

(v) American FJ.ectric ~-wer 

Contribution 

via Contract with Fluidised 
Cclnbustion Contractors Ltd. 
(i) special CXX>led and unCXX>led 
spec:imens for materials evaluation 
in the cx:mbustor. 
( ii) altemati ve refractory 
materials for the oanbustor walls. 
·(iii) tertiary cyclone ahd asoociated 
duct w::>rk for Stream 1. 

via Babcock, Renfrew, the tube section 
of the cx:mbustor. 

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

via contract fn:xn US OOE 
(i) cascade of airfoils, supervision 
of testing, between-test and ~st-
test evaluation. · 
(ii) coordination of initiql test 
progranme plarming. 
(iii) de~?ign data for Stream 2 rot 
gas clean--up systan, Nyserd.a sampling 
equipnent, eQUipne.nt for ~idipg und 
for measuring electrostatic charging, 
and operator training for the latter • 

.. 
SUpply of ooal and dolcmite. 

Appendix L describes the engi.OOering of the rig in nore detail thari 
hitherto and a:mnents u~n the operational behaviour of ·the .im~rtant 
oan~nents .. 
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2. DESCRIPTICN OF THE TEST :mCILITY 

2 .1. The C<nibustor 

General 

The carbustor (Fig .. L. 2 } cmsisted of a refractory-lined casing 
situated within a vertical pressure shell of 6 ft intemal dianeter. 
Air cx:::rnpressors supplied the fluidising/carbustim air which 
entered through a camection at the top of the pressure shell. 
'!he air flc:Med dCMnwards ·around the outside of the canbustor 
(cooling the casings in the process} and then l.lJ:Mards through 
the distributor plate anc1 into the bed. Thus the walls of the 
refracto:ry-lined casings had to withstand only the pressure 
nifferentii;il due to' the pressure drop :irrposed by the distributor 
plate and the fluidised bed. 

Tube Bank and Cantairurent 

'!he containment tapered fran the distributor plate to the level 
of the top of the tube bank. The rretal casing was of 3/8 inch 
thick carbon steel and was lined with insulating and hard refractory 
(see P. 6 for refracto:ry details}. The cross-section inside the 
refracto:ry was 2 ft x 2~ ft at the top (Figs.L.2 and L. 3}. 

'1he tube ·bank extended fran 2 ft to 8 ft above the distributor 
plate. '!he general tube gearet:ry was representative of that 
being considered for the design of the AEP /Stal Laval Engineering , 
Test Facility ('!he Tidd Plant} • The tubes were of 1~ inch o.d. 
heat-resisting steel m a 6~ inch horizontal pitch and· a 3~ inch 
vertical pitch. Alternate roNS were displaced to give a Fattem 
which, while it was staggered, was not unifonnly triangular through­
out the tube bank. The proportion of bed volume (within the tube 
bank} occupied by tubes was about 15%. 

The tubes were fonred 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 fran the outside and 
set in the refractory an the inside. Altemate roNS were nounted 
fran opposite ends so that half the tube bank was mounted fran cne 
end wall and half fran the other. '!his cantruction can be seen 
in Fig. L. 44 a :P'lotograph of one half of the tube bank ·taken after 
di5Gtantling the car:'lbustor at the end of· the programne. 

In the upper part of the ccnbustor, each hairpin fanned an individual 
water circuit. In the laver part of the canbustor, two hairpins at the 
sarre level were camected in series, exte:tnal to the casing, to 
fonn a single water circuit. 

3 



STREAM 2 

1. Compressed air Inlet 
2. Water Inlets and outlets to tube 

bank circuits 
3. · Baffle tubes In freeboard 
4. "High level" bed offtake 
5. Tube bank 

-----~~STREAM 1 a. Start·up burners 
l"'\'hl'~~1.'"'""V= 7. Coal nozzle 

8. Air distributor. 
9. · Bed offtake 

10. Corrosion probes 
11. Air coollng.supply to corrosion 

probes 
12. Gas offtake baffle . 
13. Mixing baffle 
14. Oae eplltter 
15. Corroelon Indicator probes 
18. Zlrconla·cell oxygen probes 

fig. l2 ARRANGEMENT OF FLUID BED COMBUSTOR Mk Y.! 
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Fig.L3 .. Tapered• Combustor casing before 
lowering into pressure vessel 

Fig.L4 North End wall showing tube bank 

water connections 
5 



Becuse water at laN' t.ell'p3rature was the cooling nediun 01 the 
Ieatherhecrl rig, cnly a part of the tube bank was oooled, the 
rercaining tubes qJerating at bed t:errperature. '!he cooled tubes 
"Were distributed nore or less evenly throughout the tube bank. 
Each cooled circuit had a separate water inlet and outlet with 
thel:m:xx>uples to measure the t:e~~Jlerature rise so that the heat 
flux to eadl circuit could be accurately m::nitored. (Fig. L.4). 
The cil:cl,li.ts were of differing lengths, but no circuit includai 
tubes . at rnre. thaii one elevation. 

Baffle Tubes and Freeboard 

'!he casing secticn above the tapered part of the carbustor 
ocnstituted the lONer of the brio freeboard casings, and cmtained 
the baffle tubes. 'lhese started 110 inches above the distributor 
plate (i.e. about 14 indles above the naninal bed level) and ~re 
in four raws 01 a triangular pitdl of 2 inch vertical and 2 inch 
horiz01tal centres. 'nley "Were ccnstr\rted of 1 inch o.d. heat­
resisting steel ttbe and \t.lere \t.lelded at rne end to pegs attached 
to the casing and prot.J::u:ling through the refractory. Alternate 
tubes \t.lere attached to opposite sides, and the free ends were 
supported by bradcets fixed to adjacent tubes. '!he baffle tubes 
\t.lere at right angles to the ttbes in the tube bank. 

'!he total freeboard height above the nani.nal bed level was 8 feet. 
10 indles above the baffle tubes the casing secti01 ccnverged 
slightly (over a height of 2 ft) fran 4 ft x 2\ ft to 3 feet 11 
inches x 1 foot 11\ inches. '!his was IV30e8Sa.cy in order that the 
tq:m:Jst freeboard casing and suspensi01 steelwo:rk fran previous 
fanns of the carbustor could be re-used. Gases left the freeboard 
thrQlJ3'h a 9 inch diameter exit in the roof of the cc:ni::>ustor. In 
the upper part of this gas offtake the gas flaN' was split into the 
two strearrs (Fig. L.S). 

Corrosi01 Spe:ci.nens 

Inserted into the bed, rrostly within the tube bank, but sore bela-~ 
the tube bank and sane in the freeboard \t.lere corrosi01 specircens 
nanufactured fran alloys that might be used in a carmercial plant. 
'!here \t.lere basically four types of speci.nen: 

1. Cooled corrosicn prciles. 'lhese \t.lere made q:> of four tubular 
specimens, 1\ indles in dianeter and approximately 4!..2 inches 
l01g, welded together to fann a probe approximately 22 inches 
l01g and cooled internally by an air Sl.JR>lY which was c01trolled 
to give a specified netal t.enperature 01 rne of the specinens. 
A thenoocouple was erri::ledied in the wall of each specinen to 
m:nitor its t~ature. Cooling air for the prdJes was 
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Fig.L5 General view of facility showing 

Streams 1 and 2. 
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diverted fran the main carbusticn/fluidising air dCM11.Stream 
of the pressure and flew ccntrolling elenents. '!be air 
exhausting fran the prd:les was piped to a positirn relc:w the 
distributor plate where it mixed with the main fluidising air. 

2. lh'lcooled carrcsirn prcbes. 'Ihese were of a similar crnst.ru::ticn 
to the cooled prcbes, but had no cooling air supply. '!he 
speci.nels were made of two materials - Incoloy 800 H and 
Inccnel 617. Previous experienae had shCMil that these alloys 
could re used to indicate the corrosirn potential in different 
parts of the bed. 

3. tbcooled corrosion rods. A nunber of \ inch dianeter rods, of 
various materials, were inserted through the crnbustor casing 
to a depth of 3 inches at various positirns. These rcrls were 
drilled axially to take a th~ouple. 

4. Corrosirn indicators. A nurber of rods were hung fran two of 
the uncooled tubes in the tube bank. 'lhese rods were made of 
two materials - Incoloy 800 H and Incrnel 617. 

A. full descriptirn of the corrosicn investigaticns will be given 
elsewhere*. '!he general locaticn of the specirrens is shCMil in 
Fig. L.6. 

Distributor Plate 

A crcss-secticn of part of the distributor plate lt> lllus Lrated in 
Fig. L. 7. Passing UI;Mards through two mild steel plates were 70 
heat-resisting steel tubes en a 3 inch x 3 inch square pitch. The 
q:.per ends of the tubes were closed off. The tubes were % inch 
o.o. and each had fourteen 1/8 inch diameter holes in two rc:ws drilled 
throogh the walls so that the fluidising air ercerged approximately 
horizcntally into the red. The bottan rc:w of holes, which was 1 inch 
above the tq> plate of the distributor, defined the start of the fluidised 
bed. Six of the nozzles were made fran different materials for 
investigating oorrosicn behaViour and were fitted with thelllOCOllples. 
'lWo of the six nozzles extended a further 2 inches into the bed (the 
air inlet holes remained at the sane level) so that additicnal indiOJ:m­
atirn rn corrosicn behaviour at higher netal terrperatures could be 
ci>tained. 

'nle charrber between the mild steel plates was internally divided 
into a nunber of sectirns fran which prcpane could re fed into the 
air nozzles via small holes. The prq>ane was used to heat the bed 
during start-up. Each secticn had an individually ccntrolled p:rq>ane 

* '!he corrosicn investigaticns within the carbustor are covered 
by a separate crntract retween EPRI and Fluidised Carbusticn 
Crntractors Ltd. (a joint venture carpany of Babcock Intematicnal 
Ltd and British Petroleum). The results will re reported by 
FCCL to EPRI. 
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supply and propane was fed first to those air nozzles closest 
to the start-up burners. Cold flCM rreasurem:mts of distributor 
pressure drop together with pressure drop rreasurement during carbustor 
operatien provided a relatienship between p and a flCM paraneter 
F* whiCh~ for the dis.tributor plate used in this progranme, is 
shCMn in Fig. L. 8. The pressure drop during normal operatien, 
was about 20 inches w. g. 

Refracto;ry lining 

'!he whole of the canbustor and freeboard was lined with a 2-inch 
thick layer of hard-face refracto;ry backed by a l-inch thiCk laye2 
of insulation refracto;ry (thermal conductivity approx. ·1.5 Btu/ft .h.~/ 
inch) • As part of the contract with EPRI, different faces of the 
canbustar were lined with different refractories so that a c:onparisen 
of' suitability could be made. The types of hard-fare refracto;ry 
en the various faces are shCMn in Fig. L. 9. 'Ihe refracto;ry and 
insulatien layers were secured by two-piere, stainless-steel 1 Y 1 type 
anchors welded to the mild steel side and end plates. '!he tubes of 
the· tube bank and the baffle were fitted to their re~ctive casing 
sections before refractory was placed. 

Tube Bank Services 

The:rrro-wells, pressure ·taps, corrosien probes, coal and dolani te 
nozzles and start-up burner carbustien d'lallbers were all bolted or 
scr~d externally en the casings and were fitted as the secticns 
were assembled. 'Ihenrowells were open ended of 5/16 inch o.d, 
16 gauge heat-resisting steel, projecting approximately 3 inch in 
fran the refractory wall of the casings. Pressure tappings 
finished flush with the wall. Positiens of the the:rmcouples, corrosien 
probes, indicator prcbes, and Zircenia-cell oxygen probes can be 
seen in Fig. L. 6. 

All ccnnectiens to the bed cas'ings were made either from the top 
or bottan of the cylindrical pressure casing or fran cne of the two 
2o-inch diarreter manways en each side. Both the side manWays and 
the top head ccnnectien incorporated sandwich ring flanges with radial 
tappings through 'Which cannectiens were made. The top dare flange 
ring also supported the steel frane fran which the whole of the carbustor 
casing asserrbly was suspended. Most water circuit ccnnectiens to · 
the tube bank were made through the tope dare flange ring, via vertical 
t.tres fitted to the outside of the corrbustor casings (see Fig. L.4J 
connected to their respective bed tubes by corrugated stainless-steel 
flexible hose. Pressure tap inpulse lines and thenncouple cannectiens 

*. F = (air mass flCM) 
2 

x ~solute t.enperature/pressure = censtant 
x air density x velocity • 
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were made via multiple gland assemblies fitted to nozzles en the 
top dCi!'e of the pressure vessel. 'lhemocouple cables between 
neasuring points and these glands "Were of standard canpensating 
cable laid in cx:nduit fitted to the outside of the carbustor casings. 
'ttle rest of the water circuit carmecticns "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 corrosicn 
probes. 

Coal and Dolanite Feed Nozzles 

Two coal feed nozzles were sited 6~ inches above the base of the 
fluidised bed as shewn in Fig. L. 7. The nozzles projected \erti.cally 
upwards through the distriubtor plate and ended with horizcntal 
pipes so that the whole assembly simulated a single coal feed nozzle 
ending in a Tee in the fluidised bed. The nozzles had an internal 
dianeter of 0.82 inches (% inch nand.nal bore pipe) and were ther:mally 
insulated fran the fluidised bed to reduce the possiblilty of caking 
of the coal. Dolomite was fed through the side of the canbustor 
casing via a separate, lminsulated nozzle as sha-m in Fig. L. 7. 

Start-up Burners 

'ltl.e canbustor was equipped with two gas-fired burners for initial 
bed heating (item 6 of Fig. L.2). These burners also acted as a 
source of igniticn for propane vapour, supplied via the air tubes 
in the distributor, which augrrented the heat output fran the burners 
cnce a bed t.errq;Jerature of 4<Xl - 6CXPF' had been . reached. 

Each bumer ccnsisted of a ccmnercial air/natural gas bumer, 
with integral flame failure cmtrol, firing into a small refracto:ry­
lined cx::nbusticn chamber into which diluQ.cn air was added to 
reduce the gas temperature to6about 1600~. . Each bumer had a 
nonnal heat input of 0.2 x 10 Btu/h and the canbusticn 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 aanbustor, sited approximately 
8 indles al:xwe the distributor. 

Rem:wal. of Bed ·Material 

During no:r::mal operaticn, bed height increased due to the release 
of ash fran the coal and to the accumulaticn of dolcmi. te used for 
the retenticn of sulphur. Bed depth, which was m:nitored by 
differential pressure readings, was maintained at the required level 
by periodic rercoval of bed material via a small hopper and an ash off­
take tube (item 9 of Fig. L.2). This passed da-m throU3"h the space 
within the pressure shell belaN the distribt:d:.or to be discharged to 
at:m:>sphere through two manually cperated l-inch dianeter full flaN 
valves (cne a ·Neles and the other a lubricated pl\J3" valve with a 
cooled base) • 
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2. 2. Solids Preparaticn and Feeding 

Coal Preparatien and Storage 

The coal was supplied, crushed and d:i::"ied by an outside ccntractor 
to the desired s:pecificatien. It was delivered by sealed road 
tankers which were discharged pneurna.tically into silos. '!he 
silos "Were purged with nitrogen to reduce the risk of overheating 
and cenden.satien. 

<X::casienally during the progranme excessively fine material reached 
the canbustor. '!his was mainly due to poor quality centroi by 
the supplier but it is prcbable that sare segregatien did occur 
in the silos despite them being Equipped with anti-sgregatien bases. 

Coal Pressurising 

The equiprent was generally as sho.vn in Fig. L.lo. It was orig.i.ilally 
supplied by Petrocarb Inc. but had been modified substantially by 
CURL over a period of several years. The storage and feeder vessels 
fonred a lock-hopper feeding system. 'llie system was provided with 
instrt:arentatien for autanatic sequencing, but, as the capacity of 
the vessels was such that the cycle ti.ne was about 10 hours, the 
valve sequence was operated manually. The normal interlocks were 
included to ensure safety in the event of hunan or nechanical error. 

When a lCM level was indicated in the feeder vessel, nitrogen was 
blCMn into the storage vessel l.IDtil its pressure equalled that of 
the feeder vessel. ·The interccnnecting valves were then opened and 
material allo.ved to flCM by gravity. Displaced gas fran the feeder 
flc:Med through a balance pipe to the storage vessel. After transfer , 
the vessels 'Were isolated and the storage vessel was vented to at::m:>sphe~. 
Re-filling fran the silos was via a dense phase pneurna.tic ccnveyor, '· 
the coal having been first screened to rerrove oversize and tramp material. 

· The feeder vessel pressure was autanatic.ally controlled at approximately 
7 psi above the canbustor casing pressure to provide the pressure 
head neoesscu:y to trans:p:Drt the coal and to minimise the risk of 
reverse flCMS CMing to pressure fluctuatiens in the carbustor. The 
control of this pressure difference was accanplished by injecting a 
ccnstant flCM of nitrogen into the feeder vessel and throttling the 
flCM through the vent line to atrcosphere. 

The weight of coal in the system was rreasured by two sets of load 
l£!lls, cne en eu.ch of the vessels. To allow independent "Weighing ' 
the vessels "Were· mechanically isolated. fran each other by flexible 
bellCMS. These flexible secticns "Were nonnally vented to atnosphere 
to eliminate errors in load ceil readings caused by a variable pressU:re 
in the bellc:Ms leading to variable thrusts en the valves en either side. 
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Coal Feeding 

The Petrocarl> vessel was equipped with six offtakes. '!hree types 
of feed centro! de.vice. were installed: 

two rotcu:y valves 
two 'L' valves 
two mcxlified Petrocarb offtak.es. 

Qlly the rotary valves ~re used- the others were 'back-up' 
arrangements in the event of rotai:y valve failure. The rotcu:y 

. valves were built specially for the prograrme by the manufacturer* 
whose design was developed in ccnsultatian with CURL. Features 
of the design of the rotcu:y valves and cc.mrents an their perfo:rmance 
are given in Section 3. 

Dolani:te Storage, .Pressurisatian and Feeding 

The equipnent used was generally as· shewn in Fig. L. 11. The 
sorbent, delivered in paper sacks, was first screened frcm tramp 
material and oversize before being conveyed pneumatically to a 
bulk storage bin. Fran this bin the material fla.ved by gravity 
into a lock hopper system, thence to the cc::xrbustor via a rotary 
valve and a dilute phase pneumatic oonveying line. Feed rate 
was manually controlled by varying the speed of the rotai:y valve 
drive. 

The weight of material in the feeder was neasured by a hydrostatic 
load cell. A pneumatic transmitter fitted to the oell gave 
signals for recording and seqU:moe control. 

The lock hopper valves were operated in sequence by <1 system of 
novi.ng-part pneumatic logic elenents. '!his system was entirely 
autcmatic and did not require manual interruption during nonnal 
operation. A series of interlocks was provided to prevent depressur­
isatian of the feeder and to isolate it fran the canbustor in the 
event of malfunction. 

During the final 150 hours of the programre, the so:rbent was fed 
for part of the tirre using a pulsed 'L' valve. Features of design 
and operation of this and the rotcu:y valve are given in Sectiq-t 3.' 

* Westinghouse Brake & Signal Co, Cqltrols & Autarnati911 Div, 
Chippenham, Wiltshire, England. 
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3 .1. · ·lbtary Valves 

The arrangement of the coal feed rotary· valves beneath the feeder vessel 
with their associated equipnent is shown in Figs. L.l2 and L.l3 am 
details of the valves thanselves are shown iri Fig. L.l4. 

CURL were aware that attenpts to use rotary valves with coal at high 
pressures elsewhere had been ·unsuoc."eSsf-ul. due to leakage fran the shaft 
ocu.lo \ll'ld abrasion of the J:'Ody ;:mn h 1 ndP.s. Measures were therefore 
taken to minimise these problans as follows: 

(a) The shaft seals were chev.ron gland packs which provided a 
perfect gas seal with no "pulling"""Up" ~ed during use. 

(b)· the seals were purged with clean, dl:y air to prevent dust and 
grit v.orJdng 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 rpn). 

(e) The pressure difference across the valve was kept low (about 4 
psi) and the valves were used as s:in"ple volumetric meters, and 
not as air locks. 

The Irotor drives were shunt v.ound D.C. with solid state controllers. 
The set J;X>ints of the controllers were adjusted either manually, or 
IIDre usually, by a signal from the· canbustor bed ~ature controller 
in the main control roan. 

The valves perfonned satisfactorily throughout the prograrnrre. The bed 
tanperature was maintained· ver:y 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 sna.ll apertures at the bases .of the Petrocarb offtakes. Automatic 
control of bed ~ature was found to· be+feasible, and it was J;X>Ssible 
to maintain the bed tanperature to within - 10°F over a test period of 
typically 200 murs. A typical set of operating conditions is given in 
Table L.l. 

There was no leakage from the glands of the valves. However, on 
inspection after the first 250 h:>urs operation the shafts were found to 
be grcx:iJved in the: seal a:reas. · These a,i.:xu; were hardened and regrourxl 
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.lS and L.l6) and no wear. of the l:xxly could be 

·detected. 
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The:'rohu:y valve on the dolcani.te feeder was a standard (2 inch) IOOdel 
modifieci' for high pressure use by the manufacturer*. The modifica­
tions consisted of installi.rig a chevron packing in the shaft seals 
and strengthening· the end covers • It was not p:>ssible to purge the 
shaft seals ·because of the sruill. size of the :vcllve. 

· The valve perfonred satisfactorily through the test. Same leakage 
was fmmd: through the drive end shaf.t seal of the rotary valve after 
850 oours. 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 •r:,' valve used on ·the dolanite feeder was generally as sh:>Wl in 
Fig •. L.l7 and was based ort the· \\Ork carried out at ArgOnne National 
Laboratories. A small pressure vessel of approximately 2 lb. 
capacity was fed fran a side ann on the main dolcani.te feeder vessel. 
The dip leg seal and balance pipe -were found to be necessary to prevent 
flow aronnd 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 p:>tential 
feeding device and has the advantage of being w:i:tmut moving parts in 
the feed line. The feed rate was not as repeatable or consistent as 
with the rotary valve, rut with further developnent satisfactory .. 
operation can be anticipated.·. ·A typical set of operating oonditions 
is shown in Table L.3. 

·.·~.Westinghouse Brake· & Signal Cb., Cbntrols &·"~Autanation Div., 
Chippenham, Wiltshire, England. 
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Table L.l COAL FEEDING - TYPICAL OPERATICN CCNDITICNS 

Feeder pressure 
canbustor pressure 
Ccnveying air velocity 
Solids/gas mass ratio 
IDck hcpper cycle ti.ne 
Feed rate 
Ccnveying line ·dianeter 
Ccnveying line ·length 
Rotary valve speed 

. . 
: . 

. . . . . . . . 

83 psig 
76 psig 
30 ft/s 
1.4/1 
10 hours 
580 lb/h 
%" {Sched 40) 
30ft 
3.3 :rpm 

Table L. 2 . . DOUMI:'IE FEEDING - TYPICAL OPERATING CCNDITICNS 

Rotacy Valve cp:raticn 

Feeder pressure 
Canbustar pressure 
Ccnveying air velocity 
Solids/gas mass ratio 
IDck hopper cycle tine · 
Feed rate 
Ccnveying line dianeter 
Ccnveying line length 
Rotacy valve speed 

. . 

. . . . . . 

81 psig 
76 psig 
30 ft/s 
1.2/1 
90 mi.ns 
240 lb/h 
%" {Sched 40) 
30ft 
6 :rpm 

· ·'i'able:L.3,;: ·.·'L·' .. VALVE 'OPERATING 'CONDITIONS 

As above. except:-

Rotary valve speed 
'L' valve pulse rate 
Pulse duraticn 
Pressure of pulse air 

. . . . . . 
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4. DESIGN'AND OPERATICN OF~ EXPC6ED 

TO Har CCMRJSTICN GASES AND SClL!Il3 . 

4~1. Hot Gas Path 

Gas Flew Splitter at the Canbustor Outlet 

'1lle arrangercent by which carbustor gas flew was split into two streams 
of 2 and 1.2 lb/s flew can be seen by reference to Fig. L.l8 whidl 
shews the pcsitim of the mixing baffles and splitter insert. The 
purp:>oc of this · arranga:nent: was to provide streams of similar solids 
ccnoentraticn by splitting the canbustor gas flew isakinetically.; 

Fig. L. 19 shcms the cx;:inStnlctien of the canbustor outlet duct in 
which the splitter was noun ted. In order to allew for diffemntial 
eJq:>ansien with respect to the pressure shell, the outlet duct 
ccnsisted of two parts: (i) an outer casing of mild steel which was 
bolted to the pressure shell at the tcp 20 inch diarreter nozzle with the 
small eJq:>ansien being taken up by a set of bellcws at the bottan and 
(ii) an inner refractory-lined duct (item A of Fig. :n..l9). The latter 
sat en top of refractory cast in the carbustor outlet and was free to 
eJq:>and upwards. IEsting en tcp of this refractory-lined duct was a 
duct cast in refracto:ry (item B of Fig. L.19) -whidl had side holes to 
line up with the two stream brano hes. Dinensicns were such that holes 
and branches were in aligrment at cperating tenperatures. The splitter 
was mounted in the side hole to Stream 1. 

This upper refract01:y duct was set in ceramic fibre packing in its 
pressure casing and relied en this to prevent gas tracking between 
sliding refracto:ry joints to the casing. . en previous PFBC layouts, 
with cnly a single stream, this system worked adequately but with two 
streams - and two refracto:cy-lined nozzles for the sliding duct to seal 
against - it was not so successful. Censiderable difficulty was 
experienced during assenbly and evidence of gas tracking behind 
refractOry ·was seen during Test 1. 

Subsequently the ceramic fibre packing was replaced by a refractOl:y 
"grout" and the oanstructicn gave no further trouble during the lCXX) hrs. 

Stream 2 E?q;>ansien Joint 

The provisien of a sufficient length of ducting for dust sanpling, 
electrostatic charging, and sanpling en the inlet duct to the cyclcnes 
of Streom 2 neant that the prima:ry jsecenda:cy stage vessel was noun ted 
about 20 ft away fran the gas off-take of the oc:rrbustor. 'Ihe elq?ansion 
of this length of duct (about !z ipch) at cperating tenperatures was 
c::x::mpensated for by the ccnpressien of a 20 inch diarreter bellCJNS unit at 
the oanbustor end, the total length of the duct being . restrained by four 
tie rods. 
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Fig. L.20 shCMS the final arrangenent of the bellc:MS. 'lhe two-ply 
corrugated secticn 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 fran cne end and a two-layer 
:refractory liner, mounted en a sandwid1ed flange fran the other. 
'!his ccnstructicn, used during a previous prograrme (G.E. Tests 8 and 9) 
in the sane si tuatian had suffered severe local stress corrcsicn of ·the 
321 stainless steel with the result that longitudinal cracks appeared 
in two plaoos across the corrugations, forcing a plant shut-davn. 

A small ccncentratian of chlorine in the carbustor off-gas cx:ndensing 
an the :relatively ccol corrugaticns was identified by inspection and 
analyses carried out by the manufacturers as being the nost likely 
instigator of the corrosicn. Ccnsequ:mtly, a change in the material 
of ccnstructian of the corrugaticns was reccmrended for the l<XX> hour 
prograrme. Incoloy 825 was thought to provide m::>re resistanoo to such 
attack • Havever the ext:renely lang deli very of a replaoonent set of 
corrugations in this material and the small possibility that similar, 
albeit less rapid corrosion may still occur, because of the sub-dewpoint 
c:perating tenperature, prcxrpted a small nodification to the design of the 
unit which is shCXYn in Fig. L.2o. This tcx:lk the fo:rm of a gland assenbly 
welded to the free end of the existing mild steel liner, and bearing an 
the inside surfaoo of cne of the stubb ends, thus providing a sealed 
cavity around the inside of the corrugations. 'lhe gland packing was 
not expected to fo:rm a gas tight seal but nerely to provide sufficient 
:restriction to allCM the cavity to be ·filled by a small flew of nitrogen. 
lh practioo a very efficient seal was provided by the gland cnce the unit 
had :reached operating temperatures and marking of the inside surface of the 
bellc:MS stubb end, seen an inspecticn after 265 hours operation, indicated 
that the packing had carpen.sated -well for lack of concentricity of the 
pipe whilst allcwing bellc:MS canpressicn of about half an inch.. This 
marldng, and the very clean cx:ndi liens of the inside surface of the 
oorru<]ilti.ons (32l SS) 1 can be seen ill Figs .. L.53, a photograph taken 
after 1cm. murs of operation. A spare bellows in Incoloy 825 was 
delivered· part.- Wa.y through the prograrrrne, but was not used. 

Duct wmk upstream of cascades 

It was essential to avoid material break-away fran the walls of the duct 
~tween the final cyclcne stage and the cascade. This precluded the 
use of refractory or ceramic materials and hence a netal lining within 
cas table insulaticn :refractory was used. Two ccnsideratians arcse: 
cx::rcpen.satian for the differential e~ansian involved and avoidanoo of 
material likely to suffer fran serious 'spalling' of the oxide film. 
Final choioo of material, hcwever, was infll.:enced as much by availability 
and workability as by theoretical requi:renents. 
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An example of the detail design of the rretal-lined ducting is sha.-m 
in Fig. L.21. Apart fran 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 crnstructian, (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.21 shows how the liners were located in the insulatirn 
refractory at a single plane in a way that minimised crnductirn to the 
casing and· which allaved lrngi tudinal expansion in both directirns fran 
that point. Male and female sliding joints were fitted at the ends of 
each secticn of duct and the whole liner wrapped in ceramic paper 
insulatirn before insulation refractory was cast aramd it. The 
interlocking points protruded beyrnd the ends of each· sectirn and lugs 
and sockets were added en the casing to provide nore accurate alignrrent. 

Flow rreasuring elements were built into the ducts to m::mitor hot gas 
flow in each stream. 'Ihese tcx:k the fonn of a venturi in Stream 2 and 
a nozzle in Stream 1 ,· and used similar sliding joints to ccnn.ect to 
adjoining duct sectiens (see Fig. L.22). 

Inspecticn of the ducts between tests and after l<XX> hours showed no 
sign of malfuncticn or damage even though parts of the Stream 2 duct 
had \IDdergCDe lrng periods of operatirn at up to 880°C when prcpane was 
bUDled to carpensate for heat losses. The duct walls were, in the main, 
CXXlted with fine easily renovable dust, particularly in the case of 
Stream 2 where the coating thickness was 3-4 nm in many places. There 
were sane bare areas in Stream 1 havever, notably an the ducting at the 

· entry to the Stream 1 cascade. 

ID=al build-up ·had occurred rn the upstream facing edge of the. branch 
for the GESRI dust sampling probe at its intersection with the main 
duct en ·Stream 2 and thickness here was 6-10 rrm. Although the type of 
dust associated with PFBC systems is nonnally nan-abrasive it is possible 
that over a lcng period of exposure to hot gases interspersed with pericx1s 
of shut-da.-m in crndi tiq15 where moisture absorption can occur, ham 
agglanerates might fo:rm. Avoidance of aerodynamic cenditirns crnducive 
to the fonnation of large dust deposits between the final gas clean-up 
system and the turbine is therefore desirable. 

Spalling/exfoliatirn of oxide films an alloy ducting walls is also 
a potential risk to tw:bine blades. Examinatirn of the cascade rn Stream 
1 sh~d sate scale to be embedded in the surface coating. '!his was 
not so en the cascade an Stream 2, where the ducting was rrore heavily 
CXXlted with dust. 
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It is possible that spalling/exfoliation of the oxide layer during 
cxx:>ling on the 316 alloy used for the ducting on Stream 1 led to the 
~ler accunulations of dust as well as to greater risk to the 
turbine blades. On Stream 2 the c:anbustion gases were Qy-passed 
until full operating a::md.itions ·were reached, henoe if spalling of the 
·oxide layer on the 310 alloy did ocrur the material w:::>uld be discharged 
through the by-pass on start-up. 

Viewing window for the electrostatic charging system: Strean 2. 

A sight glass (Fig. L.23) was installed in the duct ahead of the 
primary cyclone on Stre:un 2 to enable the corona discharge fran 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 
4SO to the axis of the duct. 

'Ib provide isolation in the event of window breakage and to· facilitate 
cleaning, tbe body of a "w:>rcester Series 44" ball valve was installed 
between the windows and the prbeess stream. I:buble windows were 
provided as a safety measure, together with a wire mesh screen on the 
outer window. The sight glasses were made fran O:>rning ''Vycor" silica 
glass and the musing was constructed fran grade 321 steel. 

Nitrogen purges were provided to the inner faoe of the inner window in 
order to prevent particle deposition. It was also supplied to the 
spaoe between the tw:::> glasses and the pressure there controlled to 
approximately 40 psig by restricting the vent flow. Plant pressUre 
was therefore dropped in tw:::> stages and the resu1 tant thrust on eaCh 
sight glass was only half of that which would have been taken by the 
glass in a single w:indow unit. 

The unit operated satisfactorily througoout the l<XX> h:>ur :prograrcme. 
N:> sight glass breakages ocx:urred and, altlDugh a slight dep:>sit 
accumulated on the inner glass faoe, cleaning of the window was never 
required. 

4. 2. lbt Gas Clean-up 

Stream 1 Cyclones 

All three cyclones in this strean were of conventional design. The 
primary and secon~ cyclones ~ere of similar proportions and were 
supplied by Van 'lbngeren (U.K.) • Their dimensions are sh:>wn in Fig. 
L. 24. Salient features are volute inlets and outlets and tapered 
vortex findcrc. (Not. shown in Fig. L.24). ThP. 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 - 2·0 IIV& 
Inlet velocity = 60 ft/s 
Body diameter ::r 20 inches 

a/0: 0·46 
b/0= 0·21 
A/0= 0·30 
S/D = 0·90 

.h/0= 1-32 
H/0 = 3·80 
B/D = 0•40 

Secondary Cyclone 

Mass flow = 2..0 lb/s 
Inlet velocity = 100 ft/s 
Body diameter = 15•4 inches 

a/D= 0·46 
b/0= 0·21 
A/0: 0·19 
S/0=0·90 
h/D= 1·32 
HID= 3·80 
8/0• 0·40 

Fig. L 2 4 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-c:xx>led supp:>rt franes 
in a 4 ft 6 inch diameter pressure vessel (see Figs. L.25 and L.30). 
So that expansion movement oould take place, the inlet to the primary 
cyclone was nqt };X)sitively 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). 
EKpansion of each cyclone and its ash leg downwards fn:m the rnounting 
point, (which was at the level of the pr:imary cyclone inlet) was taken 
up by bellows units mounted in the ash legs. 

The separation h:>pper of the pr:imaJ:y cyclone was fitted with a steam­
heated ooil.to reduce the effects of oondensation during start-up and 
also to provide a heat sink should mal-operation result in oanbustion 
in the cyclone hopper. 

The outlet from the seoondary cyclone was connected via another set of 
expansion bellows to the tertial:y cyclone which was mounted, again on 
water-a:x>led supports, in an adjoining 2 ft diameter pressUre ve5sel. 
The tertiary unit was of the Stainnand "High Efficiency" design and 
had a tangential inlet with a gas velocity of 145 ft/s (see Fig. L.27) • 
The outlet oontinued vertically on the axis of the vortex finder and 
was sealed at the top flange of the oonta.ining pressure vessel. 
EKpansion downards and u}:Maros fran the mounting J;;Oint (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 firlder. 

The ronl..C:Llulng vessel for the primary and serondal:y cyclones was lined 
in its u:pper half and top dane with approximately 4 inches of 
venniculite/Canent-Fondue insulati.on on the walls and the remaining 
Spaces around the cylones filled with loose venniculite grarrules to 
provide a barrier to heat loss fran the cyclones. The adjoining 
tertiary cyclone vessel was sbni.l.arly filled with venniculite 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 temperatures taken 
during Test 4. Only on the tangential inlet nozzle on the 24 inch 
diameter terti_ary vessel, where insulation thickness was limited to 
about 1~ inches by the geanetry of the cyclone inlet, was heat loss 
appreciable. 

Stream 2 Cyclones 

The arrang"anent of primary and seoondary sta~ ·cyclones in this stream 
was unusual in that they were mounted oonoentrically. Fig. L. 29 
shows the arranganent of the three cyclone stages and 1m1dl of their 
constructional detail. The oonfiguration was suggested by GE in 
order to fonn a large volume for the first stage to assist electro­
static enhancement· whilst at the same time making use of an existing 
presspre vessel. 
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stream 1 primary cyclone 
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Tertiary Cyclone 
Mass flow = 2-0 lb/s 
Inlet velocity -=-145 ft/s 
Body diameter = 13 inches 

a/D = o.s · 
b/D = 0~19 
A/D=O .. s 
S/D = 0·5 
h/D = 1.5 
HID= 4 .. 0 
BID= 0.3·8 

Fig. L27 Dimensions of Tertiary Cyclone on Stream 1 
Stairmand High Efficie~cy 
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Fig. L29 Stream 2 cyclones. 
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The ·pr:i.mary cyclone was fanned in the pressure vessel by pre-cast 
refractory shapes which made up the nx>f 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 fonn the 
cyclone barrel, and the lower half was cast into an offset hopper 
shape to collect the primary dust and divert it to the ash leg. The 
outlet vortex finder had to aca:::mrodate the secondary cyclone in the 
upper part of the vessel and so was of sarrewhat 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 
clarrped onto a ~ inch thick water-exx>led mild steel suppJrt ·plate 
welded to the vessel casing. ·Ceramic fibre packing was then laid on 
top of the ring flange and clamp, (to allow space for expansion) , before · 
the conical refractory shape in the top of the vessel was cast in :fOSition 
on the supp:>rt plate. Water connection blocks which ·supplied the water­
exx>led supp:>rts for the secondary cyclone were alro :roounted here. The 
top of the conical vortex finder of the 1st stage, clamped to the supp:>rt 
plate, with the 2nd stage cyclone nounted fran its ·water-exx>led SUPJ;X>rts 
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 P:rotX>rtiDns and the intrusion of the second stage cyclone 
and ash leg on its centre line led to same uncertainty as to the 
perfonnance and p:ronpted cold flow testing by GE on a full size model. 

These tests indicated a tendency for re-entraimnent of dust fran the 
collection hopper beneath the cyclone up the outside of the secondary 
stage ash leg which fonned the core of the cyclone vortex. A simple 
conical skirt fitted to the outside of the secondary ash leg at the 
:fX)int where it passed through the bottom of the pr.:j.roary stage cone was 
found to reduce this tendency and was added in the later stage of 
assanbly at CURL (see Fig. L.29). 

'Itle seconda:ry cyclone, ·the d.Unensions of which are sb::>wn in Fig. L. 33 
was mounted above the outlet fran tr.e primary stage on water-exx>led 
supp:>rts 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 fran 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 tanpeaiature gradient which existed 
along the radius of this plate under operating conditions was of sane 
concen1 since any expansive forces great enough to distort the plate 
at its sealing face and cause leakage w:>uld result in bypass of the 
secondary stage cyclone. Hence, the tanperatures of the pressure 
casing skin in this area, (see Fig. L.28), together with relevant 
internal skin terrq:leratures were carefully m::>nitored during the early 
stages of the p:rogramne. In the event the design perfonred 
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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Primary Cyclone 

Mass flow =- 1.2 lb/s 
Inlet velocity = 65 ft/s 
Body diameter = 36 inches 

a/D = 0.18 
b/D -= 0.09 
A/D = 0.24 
S/D = 0.74 
h/D = 0.83 
H/D = 1.80 
B/D = 0·22 

Tertiary Cyclone 

Mass flow _. 1.2 lb/s 
Inlet velocity • 110 ft/S 
Body diameter :a 10 inches 

a/D = 0.5 
b/D = 0,25 
A/D = OA 
S/D = 0.75 
h/D = 2.0 
H/D = 4.0 
B/D = 0.4 

Fig.L32 Dimensions of Primary and Tertiary Cyclones on Stream 2 
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Secondary Cyclone 
Maaa flow = 1·2 lb/s 
Inlet velocity = 105 ft/s 
Body diameter • 10 inches 

a/D • 0·5 
b/D • 0·25 
AID • 0·5 
S/D = 0·75 
h/D• 2•0 
H/D=- 4•0 
BID= 0·4 

Fig. 133- Dimensions of Secondary .Cyclone on Stream 2 
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The ducting ·ootween the sea::>ndary and tertiary cyclones was lined with 
a 2 inch thick layer of hard face refractory backed by a 2 inch thick 
layer of a venniculite based insulating refractory with a conductivity 
of arout 0.6 Btu/ft2.h.~/inch. Despite its low mechani<;:al strength 
and a qooted maximum operating tanperature of only aa:f>c (likely to 
have been exceeded in the section of the duct where propane was burned) 
the ma.terial behaved satisfactorily and the metal tanperature of the 
casing of the duct did not exceed 2ooOp. 

The tertiary cyclone was supp:>rted, at the level of the centre line of 
the inlet, on water-oooled supp:>rts 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 uni"t7 was rrounted in the outlet of this cyclone about 1 diameter 
above the cyclone roof, (i.e. not exactly as smwn in Fig. L.29). 
Fig. L. 52, a photograph on disnantling after l<XX> murs operation shcMs 
the p:>sition and the shape of the volute of the shave-off unit. Fig. 
L.34 smws 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 steanrjacketed pipe to ceramic fibre filters where the dust was 
separated at about 400-SCX>°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 - teJJni.nated in the first sliding joint in the steel-lined duct 
to the cascade section. · 

Pressure Sealing ·of ·nust Dischal:ge Legs. The meth:>d used to bring the 
cyclone ash legs through the lx>ttam 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 fonn of a m:xlified blind flange in the 
shape of an upside cbwn "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
h:>ppers on the outside. This type of assembly can be seen in Fig. L.36 
which slDws the lower end of the pressure vessel containing the Stream 

· 2 tertiary cyclone. Fastening was by means of l::ol ts or studs seal­
welded to the inside ash leg flange to prevent leakage down lx>lt mles. 
In one or ~ instances the residual stresses in this flange after 
welding caused slight distortion, sufficient to cause leakage at full 
pressure and temperature candi tions. Further machining of the flange 
or replaoement (by a thicker ·one) was carried out between test runS to 
obviate the problem. 
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-~001-Perfo:D:l'laliCe ·of ·cyciones ·and ·rnstallat.ion ·Arrangements · 

Perfonnance of all cyclones relating to their dust oollection efficiency 
is detailed in Volume 2. Only the perfonnance relating to mechanical 
design is described here. Opp::>rtunity was taken during nost of the 
shut-down :periods between tests to visually inspect:·;the cyclones 
internally. Apart fran a partial· blockage of the Stream 1 primacy 
cyclone ash leg by a distorted expansion bellows liner there were no 
major mechanieal. failures in any of the b:>t gas clean-up systans. 
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 rnea.suranents 
\Vere carried out on Stream 1 cyclones before and after the lCXX) hours 
test progranme and similar checks were done on the Strean 2 seoondary 
cyclone after the test programne. These rneasuranents are shown in 
Fig. L.37. . 

N:> abrasion was expected on the seoondary and tertiary cyclones, but 
abrasion in the primary cyclone had seaned a possibility, ev~ tb:>ugh 
the inlet velocity had deliberately been kept low. The lack of 
abrasion in this cyclone is enoouraging and re-opens the possibility 
of using metal cyclones as the first stage in a ccmnercial plant. 

'!he inspections that ooul.d be carried out on cyclones between test 
runs did not show any excessive de:p::>sitions of dust. However, 
inspection of the Stream 2 primary and secondary cyclones on dismantling 
at the end of the test series sb:>wed large quantities of dust to be 
"hanging up" on surfaces on and around the seoond stage cyclone in the 
top of the main vessel. A ooating of dust 2-4 mm thick is quite nonnal 
on xootal surfaces in seoondary and ·tertial:y b:>t cyclones rut, as can be 
seen in Figs. L. 46 and L. 4 7, the arrount of dust that settled out in this 
part of the system was excessive and can be expected to have influenced 
the perfonnanoe of the secx:mdary cyclone. 

4.3. · ·Perfotn'larice ·of -~ion Bellows. EXtensive use was made of a 
standard range of cx:mnercially-available bellows in the high tanperat:ure 
duct w:>rk in order to take up axial expansion and,· in sarie cases, 
lateral misalignment. A standard "off the shelf" type was used because 
of advantages in delivery and oost despite lack of info:cnation as to 
their perfo:cnance above 1100°F. · '!he material of oonstruction was 321 
Sl2 stainless steel to BS 1449 part 4. Chnsequently a fairly close 
inspection of these bellows asse.rrblies was carried out to evaluate their 
perfonnance at higher tanperatures. Details of these inspections are 
reported in Section 5. 

Only the oorrugated parts of the bellows units were purchased. The 
design of the installations were carried out by cum.. A double internal 
liner was used, sc:metimes in cx:mjunction with a nitrogen purge, to 
reduce the tendency for the corrugations to becx:me packed with dust and 
to sustain suitable clearances to allow expansion rrovanent to. occur. 
Typical variations in this basic design are shown in Fig. L.38. Side 'A' 
sb:>ws a bellows with a nitrogen purge and Side 'B' shows a bellows 

Y.tb:>ut a purge and with an external shield. 
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Position 1 2 3 4 1 2 3 4 

Primary ·Se.condar y 
cyclone cyclone 

1· 9 1·1 1· 5 0·9 - 2·8 3~3 1· 6 

Material 1• 6 - 0•7 1· 3 1· 4 1·3 2·2 1. 7 

los·s 
1 0•2 1·0 1·1 1· 3 1· 0 2·0 1· 9 2·5 

(1000th. inch) 

1· 3 0·9 0·9 1•9 1· 4 2·5 3•.0 -

1· 3 1•1 0·6 0·9 0·8 2·8 3·9 1· 5 

Fig. L37 Wall thickness measurements on 
Stream 1 Van Tongeren eye Iones. 
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Fig .L38 Typica I variations on standard expansion 
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In general the bellows assemblies used during the lCXX> oour test runs 
on the· inte:i:nal oot duct w:>rk perfonned satisfactorily- · there was no 
failure and in nost cases the bellows oould have oontinued in service. 
However, the inspections detailed in Section 5 have indicated soope 
for improvement in the design and installation procedures and in 
the materials used. 

4.4. Dust removal from·gyclones 

General Design ·Features. Each of the cyclone dust rem:wal systans 
oontained a simple lock oopper system. N::> blowdown gas was taken f:r::om 
the cyclones and dust was allowed to fall under gravity fran the 
disengagement pot to the point in the ash system fran which it was 
discharged. 

The detail design of the six systans differed, but all followed similar 
principles of depressurising·ai'ld di~charging batches of d~ at 

· re:Jllla:r:, intervals. '!WO types of lock oopper arranganent were used, 
~ne ,tor: the three larger capacity systans (Stream 1 primary, Stream 2 
primary and seoondary) , soown schematically in Fig. L. 39, and another 
for the smaller throughput systans (Stream 1 secondary and tertiary and 
Stream 2 tertiary) · shown schematically in Fig. L. 40l' . 

In the larger systems, tw:> ooppers were used. Dust was oollected in 
the lower oopper with the ieolation (top) valve open. The top oopper 
was used as a dust reservoir when the top valve was closed during 
depressurising and discharge operations. After depressurising the 
lower oopper, dust was blown into a sealed oollection system cx::mprising 
a cx::mbined collection bin and bag filter. Fran here it was nonnally 
dropped straight into a 45 gal. dnml where it was weighed before being 
sealed, labelled and stored. Individual semi-autanatic control was 
u~ on each of the three large systans. The valves were rarotely 
operated in an interlocked sequence with local manual operation of a· 
};Xleumatic fluid-logic oont:rol circuit. The oopper and ash leg 
tanperat:Ures were reoorded in the m:il.n oon.Ll-ol ~"'Cm. 

The ·small throughput systems used only a single oopper. The rate of 
dust oollection was eo low as to make a top oopper urmecessacy, the 
volume afforded by the ash leg being sufficient to oold the quantity of 
dust falling fran the cyclone during erptying of the oollect.ion pot. 

In general these systans were only required to discharge' dust every four 
tours and then in such small quantities as to make manual operation 
adequate~ Key type valve handles were usal, }'!)wever, to prevent 
sinulltaneous opening of both lock ·oopper valves. Dust oontrol during 
the anptying sequence was adequately effected through a vacuum cleaner 
filter·. 
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Stream 1 Pr:i.n\ary ·eyclone Dust Discha.rge System. Dust was discharged 
f:ram the bOttan of the primary cyclone through a 4 inch diameter leg 
al:x::>ut 30 inches long into the top hopper. This had a capacity of 
al:x::>ut 100 lb of dust (equivalent to about 2 hours operation) and 
was lined with a 3 inch layer of refractory. The l::ottom of the hopper 
converged at an included angle of about 45 deg. 

The pipe connecting the upper to the lower hopper was stean traced 
and. contained a 3 inch l::ore Kaieyr valve. Valve perfonnance is 
cx::mnented up:m in Section 4. 5. 

The lower mpper was lined with a 1~ inch thick layer of insulating 
refractory and also had a heat-resisting steel lining. The mpper 
had been designed for use where headroan was restricted. The outlet 
cone 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 
temperature in the system al::ove the dewp:>int. The latter was 
probably aided by a decision to arpty the lower hopper every half- hour. 

Dust sanetimes 'hung-up' in the discharge leg fran the cyclone. Reasons 
for this were not obvious but unsatisfactory dust discharge fran this and 
other causes could be corrPCt.Ad fairly easily by repeating the discharge 
valve Operating sequence and by adjustment of the pressure in the lock 
ropper 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 mpper was fed by a 4 inch diameter heat resisting steel leg 
about 5 ft long. A 3 inch l::ore Kamyr valve was l:ol ted to a steam­
heated flange at the base of the ropper, and the l::ottam mpper was fed 
by a 3 inch l:ore steam-jacketed pipe about 4 ft long. 

The high efficiency of the primary cyclone resulted in only a small 
quantity of dust reaching the secx:mdary cyclone and increased the 
problem of keeping the discharge system al::ove the dewp:>int tenperature. 
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 l:oth . 
roppers, and discharge of dust fran the system was only achieved with 
difficulty. 

The srortcx:rnings in the design of the lower hopper were largely 
rectified (after Test 2) by installing a steam-heated conical liner with 
an included angle of 30 deg and filling the space between the liner and 
the ropper walls with ceramic fibre. The problem with blockage in the 
Kamyr valve was largely overcane by replacing it with a steam-jacketed 
lubricated plug cock sited at the top of the receiving hopper instead 
of at the l:ottan of the upper mpper, (i.e. at the l::ottam of the 4 ft 
steam-jacketed line cormecting the mppers 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 
valve. 
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In this fonn this dust raroval system was able to operate successfully 
for the remainder of the locx:> hours. Plugging in the outlet fran the 
discharge hopper was not totally eliminated but always clearerl easily 
by repeating the discharge sequence. · 

stream 1. · · Tertiary ·cyclone dust ·disciiatge system. The dust flow 
through this system was only about 5(X) lbs in total over its 665 hours 
of operation. The single hopper, similar to the lower hoppers of the 
primary and seoondary Stream 1 systems was connecterl to the l::ottan of 
the cyclone by a 3 inch diameter, 4 ft long steam-jacketerl 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 
rrodifierl in the same way as with the lower secondary hopper on Stream 1 
and the upper valve was replaced by a steam-jacketed Serck-Audoo plug 
valve. 

Dust rem:>val thereafter was oonsiderabl.y nore reliable· but the discharge 
sequence was always repeated to ensure that dust was not left in the 
hopper. 

stream 2. Pr:in'Jary ·cyclone Dust .Discharg'e 'Systems. The ooncentric 
design of the first t'lf.O stages of dust separation on this Stream 
(see Fig. L. 31) led to oonfigurations of dust raroval systems that were 
less than ideal. 

The offset oone-shaped section in the l::ottam of the pressure vessel 
containing the t'lf.O stages oonstituted a disengagement tnt for the 
primary separation stage. Dust fell into the dust leg proper along the 
line of minimum slope (53° to the rorizontal) of the' hopper which was 
also interrupted by a seoondary stage dust ·leg passing through on the 
centre line of the main vessel (see Fig. L.29). This was probably the 
main impedi.mP.nt to the flow of dust to the discharge tnint. 

Below the disengagement hopper the dust fell vertically for al:xmt 12 ft 
into the top of the lock hopper system. The dust legs were linerl with 
4 inch diqmeter stainless-steel tubing cast into insulation refractory 
in a 10 inch diameter casing. The· top hopper (as in the seoondary 
systen) was rigidly mounted and expansion of the dust leg was taken up 
by a. 10 .i.nch bellows unit with a refractory liner m:mnted on top of the 
upper hopper. The dust leg entry into this hopper was necessarily 
offset but the lower hopper was locaterl centrally below, separated only 
by a short 4 inch diameter stainless-steel spx>l piece and a 4 inch full 
l:ore Kamyr "hot" valve. Both hoppers were metal linerl and the linings 
were 'backed' by 4 inches of insulating refractory. The includerl 
angle of the oone· was alx:>ut 4o0. 
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It was difficult to avoid dust hanging up al::ove the lock ooppers. 
It was apparent during one inspection that combustion had occurred 
in the neck of the disengagement IOt. illmps of lightly sintered 
material had fonned on the refractory walls and sane caked dust had 
also wilt up on the oone of the lower oopper. EXternal steam trace 
heating fitted after Test 2 around ooppers, valves and pipework to 
minimise condensation resulted in generally satisfactory perfonnance 
thereafter. . 

Stream 2. Secx:>n~ cyclOne Dust 'Discharge System. This system had 
snaller mppers the primary system (al:x:nlt 4 ft3 capacity instead 
of 8. 5 ft3) and the dust leg had a 3 ft section at al::out 3cP to the 
vertical. This was necessary beca~ of the close prox:iroity of the 
primary and secondary dust legs at their outlet frcm the pressure 
vessel (see Fig. L.29). · 

Dust 'build-up' on the ames of the ooppers that occurred during Tests 
1 and 2 was eradicated with the installation of trace heating and 
lagging as on the primary systan. 

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

Stream 2. Tertia.cy cyclone Discharge ,Systan. This is shown in Figs. 
L. 29 and L. 36. The dust leg beneath the cyclone disengagement vessel 
included tw::> expansion bellows, one inside the casing and the other 
outside, the latter being necessary because the dust hopper was rrounted 
rigidly on its own supp:>rts. The oopper·was of similar design to the 
others· on 'stream 2 and was stainless-steel lined. The isolation valve 
above the mpper was manufactured by Neles (a EUro:fean version of the 
Kamyr valve). The discharge valve had a steam-heated jacket and was 
fitted to a st.eam-heate;l flange on the l:x:>ttam of the oopper. 

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 oopper was nodified after Test 2 by the insertion of a steeper 
angled (3cP incl. angle) steam-heated conical liner inside the existing 
iDpper shape. This largely solved the problem in raroving dust frcm 
the mpper but there was a continual! y recurring partial blockage 
higher up in the ash leg througmut the l(X)() oours. 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 lCXX> hour test progranme enq:>hasized 
the following major }X)ints on the design and operation of PFBC duSt 
discharge systems. 

(i) Drying-out of Refractory Linings Must be Tho:rough. This may 
seem to be obVious but it is not easy to accx:xnplish particularly 
when engineering "--rk. is being carried out against a tight time 
scheQ.ule, ~where in many instances there are Hmitations on 
metal tanperatures if distortion is to be avoided. Generally 
accepted ~ut procedures appeared to be inadequate for the 
topper systems of the test facility. 

(ii) Cbndensation ·of Products of canbustion Must be Avoided: This 
requirement is nost onerous during start-up bUt oontinues to be 
a problem during operation lttlere the quantity of dust carrying 
heat down into the collection system is small. Trace heating 
of discharge legs, toppers, etc., in the dust path is essential 

· if difficulties are to be avoided. 

(iii> EXacting oesign ·nairanents Need to be Adhered to= . Reliable· 
discharge of dust and particularly of fine dusts) 1 under 
gravity is nost likely to be achieved (a) with discharge legs of 
4 inch diameter or larger, (b) with oor.rosion-resistant metal­
lined legs and (c) fran hoppers with steeply inclined sides,. 
(e.g. an included angle of alx>ut 30 deg), and" with metal. linings 
inside the refractory. 

The alx>ve · cxmcepts d:> not represent a departure fran those that have 
been successfully applied in the past, but a number of factors in lx>th 
pilot-plant and industrial applications can lead. to major depaitures 
fran than. Factors such as lack of headroan, adaptation of existing 
Vessels to save time and oost, previous experience of having successfully 
"taken liberties" with design, can lead, and has· led, to operating 
problems.· 
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4.5. Lock-Hopper Valves an·oust·oisdharge Systems 

Isolation Valves 

'!he isolation valves (upper valves) an the lock hoppers were 
Kaymr or Neles (European version of the Kamyr valve) and 
the discharge (botton) valves were mainly lubricated tapered­
plug valves (Fig. L.58) which were steam jacketed •. Steam 

jacketed valves were used (a) to canbat condensation and (b) 
to provide sane protection against cwerlleating. 

The service histories of the dust discharge systan isolation 
valves are shCMil in Table L. 3 and leakage rates at the end 
of the test series are shCMil 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 enterErl the cavity between the ball and the casing 
and 'wo:rked its way' between the ball and the seat. The tendency 
increased with finer dusts and was worse an the valves in· the 
tertiary cyclone systems. The ··finer dusts we:~e rrore cohesive 
and contained. a significant anount of material similar in size 
to the working tolerances of the valves. · 

The Neles CDAH03 valve an the Stream 2 tertiary dust rerroval . 
system sh.oNed slight leakage during the run, but was virtually 
leak-tight when tested during the post lcx:x:> 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 belCM the prevailing dewpoint. 

In addition to C<lu·sing the valves to leak, the dust entrained 
in the escaping gases caused local erosion an valves with chranium 
platErl balls (see Fig. L.59) and indeed was the principal cause 
of erosion experienced. The two valves with stellited balls as 
well as seats shewed no signs of erosion. 

Ways of cwercaning the problems were discussed with the manufacturers 
and other use r.se Purging of the space between the ball and casing 
with dry air could not be usErl (at least en the final gas clean-up 
stage) without risk of re-entraining dust separated by the cyclone. 
This expedient could hCMever be envisaged where there was a ccntinuous 
positive blCM-d.CMn of gases through the dust discharge system. 
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Valve 'rype I.ocatim 

Karl!fr * Stream 1 
P003 Primacy Dust 

_Kaqfr * Stream 1 
P003 Seoc:ndazy 

Dust 

De Zurick Stream 1 
Pennaseal Tertiary 

~t 

~ Stream 2 
P004 Primary (Stellited 

Dust ball) 

~ Stream 2 
P004 . Seoc:ndary 
(Stellited. I Dust 
ball) 

Neles Stream 2 
<DAH03 

Tertiary 
Dust 

Table L. 3 Se:J:Vi.oe hist:Ol:y of Ulck. Hq?per Isolatim Valves m Dust 

Renvval Systen5 

Test History 

ative ours o p. t cperatim. CUmul . h f lan 
--! 265 65 470 665 865 

! 

Slight leakage l Inspected Slight Leakage Slight leakage · Slight leakage . 
Not inspected ; Pebuilt Not inspected Inspected Not inspected 

Pebuilt 
very ;Severe 

slight leakage :leakage 
No further leakage fran plug valve Not inspected 1 Ieplaoed by 

Plug valve. 
:System 
• m:xli..fied 

No leakage ! leakage. !No leakage No leakage j 
! Ieplaoed by System :renoved 
jplug valve 
i 

very I Significant 
slight leakage .leakage ~light leakage No. dlange No dlanoe 
Not inspected IPebuilt ~ot inspected Not inspected Not insPected 

I Installatia 
rrodi.fied 

No appreciabl'e Slight leak· !Slight leakage No dlange No change 
leakage age ~ot inspected Not inspected Not inspected 
Not inspected Pebuilt 

Installatia: 
i rrodi.fied 

!Severe Slight leakage severe Slight leakage Slight leakage 
I leakage leakage 

Not inspected !Pebuilt New seats Inspected Inspected 

I 
fitted Pebuilt Pebuilt 
Pebuilt 

l No. of 
Q?eratiO'lS. 

14CX>-1500 ! 
i 

Kareyr approx 100 i 
' 

'plug·' approx 200j 
; 

; 

De Zurick approx i 
40 ' 

'plug' approx 
! 60 
l 
: 

llCX>-1200 
j 
; 

; 
: 

• 
350-400 

; 

; 

; 

' 
' loo-200 

i 
* 'lhese valves had seen apprax:imately 100 hours of se:J:Vi.oe in similar situatiO'lS prior to 1000 hour pzo:JLaillle. 
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Table L.4 Leakage rates of metal seat ball-valves after 

lcxx:> hours c:peraticn 

These Irea.Su:rements \\ere dane during the post lCXX> hours inspecticn after the valves had 
been rerroved fran the plant and before they were broken dCMn for visual inspecticn. 
100 p5ig. air was the test nedium and leakage rate was neasurerl by small variable area 
flCM neters ("Purge raters"). All the valves Y1el."e operated several tines before 
leakage rates were rreasured. 

! i 
l Valve Seat Ball Duty jLocaticn · ~o.of Operaticns 1Ieakage rate SCFH 
I 

l 

! 
I KamYr P004 Stellited Stellited Stream 2. Primary dust 

~100 to 1200 
I 

I . (4" port} syetem isolaticn 17 I· 
I 
! Kamyr PD03 Stellited Chrani.um- Stream 1. . PrimaJ:y dust ~400 to 1500 16 I . 
i (3" port} plated syEtem isolaticn 
I . l 
!KamyrP004 Stellited Stellited StJ:eam 2. Seccndary ! 350 to 400 10 

I (4" part} dust stream isolaticn I 
I I . I 

1* ! Neles CD AH03 Stellited Chrani.~ Stream 2. Tertiacy dus, 100 to 200 
(3" port} scraper· plated system isolaticn 

type . 

I Neles CH AHOl Stellited I Stellited Bed rerroval isolaticn About. lCXX> 15 
(1" port} I 

I I 
I I 

Neles CH AHOlj Stellited I Stellited Dust sarrple system 1 About 1500 1.5 
I 

iso.!laticn (1" port} ! i 
i I , I 

j ' 

* See text. 
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A potential ·solution for 'gravity' dust discharge systems would 
appear to re · in the further developnent of scraper type seats 
(e.g. developrrents of those fitted to. the Neles valve later in the 
progrartllre) .backed by means to ensure continuous contact retween 
the scraper surfaces and the ball irrespective of tenperature 
changes in the valve assembly. It appears tore essential that 
both the top and bottan faces Of the ball should re I Clean I by 
the t.iire the valve is in the fully open position. Avoidance 
of ccndensatian by trace heating of the valves and associated 
ductwork is, of cow:se essential. 

Fran several. poin·ts of view the isolation valve has the most 
critical duty in that: 

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

(ii) It cannot be replaced or seiViced without shutting-dawn 
the plant 

(iii) In the (unlikely) event of failure of the system beyend 
it leading to depressurisatien whilst it is in the 'open' 
positien, it could conceivably attain a temperature close 
to the gas temperature. · 

Mitigating factors are (a) that it· enly needs to seal against 
plant pressure for the time needed to discharge the lock hopper 
and (b) that e>qX>Sure to excessive temperatures in the event of 
(iii) can re avoided by autanatically closing the valve when the 
temperature exceeds an acce:ptable Working level. · 

Discharge Valves 

Valves used en the botton of the ash lOck hopper system through 
which the collected dust was periodically discharged were of 
ene design - the Serk-Audco tapered plug, lubricated~seal type 
(Fig. L.58) • In most cases they were steam jacketed, thus 
providing heating during plant wann up and between ash &"Yl:;;teift 
operation, and cooling protectien during the actual discharge 
of dust. This type of valve does not have seats but relies en 
a renewable grease seal which passes fran a supply fu the stem 
aleng channels in the plug and body. 

Scme problems were experienced early in the test series, the 
grease channels recaning packed with dust, but when a m:::>re suitable 
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high-temperature grease had been obtained and suitable service 
intervals for each valve had been ascertained, these units 
perfonned satisfactorily and provided a canparatively cost effective 
solution to the problem of discharging hot cyclone· 'dust under the 
conditions prevailing in the pilot plant 

4. 6. BED MA'IERIAL REMJVAL 

'!he sY-stem by whidl bed material was renoved fran the canbustor 
and which enabled bed level to be controlled was simple and 
effective, relying an the skill of the operator for safe and 
efficient discharge of bed material. 

The system consisted of a heat-resisting steel holding hcpper, (item 
9 en Fig. L.2) bolted directly ento the 2 inch i.d. insulated offtake 
through the distributor plate which is shown en Fig. L. 7. A 
2 inch diarreter pipe ran fran the bottan of the hopper via a camectien 
through the casing to the isolating and discharge valves belCM 
the canbustor. A set of expansien bellCMS, ccntinuously nitrogen 
purged, was incorporated into the 2 inch pipe. 

""The isolatien valve was a 1 inch bore Neles/Kazeyr type metal-seated 
bhll valve (type CDAHOl) with stellited ball and seats. This·was 
the only high-temperature rated valve in the system. Bela-~ this 
was a camcn-steel round port lubricated plug valve with a water­
cooled base which was used to regulate the fla-~ of hot bed. material. 
Approximately 100 lb. of hot material was run out thrat: gh the aystem 
into a specially designed hand bucket over a 2 - 3 min pericxl every 
hour. '!he hopper was designed to hold about 100 lb. of material 
so that each batch discharge was held in dense phase belCM the 
canbustor for about an hour before passing out through the valves. 
This provided a cooling pericxl for the batch but preferential fla-~ 
through the hopper meant that for the latter part of each discharge 
red hot solids flCM was controlled by the plug valve. For this 
reason the valve was opened for enly a few seccnds at a tirre and 
then allc:Med to oool. This was dane several tines during a 
discharge period. The holding hopper contained a theiirlC1.'Jell, 
and its terrperature change and that of the skin terrperature of the 
leg belCM the hopper was recorded and is reprcxluood in Fig. L.41 for 
a two-hour pericxl during Test 4. 

Valve Perfonnance The duty required of the plug valve - to 
regulate and shut off solids flCM, was an enerous ene and an identical 
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stand-by valve was fitted belcw the operatienal valve as a 
precaution. It was nonnally 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. 
At"t.ertlp; early in the progranme· to use the valve to regulate the 
solids flCM by an/off actian, (as used with the plug valve) , were 
mostly unsuccessful. '!he differential expansion of· the ball relative 
to the body together with ·the ingress of sane bed material into 
the body cavity eventucllly 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. H<::W3ver, it usually 
failed to provi,de a gas tight seal and the regulating plug valve 
belCM was also closed. OleckS after each test run sh<::W3d excessive 
leakage through· the valve, but the ball and seats had becare 
scored, mostly as a result of its early use without a body purge. 
Fig. L.48 shcws the canditicn of ball and seat after l<XX> hours. 
The ~ats had also becane loose in·· their sockets by this tine. 
'Ihe leakage rate in the post-test inspecticn shown in Table L4, 
is high for a 1 inch valve. '1he data in the Table also shCM that 
a s:irnilar valve used an a dust sampling system was virtually leak­
tight after.lCXX> hrs. '!his valve was used only for isolation purposes. 

4. 7. GAS Q'IJENl-IING AND PRESSURE I.ET-rovN 

'!his part of the test facility is the· least· relevant to large scale 
plant design but its descripticn is included for canpleteness~ 
No attetpt was made to recover energy fran· the exha:ust gases after 
they had passed through the two Cascade sect. ions. Instead, each 
of the three exhaust streams, (Stream 1 cascade exhaust, Stream 2 
~cade exhaust and by-pass stream.) , was quenc.:h~u culu !lcl."Uhbed 
before being let down through the three pressure centro! valves. 
'!Wo of these valves were used to set the pressure downstream of 
each cascade to a level \'tlich ensured choked operatiOn, the third 
Vcilve, en the Stream 2 cascade by-pass stream, being the plant 
pressure centro! valve. 

In each case the gas streams were quenched by water spr~s 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 sprayj lu U1.e venturi 
throat at an approximate rate of 60 lb/l<XX> ft saturated gas, 
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passing through the throat at a design velcx::ity of 300 ft/s. 
Water was then separated in wet· cyclcnes (hydroclmes) designed 
basically to Stainnand proparticns with· an inlet velcx::ity of· 
45 ft/s in a rectangular tangentiai entcy. en the outlet fran 
these hydroclcnes were fl<M measuring elements (orifice plates) 
and pressure let-dCMn valves. Fran here the three streams 
we:re canbined and vented to the stack. 

All qtE'ldl and scrubbing water separated in the hydroclcnes was 
retumed to settli.Iig points ;ran where it was :recil:culated. 
Loss was made up fran the mains water supply and pH in the system 
was ccntrolled by injecticn of aqueous Amroonia~ 

One of the test prog.raiT~re requ.i.:rements was that the Stream 2 
(GE) cascade should be off,;..line whenever ccnditicns 1n Sti·eam 2 
changed appreciably or 'fen the. dust loading in the stream exceeded 
500 wn (0.27 grains/ft ) • In order that this oould be dcne 
without dlanging total mass flCXil through t".he plant or changing 
controller set points, it was arranged for the by-pass stream 
to handle. either 0.2 lb/s flCM (when the cascade stream was en­
line) or 1.2 lb/s, the total fl<M 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 b~sed, whidl was cnly at start,;..up 
·and shut-dCMn since dust loadings never approached the limit of 
500 ppn, a choked orifice was put .in line and the cascade stream 
isolated dc:Mnstream of the cascade. '!he orifice sinn.llated the 
pressure drop of the cascade for a fl<M of 1 lb/s and enabled the 
cascade stream 1St dcMn valve· to continue ccntrolling at the sane 
set point (20 psig .) • A larger venturi scrubber and extra quendl 
sprays were brought .into operaticn .in the br.Pass stream to 
cope with the extra 1 lb/s of fl<M, · the remaining Oo 2 lb/s 
being handled as nonnal by the pressure · ccntrolling side stream. 
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·5. DETAilS ·OF 'BEIWEEN"""'EST .AND ·POOT-TEST ·INSPECI'ICNS 

5.1. ·~efractory ·lining ·of ·canbustor 

This inclusien of diffei:el'lt types of refractory as a ccmpariscn 
of their suitability was part of the cx:ntract with EPRI. Visual 
inspecticn of the :refractory surface cxnditien sh~ no surface 
wear en any of the :refractories apart fran cne. patch be~ the 
coal nozzles and the start-up bumer en the west side face. This 
can be seen in Fig. L.45, a Ibotograph taken during dismantling. 
The cracks visible in the refractory surface were mainly caused 
by the separatien of the four sides. In general the :refractory 
surfaces had been roughened, but original tra-Jelling Il\alXs could 
still be clearly seen. 

It had been the intentien to maasu:re the thickness of the :refractory 
at a nurber of positicns before and after the lCXX> hours operaticn. 
The pre-test measurements en the tapered secticn were made by 
the manufacturers (Babcock Intematicnal Ltd.) before the ends and 
sides were assenbled, and measurenents at the end of the progranme 
were dcne by CURL using calipers.. '!he results and positicns of these 
measurenents are sha-m in Fig. L.43. Ha-Jever, dismantling of the 
ends and sides for measurement resulted in sana distw:bance to the 
:refractory layers, lifting them in places fran the mild steel walls. 
Unevmess in scire places, due to the original casting of the refractory, 
made neasu.rem:nt difficult, so that the values given in Fig. L.43 
do not have a high order of acx::uracy. For exanple ,. ·an independent 
(at a later date) inspecticn of the south sectien at point 5 of 
Fig. L.43(c) sha-Jed no signs of erosic;n but a r.mRiderablil "rippling" 
of th~ refractory due to the initial "tra .. ~:!lling". 

'!he thickness of the refractOry in the freeboard was also detennined 
at specific locaticns using calipers. ~asurements before and 
after :the progranma were within ± 1/16 indl, indicating no neasurable 
erosicn. Because the refractory in the freeboani was not disturl:led, 
and because access was easier, the accuracy was cx:nsiderably greater 
than in the tube bank regicns. 

A full statement en the relative perfonnances of the various refractories 
is being incluied in a report fran Fluidised carbusticn Cmtractors 
Ltd. to EPRI. 

5.2. Intemal expansicn bella..~S. 

Stream! primary and seccndal:y cyclcne dust leg bellCMs 

'lbese were identical units with a -similar duty, the cnly difference 
lEirg in their IX>Siticns within the cyclcne pressure vessel. Both 
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Fig.L45 East end refractory 

wall after 1000 hrs. 

Fig .L44 Ha If of combustor 

tube bank after 1000hrs. 
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were positimed just belCM their cycloo.e disengagerrent pots so 
those m the secmdary cyclme dust leg, (the secmdary cyclme 
being shorter), were higher up in the pressure vessel. Both 
units included a surromding water-exx>led coil. 

Inspectim sha-.ed the corrugatims of the bellCMS m the 
secmdary cyclme dust leg to be deformed. 'Ihey had armealed into 
a shorter overall length, about half being ClCilpressed and the :rest 
stretched (Fig. L.49). '!he surrounding exx>ling coil had the 
appearance of not having been exx>led at sare stage and in their 
well-insulated positi~ the bellCMs corrugaticrsmay have suffered 
terrperatures up to 800 c. There Wclli uo indicatim of their 
rroverrent being restricted by fouling of liners or shield. The 
corrugatims were covered with a black, fairly coherent oxide 
layer m the outside surface. 'Ihe corrugatims m this mit, 
were sectioo.ed and Figs. L.SO and L.Sl shCM the slightly worse 
conditicn of the inside surface. 

In the primary cyclme system, the skin tenperature of the dust 
Je::J adjacent to the bellCMS ran at about 12oo-12S0°F throughout 
ITOSt of the lCCO hours. 'Ihe bellCMS unit had :retumed to its 
normal length. Chly at the outside edges of the corrugaticns 
was the oxide layer blackened: the :rest was purple/blue. 'Ihere 
was no discolouratim m the coolins coil and it had apparently 
not been heated to greater than 220'-'F (Fig. L. 49) • 

Stream 1 tertiary cyclme dust leg bellCMS 

This unit was rerroved with the Stream 1 tertiary cyclme after 
being in service for 650 hours. The corrugated secticn was similar 
to those in the primary and seccndary legs but had been installed 
with a cmsiderable arromt of gre-st:retch. Skin terrperatu:re :records 
shCM terrperatures of 1380-1430 F m the ash leg close to the bellCMS 
which were surrounded by Venniculite insulaticn with no additimal 
exx>ling. Sare of the corrugatims were still carp:ressed when the 
mit was :rerroved and tbe :Ulctd../blue surface a..dde wur:; beginning to 
flake. 

Stream 2 secmdary stage ash leg bellCMS 

'Ihe unusual cmcentric design of the 1st and 2nd stages of 
separatim in this stream influ:mced the posi timing of this 
bellCMS mit which was in an extensicn of the nozzle m the main 
pressure casing (see Fig. L.29). QUantities of dcuk grey ash 
were dP-posit.ed oo. and around tte bellCMS, obviously due to sare 
leakage fran the 1st stage dust hcpper directly above these 
bellCMs 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.L4 7 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 ai 



The surface colouraticn of the corrugaticn changed fran purple 
rn the inside (crncave) part to light brmze rn the outside (crnvex). 
'!here were signs of pitting corrosim around the welds which had 
prcbably arisen since plant shut dCMn. Apart fran this, the 
oxide film was carplete and it was apparent fran the general 
appearance of the bellCMS unit and adjoining part of the ash leg 
that the assembly had not reached terrperatures nruch in excess of 
saPF. Unfortunately the skin temperature therm:x:xJuple m this 
unit had apparently been damaged during installatirn and was 
never serviceable. 

Stream 2 tertiary stage ash leg bellCMS 

'!he appearance of this unit shaved that a temperature gradient 
hcrl existed alrng its length. The bellcws unit, IX'5itirned just 
belcw the disengagem:mt pot rn the cyclrne was effectively the 
laver CXI1Ilecticn between the cyclcne and the ash outlet in the 
pressure casing. (Fig. L.29). The casing at this point was 
crnstructed of stainless steel. A skin tenperatg:e thennocQUPle 
just belcw the cyclcne pot indicated betva:m 1380 F and 1500'-'F during 
the test runs, whilst skin terrperature s~ys drne rn the pressure 
casing at this point shaved about 2cxr 300 F (Fig. L. 36) • Not 
surprisingly, the :rretal oxide an the upper end of the corrug-atirn 
was black and not very ccherent and sane pitting corrosicn was 
evident around the welds. ~asursrents of the carrugatirns 
shaved than to have annealed in a slightly canpressed state at this 
upper end. '!he laver end of the corrugated sectirn appeared 
nonnal and was still springy. '!he oxide film rn this part was 
bronze in colour. 

Stream 1 tertiary gas path be11CMS 

'!here were two units, me with i:ts aris horizontal an the duct 
between the seccndary and tertiary cyclcnes the other in the more 
nonnal vertical IX'Si tian an the outlet fran the tertiary stage 
cyclone. '!here was sane ccncern about this arrangarent because 
the expansim and reacticn forces involved were interactive at 
right angles. '!he spring reactim of the horizcntal set would 
tend to misalign the vertical set IX'5Sibly causing their movanent 
to be restrained. Hcwever, there was not finn evidence m inspection 
to suggest that substantial prcblems of this nature had arisen. 
'lhe horizcntal bellCMS were annealed into an al.nost fully canpressed 
posi tian and the black oxide surface rn both bellCMS had roughened 
and spalled quite badly. 

Stream 2 secondary stage gas path bellcws 

'!his unit was positioned in the tcp (outlet) nozzle of the primary 
and seccndary stage pressure vessel and as can be seen in Fig. r..-29 
was in that part of the vessel which cansti tuted the outlet fran 
the primary stage and inlet to the seccndary stage. '!he hot gas 
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duct skin tarperature close to the bellCMS indicated 14oo-1420o_p 
throughrut the lea:> hours of ~ratien. 'Ihis can be taken as a 
fairly authentic q>erating tarperature for the corrugated sectien 
since heat losses fran the unit would be very small as it was 
surrounded by canbustien gases fran the primary stage. 'Ihe 
bellCMS unit was lightly coated with dust en rerroval and shaved 
no sign of disfigurement, oxide spalling or pitting corrosicn. 
The nitrogen purge en this bell eMS unit, as with all the gas path 
units, prooably contributed to its apparently good resistance 
to corrosion, by perhaps locally reducing the temperature of the 
corrugations as well as providing an inert at:roosphere. 

Stream 2 tertiary stage gas path bellCMS 

Relm.t prq:>ane was injected inmediately upstream of the tertiary 
stage cyclene and heat loss between this cyclene and the cascade 
made it necessary for the gas temperature in the cyclene to be 
in the range 1560°-1630"F. Hence this set of bellCMS had the rrost 
arduous duty as far as tanperature was ccncerned. Inspecticn 
shCMed that it had had to take up a cx:nsiderable degree of misalign­
:rrent between the cyclene centre line and the ccntaining pressure 
vessel's centre line (about 3/16 inch over the corrugated length 
of 4 inches} • The cyclene inlet was not sealed so that canbusticn 
gases filled the dead space around the cyclcne in the pressure 
vessel. There was a light covering of dust en the outside of 
the bellCMS unit. 'Ihe bellCM unit, apart fran being annealed into 
its misaligned positien, was in relatively good ccnditien (Fig. L.52}. 
'Ihe oxide film was black, as would be expected, but seemed very srrooth 
and cdlerent. The corrugations were sectioned to inspect inside as well 
as outside ·surfaces as smwn in Figs. L.SO and L.Sl. 

General 

loss of resilience was experienced en sane of the units. 'Ihese 
had ooviously canpressed to take up expansien as requira:i but had 
not. P..xpanded again to their original cold length when the plant 
was cooled d~. 'Ihis was noticed particularly in .bellCMS which 
had experienced high tanperatures. Internal stresses of cold 
working, present in the bellCMS units and in the duct work at 
assarbly are apparently relieved at a particular tenperature and 
an armealing or nonnalising process occurs as the plant cools 
after shut dCMil. 'Ihis may severely affect the nl.ll"liJer of 
expansien and ccntracticn cycles that sudl assemblies will withstand. 
'Ihe n\.liTber of cycles experienced by the bellCMS assemblies during 
thP-">P. test runs was very lCM (as feM as 6 or 7 for sane of the 
gas path bellCMs}, canpared with what might be expecterl in no:rmal 
carmercial use. '!he use of better materials should hCMever 
ooviate this proolem •. 

Pitting corrosien around weld zenes was rrost noticeable on ash leg 
bellows, i.e. those which operated at generally laver 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 500 mm casing bellows of Stream 2 

showing gland sealing area. 
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but which unde:rw:ent more frequent thennal and mechanical cycling 
and which had no nitrogen purge. Ch units which operated at higher 
tarperatures the main corrosicn evidence was lack of adhesicn­
cdlesion of the oxide film. Both these corrosicn prcblerrs can, 
no doubt, be eradicated by using higher-grade naterials. 

5. 3. Isolating valves m dust lock-hc:pper systems 

A synopsis of the history of operaticn and naintenance of the 
specialised high terrperature valves used in the cyclme dmt rerrova.l 
system is shCMn in Tables L. 3 arid L.4 • (pa.ges 27 and 28) • 

Primary dust system isolating valves 

Stream 1. Kamyr P003 

This valve had been used in a similar si tuaticn m a previous 
PFBC test nm of appraxi.nately 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 operatien warranted inspectien of the valve, together 
with all other dust system valves, after Test 2. 'llie 1:x:x:1y 
cavity was found to be full of loose free flowing dust but the 
ball and seats W~ere clean and apparently undamaged. All pa.rts 
W~ere cleaned and the valve reassanbled with an offset applied 
to the ball stem to provide a better seal en the bottan seat. 
'lliis was not successful and the valve was re-installed a1 though 
not being carq;>letely gas tight. 

'!be valve ccntinued to operate successfully but was reroved 
for inspecticn again after Test 4. '!be ball and seats ~ 
then lapped together in order to try and reduce the leakage 
rate. Again, this was not carq;>letely successful, giving only 
a slight i.Irproverrent. 

'!he final inspectien of the valve after Test 6 shaved no major 
changes apart fran slight discolouraticn or de:posit en the polar 
regicn of the seats. The ball had slight discolouraticn of the 
edge of the port. (Fig. L.54). 

Stream 2 Kamyr PD04 

'lliis was cne of the two high-t.enperature valves en the dust system 
lt.tlidl had a stellited ball as well as stellited seats (all other 
Kamyr;'Neles tyi:Je:S hc:Ul t::lu:cmil.lm'-plated ball::;). No .:1pprcciable 
leakage between ball and seat was detected after Test 1 but 
by. ~th~ end of Test 2 the leakage was signif~cant. Inspecticn 
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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. L 55 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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sh~d the l:x::dy cavity to be packed with danp carpacted ma.terial 
(Fig. L. 55) • '!his had the effect of lifting the ball fran its 
seat and allCMi..ng dust to canpact in patches en the seat. After 
cleaning, no damage to the seats o:r ball could be c:bserved. 
'Ihe valve was re-installed with an offset en the ball stem to 
assist sealing en cne seat (the la>Jer ene) and with steam trace 
heating aroond the valve and adjacent pipework in order to 
cbviate the apparent ccndensation problem within the valve. 

Although sane sligltegas leakage through the valve was apparent 
after enly a further 200 hours operatien, its perfonnance did 
not deteriorate further and was satisfactory for the rest of 
the lCXX> hours. 

Final inspecticn s~ sane discolouratien of the tcp seat 
and slight scoring en the 1~ seat and ball. In general 
the valve was in gcx::rl cx:ndi tien, this being enly its seccnd 
inst:ecticn (see Fig. L.56). 

Secendary dust system isolating valves 

Stream 1. Kareyr P003 

'Ibis was an identical valve to that en the prima.ry dust system 
en Stream 1, and had also had about 100 hours of previous use. 
Again this sh~d sane leakage after Test 1 but not enough to 
seriously affect the cperatien of the system. Ha>Jever, by the 
end of Test 2 the leakage rate was sufficient to severely restrict 
system cperaticn. 'Ihe seccndary dust discharge systans ~re 
enly cperated ence every two or four hours whereas primary 
systans ~re cperated every hour. 

en inst:eeti<n, the body ca'Vli ty of the valve was fotmd to re 
packed with hard dry caked ma.terial and both seats and ball 
surfaces were scored. Sane minute erosion patterns ~re visible 
en the ball at the edges of the seat cx:ntact area. 

'Ihe valve was cx:nsidered to re unsuitable for further use 
in this situaticn and was replaced by a jacketed tapered plug 
valve made by Serck-Au:ico Ltd. 'Ihe valve was installed at a 
l~r level in the dust leg, i.e. further fran the cyclcne (see 
Sectien 4.4.), where the gas am. dust were scnewhat cooler. 
Although the plug valve required frequent en-line attentim, it 
performed satisfactorily for the rest of the lCXX> harrs prograrrme. 

Stream 2. l<amyr P004 

'Ibis was identical to that en the prima.ry dust system of Stream 
2 and sha>Jed slight leakage be~en ball and seats after about 
250 hours. Q1 strip dCMn after Test 2, it was found to be in 
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Fig .L56 Stream 2 dust system isolation valves after 1000h 

Top - Ball o ~ prz:;~ar s ~s~ : ..... 

Bottom- Lower seat of secondary system valve 
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a similar crnditicn to the primary system valve. Dust had 
ca:rpacted in the body, apparently having been damp at sore ti.Ire, 
and again the ball was beginning to be separated fran the seat 
by patches of <XITipacted material, mainly aratmd the polar regirn 
of the seats (see Fig. L.55}. No damage had been incurred and 
the valve was reinstalled in a similar fashicn to the primary 
valve, (i.e. with stan offset and steam trace heating}. 

Slight leakage thrcugh the valve sha>~ed up rn leak tests at 
the end of follONing test nms but no serious deterioratirn was 
noticed and the valve did not receive further inpsection before 
the end of lCX:O houxsof operatirn. 

After Test 6 the final inspectirn sha>~ed sore ccnsiderable 
build up of ma.terial rn the seats around polar regicns and 
at edges (see Fig. L. 56} '!he ball appeared to 1:e in gocx:l 
conditirn. 

Tertiary dust system isolatirn valves 

Stream 1. De Zuri.k Perrnaseal plug valve 

'Ibis was a tapererl plug design of stainless-steel ccnstuctirn, 
the plug being spring-loaded en to circular graphite seat 
inserts (see Fig. L. 57}. It gave a pcsitive gas seal when first 
used, but was leaking after Test 2 and was rerroved for inspecticn 
with all other dust system valves. '!he valve was stripped daNn 
and sh<::W:rl serious scoring of the grapri. te ring seats. It had 
been feared that the graphite would not withstand high terrperatures 
in what was a slightly oxidising atm:Jsphere but there was no 
evidence to suggest that chemical reacticn of the graphite alone 
had been the cause of failure. 'lhe ccnditirn of the seats suggested 
that mcst of the sealing acticn was being affected by packed dust 
in the bcdy, making q;eraticn difficult. Since seats ~:re no:t 
renewable the valve was replacecl by a jacketed plug valve which 
perforrred satisfactorily until the cyclrne and dust system were 
renovcxl after Test 4. 

Stream 2. Neles CDAH03 valve 

Supplied as a "standard" high 1:.el'c{:erature valve (950°F} with cnly 
minor differences fran the Kamyr type valves, this prd:>ably had 
the most difficult duty to perfonn of all the dust system valves 
because it was located relatively close to the cyclrne 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 cperating temperature wa.s high, though still belCM 
the design ~rature. When the valve was closed the ball could 
"see" di-rect radiation fran 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 strirped dc:wn, 
the body was found to be full of hard, dry, canpacted material 
and this had lifted the ball clear of the seat. (as supplied the 
valve stem was already offset to push the ball en to the l~r 
seat} • Both ball and seat had sustained sane scoring and there 
was marking of the ball surface. This marking (see Fig. L.59} 
was apparent also en other valves with chraniun plated balls 
(viz Stream 1, Karnyr P003} and it is thougtt to have been caused 
by erosion when leakage occurred between the ball and sea:t. Sane 
renovation of the ball ' was· dc:ne' by lapping with Boron Carbide 
paste. When tested after reasserrbly, the valve was still not 
providing a gas-tight seal, bqt the leakage rate was lCM enough 
to allCM r~installaticn. 

Ccnsiderable leakage through the :valve developed again during 
Test 3 and on inspection it was found to be in a condition 
similar to tltat after Test 2. In an effort to reduce the 
build up of I'Clqterial between ball and seat, thin secticn 
"scraper" seats 'Were fitted. Ball and seat were again lapped. 
together and ttle 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, inspecticn shCMed material build-w;) 
between ball and seat ~ut this was ·easily rerroved. 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 perfonned satisfactorily through this and 
the final test. 

Inspection after lcxx:> hours sh~d material build-up still 
evident in the polar regicn of the seats. 'lbe ball seared 
to have sustained no more damage than that noticed after 265 
hours but there was sane "blueing" of the surface of what was 
the tcp face of the ball in the closed position (Fig. L.60}. 
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Fig.L59 Typical surface damage on Kamyr jNeles 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 

S::me of the items were :made to eng'ineermg drawings that are 
proprietary and therefore not generally available. The list 
of relevant drawings held by CURL is shown ill Table L. 5. In 
Table L.6. the IIDre .inlp)rtant of these drawings are cross­
referenced to the relevant diagrams given ill this re:t;:ert. 
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Table L.S 

. ~:· 

·C<M3uSTOR 

Drawing No. 

21732 

~1733 

21830 

21828 

21057 

RD 2381 

21C61 

RD 2420 

Letail - ·Freeboan1 casing for tapered ccnbustor 

" Baffle Tubes " ;; 11 

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

Valve arrangement on bed off-take 

Canbustor gas off-take (outlet duct external 
to nain pressure casing) 

(Proprieta.rY.) Wcxxlhall Duckham - G. A. of Tapered Bed 
Carrbustor (Babcock & Wilcox) 

General Arrangerrent of Fluid Bed Combustor 
MK VI 

Letail - Start up burner chambers 

Distributor Plate, tapered canbustor ... 
Wcxxlhall IUckham 
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Drawing No. 

21574 

21575 

21576 

21,577 

2158•3/3 

21593/1 

2159~ 

21597 

21598 

21599 

21604 

21612 

21618 

21619 

21621 

21632 

21635 

21636 

21642 

21650 

21661 

21662 

21~.71 

21675 

STREAM 2 ·- GENERAL ELECI'RIC. 

Lock Happ::!r (Coarse) G.E. "Aerodyne" * 
Lock Happ::!r (Fine) G.E. "Aerodyne" 

Lock Happ::!rS - Top Flanges G.E. "Aerodyne" 

Lock Happ::!rS - Water Cooled Flange G.E. "Aerodyne" 

G.A. of Ducting from Aercx:lyne OUtlet 

Details of Outlet Ducting from Aercx:lyne 

Details of OUtlet Ducting .from Aerodyrie 

Details of Refracto:ry Lining-inlet Duct to Aerodyne 

Arrangement of Ducting Davnstream of G.E. cascade 

Arrangement of Ducting BelON Platfonn 

Detail BellONs Assembly in Stream 2 Ash Legs 

Detail Ash legs an Stream 2. 

Installation of Stream 1 cyclones - Schematic 

Refracto:r:y for Tee casing - Outlet from Canbustor 

o=tai..l of Cooli.nr} Coil for Tl?l':' P.iec:- - (OJJ~lPt 
from Aerodyne) 

Assanbly of Lock Hoppers and DCW1 Legs frcin 
Aerodyne 

Corrosion Sp::!c:ifuen ·- 12 Elerent Probes 

Proposed Layout of Stream 1 cyclones in Vessel 

Arrangement of .cyc~ones in 4' 6" Vessel - Stream 1 

Details of Rectangular Ducting (Van Tangeren 
cyclones) 

Assembly of 20" BellONs in Stream 2 - original 
version 

Assembly of 12 Element Corrosion Specimens in 
casing 

Coil for Primary cyclone Disengagement 

Details of FlON Straighteners and Half Area 
Baffles; 

* In this context "Aercx:lyne" refers to the pressure vessel 
used as the primary .cyclone an Stream 2. 
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STREAM 2 - GENERAL ELECI'RIC 

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 

·.::> 

0 . 
G.A. of Stream 2 2 Cyclone & BellONS Unit 

Details of BellONS for Secandacy Cyclcne 

Detail - Cormecting Dueling, Canbustor/4'6 11 vessel 

Detail - 6 pass and 4 pass Tube Banks 

Proposed arranget.rent of Cyclcnes in existing 
Pressure casing - Stream 2 . (superceded by 
21,755 and 21,759 ) 

Proposed arrangerrent of Cyclcnes in existing 
Pressure Casing and new 2411 Casing ':"'" Stream 2 
(superceded by 21, 785) 

Detail - Addi tianal Branch in Canbustor Outlet 
Tee 

Details of Pre-cast Refractory Block for · 
Aerodyne 

Detail - Canbustor Ou"):let - Gas Splitter 
II II II - Refractory Lining 

Proposed Refractory Lining & Cyclone. Support rerodyne 

Arrangement and detail of 2° Stage Cyclone - Stream 2 

Arrangement of Primary Cyclone Be liONS Unit and 
Pipework 

Arrangerrent of Internals til 4' dia. Vessel -
Stream 2 

Arrange:rrent at inlet in 4' dia. Vessel - Stream 2 

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

Detail - Shave off Eletnent - Stream 2 

Detail - 3° Stage Cyclone - 11 
'' 

BellONS Assembly for Secondacy Cyc1cne Dust 
Outlet · 

:tock Hopper for Secondary Cyclone DUst Outlet 

Cooled Outlet for Skinmer for Secondary Cyclone 

Assembly of 3° Stage Cyclone, shave off and dust 
hopper 

2011 Bellavs Installation 
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STREAM 2 - GENERAL ELECI'RIC 

Drawing No. 

21791 

21827 

21834 

21841 

21849 

Note: 10 

20 

.. 3 0 

Proposed Cascade Outlet Sealing Arrangenent 

Details of Ash Hopper for Bottan Ash Outlet 

Electrostatic Viewing W.:indON - Stream 2 

Assembly of Sight Glass for Laser Particle 
Sizing · · 

Steam Heating Coil for 3° Cyclcne Hopper G.E. 

Primacy· 

Seccndary 

Tertiary 
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Drawing No. 

R.D. 2398 

R.D. 2425 

R.D. 2427 

STREAM ·1 . STAL IAVAL 

Woodhall Duckham - Proposed modifi~ticns 
to existing plant to incorporate 3 
Cyclone Vessel.etc. 

Woodhall Duckharn- Assembly of 3° Cyclcne 
Outlet to Water Sprays 

Woodhall Duckharn - Assembly of main vessel 
to tertiary cyclone vessel • 
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Table L 6 Engineering Drawings related to 

. Report .Diagrarrs 

Diagram Drawing No. 

Start-up bumers L.2 item 6 21061 

Distributor plate L. 7 RD 2420 

Bed offtake arrangenent L.2 item 9 .. 21830 
21828 

Canbustor outlet and gas splitter L.l9 21057(l) 

Stream 2 5cx::mn pressure casing 
bellows L.20 21,661 

21,790 

Typical sliding joint in cascade 
ducting L.21 21,583/3 

Stream 2 hot gas flew measurenent 
venturi L.22 21,583/3 

Stream 2 cyclqnes _. L.29 21,755 
21,759 
21,785 

Van Tcngeren cyclcne installaticn, 
Stream 1 L.30 21,618 

21,642 

Typical expansicn bellows design L.38 21,767 
21,785 

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

(1) 
· Dr~g is G.A. fran earlier progranrne. It shows typical 
ccnstructicn, but has not been modified to include detailed 
rnodificaticns for the l(XX) hr. run. 
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Note: 

APPENDIX. N 

Examinatiort·of ·stal-Laval cascade and 

interpretation of results 

This is a reprint of a paper presented by Stal Laval 
to the 6th International Conference in. Atlanta, 1980. 
It is reproduced here as Stal-Laval's fo:rmal contribution 
to the report an Fluidised Bed Canbustion. · 
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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 Tuibin AB, S-612 20 FINSPONG, Sweden 

SUMMARY 

T•Jrbin~ hlArlP. !';P.r.t.inns and a nurrber of allov 
specimens were exposed in a turbine materials · 
cascade during the recent 1000 hour PFBC test at 
CURL, Leatherhead, England. The material tempera­
tures wore 770 to 780 oc and the gas velor.ities 
over tested materials ranged from 180 to S20 m/s, 
Examination..,of the d i ffarent 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 SOD blade sections coated with FeCrAlY 
and CoCrAlY exhibited very limited corrosion. An 
uncoated Udimet SOD blade section showed >100 ~ 
hot corrosion after 950 hours exposure at crevice 
loc~tions. Other specimens of the same alloy had 
<30 ~ corrosion attack. Alloy 713 C was very 
little corroded. IN 671 showed severe hot cor­
r·osion 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 expected 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. 

INTROOUCTIQ\J 

Participation in the 1000 hour test at the 
pressurized fludidized bed combustion (PFBCl 
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
sideraCle detail by Markowsky et al. 1

•
2 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 BLADE CASCADES 

The 1000 hour test, described in more detail 
by Hoy and Roberts, 3 was divided into six shorter 
test sections, i.e., a SO hour commissioning period 
(Test 1), followed by four 200 hour test periods 
of approximately (Tests 2-Sl, and concluded with a 
1SO 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. NDx emissions were typically 
180 to 190 ppm (i.e. about 0.4S lbs/10 6 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 
~aused some interruptions. Coal feed disturbances 
did. occur occasionally but were generally quickly 
corrected. 

Figure 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 cascade. Approximately two thirds 
(2 lbs/s) of the combustion gases from the com­
bustor went through the STAL-LAVAL cascade. The 
remaining gases (Stream 2; 1.2 lbs/sl were guided, 
with thA 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 one Stainmand 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 % 8 
and O.OB % C, rest Ni. Two of the blade sections 
were coated by physical vapor deposition (PVDJ 
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 3BO 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 cascade at gas velocities between 
1BO m/s and 520 mls. These included additional 
Udimet 500 specimens and also IN 571 (basically 
50 % Cr, 50 % Nil and Alloy 713 C (nominally 
12.5% Cr, 4.2% Mo, 2.0% Nb, 0.8% Ti, 6.1 % Al. 
0.012% 8, 0.10% Zr and 0.12% C, rest Nil 
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 EngineBring 
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. 3 Figure 3 shows that the 
primary cyclone reduced botn dust loading (from 
jO 000 to BOO ppm) and particle size very con­
siderably. The secondary cyclone produced a 
further reduction in dust loading (from BOO to 
200 ppm· 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 5. 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 tP.st 
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 °C during Test 1, due to air leakage into the 
freeboard. During subsequent tests it was between 
770 and 7BO oc,_ with the exception for Test 2 
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where propane was injected after the tertiary 
cyclone to produce an inlet temperature of 7B7 °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 CASCADE COM­
PONENTS AFTER EXPOSURE TO 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 
corros.ion. 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. 1 •

2 

Figures 4 and S show photos of the blade 
assembly portion of the cascade used during Tests 
2-5, 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 BO rrml. 

Figures 5 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 thA l.P.ar1ing 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 corrmon "angle of impact" and which, as judged 
from the contrast in the SEM image, are partly 
filled with some non-metallic material. This di­
r~ction corresponds to the path rather large par­
ticles would take through the blade assembly. This 
is further illustrated in Figure B where the 
locations and directions of such "impact cratP.rs" 
are summarized schematically. As shown in Figure B. 
similar craters were also found on the CoCrAlY­
coated blade. 

Scanning elsctron microscopy energy-dizpc~ive 
X-ray (EDXJ 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 mdxed in part with 
coal ash and sulfated dolomite dust from the corrr 
buster. (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 
given 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. Simdlarly, no measurable erosion of 
turbine component 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 1

•
2 

had shown very little corrosion to take place. 
Figure 10 shows the maximum measured extents of 
attack, i.e., the combined oxide layer thickness 
and depth 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 external oxide scale, internal 
oxidation in a surface layer; and the formation of 
subscale chromium sulfides, and perhaps some other 
sulfide phases in and just below the internally 
oxidized zone. It represents a. type of hot corro­
sion attack, The bright appearance of the affected 
zone when the specimen is etched, Figure 12, sug­
gests compositional changes in the alloy result 
from these reactions (chromium depletion 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. 1 • 2 

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 essentially 
non-erosive to turbine materials at the test con­
ditions, By comparison, considerable erosion di~ 
occur during the 117 hour shakedown test in the 
Exxon rig, whereas subsequent testing during .5.65 
hours produced little or no erosion attack on 
FeCrAlY- and CoCrAlY-coated blades.~. 5 

With the assumption that PFBC efflux dust 
from the Exxon rig is simdlar in nature and pro­
perties 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.~• 5 It is clear from the figure that the 
dust through the STAL-LAVAL cascade had a lower con­
centration of particles >2 urn than 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 
s~ze relationships for particles larger than per­
haps J urn in the curve that relates to the STAL­
LAVAL cascade. Similar uncertainty should exist 
for the low concentrations ends of the Exxon size 
distribution curves, i.e., for particle sizes around 
10 urn (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 
erosive damage to turbine component materials in the 
different cascades with the level of large particles, 
say >5 urn. 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 h9ur shakedown test) severe 



erosion can occur, whereas a 2- to 5-fold reduction 
of the concentration of· particles >5 ~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 ~. a thres­
hold value for erosive wear would exist some=-­
wnere between 6 and 30 ppm >5 ~ particles. 
(This way of rationalizing the problem is ob­
viously too much simplified, In reality, the 
nature and shape of the individual particles must 
enter the picture, Accordingly, different. coal 
and sulfur ·sarbents should in principle be · 
capable of producing slightly different results. 
Also, the cyclone characteristics would have a 
very major impact on the concentration/size dis­
tribution relations for particles >5 ~ and thus 
for the position of any threshold value.) 

Clearly, for Test 3 at CURL the level of par­
ticles >5 ~ would seem to be 20 to 30 times below 
that of the 117 hour shakedown test 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 abm 
pressure, the Test 3 curve would represent an addi­
tional safety factor of approximately 4 to 6 times. 
The successful operation with only 2 cyclones, which 
approximately raised the concentrations of large 
particulates by a factor of 2, is then not sur­
prising. 

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 oxide scales 
on low alloy and stainless steels upstream of the 
cascade. Spalling of such oxide scales is nor­
mally referred to as oxide scale exfoliation. It 
is a familiar phenomenon 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 differences 
in thermal expansion, Also, for alloys fanning 
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 irrr 
pacted the blade sections was released on cool­
down. 

Oxide that exfoliates upstream of the cyc­
lones is likely to be caught by those. Therefore, 
the most likely source for the oxide particles 
found embedded in the blade surfaces are system 
walls from the outlet end·af the tertiary cyclone 
to the cascade. Also in an actual PFBC system and 
with perf~ctly 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 ~nlikely to be important as 
an release mechanism for erosive agent that can 
reach the gas turbine components. 

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 structural 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 detenmine 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 infonmation 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 processes. 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 some 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 gaseous reaction 
products. 

Continued chemical reactions occur between 
these 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 fonn a partially reactive "sponge" that can 
affect the corrosion behaviour, 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 tenn exposure is needed to de­
tannins 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 between the blade and the blade·mounting 
dev1ce 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 be that the crevices filled 
up with dust already during the start-up of the 
PFBC system, and before the alloy came to such a 
terrperature that a proper oxide film co•Jld form 
(this probably requires at least 550 to 600 °CJ. 
A change in the reaction mode to produce the 
structure seen in Figures 11 and 12 may not easily 
revert to the formation of a protective oxipe 
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 be very 
sensitive to hot corrosion attack within fluidized 
bed units burning coal with limestone or dolomite 
as the sulfur sorbent, 6 This type of attac~ has 
been suggested to result from a chemical reaction 
between the calcium sulfate (formed as the product 
of reaction-between limestone or dolomite and sul­
fur oxides) and calcium oxide or calcium carbonate 
in the presence of reducing agents, These could 
be gaseous hydrocarbons 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 cascade 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 potenti.al environment, 

The other reason for including IN 671 in the 
cascade was that Me Carron et al had tested blades 
clad with this alloy in the Exxon rig and had seen 
severe degradation of this alloy, ~.s This obser­
vation was taken to show that the PFBC efflux was 
indeed a very severe corrosion environment, and 
the corros;vity 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
mens in the STAL-LAVAL cascade. Our interpretation 
of this observation, based also on other laboratory 
tests, is that the degradation of IN 671 occurs 
through an erosion/corrosion. process, see further 
below, aasically, 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 irrr 
pact of the PFBC dust seems to allow sulfur to 
penetrate the scale, react with the alloy, and then 
set up the conditions for a rapidly progressing hot 
corrosion attack, If this hypothesis 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. 

~r22!2~~~2rr92!2~ 

Turbine materials exposed to the PFBC efflux 
may suffer from erosion and corrosion 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 erosive or a corro­
sive agent separately. 

When "good" turbine alloys are exposed to corrr 
plex high temperature combu"stion 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, 

It seems likely that erosion/corrosion will 
become the important process of gas turbine con~ 
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 co~centration in the gases that 
will reach the gas turbine. The very successfui 
resuits 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 materials under well-known flow con­
ditions. Particle concentration effects, such as 
may occur in actual turbines, may exist also in a 
cascade provided that the directional changes and 
the velocities 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 
su"rfaces, are probably unimportant for particles 
<10 um and therefore do not have to be considered 
for the levels of gas cleanup achieved during the 
PFaC test at CURL. 

Although angles of impact differ, cascade re­
sults are relevant provided the specimens ~ave 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 
nonnally 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 ~. As a result cascade 
results wii1 mainly have to be adjusted for con­
centration of particles >5 ~ when used to 
estimate turbine erosion. 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 velocity at 
the blade sections, 

Based on these considerations it would seem 
that levels of particles >5 ~ reaching the GT 120 
gas turbine from a full scale PFBC unit can be 
olluweu Lu u~ ~t least L to 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 Stream 1 cyclcn~ train and p)~r.AmAnt cf the STAL-LAVA~ 
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, Particle size distribution in dust from PFBC corrr 
buster and in combustion gas flow downstream of the 
different cyclones in Stream 1, 
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Figure 4. Photo of cascade blade assembly 
at end of 1000 hour test. 

Figure 6 . SEM- image of surface region 
( in crass section) of FeCrAlY­
coated Udimet 500 blade . Coat­
ing thickness is approx. 100 ~m. 
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Figure 5. Other view showing also part 
of pressure side of FeCrAlY 
coated blade. 

Figure 7. SEM-image of corresoonding 
region after 950 hours e/­
posure to PFBC combustion 
gases. 



Fi&ure 6, Distribution of sharp-ed&ed particles at 
the surface of cascade blades. Compo­
sition of blade meterials and direction 
of &as flow are sho.m. 
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Figure 9. PFBC 1000 hour test. FeCrAlY coating thickness on cascade 
turbine blade. 
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Figure 10 . Maximum observed corrosion attack (in 
~ and including subscale attack) on 
uncooled U-500 blade after 950 hours 
exposure to PFBC combustion gases. 
"Contact" indicates point of contact 
with blade 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. 

Figure 11 . Light micrograph showing corrosion attack 
on uncoated Udimet 500 blade at point of 
contact with mounting device. 

Figure 13 . Light micrograph showing oxidation-sul­
fidation attack at leading edge of 
IN 671 specimen. 
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APPENDIX M 

ExaminatialS of 'lhenlr.?cruple pcsitirned before cyclcne at Stream 1 

2 
RESULTS 

Material: Pn:bably sane sort of~ 

Time of testing: lCXX> hrs 

Gas speed: 62 ft/s 

~850 °C Tenperature 

Dust loading: 7CXX>-l<XXX> Pfll\ {IOOSt particles N 100 _rm) 

'llle thenoocouple has belmged to the test plant at 
amr.. It was kindly received fran CURL with wishes_· 
to take part of the result of the examinatim. 

'lWo cuts through the thenoocouple, according to the 
sketCh below, have hem examined microsccpically 
{IM) 

L [ 
'1his examinatim shows the ·following: 

- About half the circumference has an attack 
of a character similar to pure oxidatim m 
~. No signs of sulphides are there. 
{IM) Befom EDX-ailalysis which haS not yet 
been date it carmot be fully explained. The 
max:i.nuJn depth of the attack is in a cut "'< 54\Jl\ 

'llle attack seems to be {X>Sitimed <D the 
trailing edge ·{back side) of the elenent. 

- 'llle result of both the cuts is the sane. 

- MeasUIBlents m the cut shCM no signs of 
descaling or erosim 
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