Power and Economy
Developing the ZBs

lan Gaylor
Steam Loco Design

More than doubling the power output of a steam locomotive
while simultaneously cutting fuel consumption by 25% is the
surprising achievement of one current steam development
programme. This fascinating story and the background lead-
ing up to it is the topic of this article.

The need for more powerful locos

The railway in questionis the nine mile long Bure Valley Railway running
betweerthehistoricmarkettown of AylshamandWroxham theCapitalof the
Broads'.This 15" narrov gaugeline is a major touristattractioncarryingover
130,000passengeimyearandrunsontheformerAylshamextensiorof theEast
Norfolk Railway. Thetrackbedwasoriginally laid asa standardyaugeline in

1880but afterclosurein 1982wasrelaidasa 15" gaugetouristrailwayin 1990
atacostof £2.5m.

As avolunteerenginemamweanecdn the continuougradientof the Festiniog
Railway in North Wales| wasat Frst surprisedto $nd that the line is very
demandindor bothlocomotivesandenginecren. However, all becomeglear
whenyou assimilatehreekey points.Firstly, whentheline wasconstructedhe
earthvorksinvolved werekeptto modestproportionsandthustheline follows
the gentleundulationsof the landscapeThis translatesn railway termsto a
serieof switchbackbankdn therangelin 100to 135whicharetoolongtorush
giving little respitein eitherdirectionandwith oneshortsectionof ¥ mile at 1
in 76.

Secondlywith amaximumline speedf 20 mphanda startto stopaverageof

12 mphinvolving threeintermediatestationghisis nostrollin thecountryside.

In factit is moreakinto afastsuhurbanservicewhich demandsapidacceler
ationwith top speedgloseto the permittedmaximumto maintaintime. Third-
ly, train loadingshave beeninexorably creepingupwardsandthe summerser
viceregularly brings12 bogiecarriageplusbrake vanformationsof around40
Tonnegrossweightor four timestheweightof thelocomotveto putit in per
spectve.
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Figure 1.Map of the Bure Valley Rail
way which is laid on the trackbed of
the former Aylsham extension of the
East Norfolk Railway. The line was
originally laid in 1880 and relaid as a
15" gauge line in 1990.

Figure 2. Gradient prole of the Bure
Valley Railway. The limited earth-
works of the original line have given
rise to a switchback gradient profle
with the steepest gradient being 1in
76 and average gradientsintherange
1in 100-135.



Figure 3. No. 7 "Spit®re'at Wroxham
in original condition as manufactured
by Winson Engineering Ltd. The loco
weighs approximately 12 tonnes in
full working order and high summer
trains are frequently 12 coaches plus
a brake van giving a gross weight of
around 37 tonnes excluding the en-
gine.
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Initially the line wasoperatedoy locomotiveshired from the Romney, Hythe
andDymchurchRailwaybut astraf®ogrew it becameslearthatthegreyhounds
from the"at Romneg Marshesverebeingaskedto work outsidetheir comfort
zoneandsomethindargerwasrequired.

The ZB is born

Asaresultthe®rsttwo of theZB clasof locomotives BVR Nos.6 and7,which
are basedloosely on the Indian Railway type, were designedand built very
costeffectively by WinsonEngineeringn 1994.The classhasbecomeclosely
associateavith theline andin servicethe new locomotivesquickly established
themselesasruggedandreliable performersThey have sened the railway
extremelywell andwith a maximumtractive effort of 30541bs arecapableof
startingtheheaviestof trainsevenin adwerseconditionsln traf®chowever, the
fuelandwaterconsumptionvasfoundto behigh.Althoughinitially thiswasnot
aseriousssueaspassengdoadingscontinuedo riseoveranumberof seasons
it becameapparenthatthelocomotiveswereslow to acceleratéheincreasingly
heary summeidoadsandcouldnot maintainfull line speedngradients.

Operatinghe locomotivesat the edgeof their performancernvelopetrip after
trip wasa challengefor crews especiallyif singlemannedEvery gradienthad
to be rushedat full line speedwith asmuchwaterin the boiler asyou could
managethe pressuren theredline andthenwith raucougoaringexhaustthe
speedwould slowly andinexorably burn off despiteyour bestefforts. With a
heary 12 coachtrainthespeedvould settleto aroundl 2-15mphat 50%cut-off
andthenall you could do waswatchthe watergo down andhopethe ®reheld
outuntil theendof theclimb asary attemptto ®rewhile pulling would precip
itatea disastrousossof pressureWith thetop of theclimb behindyouthecut-
off couldsafelybeshortenedndwith bothinjectorsonto replacehewaterthe
trainwould beworkedupto line speedagainonthedown grade Gettingalarge
roundonthe®rewasthenext essentiatemandasthedoorsopenedinabsolute
ly whiteincandescer®rewould greetyou. Thetrick wasto keepit thin enough
to burn really hot in the climb but not sothin it burnt right throughto form a
hole.Normally therewould be somelatitudein the optimum®rebedhickness
but atthislevel of evaporatiortherewasonly oneoption,perfecteverytime.Of
courseperfectionis hardto achieve andtherewasnowayto recoverfrom errors
of judgementyoujusthadto live with theconsequencdsr therestof thetrip!
Coaldeliverieswereseriousventsaseachnew batchhadthe potentialto turna
dif®culttourdeforceintoimpossibility Only “rocketfuel wasacceptabldpads
of Welshwith hintsof slateweresentaway with balefulglaresandary vestige
of slackwasshovelledto onesideasit would simply bethrown out asred hot
grit if youtriedto ®reit.



Thevoraciousappetitefor fuel of theZB led to thembeingdubbed theminers
friend’, because/ou never stoppedshovelling. Typically a 3 trip 54 mile day
pluslighting upwould requirethetenderso beheapedipwith upto 35buckets
of coalweighingapproximatelyl10Kg.Oneenthusiastidriverwassurehehad
gotthisfueleconomythinglickedandloadingonly 28 bucketsattheendof the
previousdayresultedn anemegeng callfor coalto bedespatchetb meethim

onrouteto enablehim to gethome!

The frst BVR impr ovements

In 1997 2-6-2T BVR No. 8 enteredservicehaving beenerectedfrom a kit

of partssuppliedby Winson Engineeringn the BVR workshopat Aylsham.
Althoughthislocomotiveis styledto resemble Valeof RheidolTankit is also
amemberof theZB classsharingthesamechassisgylinders runninggearand
boilerwith only superstructurehangesreatinghevisualtransformationOne
importantdifferencewasthat unlike othermemberof the classit is oil ®red
whichis usefulin thedry summerperiodsf ®rerisk s high.

About threeyearsafter Nos.6 & 7 enteredservicethe BVR investicatedthe
valve geardesignanddiscoveredthatthe pistonvalveshada massve 10mmof
exhaustclearancevhich allowedthe steamto be exhaustedrom the cylinders
beforeit hadexpandedhdequatelyNew valvesweremanugcturedor No.6and
asaresultthelocomotive performedbetterandcoalconsumptiorfell by 20%,
typically to around27 bucketsof coalperdayweighingapproximately\820Kg.
Subsequentlyheseimprovementsverealsoappliedto Nos.7 & 8 with some
furthersmallexperimentalifferencedbetweerthethreelocomoties.

At ®rstthe reductionin fuel bills andthe slight latitude createdcby the lower
evaporatiorratesvasreassuringdowever, theneedo still pushthelocomotives
hardwith noquartergivenwasexactingatoll asthehigh®retemperaturesere
shorteninghelife of theboilersandrepaircostswererising seriously

No. 9 "Mark Timoth y' arrives

In 1999theclassexpandedo atotal of 4 with thearrival of 2-6-4T, "Mark Tim-
othy', BVR No.9.It isnamedn memoryof ownerAlan Richardsors sonand
originally it wasstyledto resemblea CountyDonegal ClassbA locomotive.

Whenit was®rstdelivereda numberof seriousproblemswereidenti®edand
thelocomotive wasreturnedfor recti®cationWhenit wasredelvered,it was
apparenthatit wasstill unableto enterservice andshortlyafterwardswinson
Engineeringloseddown.

Reluilding a brandnew locomotive beforeit entergevenue-earningerviceis
anunusuaktepto have to take but astherewerea numberof seriougechnical
issuego beresolhedAlan RichardsorconsultedocomotiebuildersAlan Keef
Ltd, whoundertookto retuild thelocomotivein 2001.

Figure 4. No. 9 "Mark Timothy' as
originally built by Winson Engineer-
ing Ltd to resemble a County Donegal
Class 5A tank locomotive. As deliv-
ered the locomotive had a number of
serious problems making it unable to
enter service.
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Figure 5.No.9 "Mark Timothy' on test
atthe Perrygrove Railway withtempo-
rary ®rebarsto enable a coal ®reto be
used as the original oil burner could
not raise suf®cientsteam to enable
testing to be undertaken.
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Figure 6. The County Donegal and
Leek and Manifold pro®les overlaid
showing the increased height neces-
sary to create suf®cientheadroomin
the cab. The original County Done-
gal pro®leis shown in green while
the new Leek and Manifold one is
in black.
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At this point the scopeof the problemswvasratherdaunting An immediateis-
suewasthatthe cabwastoo low to accommodatéhelocomotive crew aseven
theshortesenginemartouldnt sit upright. Therewerealsoa large numberof
detailedmechanicaproblemswith the framesand motion which would have
preventedeliableregularuseTheoil ®ringsystemwvasnotfunctioningproperly
andindeedthetrialsat Perrygrare hadto beundertalenwith temporary®rebars
andacoal®re Lastlytherewereanumberof areaontheboilerwhichrequired
remedialwvork to satisfytheboilerinspectobeforehewould sanctioruseother
thanfor testpurposes.

A key issuewasto steamtestthe locomotive beforestrippingit andarrange
mentsweremadewith Michael Croftsfor thesetrials to be undertalen at his
Perrygrae Railway whentherewasno passengeservicerunning.Thesdtrials
provedveryusefulanddespiteheproblemsthelocomotive wasshovn to have
signi®canpotential.

Remodelling the locomotive

Thelocomotivethenmovedto Keef sworksatLealine nearRoss-on-Weand
strippingof thelocomotive commencedn parallela designstudywascarried
outto look at the optionsto overcomethelimited roomavailablein thecah It
becameaapidly apparenthatthe CountyDonegal prototypearoundwhich the
externalappearancef "Mark Timothy' hadbeenmodelledwasveryrestrictve
andthatthevisualbalanceof thelocomotive would bespoiltif anenlagedcab
wereto be ®tted As analternatve, discussiondetweenAlan Richardsorand
Patrick andAlice Keefsettledon thepossibilityof changingheappearanct
matchthatof a LeekandManifold locomotie.



Thishadthebene®bf providing amuchlargercabbut pushedhelimits of the
currentBVR loadinggaugeespeciallyin termsof clearancédetweerboththe
cabroof andchimnegy andthetop of thetunnelat Aylsham.

In conjunctionwith the BVR it wasarrangedo measurén detailthe vertical
clearancei thetunnelandalsoto checkthe effect on draughtingof the ®re
with thetop of thechimney closeto theroof.

Thesetestsvereundertalenin April 2002andwith No. 7 sportingatemporary
extensionto thechimney severalrunsweremadethroughthetunnelatavariety
of powerlevelsto seewhethertherewasary tendeng for the®reto blow back
into the cah Thetrials werea succesandwith all eyebrawvs still intactit was
agreedhattherevisedoverallheightwaspractical.

With a major remodellingexerciseto be undertalen it was also decidedto
changehelocomotive from oil to coal®ring.Thiswould reducebothfuel costs
andtheambientnoiselevel for enginecrew asoil ®ringtendsto producehigh
levelsof low frequeng noiseparticularlywhenworking hard.

Redesigning the front end

AsaConsultanDesignEngineeiby profession hadundertalenprojectgrevi-

ouslywith theownerof BVR No.9 “Mark Timothy', Alan Richardsonandhe
invited meto designa new front endfor thelocomotie to improve power out

putandfuel economyConcurrentvith thecommencemerdf therekuilding of

No.9theBVR wererehuildingNo. 6 andthisledto thepossibilityof designing
andbuilding new cylindersanddraughtingarrangementfor bothlocomotves
unhamperedy thelegacy of the existing parts.

A projectof thisnatureis alwaysthesubjectof collaboratiorbetweertheinter-
estedpartiesandl wouldlik eto especiallymentiontheworkshopeamsf both
theBVR andAlan KeefLtd who contritutedtheir expertiseto theprogramme.

Designersik e ChapelonPortaandWardaleadwocatethatdesignmustprogress
consideringhe locomotive asa whole andwith a clearunderstandingf the
thermodynami@mplicationssothatthetechnicapotentialof improvementgan
beassessetlvhetheapotentiaimprovemenis commerciallyworthwhilemust
thenbejudgedin thecontext of totalcostof ownershipandwith locomotivesof
this sizetherelative balanceof thevariouscontritutionsis differentcompared
to saystandardjaugelocomotiveswith differentusagepatterns.

In this casedespitethe thermalef®ciesy bene®tsbtainabldoy superheating,
modi®catiorof the boilerswasruled out at this stagefor ®nanciareasonsas
it would have meantreplacinglarge partsof soundboilersandthefuel saving
couldnotjustify thecostsnvolved.However, considerationvasgivento possi
ble ®menbf superheateboilersat somepointin thefuturewhenreplacement
wasrequiredSimilarly, tolimit theimpactof thework ontherestof thelocome
tive,themainframesverenotto bemodi®edandtheexistingcylindermounting
bolt positions exhaustpassagway cut-outsandcylinder boreandstroke were
retained.

Acceptingthat it wasto remaina saturatecengine the importantpoint with

the naw front end designwasstill to get more usefulwork out of the steam
beforeexhaustingit. To do this requiredboth expansionof the steamto the
lowestpressur@ossibleo maximisetheusefulwork doneandalsominimising
negative work in theform of backpressurefriction andavoidableleakageand
condensatiotosses.

With thisin mind | preparedanoutlinedesignschemend,having obtainedev-
eryonesapproval, undertookthe necessargomputemodelling,designcalcu
lationsanddrawingsto enablemanufctureof the partsfor bothlocomotives.

Looking attheimprovementsn broadtermsandworking throughtheitemsin
alogical sequenceave startatthecylinder steamchests.

To meetthedemandat speedvhenthevalve opensduringadmissionyouneed
large steamchestsothat suf®ciensteamis available.This ensureshat steam
pressureloesnt fall becaus@ suddenlyhasto suigedownn thesteanpipefrom

Figure 7. Bure Valley Railway CME,
Dave Phillips, checking the clear-
ances with an increased chimney
height in Aylsham Tunnel using No. 7
as a testbed.
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Figure 8. The hollow bronze valve
heads are mounted on stainless steel
valve and tail rods which are through
ported to improve exhaust release
and relieve loads on the valve gear.
Bronze was selected for the valve
heads as it provides a good wear
combination with the cast iron liner.
Stainless steel was selected for the
rods as it had a similar coef®cientof
thermal expansion as the valve head
and therefore would not loosenin ser-
vice while also providing excellent
corrosion resistance when the loco-
motiveis laid up over the winter period
preventing damage to gland packing.

Photo Alan Keef Ltd



Figure 9. One of the new fabricated
cylinders showing the large steam
chest, exhaust ports and passage-
ways prior to ®ttingthe cast iron cylin-
der and valve liners. The grooves in
the cylinder which take the A"as O
rings which prevent leakage between
the cylinder liner and the fabrication
can be clearly seen.
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Table 1. Comparison of the original
ZB cylinders with BVR valve modi®
cations as ®ttedto No. 7 and the new
cylinders for No. 9.

The new cylinders are designed to
allow the locomotive to breath freely
andthisis assisted by the large steam
chest volume, increased valve trav-
el coupled with reduced full gear cut-
off to improve valve events, increased
lead steam coupled with larger steam
and exhaust lap, and larger transfer
ports and exhaust passageways to
reduce back pressure.

Notes: [1] The original pipework inthe
smokebox is the limiting factor rather
than this value which s given for com-
pleteness. [2] This is the area in one
end of the valve liner plus (on No. 9
only) the area through the ports in the
hollow valve head. [3] These ®gures
are not known for No. 7.

theboilerto getthere For thisreasorthe steanchestsveremadeashig aspos
siblewithin theconstraint®f theloadinggaugeandwhile thevolumeis alittle
smallerthanis idealthey aremorethaneighttimeslargerthantheoriginals.

The valvesand portsare alsoimportantin controlling the steam™ow to and
from the cylinder andthe transferportswere designedwith fewer but larger
trapezoidakhapedportsto improve the available areaduring initial opening
comparedo the smallerbut more numeroudriangularform usedpreviously.

Theuseof narrav taperedandsontheadmissiorandexhausiedge®f thevalve

headenabledhevalve eventsto be de®nedccuratelyby thevalve ringsunder
thecontrolof thevalve gear

Item Description No. 7 No. 9
Bore, mm 176 176
Stroke, mm 280 280
Steam chest inlet passageway area [1], cm? 19.64 19.64
Steam chest volume, cm? 688.7 5886
As a % of swept volume of cylinder 10.1 86.4
Valve diameter, mm 88 88
Area of transfer port in valve liner, cm? 38.9 36
Max. valve travel, mm @ % cut-off 64 @82% 74 @70%
Lead steam, mm 1 2
Steam lap, mm 13 19
Exhaust lap, mm 0 2
Min. area of transfer port in cylinder liner, cm?2 8.5 34.32
Area of exhaust port [2], cm? 28.3 77.99
Min. area of exhaust passageway in cylinder,cm? 45.37 99.36
Clearance volume [3], cm?3 - 752.7
As a % of swept volume of cylinder [3] - 11.04
Maximum expansion ratio @ 15% cutoff [3] - 4.26




Thevalve gearwasredesignedo improve thevalve eventsby correctinggeom
etryerrorsandlimiting thefull gearcut-off from 82%to 70%while alsoincreas
ing themaximumvalvetravel by 10mmto 74 mm.Theoveralleffectis to make
portopeningdargerfor agivencut-off andis coupledwith generousadiionthe
valve headwhich smoothghepassagef the steamadjacento theport.

Back pressurds minimisedby allowing someof the exhauststeamto pass
throughthe hollow valve headto make useof the other exhaustpassageay
branch.The combinedeffect of thesechangesds to promotegood breathing
while alsoreducingloadson the valve gearby lighteningthe valve headand
balancingheloadcreateddy theexhaustbackpressure.

The transferpassagwaysbetweenthe valve chestand cylindersand the ex-
haustpassageayshave alsobeencarefullydesignedvith rectangulasections
to maximisethe areafor “ow. They areasstraightaspossiblebut, wherenec
essarybendsare”o wing andeventhevalve chestaandcylindersaresmoothed
internally Comparedotheoriginalarrangemerthepassag@aysareenormous
andonelook attheillustrationshavsthedifferencen sizebetweertheoriginal
cylindersandthereplacementnits.

Sealingof thevalvesandpistonhasbeenmprovedby usingClupetringswhich
areshapedatheiik eakey ringandhavenogapbetweertheringendgor steam
to leakthroughn additionthevalve headsow have threeratherthantwo ring
groovesastheincreasen lap hascreatedenoughspaceto ®tthem.Thevalve
headis madeof bronzegiving goodwearcharacteristicé combinationwith
thecastiron valve liner andis supportedy atail rod to improve guidance.

Figure 10. The new cylinder on the
left shows the large inline trans-
fer ports and exhaust passageways
compared to the original cylinder on
the right. The relief of the face which
bolts to the locomotive mainframes
can also be clearly seen and this
reduces thermal conduction losses
through the loco frames.
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Figure 11. One of the new split cast
iron valve liners showing the trape-
zoidal transfer ports and large ex-
haust ports. Two liners are required
per valve chest one being inserted
from each end leaving a gap between
them in the centre of the steam chest
for passage of live steam to the valve
head. As with the cylinder liners they
are sealed to the cylinder fabrication
using A"as O rings and are clamped
in position by the valve chest covers.

Photo Alan Keef Ltd

Figure 12. The new Lempor exhaust
system installed in the smokebox
showing the combined blast nozzle
and blower assembly mounted on top
of the tapering exhaust stand. The
spark arrestor is not ®tted and the
copper pipe connecting to the right
hand side is the blower supply.

Photo Alan Richardson



Table 2. Comparison of the original
ZB stovepipe and single blast nozzle
exhaust system as ®ttedto No. 7 and
the new multiple blast nozzle Lempor
system for No. 9.

The new exhaust system is designed
to reduce back pressure and incorpo-
rates a Kordina in the blast pipe stand
coupled with increases in both blast
nozzle and chimney exit areas.

Figure 13. A view of the exhaust
stand from above showing the divider
of the Kordina immediately below the
"ange. The purpose of the Kordina
is to reduce the negative effect on
the other cylinder during an exhaust
event by avoiding transfer of back-
pressure. During the dynamometer
trials which were carried out the ben-
e®tswere shown to be signi®cant.
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Figure 14. The four nozzle blast cap
with integral blower. The blast noz-
zles are of the convergent divergent
type to maximise the coef®cient of
discharge and minimise the exhaust
back pressure. The nozzles are also
angled outwards to ensure that the
blast ®llsthe mixing chamber of the
chimney evenly.

Photo Alan Keef Ltd

Item Description No. 7 No. 9
Number of chimneys 1 1
Total blast nozzle tip area, cm 15.91 20.91
Total chimney choke area, cm 181.48 166.64
Ratio chimney choke area : blast nozzle tip area 11.4 8.0
Choke diameter, mm 152 146
Mixing chamber length, mm N/A 291
Mixing chamber length : diameter ratio N/A 2.0
Diffuser length, mm N/A 452
Length of bellmouth, mm 0 47
Chimney length inc. bellmouth, mm 375 790
Total chimney exit area, cm 181.48 404.81
Chimney exit diameter, mm 152 227
Diffuser included angle 0° 10.3°
Diffuser area ratio 1.0 2.43
Overall chimney length excluding bellmouth : mixing N/A 5.10
chamber dia ratio

Number of blast nozzles 1 4
Individual blast nozzle tip area, cm 1591 5.23
Blast nozzle exit dia, mm 45 25.8
Blast nozzle throat diameter, mm N/A 23.9
Ratio of blast nozzle exit area : throat area N/A 1.165
Kordina crossectional area, cm N/A 20.91

Avoidableheatlosshasbeenloweredby the useof betterandthicker ceram

ic insulationandreductionof contactareabetweerthe mainframesandcylin-

ders Heatlossis furtherminimisedby arrangingfor all coastingo bedonein

mid-gearasthis preventscooling of the cylindersby cold ambientair dravn

in throughthe snifting valves.To enablemid gearcoastingwithout abrasie
smoleboxcomhustiongasandashbeingdrawn into the cylindersvia the blast
pipe,requiregheprovision of asmallquantityof steamto thesteamchestBy

usingthissteantoatomisehecylinderlubricatingoil asit enterghesteanthest
thelubricationof valvesandpistonss alsoimproved.

Betterexpansve useof the steamcannow bemadeasa resultof theimproved
valve eventsandwith a smallclearancevolumea maximumexpansiorratio of
4.26is achievableat 15%cut-off.

Thedraughtingarrangementis thesmoleboxwereimprovedby the®tmenf

amultipleblastnozzleLemporexhaustsystemwhich createsuf®cientiraught
for ef®cientomhustionwith lower exhaustbackpressureA Kordinawasalso
incorporatedn the exhaustpassag@aysfrom the two cylinderswherethey

combinebelav theblastnozzlesThisdevice preventstheexhaustreleasdrom

onecylinderincreasinghebackpressurén thesecondylinder.

The four nozzleblastcapis effectively 44.5%larger thanthe original single
nozzleblastpipetakinginto accountheimproved ow coef®cientandhasan
integralfour nozzleblower. Thiswasmachinedatherthanfabricatedecausef
thesmallphysicalsizeandaccurayg requiredvhichmadehistheeasiesoption.
The Lempormixing chamberand diffuseris concealedwithin a chimney of



classicakxternalshapéout is largerin diameterastheexit areaof thechimney
wasincreasedy 123%comparedo the original. A further bene®is thatthe
revisedlayout distributesthe draughtmoreevenly acrosshe boiler tubeplate
andit ishopedhatthiswill reduceheincidenceof tubeleakagen servicefrom
theupperrowsof boilertubes.

Rebuilding gets underway

During the later half of 2002work got undervay in earnestat Alan Keefs
works. Under the supervisionof works managerPhil Kent, the frameswere
lengthenedndstrengthenedtthefront andrearto suitthenew designDuring
thisperiodthepory truckandrearbogiewereextensiely rekuilt to provide ad
equatanovementandsidecontrol. Thesuccessfulshoehorning'of thealterna
tor androtaryair compressoontotherearbogiewasparticularlydif®cultwith
verylimited space.

While the boiler was removed from the framesthe opportunity was taken
to carry out minor remedialwork on it. The washoutsoclets,domeandone
longitudinalstaywhichhadcuriouslybeerfoundto beweldedin positionunder
compressiomll receving attention.

Meanwhile engineeiAlice Keef hadbeenlooking atthetypical weightdistri-
bution of the ZB designandcon®rmedhatit wasexcessiely backheary. To
correctthe balancet wasdecidedto ®ta heavier front buffer beamandmake
the smoleboxfrom 40 mm insteadof the usual6-10 mm thick plate.Alice is
con®denthatthisis onesmoleboxwhichis never goingto rustthrough!

New couplingrodsweredesigneday Alice to clearthe lower runningboards
requiredby the new Leek and Manifold outline and Phil and his teamin the
works madetheseitemsalongwith replacemenbr remedialwork on nearly
every otheritem of themotionandvalve gear

Aswork onthechassiprogressedttentiorturnedto thedesignandfabrication
of thenaw tanks bunkerandcah Thetanksandbunkerwerefabricated®rstand
thenawoodemmockupof thecabwaspreparedo checkthesightlinesandpost
tionsof controlsandequipmenbefore®nalisinghedrawingsfor construction.

The new cabis extremely spaciousand is ®ttedout to a very high standard
internally with openingwindaws, a sunroof,and a woodenlining to the cab
roof from which is suspendedn instrumentbinnaclewith integral LED spot
lightsfor illuminationof gaugesThisis de®nitelthelocofor winter nightson

Santdrains!

Figure 15. One of the new cylinders
in place with the steam pipe connect-
ed but without the lagging or end cov-
ers. The large rectangular exhaust
passageway sweeping back from the
front of the valve chest can be clear-
ly seen.
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Figure 16. Setting the eccentric rod
length during rebuilding of the re-
designed valve gear which enabled
the valve travel to be increased by
10 mm to 74 mm. The maximum full
gear cut off was also reduced to 70%
to improve the valve events. Note
the thickness of the smokebox which
was increased to 40 mm to improve
the weight distribution of the locomo-
tive which was rear heavy as original
ly built.

Photo Alan Richardson



Figure 17. The new cab layout
showing the ergonomic positioning
of controls which was the subject of
favourable comment by the Railway
Inspectorate during type approval tri-
als. The use of LED illumination of
gauges makes night time operation
comfortable for crews and avoids re-
“ected glare and the hassle associat-
ed with traditional oil lamps.

Photo Alan Richardson
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The works steam test

Thedayof the®rststeantestdavnedon Wednesdayp3rd July 2003andloco-
motive owner Alan Richardsorand| setoff earlyfor Keef sworksto witness
thebig event.

As we swunginto the yard we were greetedby the sight of "Mark Timothy'
standingon 30-40feetof jubileetrackoutsidetheerectingshopbeingswarmed
over by boiler suited®ttersall intent on addingthe ®nalpartsbeforethe ®re
waslit. Seeingthelocomotie in its maddendake livery with creamlining was
wonderfulbut climbing into the cab and seeingthe comfort and ergonomic
layoutof the “ight deck'wasreallyimpressie.

Soonabarrav of coalappearedhext to the cabandthetell-tale signsof com
bustionwaftedfrom thechimngy. Whilst steanmwasraisedthelocomotive was
greasedndoiled readyto move andarnyonewhofailedto look terribly busyat
all timeswasco-optedto helpprimethemechanicalubricatorwhich feedsthe
cylinders.

Soonit wastime to move the locomotive underits own power but with sucha
shortlengthof track the steambrake waswisely warmedup very thoroughly
beforehandwith Patrick Keefreadyatthe controlstheyardrapidly ®lledwith

theteamto witnessthe event,which wasaccomplishedvith muchsteamfrom

draincocksandcautioususeof thebrakes.Eventuallythecylinderswerewarm
enoughto allow thedraincocksto beclosedandwe heardthe®rstfew audible
beatdrom the chimney. With Alan on board,camcordein hand recordingthe
scenandsounddatrickthenranthelocomotiveforwardassmartlyashedared
followedby a swift brake application After alargenumberof runsshuttlingup

anddown,alist of all known minorleakswasmadefor correctiorandthesafety
valves®nallysetreadyfor theboilerinspectorsvisit onthe Friday

Theboilerinspectorsvisit passedvithout eventandwith theminoritemsfrom
the “to do list' clearedup, the locomotive wasduly loadedonto the lorry on
Sundayto arrive at AylshamMondaymorning.

Commissioning trials at Aylsham

Monday arrived bright and sunry andwhenAlan and | arrived at Aylsham,
unloadingwaswell underway and”Mark Timothy' wassooninstalledover the
pit road.

The ®rsttask wasto setthe springson the locomotive to obtainthe correct

ride heightandweight distribution. Having achiezed an adequatereliminary

setting,initial runningtrialswereheldin theeveningin theyard,which boded

well for thefollowing two days.Therewereno signsof hot bearingsor other

malfunctionsand Mark Timothy' shaved remarkablgoowversof acceleration
evenwhenhaulingNos.1and8 deadasatestload.

Tuesdaysav moreactivity over the pit and after lunch Alan ®ttedthe spark
arrestowithouttoomuchdif®cultyevenavoidingtheliberaldoseof sootwhich
is normallycompulsoryat theseceremonies!

Steamraisingbegan mid afternoonandwith myself driving andPatrick ®ring

we werereadyto move to train whenthe 5.15pmarrival pulled into Aylsham.
The gameplan wasto ®rstdo a Bramptonreturn,leaving Aylshamcab ®rst
to checktheride in reverse andthensetthe atomisingsteamfor the cylinder

lubricationcomingdown the bank from BramptontowardsMermaid Bridge,

followed by a Wroxhamreturnto checkline side clearancesperformance
andbearings.

With tencarriageginda brake vanwe setoff, cautiouslynegotiatingthetunnel
without arny nastyscrapingnoisesandthenlisteneddelightedlyasa light crisp
exhaustbeatdevelopedatthechimney aswe acceleratedway from thetunnel
in pilot valve with 10%cut-off. The®rstbit of seriousclimbingfrom Mermaid
to Bramptonwasaccomplishe@asilywith thelocomotive riding unbelievably
smoothly Mermaidwaspasseat about16-18mphandwith full regulatot 160
psiboiler pressurand10%cut-off we startedthe climb. Theexhaustbeatwas



staccat@ndcrispandastheclimb continuedthe cut-of wasextendedto only
25%by thetop of thebankwith a 2-3mphdropin speedUtterly effortlessis
theonly wayto describat.

The returnto Aylshamwas uneventful and after running round at Aylsham
we carefully coaledup to a known level andwith a full tank of watersetoff
backto Wroxhamwith the sametrain. During thejourney it becameclearthat
thelocomotive steamedreely andrequiredsurprisinglylittle fuel to maintain
full boiler pressureaven with the dampersonly moderatelyopen.Wroxham
wasreachedvithout incidentandwhenwe got to the watertower we realised
we hadonly usedjust over 70 gallonscomparedo the 100+gallonsof No. 7.
Apart from slightly warm couplingrod bearingson the front driving axle all
wasrunningsmoothlyandsothelocomotive wasgivenareasonablamountof
power onthe climb out of Wroxham.n persistentain onceclearof thepoints
thecut-off wassetat 30%with full regulator Accelerationvasrapidandonce
clearof thetreegpartwayupthebankthecut-off wasadvancedo 45%resulting
in whatl estimateto be 20 mphline speedwell beforereachingthetop of the
climb. Thesoundof the exhaustbeatis very distinctive with every beatclearly
separatedndsoundingnorelike a chunk'thana “chuff'. If youhave hearda
Romne enginein full cry andcanimaginethatsoundfrom alocotwicethesize
you'vegotit.

Figure 18. "Mark Timothy' departs
Aylsham during the commissioning
trials with the author at the controls.
The trials were the culmination of
the project and were a very exciting
three days for the whole team and in
particular for locomotive owner, Alan
Richardson.

Photo Alan Richardson

Figure 19. ‘Mark Timothy' arrives at
Wroxham with a thirteen coach test
train. After running round this was
subsequently increased to sixteen
coaches plus brake van before mak-
ing an impressive climb of Wroxham
Bank accelerating the train to 20 mph
from a standing start on the 1in 102
gradient.

Photo Alan Richardson
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Figure 20. Test team Julian Stow, Pe-
ter Mintoft and John Scott worked
in inhospitable winter conditions to
record test data for "Mark Timothy'
and Nos. 7 & 8 and vast amounts of
“gaffer tape' were used to prevent the
ingress of damp into sensitive elec-
tronic equipment and connectors.

Photo Alan Richardson
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Wednesdayasthelastdayof thetrialsandtherewasmuchpreparatoryvork to
bedonebut atlastwe wereready With myselfandPatrick ascrew we left with
al3carriageplusbrake vantesttrain boundfor Wroxhamin dry conditions A
coupleof photorunby stopsveremadeonrouteandthroughouthelocomotive
ranimpeccably

After ablow down at Wroxhamit wasdecidedto adda furtherthreecarriages
bringingthetotalto 16 plusabrake van.With thisload, whichwasanimpressie
430feetlong,we commenced full power climb of Wroxhambankandwith
acoupleof minor slipsonrailsdampenedby thedraincockswe gotundervay.
Onceclearof thepoints,cut-off wasadwancedo 52%with awide-openregu-
latorandaboiler pressur®f initially 160psirisingto 170psiduringtheclimb.
The soundof thelocomotive acceleratinghe train wasamazingwith the beat
bouncingbackfrom thecuttingwall. Acceleratiorwasrapidandoncetherear
of thetrainclearedhetreesvewererunningat 18 mphandshortlyafterthecut-
off couldbereducedslightly to holdline speedwhile still onthebank. Thiswas
arealmaximumeffort attemptandon two occasionsnomentarydisturbanceén
thebeatindicatedwe wereoperatingight ontheadhesiorimit of thelocoma
tive. David Lowe who wasour guardfor thetrip summedt up perfectlywhen
hesaidafterwards'bank,whatbank?"

Dave Phillips, the BVR's CME, thentook over driving until Buxton andthe
excellentvisibility affordedby thelargeheadlamm@ndtheinternalcablighting
camentoitsown asthelight fadedDave,clearlyhaving enjoyedtheexperience,
said"l'd giveit 11or 12 outof 10".BVR Fitter/Driver, BobKing took herfrom
Buxtonto Aylshamandthought'He'd lik e to have two".

Dynamometer trials

After thecommissioningf No.9 it wasfelt thattherewasa lot to begainedby
scienti®testingof theimprovedlocomotiveand by comparingt with Nos.7 &
8,to seein detailwhatwe hadachievedandwhatcouldbeimprovedfurther

A groupof engineersJohnScott,Julian Stov and PeterMintoft, who areall

volunteer®ntheTalyllyn Railwayandhadcarriedoutinstrumentedrialsthere,
kindly agreedo helpus.During the springof 2004,in two separatéestses
sions,they successfullyecordeda mountainof datafor which we aregreatly
indebted.



Onthedayof the®rsttestit snaved,obliteratingboththelandscapeandtrack
which madeconditiondessthanidealfor mountingsensitve electronicnstru
mentatioronthelocomotives!All theexternalelectricakonnectoriadto beput
in plastichagsandtapedup to preventshortcircuitsandwith leadsheld on by
gaffer tapefestoonedeverywherewe preparedor the®rsttrial. Pressurérans
ducersvereconnectedo thesmoleboxto measur¢hevacuumandsequential
ly to boththefront andrearcylinder draincock ports,to measurehe cylinder
pressureontinuouslyA lineartransducecouplecdto thecrossheadsimultane
ouslyrecordedhecylinder positionanda specialcoupling,containinga strain
gauge enabledusto recorddravbarpull.

Figure 21. No. 9, festooned with ca-
bles and sensors and more than a lit-
tle gaffer tape, about to depart from
Aylsham during the dynamometer
trials.

Photo Alan Richardson

Themassf dataproducedby thesanstrumentdiadto berecordecandsothe
coachadjacento the locomotve becamehe temporarydynamometecar for
thetestengineersvith adataloggerplustwo computerso inputrundetailsand
view theresultsPawerfor thisequipmentvassuppliedby aportablegenerator
further back down the train andthe same26 Tonnessetcomprisedof eleven
carriageplusa generatocaranda guardsvanwasusedfor all thetestsEach
locomotive wastestedn turn with BVR chairmananddriver Andy Barneson
thefootplateassistedy Bob King andPatrick Keefactingas®remenwWe used
the nearesiong bank closeto Aylshamto provide somethingfor the loco to
work againstandafteracceleratinghetraindown thebankfrom Burgh summit
to a speci®edpeedat the foot of the bankat Mermaidunderbridgewe then
attemptedo maintaina constanspeedup the 1:110banktowardsBrampton.
The locomotveswere driven with a wide openregulator and the speedwas
controlledduringtheclimb by adjustingthe cut-of.

Duringthe®rstserief testseachiocomotive madenumerousunsatdifferent
set speedsBecausewne only had one high temperatureressuretransducer
readingsveretaken of cylinder pressurat the front andreardraincock ports
on separateunswhich meantthatwe hadto dotwo tripsto gatherall thedata.

The purposeof the trials wasto establisha seriesof performanceparameters
which could be usedto compareeachof the locomotives.The tractive effort
measurectthedravbarin kilonewtons(KN) ata measuredpeecdenableshe
power outputto be calculatedn dravbarhorsepower (dhp).Theindicatordia-
gramsenablethecylinderef®ciemy in termsof extractingwork from thesteam
to becomparedThe cut-off settingfrom the diagramshavstheamountof ex-
pansionof the steamoccurringin the cylinder, thelower the % the greaterthe
expansionThe exhaustbackpressures a measuref the negative work being
doneto forcethe steamfrom the cylindersvia thevalvesandthroughthe blast
nozzle.The higherthe backpressuren poundsper squareinch (psi) the more
wastedenegy. The smoleboxvacuumwhich is expressedn mm of mercury
(Hg) determineshe amountof draughtavailableto burn thefuel. An ef®cient
exhaustsystemcreategenoughdraughtto burn suf®cienfuel for the steanmre-
quiredbut doessoatthelowestpossiblebackpressure.
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Figure 22. The ®rsttests with No. 9
showed that the initial estimates for
valve spindle thermal expansionwere
incorrect by approximately 0.5mmre-
sulting in inadequate lead steam at
one end of the cylinders and corre-
sponding over compression at the
other. This was corrected by resetting
the valves during the second series of
tests and the author is pictured mak-
ing adjustments near Brampton.

Photo Alan Richardson
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Trial results

The ®rstlocomotive to be testedwasNo. 7, the secondof the ZB classof lo-
comoties built in 1994andsubsequentlynodi®edy theBVR to includeim-
provedvalves.With theexhaustsoundingasimpressve asever, thelocomotive
achiereda maximumpower of 35.6dhpat a steadyspeedf 11.9mphgener
atingadrawvbarpull of 5KN (1123lbs)atbetweerb5-60%cut-off. Thesmole-
boxvacuumwas-11mm Hg but theaveragebackpressuratthecylinderwasa
woeful 65 psi,morethan43%of theboiler pressuref 150 psiandclearlyone
of thereasondor the deafeningexhaustroar The cylinder indicatordiagrams
shav a severelack of leadsteamprobablydueto portandpassageay restric
tionswhich meanthatsteamhaddif®culty®llingthecylinderadequatelatthe
startof eachstroke.

Next upwasNo. 8, the third memberof the ZB classwhich enteredservicein
1997andis mechanicallysimilarto No. 7 thoughit is styledto resemble Vale
of Rheidoltanklocomotive andis oil ratherthancoal®redDespitegenerating
insuf®cientsteamto maintainboiler pressuravhich fell from 165to 140 psi
duringthetestapeakpoweroutputof 40.1dhpwasrecordedT hiswasachieved
at55%cut-off at13.4mphgeneratingdravbarpull of 5KN (1123lbs),exactly
the sameasNo.7. However, the averageback pressurevaslower at 43.5psi
or around28%of the boiler pressureThis betterresultis probablydueto the
slightlylargerpassageaysizedn thecylindersandthisseemedo becon®rmed
by the indicatordiagramswhich shov animproved but still poor lead steam
event. Given the reluctantsteamingof this loco it is possiblysigni®canthat
the smoleboxvacuumwaslower thanNo. 7 at-7mmHg. However, it maybe
limited by the oil burneroutputasit is not possibleto generateven a hint of
grey in theexhaustatmaximumevaporatiorratesvhich suggestthatmorefuel
couldbeusefullyburntin theavailableair.

Finally it wastheturnof No.9 andwith thesigni®cantmprovementghathad
beenmadeto the cylinders,valve gearand draughtingwe awaited what we
hopedobeaninterestingesultwith considerablexcitementWith everyoneon
boardwe setoff down hill acceleratingowardstestspeedvith Patrick Keefre-
portingonatwo wayradiotheboiler pressuresteamchestpressurandcut-off
atfrequentintervals.At ®rstall wasgoingwell andwith speecdpicking up fast
we all con®dentlyexpectedanoutstandingperformanceluringtheclimb from
Mermaid.However, asAndy Barnesstartedlengtheninghe cut-off the eager
facedeaningoutof thewindowswereabruptlytreatedo a delugeof blackrain
astheboiler contentsuddenlyfoamed Andy immediatelyshutoff, openedhe
draincocksandtried openingup again gentlybut onceagain,asAndy demane
edsomeseriousvork, thecontent§oamedviolently. Eventhoughwe madeser-
eralruns,we wereunableto achieve arnything lik e the maximumpower output



of thelocomotive whichwasconstrainedby themaximumevaporatiorratethat
couldbeachiseredwithoutfoaming.Unfortunatelywith our only blowdown pit

atthefar endof theline, we hadto consoleourseheswith doingthe bestwe
couldin the circumstancesventhoughwe couldn't make a maximumeffort

theresultwasanexcellent63.5dhpwhile acceleratinghetrainat 14. Imphwith

adravbarpull of 7.5KN (1685Ibs)at45%cut-off. Thebackpressuravassig-

ni®cantiower at24 psior 14.8%of the162psiboiler pressur@andsmolebox
vacuumwashigherat-15mmHg.

Examinationof the indicatordiagramsshoved that our estimategor thermal
expansiornof thevalvesfrom cold wereincorrectandalthoughthediscrepang

wassmall (lessthan1 mm) oneendof the cylinder wasover compressingo

more than twice the boiler pressureand the other end had insuf®cientiead
steam.This demonstratednly too clearly that we neededo resetthe valves
with transducergoupledto both endsof the cylindersto monitor the effects
simultaneoushandthencarry out a secondest.Meanwhile the blastnozzles
on No.9wereincreasedy approximately7%in areato their full designvalue
asthedraughtinghadbeenshavn in serviceto be heavier thanneededandthe

damperswverenearlyclosedmuch of thetime. The revisednozzlesproduced
adequatalraughtto ensurefree steamingn traf®@candwill have reducedhe

backpressurturtherfrom thevaluerecordedn the ®rsttest.

Thesecondestwasundertakensomeweekdaterto enablethevalvesto beset
accuratelyfrom oscilloscopédracesof the simultaneoupressureaeadingsof
bothendsof the cylinders.This enabledaccuratevalve settingto be achieved
andshavedclearlytheactionof the Kordinain loweringtheexhaustbackpres
sureon thereturnstroke. Thencamethe opportunityfor No. 9 to shav whatit
coulddoandsodespitesuboptimalrail conditionswhich limited traction,we
madeanexcellent20 mphclimb with only 35%indicatedcut-off. We hadinsuf-
®cientdatarecordingequipmentvailableandsowe couldnot usethedravbar
with thestraingaugeduringthistest.Howeverassuminghat,despitehehigher
speedthedrawvbarpull registeredn the ®rsttestwasnot exceededhenNo. 9
developedanestimated®0dhpor morethandoublethemaximumpower output
whencomparedvith thealreadyimprovedNos.7 & 8, which achieved35and
40.1dhprespectiely.

Reading No.7 No.8 No.9Testl No.9 Test 2
Boiler pressure, bar 10.2 10.5 11.0 -
Cut-off, % 55-60 55 45 35

Average back pressure mea- 4.5 3.0 1.65 -
sured at the cylinder, bar

Smokebox vacuum, average -11 -7 -15 -
mm Hg

Steady speed, mph 11.9 134 141 20.0
Drawbar pull [1], average KN 5.0 5.0 7.5 7.5
Drawbar power [2], KW 26.58 29.9 47.37 67
Drawbar power [2], HP 356 401 635 90

The valve adjustmentsverefelt by the drivers,subsequento thetest,to have
madethe locomotive evenlivelier andfrom experiencewe know thatthereis
morepower available.In idealconditionscut-offs aslong as50-55%have been
achieredwhenacceleratingvith heavy trainsof upto 16 carriagesn aclimb at
20 mph.Althoughwe have asyet beenunableto practicallycheckit by testing,
our designcalculationsuggesa probablemaximumpower outputof 113dhp
andwe anticipatethatif we canrepeatthe testswith betterrail conditionswe
will beableto shaw furtherimprovement.

Table 3. A summary of the major test
results.

The increase in drawbar horse power
of No. 9 compared to Nos. 7 & 8 can
be clearly seeninthe results fromtest
2 while the higher smokebox vacuum
with reduced total backpressure mea-
sured at the cylinder which results
from the improved draughting can be
seenin the results from test 1.

Notes: [1] For test 2 with No. 9 the
drawbar pull was not measured and
is conservatively assumed to be the
same as for test 1despite the higher
speed. [2] On 1:110 bank.
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Table 4. Coal used per day for steam
raising and 54 miles of running for No.
7 with the original BVR valve improve-
ments and for the rebuilt No. 9. The
weight in Kg is based on 11.8 Kg per
bucket.

Figure 23. The rebuilt No. 6 "Blickling
Hall' enters service at Aylsham. No. 6
has the same cylinder and valve gear
modi®cationsas "Mark Timothy'. The
loco is also ®ttedwith a Lempor ex-
haust system but retains the original
chimney casting which has been ex-
tended within the smokebox to incor-
porate a mixing chamber.

Photo Brian Lowe
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Locomotive  Buckets Weight in Kg % reduction
No.7 27 319
No.9 20 236 25.8

Muchto everyonesdelightfuel economyis alsodramaticallyimprovedwhich
is reducingoperatingcostsand the physical work load on the crew. Typical
consumptiorfor a daysoperationof 54 milespluslighting upis 20 bucketsof
coalor 236Kg or a25%saving comparedo No. 7.

No. 9 clocks up 9,000 miles and No. 6 enters service

With thesuccessfurialsbehindusandtypeapproval from theRailway Inspee
torate No.9 hasnow beenin revenueearningservicefor overayeatr It hassue
cessfullyclockedupmorethan9,000milesandBobKing'swishto havetwoim-
provedZBshasalsocometruewith No. 6 enteringservicein February2005.

Oneinterestingeffect of having the extra power availableis thatfor thedriver
and®remairt changeshenatureof thechallengelt is nolongera questionof
canthetrip becompletedontime, but insteadhow little fuel cana skilful cren
usein alocomotive which canbedrivenin atext book manneranddoesmost
of the work requiredof it betweenlO - 30% cut-off. Justin casethis sounds
toorestfulit hasto besaidthatat timeswhenrail conditionsareslipperyextra
vigilancehasto beexercisedaslossof adhesionwith alocothatcanbreatheavell
is ateethrattling experiencaf youdon't intervenequickly.

Fromtherailway'soperatingperspectie,having two locomotivesthatcancope
with whatever the traf®cdepartmenthrows at themis reassuringand cutting
thefuel bill hasmadethe ChairmanAndy Barnessmile.However, whatwill
really delighteveryoneis if the lower ®retemperaturethatarenow required
reduceheboilerrepaircostsandworkshopwork load.Timewill tell butit looks
very hopeful.



The potential for further impr ovement of the ZBs

Locomotive owner Alan Richardsonwas so ®redwith enthusiasmby the
successf themodi®cationto No.9thatherequestea designstudyfrom Alan
KeeflLtd andmyselfto asseswhatimprovementsouldbemadefrom avisual,
functionalandperformancgerspectieto theotherZB locomotive thathethen
owned,BVR No.8.

No. 8, a 2-6-2T, enteredservicein 1997 andis styledto resemblea Vale of
Rheidoltank.However, evenat®rstsightit doesnt look quiteright. Theoriginal
Vale of Rheidollocomotiveshave a chunky charmandlook asthoughthey
meanseriousbusinessvhile No. 8 just manageso look slabsidedandplain.

EngineerAlice Keefinvesticgatedfurtherandaftervisiting theshedsat Aberys
twith andcarefullymeasuringherealthing shepreparediravingsof bothlo-
comotivesandoverlaidthem.Ilt becamepparenthatNo.8wasseriouslyout of
proportionbeingtoo long, muchnarraver anda bit shortof height.The extra
width is de®nitelyoutsidetheloadinggaugeandwould causehelocomotiveto
seriouslyoverhangheplatformedgesothiswasa de®nitenogozone Thead
ditionallengthwasalsoa problemTheboiler couldnt bemovedforwardasthe
®reboxwasalreadyhardup againstthereardriving wheelsandthe cabhadal
readybeenengthenedby additionof acrankedbackplateasenginecren were
having to sit “sidesaddle'to avoid toastedkneeson the boiler backheadThe
needfor additionalheightwasthe onebit of goodnewns.However, to complete
ly avoid thecurrenthunchedlriving stancethecabneededo beraisedfurther
thanwasprototypicalto thelimit of theloadinggaugeestablishedby No. 9.

Alice cameto theconclusiorthatin any eventtheexistingtanksandcabswvould
requirereplacemenbut, becausef the constraintsmposedby the BVR load

ing gaugethenonscaleenginecren andthecurrentboilerandframesit could
never be madeto be a goodlikenessAlan wasconsultedaboutthis dilemma
andit wasdecidedhatthebestwayforwardwasto adoptthedesigrnphilosoply

of allowing form to follow function.In thiswaywe couldresohethefunctional
andperformancéssuesandthenconsidehow to make thelocomotievisually
attractve. As a DesignEngineerl preferthis approachasotherwisethe need
to createa copy of a particularlocomotive or typecanaddanadditionalsetof

constraintsvhich mayhamperachiezementof thebesttechnicaloutcome.

The ZB chassisand boiler arrangements known to be rear end heary and
with thelargeoverhangcreatedby the®reboxwhichis situatecbehindtherear
driverswe knew that the weight distribution would requirecorrectionby ad
dition of ballastatthefront of thelocomotive.Theride qualitiesof No.8 were
acceptablevhenrunningforward,whichis almostalwaysthe caseput theride
in reversewaslesscomfortableandthiswasseerasanopportunityfor improve-
ment.Modi®catiorof thespringingto includecompensatioandimprovement
of sidecontrolwould notonlyimprovetheridein bothdirectionsbut alsoadhe

Figure 24. No. 8 in as built condition
at Bramptonshortly after assembly at
Aylsham from a kit of parts supplied
by Winson Engineering Ltd. No. 8 dif-
fers from the other locomotivesinthat
it is oil ®redand is likely to remain so
for the immediate future as a precau-
tion against possible high ®rerisk pe-
riods in the high summer.

Photo Alan Richardson
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Figure 25. Front and side views of a
Vale of Rheidol tank locomotive with
the outline of No. 8 overlaidin blue. Al-
ice Keef's drawing clearly shows the
extent to which No. 8 diverges from
the prototype in all three dimensions.

Drawing Alan Keef Ltd
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sionasthelocomotive would beableto maintaintractionbetterevenonslightly
uneventrack.Weknew from theexperiencavith No.9thattheadditionalpower
availablemeantthat sandinggearwasreally essentiabndthereforet wasde
cidedto includeair sandinggearfor forwardrunning.

Thelocomotive wasconstructedvith oil ®ringbecausé wasthoughtusefulto
have alocomotive availablewhich would not presenta ®rehazardin the high
summerOriginally it wassuppliedwith a weir burnerwhich creates fanjet
®Imof oil closelyparallelto a similar thin but broadjet of steamwhich then
entrainsandatomisesheoil. Theburnerwasnever satishctoryandaftermary

sleepe®resvith unturntfuel ooding from the®reparthe BVR developedits
own designwith technologysimilar to thatusedfor industrialpaintspraysys

tems.n thisarrangemertheoil is atomisecby steamasit passeshroughfour

identicalnozzleswvhich eachincorporateswirl chambersThesecreaterotating
hollow conicaljetsof oil which atomiseasthe ®m spreadsindthinsandare
®nallyrupturedinto a massof tiny droplets.This systemhasproved excellent
in servicebut is probablylimiting themaximumpoweroutputof thelocomotive
aswhenit is climbing hardit tendsto loosepressureandcanbecomewinded
evenwith all four burnersat maximum In this situationthe comhustionis still

very cleanwithout a hint of grey andthis suggestshatit is runninglean.Like
all steamatomisedsystemswhenthe burnersareat a high setting the system
generatea largequantityof verylow frequeng soundin theform of acontin

uousrumble.This hasprovedfatiguingfor crew andcanalsodetractfrom the
passengerskperiencen the®rstfew coached soundsre ectedbackintothe
trainin cuttings.

For thesereasons changein the current®ringarrangementaasconsidered
desirableo make the locomotive capableof dualfuel operationwith the op-
tionsof eithercorventionalcoal®ringor oil ®ringusinga surfacecomkhustion
vapourisingburner Sucha burnerwould have a ®rebedof refractory coals'
supportecon a systemof vapourisingtubes.The gasoil is vapourisedwithin
thetubesautilising heatabsorbedrom thehotrefractory Therefractoryactsasa
catalystat hightemperatureandis heatedo incandescendey thecomhustion
of thegasoil vapouronits surface.The burnercouldbe easilyinstalledin the
samepositionas®rebarsvith anoil tankprovidedin thebunker spaceSuchan
arrangementvould offer anoil ®ringsystemwhichwould bekind to theboiler,
by mimickingtheslowerthermakesponseharacteristicsf acoal®rewith high
radiantheatoutput,andprovide quietcleancomhustionwhich would beideal
for onemanoperationChangeover betweer®ringmethodscould be madein
justafew hoursandwould offer “exibility to usewhicheverfuel suitedtheop-
eratingor commerciakituation.

Reductiorof themaintenancéurdenanddaily crew workloadwasconsidered
importantMeasureso achieve thiswould includethe®ttingof roller bearings
in thosemotionitemswith plainbearingssuchascouplingrodsandlittle ends,
andimproving hornguidelubricationto reducewvear

No. 8 hasnever beena very comfortableor ergonomicervironmentfor the
enginecreaw. It is hot, crampednoisy and control positioningis sub-optimal.



In additionit hasa numberof irritating quirksthatcandrive you crazylikethe
non-«istentreverserscalethelack of locker spaceandtherainwaterblowing
off thetop of thesidetanksinto theyour lap!

Putting thoughtinto cablayout and designreally paysoff and No. 8 would

needsomeseriousdesigninput to bring it up to standardNo. 9 shavs the
way forward andis a tributeto Alice's designskills, in factwhenthe Railway
Inspectorodewith measpartof thetypeapprozal processie commentedn

the excellentcontrol layout which minimisedunnecessargnovementandthe
superhvisibility.

Last,but not least,wasthe needto improve power outputandreducefuel and
waterconsumptionThe®rststepneededvould beto changehecylindersand
draughtingaswe haddonefor No.9 but thecylinderdiametemould bereduced
slightly to maintainthe tractive effort of 12.7KN (2855Ibs) with a smallin-

creaseén boiler pressureHowever, giventhe potentialscaleof the rekuild we

alsoinvestigatedadditionaimprovementsModeratesuperheating/asalogical

next stepandmodellingof theboiler shavedthata ®e ue superheatecould

provideamodestveragesuperheadf 88°C overtheoperatingangeldeallyit

wouldhavebeergoodtoincreasehisfurtherbut therestricted®reboxubeplate
areaavailablefor thetubebundlepreventedthis. While working soextensiely

ontheboilertheopportunityto raisetheboiler pressurérom 180psito 200psi

seemedvorthwhile,offering a slight increasen ef®ciewy for little effort ex-

ceptpapervork with theinsurersSimilarly, doublingthethicknessf theboil-

erinsulationto 50 mm andchangingrom ®beglasso ceramianateriawould

costverylittle but save fuel every hourthelocomotive wasin steam.

Table 5. Comparisonofthe new boiler
Item Description No. 9 No. 8 for No. 8 with the ZB original as used
onNo. 9.
Grate area, m 0.37 0.37 It was proposed to improve the ther-
Firebox heating surface, m 2.105 2.105 mal ef®cierty of No. 8 by a small in-
creaseinboiler pressure coupledwith
Tubel"ue heating surface, m 13.064 9.15 moderate superheatas part of acom-
plete redesign package.
for No. 8.
Average superheat, C N/A 88
Boiler tube bundle mean gas free area[1], m  0.039 0.045
Working pressure, bar (psi) 12.41(180) 13.79 (200)

Feedvaterheatingwasalsoinvesticated.If thelocomotive had beenworking

continuouslywith aninjector on, a straightforvard option would have been
to consideran exhauststeaminjector. However, the switchbacknatureof the
line meanghatto smoothout the demandon the boiler, mostfeedwateris fed

whencoastingdown hill andsofor simplicity an open'type feedwaterheater
with ahotwell accumulatiorarrangementvasconsideredhebestoption.With

thissystema graduallyincreasingesenroir of upto 16 gallonsof waterwould

be heatedto 90° C while climbing. The heatrequiredwould be provided by

condensindl4%of the exhauststeamfrom the cylindersin cold waterdravn

from thetanks.Theresultanhotwatercouldthenbefed by anelectricoumpto

theboiler underthe controlof thedriver.

Useof thePortaTreatmensystenfor boilerfeedwater whichenablesheloco-
motiveto operatavithout blowdownsandveryinfrequentoilerwashoutswas
consideredn detail. Thisprocessreatesargequantitieof suspendedolidsin
theboiler waterasa directresultof preventingscaleformation.Normally this
would resultin foamingof the boiler waterwhich coulddamagehecylinders
andsothechemicalreatmentlsoincludespowerful antifoamingagentdo pre-
ventwatercarryover. Thistreatmentegime makessavingsthroughextending
boiler andtubelife, reducedabourassociatedvith washoutsandreduceghe
heatlossexausedy waterdischagefrom theboiler.
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Figure 26.Energy savings No.8 com-
pared to No. 9. Total energy saving
25%.

Figure 27.Water savings No. 8 com-
pared to No. 9. Total saving 46%.
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Comparedo No. 9 this combinationof improvementsvould producefurther
enegy savingsof 25%which equate$o 60 Kg of coalor 46 litres (10 gallons)
of gasoil andareductionn waterconsumptiorof 46%or 922Kg (203gallons),
brokendown asshown in thecharts.

Consideringhe 25%enepgy savings®rstthe big win is the provision of a su
perheatewhich sares12.3%andgraphicallydemonstrateshatwe all know,
thatthisis a musthave item. The next largestcontritutionis from the feedwa
terheaterat 7.2%.All the otheritemsarerelatively small. Avoidanceof blow-
downsor draindownssaves2.2%,improvedinsulationa further 1.8%,there-
ductionin unhurnt fuel lossedrom reducingthe carry over of fuel particlesin
thedraughbnthe®resaresl.3%andthesaving from raisingtheboilerpressure
isjust0.06%.

The possiblewater savings of 46% are large and onceagain the superheater
contritutesmostat 21.3%,followed by avoidanceof blowdownsby usingthe
PortaTreatmentat 14.3%andthe feedwater heaterat 7.5%. Thereare small
savingsfrom raisingtheboilerpressuref 2.4%andreducediseof theinjectors
andthereforewaterwastagef 0.9%.

Thestudymadeit clearthatto bring thelocomotie up to thesamestandardas
No. 9 would requirevery extensie rekuilding andthatto improve thethermal
ef®ciey further would at leastinvolve addingsuperheatingo a boiler not
ideallysuitedfor thispurposeThelimited areaatthe®reboxubeplatevailable
for thetubebundleincludingthe superheatemues, would restrictthe potential
superheatemperaturdout still necessitateompletereplacementf both the
®reboxandsmoleboxtubeplatesThisreallyrepresentanoverdevelopmenof
theoriginal designandtheold adage'if youwantto gothere,don't startfrom
here'summedupthesituation.

The problemswith the further developmentof No. 8 werediscussedn detalil
with locomotive owner Alan RichardsonHe felt thata more satisactoryap
proachwould beto leave No. 8 asa working locomotive andto producea nev
designtailoredto the currentandfutureoperatingheedf the BVR. He there
foreaskAlan KeefLtd andl to carryoutadesignstudyfor thenew locomotive
andthisis describedelow.



The new design takes shape

Taking the performanceof No. 9 asa baselinefor referencethe philosoply
behindthisnew designis to provideimprovementsn theoperatingcharacteris
ticsto meetthe BVR's currentandfuture needsat thelowesttotal costof own-
ership.

A numberof areasverespeci®callyargetedaspriorities.Firstly, we wantedto

provide a smallincreasen availablepower to facilitatethe handlingof heary

trainsor therecovery of losttime by quick acceleratiomndalsoto increasehe
adhesiorsothatthe extra power could be usefully appliedto therail. In con

junctionwith thiswe alsowantedto improve thethermalef®ciey andreduce
operatingcostshy furtherreductionsn fuel andwaterconsumptiorin service.
Secondlythetasksof locomotie preparationpperatioranddisposakouldbe
reducedy makingitemssuchasinspectionlubricationandcleaningasstraight

forwardandeasyaspossibldor theenginecrew. Similarly availability couldbe
increasedand costsreducedby makingroutine maintenancend servicingas
convenientaspossibldor theengineeringtaf andby usingproprietaryor stock
itemsfor consumabl@artswherever possibleLastly, we designedor easeof

manufcture fo minimisetheinitial costof constructionput without comproe

misingtherequiredoperatingcharacteristics.

A tanklocomotive type waschosenasit is idealfor shorthaulwork. Thereis
suf®cienspacenthelocomotiveto carrytherequiredfuel andwaterandthese
contritutetotheavailableadhesreweightandavoidanceof atendemaximises
the power to weightratio. For exampleNo. 9, which is a tank locomotie, has
a power to weightratio of 11.3dravbarhp/tonnebut No. 6 whichis identical,
apartfromhavingatenderhasapowertoweightratioof 9.41dravbarhp/tonne.
Thenew designwill achieveastill higherpowertoweightratioof 13.3dravbar
hp/tonneAdditionally, thecapitalcostof thelocomotieis minimisedasthere
isnotendetto build andmaintenanceostsaandoverallavailability areimproved
asthereis lessto maintain.

The2-8-Owheelarrangemeniasselectedo enablea fourth driving axleto be
used.Thismeanghatthe maximumaxleloadof No.9 is not exceededwhich

will bekind to thetrack,while theadhesiorfactorin full operatingconditionis

still improvedfrom 4.1for No.9to 5.8despiteanincreasén power. Additional

ly, theabsencef trailingnon-coupledvheelsavoidsthetransferof weightfrom

thedriving wheelghatoccurswhenpulling hardthusensuringhatthelocome

tiveis lesslikely to slip. Lastly, the longerwheelbase&omparedo the overall

lengthof thelocomotive will give goodlongitudinalstabilityin thetrans\erse
planewhichwill bekind to thepermanentvay.

Figure 28. Proposed BVR No. 2,
2-8-0T "Abigail', reproduced from the
painting by Jonathan Clay. The loco-
motive is coal ®redwith moderate su-
perheat and designed to deliver up
to 140 drawbar horsepower. Intended
to be capable of rapid acceleration of
heavy trains not only in the high sum-
mer period but also inthe adverse rail
conditions which accompany winter
‘SantaSpecials'the locomotiveiside-
ally suited to the future needs of the
Bure Valley Railway.
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Figure 29. Side and end elevations
of the proposed new locomotive. The
tank locomotive type is ideal for short
haul work, giving the maximum adhe-
sive weight and maximising the pow-
er to weight ratio. The 2-8-0 wheel ar-
rangement means that the maximum
axle load is no greater than for No. 9
but the adhesion factor is improved
from 4.1 to 5.8 despite the greater
power of the new loco.
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Figure 30. Sectionalviews of the pro-
posed new locomotive showing the
superheated boiler with Lempor ex-
haust system and stainless steel ®re
box arch and de”ector plate. The ful-
ly compensatedsuspensionwithelas-
tomeric springs can also be clear-
ly seen.
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Despitethe stalvart efforts of the BVR permanentvay departmentthe se
lectionof roundshingleratherthancrushedgraniteasballastby the original
buildersof theline makesit dif®cultto maintainalignmentandlevels.Sleepers
sitting on “ball bearingballast'soonmove with temperaturehangesandthe
passag®f trainsandthereforethe designwill featurefully compensatedus
pensionto improve adhesiorof thelocomotive on areaof uneventrack.Elas
tomericspringsmadefrom mouldedrubberwill beutilisedthroughouto avoid
thepossibilityof fatiguefailuresassociatedith theuseof morevulnerabldeaf
springsandelastomeridump stopswill alsobe usedto controlthe maximum
travel of axleboxes As anadditionalaid to stabilityandimprovedridethelead
ing pory truck is alsocoupledto the compensateduspensionn thisarrange
ment,notonly doeghetruckselfcentreusingroller followersactingoninclined
planeshut astheaxleis displacedaterallythelocomotivewill leanslightlyinto
abend.

Air operatedsandinggearwill be provided with the dry sandbeingstoredin
aboxformedaspartof theframesin theareaof theapronplate.This position
shouldensurethat,providing ary spills aresweptoff, noneshouldblow or fall
into themotion.Thesandwill beappliedaheadf theleadingdriving axleand
provision will be madeto ensurethe sandersan be easilyunblocled by the
enginecrew if thesandbecomeslamp.

Theboilerdesignwill differ from theZB arrangemernin thatthe barrelwill be
200mm largerin diametermt800mmandhaveasix ue superheateAlthough
thegrateareawill bethesameat0.37sgmthe®rebosis of anarrov desigrwith
a slopinggrateover thereardriving wheelsThiswill ensurehatthe boiler is
well supportedcandthe overhangat the rearof the engineis minimisedgiving
goodweightdistribution andreducingthetendeny to yaw laterallywhererail
joint alignmentis poor.

The®reboxarchwill bemadein two partsfrom stainlessteelasit canbethin-

nerthana castrefractoryarchandthis will provide additionalheightfor coal
onthegrateatthefront of the®reboxA stainlessteelde ectorplateandhori-

zontallyhingedmild steel®redoorwill optimisetheadmissiorof secondaryir

to aid goodcomhustion.Thelocomotive will have a singlechimney anda four

nozzleLemporexhaustsystemsimilar to thatusedon No. 9, to keepexhaust
backpressuréo a minimum.



Item Description No. 9 No. 2
Grate area, m 0.37 0.37
Firebox heating surface, m 2.105 2.7
Tube/"ue heating surface, m 13.064 12.05
Superheater heating surface, m N/A 4.24
Average superheat, C N/A 100
Boiler tube bundle mean gas free area, m 0.039 0.060
Working pressure, bar (psi) 12.41(180) 13.79(200)
Area of transfer port in valve liner, cm 36 51.6
Lead steam, mm 2 2.5
Wheel arrangement 2-6-4T 2-8-0T
Driving wheel diameter, mm 610 550

Theoretical max. tractive effort on starting, KN 12.7 (2855) 15.7 (3519)
(Ibs)

Adhesion factor [1] 4.1 5.8

Service speed max, Km/hr (mph) 32.2(20) 32.2(20)
Max. est. indicated power [2], KW (hp) 99.2 (133) 122.3(164)
Max. est. drawbar power [2], KW (hp) 84.3(113) 104.4 (140)
Estimated max adhesive weight, Tonnes 5.4 9.3
Estimated total weight inc Fuel and water, 10.0 10.5
Tonnes

Water capacity, litres 1710 950

Coal capacity, Kg 400 141

Rigid wheelbase max, mm 1524 2600

Coal ®ringwas chosenfor reasonsf lower capital and operatingcost and
with the reducedtendeng to createsparksdemonstratedy No. 9 it wasfelt
unnecessarto consideroil ®ring.The coalbunker is integral with the rearof
thewatertank on the®rematls side,with a shovel plateat footplatelevel. The
top of thebunker hasa sealedid to preventdustbeingblown into the cabdue
to air ow throughthe fuel whenrunningforward andthe total coal capacity
is approximatelyl40 Kg. Despitethe slightly asymmetridrans\erseloading
which occurswith thisarrangementiswaspreferablao theoverhungweight
attherearof theenginewhich occurswith abunker of thetype®ttedto No. 9.

The high running plate was chosento make accesgo the motion easyfor
maintenancend operatingpurposesOptionally a rocking grateand hopper
bottomedsmoleboxcould be includedto make preparatioranddisposalless
labourintensve.All the motionandaxleboxbearingsareto beroller bearings
asthis not only makeslubricationa simpleoncea dayactuity but alsoreduces
theinternalresistancef thelocomotie.

All rotatingmassesf themotionwill befully counterbalancedndreciprocat
ing massewill bepartiallycounterbalancet approximately83%of theirmass
to minimiselongitudinaloscillationsat the dravbar which currentlycanbe a
problemwith theZBs.

Thermalef®ciey and power outputwill beincreasedy the useof thicker
ceramicboiler insulation moderatesuperheatingp anaverageof 100 C over
the operatingrange a smallincreasen boiler pressurgo 200 psianda slight
reductionin driving wheel diameterfrom 610 mm to 550 mm to increase
pistonspeed.

Table 6. Key parameters for the pro-
posed 2-8-0T, BVR No. 2 compared
with those for BVR No. 9. Only those
cylinder dimensions which differ are
included, the remainder can be found
in Table 1(page 6).

When comparing the proposed de-
sign of No. 2 with No. 9 the key points
of interest are the modest weight in-
crease of only 0.5 tonne coupled with
large increases in power output, max-
imum tractive effort and adhesionfac-
tor which will ensure the locomotive
will deliver signi®cant performance
bene®tsin traf®c.

Notes: [1] Fully loaded with coal and
water.[2] On leveltrack at 32.2 Km/hr
(20 mph).
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Figure 31. Sectionalviews of the boil-
er for the proposed new locomotive
showing the narrow sloping grate ar-
ranged to ®t over the rear driving
wheels. The drawing also shows the
forged foundation ring and ®relox
corners, included to eliminate stress
cracking in service, and the six ele-
ment twin pass superheater.
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Thecylinderswill bethe provendesignusedon No. 9 with somesmalldetail
designchangego accommodaté¢he increasedpower and superheatingThe
transferportsin thevalve linerswill belengthenedo increasdaheareato allow

for additionalpower outputwhenusinglong cut-offs at maximumline speed
andtherewill beasmallincreasén theleadsteanto helpcylinder®llingatthe

slightly highermaximumrevsrequiredby thesmallerdriving wheels.

Ourestimateidicatethatthepower outputwill beincreasedby approximately
24%comparedvith No. 9 for anequivalentquantityof fuel consumedndthat
the maximumdrawbarhorsepaver availablewill be around140hp at 20 mph
whichshouldmalkefor someexcitingtraction!Alternatively, if thepoweroutput
is controlledin serviceto matchthat typically provided by No. 9, sasings of
approximateh20.4%in fuel and23.5%in waterwill bemade.

Computermodelling hasbeenusedto assesshe key parameterand design
layout drawings of both the locomotive and boiler have been preparedto
ensurethat reality will re”ect our theories!The resultingdesignis a visually
attractive modernlocomotive,readilyappreciatedrom thewonderfulpainting
by transportartist,JonatharClay, preparedrom the engineeringiravingsand
reproducedibove.

Thedesignstudyhasshown thatthis projectfor anattractive high performance
15" gaugelocomotive is feasibleandwe arelooking forwardto therealisation
of theproposain thefuture.
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