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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

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.

The railway in questionis the nine mile long Bure Valley Railway running
betweenthehistoricmarkettown of AylshamandWroxham`theCapitalof the
Broads'.This15" narrow gaugeline is a major touristattractioncarryingover
130,000passengersayearandrunsontheformerAylshamextensionof theEast
Norfolk Railway. Thetrackbedwasoriginally laid asa standardgaugeline in
1880but afterclosurein 1982wasrelaidasa15"gaugetouristrailwayin 1990
atacostof £2.5m.

As a volunteerenginemanweanedon thecontinuousgradientof theFestiniog
Railway in North WalesI wasat ‡rst surprisedto ‡nd that the line is very
demandingfor bothlocomotivesandenginecrew. However, all becomesclear
whenyouassimilatethreekey points.Firstly,whentheline wasconstructedthe
earthworksinvolvedwerekeptto modestproportionsandthustheline follows
the gentleundulationsof the landscape.This translatesin railway termsto a
seriesof switchbackbanksin therange1in 100to135whicharetoolongtorush
giving little respitein eitherdirectionandwith oneshortsectionof ¼ mile at 1
in 76.

Secondly, with a maximumline speedof 20mphandastartto stopaverageof
12mphinvolving threeintermediatestationsthisis nostroll in thecountryside.
In fact it is moreakin to a fastsuburbanservicewhich demandsrapidacceler-
ationwith topspeedscloseto thepermittedmaximumto maintaintime.Third-
ly, train loadingshave beeninexorablycreepingupwardsandthesummerser-
viceregularlybrings12bogiecarriageplusbrakevanformationsof around40
Tonnesgrossweightor four timestheweightof thelocomotiveto put it in per-
spective.

Figure 2. Gradient pro‡le of the Bure
Valley Railway. The limited earth-
works of the original line have given
rise to a switchback gradient pro‡le
with the steepest gradient being 1 in
76 andaveragegradients in the range
1in 100-135.

1



Initially the line wasoperatedby locomotiveshired from theRomney, Hythe
andDymchurchRailwaybut astraf®cgrew it becameclearthatthegreyhounds
from theˆat Romney Marsheswerebeingaskedto work outsidetheir comfort
zoneandsomethinglargerwasrequired.

The ZB is born
Asaresultthe®rsttwoof theZBclassof locomotives,BVR Nos.6and7,which
arebasedlooselyon the Indian Railway type,weredesignedand built very
costeffectively by WinsonEngineeringin 1994.Theclasshasbecomeclosely
associatedwith theline andin servicethenew locomotivesquickly established
themselvesasruggedand reliableperformers.They have served the railway
extremelywell andwith a maximumtractiveeffort of 3054lbsarecapableof
startingtheheaviestof trainsevenin adverseconditions.In traf®chowever, the
fuelandwaterconsumptionwasfoundtobehigh.Althoughinitially thiswasnot
aseriousissue,aspassengerloadingscontinuedtoriseoveranumberof seasons
it becameapparentthatthelocomotiveswereslow toacceleratetheincreasingly
heavy summerloadsandcouldnotmaintainfull line speedongradients.

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.

Photo Alan Richardson

Operatingthelocomotivesat theedgeof their performanceenvelopetrip after
trip wasa challengefor crewsespeciallyif singlemanned.Everygradienthad
to be rushedat full line speedwith asmuchwaterin theboiler asyou could
manage,thepressureon theredline andthenwith raucousroaringexhaustthe
speedwould slowly andinexorablyburn off despiteyour bestefforts.With a
heavy 12coachtrainthespeedwouldsettletoaround12-15mphat50%cut-off
andthenall you coulddowaswatchthewatergodown andhopethe®reheld
outuntil theendof theclimb asany attemptto ®rewhile pulling wouldprecip-
itateadisastrouslossof pressure.With thetopof theclimb behindyouthecut-
off couldsafelybeshortenedandwith bothinjectorsonto replacethewaterthe
trainwouldbeworkedupto linespeedagainonthedown grade.Gettingalarge
roundonthe®rewasthenext essentialitemandasthedoorsopenedanabsolute-
ly whiteincandescent®rewouldgreetyou.Thetrick wastokeepit thin enough
to burn really hot in theclimb but not sothin it burnt right throughto form a
hole.Normally therewould besomelatitudein theoptimum®rebedthickness
but at thislevelof evaporationtherewasonlyoneoption,perfecteverytime.Of
courseperfectionishardtoachieveandtherewasnowayto recoverfrom errors
of judgement,youjusthadto livewith theconsequencesfor therestof thetrip!
Coaldeliverieswereseriouseventsaseachnew batchhadthepotentialto turna
dif®culttourdeforceinto impossibility.Only`rocketfuel' wasacceptable,loads
of Welshwith hintsof slateweresentawaywith balefulglaresandany vestige
of slackwasshovelledto onesideasit would simplybethrown out asredhot
grit if youtried to ®reit.
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Thevoraciousappetitefor fuel of theZB led to thembeingdubbed̀ theminers
friend', becauseyou never stoppedshovelling. Typically a 3 trip 54 mile day
pluslightingupwouldrequirethetenderstobeheapedupwith upto35buckets
of coalweighingapproximately410Kg.Oneenthusiasticdriverwassurehehad
got thisfuel economythinglickedandloadingonly 28bucketsat theendof the
previousdayresultedin anemergency call for coaltobedespatchedtomeethim
onrouteto enablehim to gethome!

The ‡rst BVR impr ovements
In 19972-6-2T BVR No. 8 enteredservicehaving beenerectedfrom a kit
of partssuppliedby WinsonEngineeringin the BVR workshopat Aylsham.
Althoughthislocomotiveisstyledto resembleaValeof RheidolTankit isalso
amemberof theZB classsharingthesamechassis,cylinders,runninggearand
boilerwith only superstructurechangescreatingthevisualtransformation.One
importantdifferencewasthat unlike othermembersof theclassit is oil ®red
which is usefulin thedry summerperiodsif ®rerisk is high.

About threeyearsafter Nos.6 & 7 enteredservicethe BVR investigatedthe
valvegeardesignanddiscoveredthatthepistonvalveshadamassive10mmof
exhaustclearancewhichallowedthesteamto beexhaustedfrom thecylinders
beforeit hadexpandedadequately.New valvesweremanufacturedfor No.6and
asa resultthelocomotiveperformedbetterandcoalconsumptionfell by 20%,
typically to around27bucketsof coalperdayweighingapproximately320Kg.
Subsequentlytheseimprovementswerealsoappliedto Nos.7 & 8 with some
furthersmallexperimentaldifferencesbetweenthethreelocomotives.

At ®rstthe reductionin fuel bills andtheslight latitudecreatedby the lower
evaporationrateswasreassuring.However,theneedtostill pushthelocomotives
hardwith noquartergivenwasexactingatoll asthehigh®retemperatureswere
shorteningthelife of theboilersandrepaircostswererisingseriously.

No. 9 `Mark Timoth y' arrives
In 1999theclassexpandedtoatotalof 4with thearrivalof 2-6-4T, `Mark Tim-
othy', BVR No.9. It is namedin memoryof ownerAlan Richardson'ssonand
originally it wasstyledto resembleaCountyDonegal Class5A locomotive.

Whenit was®rstdelivereda numberof seriousproblemswereidenti®edand
the locomotive wasreturnedfor recti®cation.Whenit wasredelivered,it was
apparentthatit wasstill unableto enterservice,andshortlyafterwardsWinson
Engineeringcloseddown.

Rebuilding a brandnew locomotivebeforeit entersrevenue-earningserviceis
anunusualstepto have to takebut astherewerea numberof serioustechnical
issuestoberesolvedAlanRichardsonconsultedlocomotivebuildersAlanKeef
Ltd, whoundertookto rebuild thelocomotivein 2001.

Figure 4. No. 9 `Mark Timothy' as
originally built by Winson Engineer-
ing Ltd to resemblea County Donegal
Class 5A tank locomotive. As deliv-
ered the locomotive had a number of
serious problems making it unable to
enter service.

Photo Alan Richardson
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Figure 5. No.9 `Mark Timothy' on test
at thePerrygroveRailway withtempo-
rary ®rebarsto enable a coal ®reto be
used as the original oil burner could
not raise suf®cient steam to enable
testing to be undertaken.

Photo Alan Richardson

At thispoint thescopeof theproblemswasratherdaunting.An immediateis-
suewasthatthecabwastoo low to accommodatethelocomotivecrew aseven
theshortestenginemancouldn't sit upright.Therewerealsoa largenumberof
detailedmechanicalproblemswith the framesandmotionwhich would have
preventedreliableregularuse.Theoil ®ringsystemwasnotfunctioningproperly
andindeedthetrialsatPerrygrovehadtobeundertakenwith temporary®rebars
andacoal®re.Lastlytherewereanumberof areasontheboilerwhichrequired
remedialwork tosatisfytheboiler inspectorbeforehewouldsanctionuseother
thanfor testpurposes.

A key issuewasto steamtestthe locomotive beforestrippingit andarrange-
mentsweremadewith MichaelCrofts for thesetrials to be undertakenat his
PerrygroveRailwaywhentherewasnopassengerservicerunning.Thesetrials
provedveryusefulanddespitetheproblems,thelocomotivewasshown tohave
signi®cantpotential.

Remodelling the locomotive
ThelocomotivethenmovedtoKeef'sworksatLeaLinenearRoss-on-Wyeand
strippingof thelocomotivecommenced.In parallela designstudywascarried
out to look at theoptionsto overcomethelimited roomavailablein thecab. It
becamerapidlyapparentthat theCountyDonegal prototypearoundwhich the
externalappearanceof `Mark Timothy' hadbeenmodelledwasveryrestrictive
andthatthevisualbalanceof thelocomotivewouldbespoilt if anenlargedcab
wereto be®tted.As analternative,discussionsbetweenAlan Richardsonand
PatrickandAlice Keefsettledon thepossibilityof changingtheappearanceto
matchthatof aLeekandManifold locomotive.

Figure 6. The County Donegal and
Leek and Manifold pro®les overlaid
showing the increased height neces-
sary to create suf®cientheadroom in
the cab. The original County Done-
gal pro®le is shown in green while
the new Leek and Manifold one is
in black.

Drawing Alan Keef Ltd
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Thishadthebene®tof providing amuchlargercabbut pushedthelimits of the
currentBVR loadinggaugeespeciallyin termsof clearancebetweenboththe
cabroof andchimney andthetopof thetunnelatAylsham.

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.

Photo Alan Richardson

In conjunctionwith theBVR it wasarrangedto measurein detail thevertical
clearancesin the tunnelandalsoto checktheeffect on draughtingof the®re
with thetopof thechimney closeto theroof.

Thesetestswereundertakenin April 2002andwith No.7sportinga temporary
extensionto thechimney severalrunsweremadethroughthetunnelatavariety
of power levelsto seewhethertherewasany tendency for the®reto blow back
into thecab. Thetrialswerea successandwith all eyebrowsstill intact it was
agreedthattherevisedoverallheightwaspractical.

With a major remodellingexerciseto be undertaken it wasalso decidedto
changethelocomotivefrom oil to coal®ring.Thiswouldreducebothfuel costs
andtheambientnoiselevel for enginecrew asoil ®ringtendsto producehigh
levelsof low frequency noiseparticularlywhenworkinghard.

Redesigning the front end

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 wouldnot loosen in ser-
vice while also providing excellent
corrosion resistance when the loco-
motive is laidupover thewinter period
preventing damage to gland packing.

Photo Alan Keef Ltd

AsaConsultantDesignEngineerbyprofessionI hadundertakenprojectsprevi-
ouslywith theownerof BVR No.9 `Mark Timothy', Alan Richardson,andhe
invitedmeto designa new front endfor thelocomotiveto improvepower out-
putandfueleconomy.Concurrentwith thecommencementof therebuildingof
No.9 theBVR wererebuildingNo.6 andthisledto thepossibilityof designing
andbuilding new cylindersanddraughtingarrangementsfor bothlocomotives
unhamperedby thelegacy of theexistingparts.

A projectof thisnatureisalwaysthesubjectof collaborationbetweentheinter-
estedpartiesandI wouldliketoespeciallymentiontheworkshopteamsof both
theBVR andAlan KeefLtd whocontributedtheirexpertiseto theprogramme.

DesignerslikeChapelon,PortaandWardaleadvocatethatdesignmustprogress
consideringthe locomotive asa wholeandwith a clearunderstandingof the
thermodynamicimplicationssothatthetechnicalpotentialof improvementscan
beassessed.Whetherapotentialimprovementiscommerciallyworthwhilemust
thenbejudgedin thecontext of totalcostof ownershipandwith locomotivesof
thissizetherelativebalanceof thevariouscontributionsis differentcompared
to saystandardgaugelocomotiveswith differentusagepatterns.

In thiscase,despitethethermalef®ciency bene®tsobtainableby superheating,
modi®cationof theboilerswasruledout at this stagefor ®nancialreasonsas
it would have meantreplacinglargepartsof soundboilersandthefuel saving
couldnot justify thecostsinvolved.However, considerationwasgivento possi-
ble®tmentof superheatedboilersatsomepoint in thefuturewhenreplacement
wasrequired.Similarly,tolimit theimpactof theworkontherestof thelocomo-
tive,themainframeswerenottobemodi®edandtheexistingcylindermounting
bolt positions,exhaustpassagewaycut-outsandcylinder boreandstrokewere
retained.

Acceptingthat it wasto remaina saturatedengine,the importantpoint with
the new front enddesignwasstill to get moreusefulwork out of the steam
beforeexhaustingit. To do this requiredboth expansionof the steamto the
lowestpressurepossibletomaximisetheusefulwork doneandalsominimising
negativework in theform of backpressure,friction andavoidableleakageand
condensationlosses.

With thisin mindI preparedanoutlinedesignschemeand,having obtainedev-
eryone'sapproval,undertookthenecessarycomputermodelling,designcalcu-
lationsanddrawingsto enablemanufactureof thepartsfor bothlocomotives.

Lookingat theimprovementsin broadtermsandworkingthroughtheitemsin
a logicalsequencewestartat thecylindersteamchests.

To meetthedemandatspeedwhenthevalveopensduringadmissionyouneed
largesteamchestssothatsuf®cientsteamis available.Thisensuresthatsteam
pressuredoesn't fall becauseit suddenlyhastosurgedown thesteampipefrom
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theboiler to getthere.For thisreasonthesteamchestsweremadeasbig aspos-
siblewithin theconstraintsof theloadinggaugeandwhile thevolumeisa little
smallerthanis idealthey aremorethaneighttimeslargerthantheoriginals.

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 Aˆas O
rings which prevent leakage between
the cylinder liner and the fabrication
can be clearly seen.

Photo Alan Richardson

The valvesandportsarealsoimportantin controlling the steamˆo w to and
from the cylinder andthe transferportsweredesignedwith fewer but larger
trapezoidalshapedportsto improve the availableareaduring initial opening
comparedto thesmallerbut morenumeroustriangularform usedpreviously.
Theuseof narrow taperedlandsontheadmissionandexhaustedgesof thevalve
headenabledthevalveeventsto bede®nedaccuratelyby thevalveringsunder
thecontrolof thevalvegear.

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
and this is assistedby the largesteam
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 originalpipework in the
smokebox is the limiting factor rather
than this value which is 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.

Item Description No. 7 No. 9

Bore, mm 176 176

Stroke, mm 280 280

Steam chest inlet passageway area [1], cm² 19.64 19.64

Steam chest volume, cm³ 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, cm² 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, cm² 8.5 34.32

Area of exhaust port [2], cm² 28.3 77.99

Min. area of exhaust passageway in cylinder, cm² 45.37 99.36

Clearance volume [3], cm³ - 752.7

As a % of swept volume of cylinder [3] - 11.04

Maximum expansion ratio @15% cutoff [3] - 4.26
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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.

Photo Alan Keef Ltd

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 Aˆas O rings and are clamped
in position by the valve chest covers.

Photo Alan Keef Ltd

Thevalvegearwasredesignedto improvethevalveeventsby correctinggeom-
etryerrorsandlimiting thefull gearcut-off from82%to70%whilealsoincreas-
ing themaximumvalvetravelby10mmto74mm.Theoveralleffectis tomake
portopeningslargerfor agivencut-off andiscoupledwith generousradiionthe
valveheadwhichsmoothsthepassageof thesteamadjacentto theport.

Back pressureis minimisedby allowing someof the exhauststeamto pass
throughthe hollow valve headto make useof the otherexhaustpassageway
branch.The combinedeffect of thesechangesis to promotegood breathing
while alsoreducingloadson thevalve gearby lighteningthevalve headand
balancingtheloadcreatedby theexhaustbackpressure.

The transferpassagewaysbetweenthe valve chestandcylindersand the ex-
haustpassagewayshavealsobeencarefullydesignedwith rectangularsections
to maximisetheareafor ˆo w. They areasstraightaspossiblebut, wherenec-
essary, bendsareˆo wing andeventhevalvechestsandcylindersaresmoothed
internally.Comparedtotheoriginalarrangementthepassagewaysareenormous
andonelook attheillustrationshowsthedifferencein sizebetweentheoriginal
cylindersandthereplacementunits.

Sealingof thevalvesandpistonhasbeenimprovedbyusingClupetringswhich
areshapedratherlikeakey ringandhavenogapbetweentheringendsfor steam
to leakthrough.In additionthevalveheadsnow havethreeratherthantwo ring
groovesastheincreasein lap hascreatedenoughspaceto ®t them.Thevalve
headis madeof bronzegiving goodwearcharacteristicsin combinationwith
thecastiron valveliner andis supportedby a tail rod to improveguidance.

Figure 12. The new Lempor exhaust
system installed in the smokebox
showing the combined blast nozzle
and blower assembly mountedon 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
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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
ˆange . 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.

Photo Alan Keef Ltd

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 ®lls the 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
chamber dia ratio

N/A 5.10

Number of blast nozzles 1 4

Individual blast nozzle tip area, cm� 15.91 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 theuseof betterandthicker ceram-
ic insulationandreductionof contactareabetweenthemainframesandcylin-
ders.Heatlossis furtherminimisedby arrangingfor all coastingto bedonein
mid-gearasthis preventscoolingof the cylindersby cold ambientair drawn
in throughthe snifting valves.To enablemid gearcoasting,without abrasive
smokeboxcombustiongasandashbeingdrawn into thecylindersvia theblast
pipe,requirestheprovisionof a smallquantityof steamto thesteamchest.By
usingthissteamtoatomisethecylinderlubricatingoil asit entersthesteamchest
thelubricationof valvesandpistonsis alsoimproved.

Betterexpansiveuseof thesteamcannow bemadeasa resultof theimproved
valveeventsandwith asmallclearancevolumeamaximumexpansionratioof
4.26is achievableat15%cut-off.

Thedraughtingarrangementsin thesmokeboxwereimprovedby the®tmentof
amultipleblastnozzleLemporexhaustsystemwhichcreatessuf®cientdraught
for ef®cientcombustionwith lowerexhaustbackpressure.A Kordinawasalso
incorporatedin the exhaustpassagewaysfrom the two cylinderswherethey
combinebelow theblastnozzles.Thisdevicepreventstheexhaustreleasefrom
onecylinder increasingthebackpressurein thesecondcylinder.

The four nozzleblastcapis effectively 44.5%larger thanthe original single
nozzleblastpipetakinginto accounttheimproved¯ ow coef®cientsandhasan
integralfournozzleblower.Thiswasmachinedratherthanfabricatedbecauseof
thesmallphysicalsizeandaccuracy requiredwhichmadethistheeasiestoption.
The Lempormixing chamberanddiffuser is concealedwithin a chimney of
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classicalexternalshapebut is largerin diameterastheexit areaof thechimney
wasincreasedby 123%comparedto theoriginal.A furtherbene®tis that the
revisedlayoutdistributesthedraughtmoreevenly acrosstheboiler tubeplate
andit ishopedthatthiswill reducetheincidenceof tubeleakagein servicefrom
theupperrowsof boiler tubes.

Rebuilding gets underwa y

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.

Photo Alan Richardson

During the later half of 2002work got underway in earnestat Alan Keef's
works.Under the supervisionof works managerPhil Kent, the frameswere
lengthenedandstrengthenedatthefront andreartosuit thenew design.During
thisperiodthepony truckandrearbogiewereextensively rebuilt toprovidead-
equatemovementandsidecontrol.Thesuccessful̀shoehorning'of thealterna-
tor androtaryair compressorontotherearbogiewasparticularlydif®cultwith
very limited space.

While the boiler was removed from the framesthe opportunity was taken
to carry out minor remedialwork on it. The washoutsockets,domeandone
longitudinalstaywhichhadcuriouslybeenfoundtobeweldedin positionunder
compressionall receiving attention.

Meanwhile,engineerAlice Keef hadbeenlookingat thetypicalweightdistri-
bution of theZB designandcon®rmedthat it wasexcessively backheavy. To
correctthebalanceit wasdecidedto ®ta heavier front buffer beamandmake
thesmokeboxfrom 40 mm insteadof theusual6-10mm thick plate.Alice is
con®dentthatthisis onesmokeboxwhich is nevergoingto rustthrough!

New couplingrodsweredesignedby Alice to clearthe lower runningboards
requiredby the new Leek andManifold outlineandPhil andhis teamin the
worksmadetheseitemsalongwith replacementor remedialwork on nearly
everyotheritemof themotionandvalvegear.

Asworkonthechassisprogressed,attentionturnedtothedesignandfabrication
of thenew tanks,bunkerandcab.Thetanksandbunkerwerefabricated®rstand
thenawoodenmock-upof thecabwaspreparedtocheckthesightlinesandposi-
tionsof controlsandequipmentbefore®nalisingthedrawingsfor construction.

The new cab is extremelyspaciousand is ®ttedout to a very high standard
internally with openingwindows, a sunroof,anda woodenlining to the cab
roof from which is suspendedan instrumentbinnaclewith integral LED spot
lightsfor illuminationof gauges.Thisisde®nitelythelocofor winternightson
Santatrains!

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

9



The works steam test

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-
ˆected glare and the hassle associat-
ed with traditional oil lamps.

Photo Alan Richardson

Thedayof the®rststeamtestdawnedonWednesday23rdJuly2003andloco-
motive ownerAlan RichardsonandI setoff earlyfor Keef'sworksto witness
thebig event.

As we swunginto the yard we weregreetedby the sight of `Mark Timothy'
standingon30-40feetof jubileetrackoutsidetheerectingshopbeingswarmed
over by boiler suited®ttersall intent on addingthe ®nalpartsbeforethe ®re
waslit. Seeingthelocomotive in its madderlake livery with creamlining was
wonderfulbut climbing into the caband seeingthe comfort and ergonomic
layoutof the`¯ight deck'wasreally impressive.

Soona barrow of coalappearednext to thecabandthetell-talesignsof com-
bustionwaftedfrom thechimney. Whilst steamwasraisedthelocomotivewas
greasedandoiledreadyto moveandanyonewhofailedto look terribly busyat
all timeswasco-optedto helpprimethemechanicallubricatorwhich feedsthe
cylinders.

Soonit wastime to move thelocomotiveunderits own power but with sucha
shortlengthof track thesteambrake waswisely warmedup very thoroughly
beforehand.With PatrickKeef readyat thecontrolstheyardrapidly®lledwith
theteamto witnesstheevent,whichwasaccomplishedwith muchsteamfrom
draincocksandcautioususeof thebrakes.Eventuallythecylinderswerewarm
enoughto allow thedraincocksto beclosedandweheardthe®rstfew audible
beatsfrom thechimney. With Alan onboard,camcorderin hand,recordingthe
sceneandsoundsPatrickthenranthelocomotiveforwardassmartlyashedared
followedby aswift brakeapplication.After a largenumberof runsshuttlingup
anddown,alist of all knownminorleakswasmadefor correctionandthesafety
valves®nallysetreadyfor theboiler inspector'svisit on theFriday.

Theboiler inspector'svisit passedwithouteventandwith theminor itemsfrom
the `to do list' clearedup, the locomotive wasduly loadedonto the lorry on
Sundayto arriveatAylshamMondaymorning.

Commissioning trials at Aylsham
Mondayarrived bright and sunny and whenAlan and I arrived at Aylsham,
unloadingwaswell underwayand`Mark Timothy' wassooninstalledover the
pit road.

The ®rsttask wasto set the springson the locomotive to obtain the correct
ride heightandweightdistribution.Having achievedanadequatepreliminary
setting,initial runningtrialswereheldin theeveningin theyard,which boded
well for thefollowing two days.Therewereno signsof hot bearingsor other
malfunctionsand`Mark Timothy' showedremarkablepowersof acceleration
evenwhenhaulingNos.1and8deadasa testload.

Tuesdaysaw moreactivity over the pit andafter lunch Alan ®ttedthe spark
arrestorwithouttoomuchdif®cultyevenavoidingtheliberaldoseof sootwhich
is normallycompulsoryat theseceremonies!

Steamraisingbeganmid afternoonandwith myself driving andPatrick ®ring
we werereadyto move to train whenthe5.15pmarrival pulled into Aylsham.
The gameplan wasto ®rstdo a Bramptonreturn,leaving Aylshamcab®rst
to checktheride in reverse,andthensettheatomisingsteamfor thecylinder
lubricationcomingdown the bankfrom BramptontowardsMermaidBridge,
followed by a Wroxham return to check line side clearances,performance
andbearings.

With tencarriagesandabrakevanwesetoff, cautiouslynegotiatingthetunnel
without any nastyscrapingnoisesandthenlisteneddelightedlyasa light crisp
exhaustbeatdevelopedat thechimney asweacceleratedawayfrom thetunnel
in pilot valvewith 10%cut-off. The®rstbit of seriousclimbingfrom Mermaid
to Bramptonwasaccomplishedeasilywith thelocomotiveriding unbelievably
smoothly. Mermaidwaspassedatabout16-18mphandwith full regulator, 160
psiboilerpressureand10%cut-off westartedtheclimb. Theexhaustbeatwas
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staccatoandcrispandastheclimb continuedthecut-off wasextendedto only
25%by thetop of thebankwith a 2-3mphdropin speed.Utterly effortlessis
theonly wayto describeit.

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

The return to Aylshamwasuneventful and after running round at Aylsham
we carefullycoaledup to a known level andwith a full tank of watersetoff
backto Wroxhamwith thesametrain.During thejourney it becameclearthat
thelocomotive steamedfreely andrequiredsurprisinglylittle fuel to maintain
full boiler pressureeven with the dampersonly moderatelyopen.Wroxham
wasreachedwithout incidentandwhenwe got to thewatertower we realised
we hadonly usedjust over 70 gallonscomparedto the100+gallonsof No.7.
Apart from slightly warm couplingrod bearingson the front driving axle all
wasrunningsmoothlyandsothelocomotivewasgivenareasonableamountof
poweron theclimb out of Wroxham.In persistentrainonceclearof thepoints
thecut-off wassetat 30%with full regulator. Accelerationwasrapidandonce
clearof thetreespartwayupthebankthecut-off wasadvancedto45%resulting
in what I estimateto be20 mphline speedwell beforereachingthetop of the
climb. Thesoundof theexhaustbeatis verydistinctivewith everybeatclearly
separatedandsoundingmorelikea `chunk'thana `chuff '. If youhavehearda
Romney enginein full cryandcanimaginethatsoundfrom alocotwicethesize
you'vegot it.

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 1 in 102
gradient.

Photo Alan Richardson
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Wednesdaywasthelastdayof thetrialsandtherewasmuchpreparatorywork to
bedonebut at lastwewereready.With myselfandPatrickascrew weleft with
a13carriageplusbrakevantesttrainboundfor Wroxhamin dry conditions.A
coupleof photorunbystopsweremadeonrouteandthroughoutthelocomotive
ranimpeccably.

After a blow down at Wroxhamit wasdecidedto adda furtherthreecarriages
bringingthetotalto16plusabrakevan.With thisload,whichwasanimpressive
430feet long,we commenceda full power climb of Wroxhambankandwith
acoupleof minorslipsonrailsdampenedby thedraincockswegotunderway.
Onceclearof thepoints,cut-off wasadvancedto 52%with a wide-openregu-
latorandaboilerpressureof initially 160psirisingto 170psiduringtheclimb.
Thesoundof thelocomotive acceleratingthetrain wasamazingwith thebeat
bouncingbackfrom thecuttingwall. Accelerationwasrapidandoncetherear
of thetrainclearedthetreeswewererunningat18mphandshortlyafterthecut-
off couldbereducedslightly toholdlinespeedwhilestill onthebank.Thiswas
arealmaximumeffort attemptandontwooccasionsmomentarydisturbancein
thebeatindicatedwewereoperatingright ontheadhesionlimit of thelocomo-
tive.David Lowewhowasour guardfor thetrip summedit upperfectlywhen
hesaidafterwards"bank,whatbank?"

Dave Phillips, the BVR's CME, thentook over driving until Buxton andthe
excellentvisibility affordedby thelargeheadlampandtheinternalcablighting
cameintoitsownasthelight faded.Dave,clearlyhavingenjoyedtheexperience,
said"I' d giveit 11or 12outof 10".BVR Fitter/Driver,BobKing tookherfrom
Buxtonto Aylshamandthought"He'd liketo havetwo".

Dynamometer trials
After thecommissioningof No.9 it wasfelt thattherewasalot to begainedby
scienti®ctestingof theimprovedlocomotiveand,bycomparingit with Nos.7&
8, to seein detailwhatwehadachievedandwhatcouldbeimprovedfurther.

A groupof engineers,JohnScott,JulianStow andPeterMintoft, who areall
volunteersontheTalyllyn Railwayandhadcarriedoutinstrumentedtrialsthere,
kindly agreedto helpus.During the springof 2004,in two separatetestses-
sions,they successfullyrecordeda mountainof datafor which we aregreatly
indebted.

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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Onthedayof the®rsttestit snowed,obliteratingboththelandscapeandtrack
whichmadeconditionslessthanidealfor mountingsensitiveelectronicinstru-
mentationonthelocomotives!All theexternalelectricalconnectorshadtobeput
in plasticbagsandtapedup to preventshortcircuitsandwith leadsheldon by
gaffer tapefestoonedeverywhere,wepreparedfor the®rsttrial.Pressuretrans-
ducerswereconnectedtothesmokebox,tomeasurethevacuum,andsequential-
ly to boththefront andrearcylinder draincockports,to measurethecylinder
pressurecontinuously.A lineartransducercoupledto thecrosshead,simultane-
ouslyrecordedthecylinderpositionandaspecialcoupling,containinga strain
gauge,enabledusto recorddrawbarpull.

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

Themassof dataproducedby theseinstrumentshadto berecordedandsothe
coachadjacentto the locomotive becamethetemporarydynamometercar for
thetestengineerswith adataloggerplustwocomputersto inputrundetailsand
view theresults.Powerfor thisequipmentwassuppliedby aportablegenerator
further backdown the train andthesame26 Tonnessetcomprisedof eleven
carriagesplusa generatorcaranda guardsvanwasusedfor all thetests.Each
locomotivewastestedin turn with BVR chairmananddriver Andy Barneson
thefootplateassistedby BobKing andPatrickKeefactingas®remen.Weused
the nearestlong bankcloseto Aylshamto provide somethingfor the loco to
work againstandafteracceleratingthetraindown thebankfrom Burghsummit
to a speci®edspeedat thefoot of thebankat Mermaidunderbridgewe then
attemptedto maintaina constantspeedup the1:110banktowardsBrampton.
The locomotivesweredriven with a wide openregulatorand the speedwas
controlledduringtheclimb by adjustingthecut-off.

Duringthe®rstseriesof testseachlocomotivemadenumerousrunsatdifferent
set speeds.Becausewe only had one high temperaturepressuretransducer,
readingsweretakenof cylinder pressureat thefront andreardraincockports
onseparaterunswhichmeantthatwehadto dotwo tripsto gatherall thedata.

Thepurposeof the trials wasto establisha seriesof performanceparameters
which could be usedto compareeachof the locomotives.The tractive effort
measuredat thedrawbarin kilonewtons(KN) at a measuredspeedenablesthe
poweroutputto becalculatedin drawbarhorsepower (dhp).Theindicatordia-
gramsenablethecylinderef®ciency in termsof extractingwork from thesteam
to becompared.Thecut-off settingfrom thediagramshowstheamountof ex-
pansionof thesteamoccurringin thecylinder, thelower the% thegreaterthe
expansion.Theexhaustbackpressureis a measureof thenegative work being
doneto forcethesteamfrom thecylindersvia thevalvesandthroughtheblast
nozzle.Thehigherthebackpressurein poundspersquareinch (psi) themore
wastedenergy. Thesmokeboxvacuumwhich is expressedin mm of mercury
(Hg) determinestheamountof draughtavailableto burn thefuel.An ef®cient
exhaustsystemcreatesenoughdraughtto burn suf®cientfuel for thesteamre-
quiredbut doessoat thelowestpossiblebackpressure.
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Trial results
The®rstlocomotive to be testedwasNo. 7, thesecondof theZB classof lo-
comotives,built in 1994andsubsequentlymodi®edby theBVR to includeim-
provedvalves.With theexhaustsoundingasimpressiveasever, thelocomotive
achieveda maximumpower of 35.6dhpat a steadyspeedof 11.9mphgener-
atingadrawbarpull of 5KN (1123lbs)atbetween55-60%cut-off. Thesmoke-
boxvacuumwas-11mmHg but theaveragebackpressureat thecylinderwasa
woeful65psi,morethan43%of theboilerpressureof 150psiandclearlyone
of thereasonsfor thedeafeningexhaustroar. Thecylinder indicatordiagrams
show a severelack of leadsteamprobablydueto port andpassagewayrestric-
tionswhichmeantthatsteamhaddif®culty®llingthecylinderadequatelyatthe
startof eachstroke.

Next up wasNo.8, thethird memberof theZB classwhich enteredservicein
1997andis mechanicallysimilar to No.7 thoughit is styledto resembleaVale
of Rheidoltanklocomotiveandis oil ratherthancoal®red.Despitegenerating
insuf®cientsteamto maintainboiler pressurewhich fell from 165to 140 psi
duringthetestapeakpoweroutputof 40.1dhpwasrecorded.Thiswasachieved
at55%cut-off at13.4mphgeneratingadrawbarpull of 5KN (1123lbs),exactly
the sameasNo.7.However, the averagebackpressurewaslower at 43.5psi
or around28%of theboiler pressure.This betterresultis probablydueto the
slightly largerpassagewaysizesin thecylindersandthisseemedtobecon®rmed
by the indicatordiagramswhich show an improved but still poor leadsteam
event.Given the reluctantsteamingof this loco it is possiblysigni®cantthat
thesmokeboxvacuumwaslower thanNo. 7 at -7mmHg.However, it maybe
limited by theoil burneroutputasit is not possibleto generateevena hint of
grey in theexhaustatmaximumevaporationrateswhichsuggeststhatmorefuel
couldbeusefullyburnt in theavailableair.

Figure 22. The ®rst tests with No. 9
showed that the initial estimates for
valve spindle thermalexpansionwere
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 correctedby resetting
the valves during the secondseries of
tests and the author is pictured mak-
ing adjustments near Brampton.

Photo Alan Richardson

Finally it wastheturnof No.9 andwith thesigni®cantimprovementsthathad
beenmadeto the cylinders,valve gearand draughtingwe awaitedwhat we
hopedtobeaninterestingresultwith considerableexcitement.With everyoneon
boardwesetoff down hill acceleratingtowardstestspeedwith PatrickKeefre-
portingonatwowayradiotheboilerpressure,steamchestpressureandcut-off
at frequentintervals.At ®rstall wasgoingwell andwith speedpickingup fast
weall con®dentlyexpectedanoutstandingperformanceduringtheclimb from
Mermaid.However, asAndy Barnesstartedlengtheningthe cut-off the eager
facesleaningoutof thewindowswereabruptlytreatedtoadelugeof blackrain
astheboilercontentssuddenlyfoamed.Andy immediatelyshutoff, openedthe
draincocksandtriedopeningupagaingentlybut onceagain,asAndy demand-
edsomeseriouswork,thecontentsfoamedviolently.Eventhoughwemadesev-
eralruns,wewereunableto achieveanything like themaximumpower output
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of thelocomotivewhichwasconstrainedby themaximumevaporationratethat
couldbeachievedwithoutfoaming.Unfortunately,with ouronly blowdown pit
at thefar endof the line, we hadto consoleourselveswith doingthebestwe
could in thecircumstances.Eventhoughwe couldn't make a maximumeffort
theresultwasanexcellent63.5dhpwhileacceleratingthetrainat14.1mphwith
adrawbarpull of 7.5KN (1685lbs)at45%cut-off. Thebackpressurewassig-
ni®cantlylowerat24psior 14.8%of the162psiboilerpressureandsmokebox
vacuumwashigherat -15mmHg.

Examinationof the indicatordiagramsshowed that our estimatesfor thermal
expansionof thevalvesfrom coldwereincorrectandalthoughthediscrepancy
wassmall (lessthan1 mm) oneendof the cylinder wasover compressingto
more than twice the boiler pressureand the other end had insuf®cientlead
steam.This demonstratedonly too clearly that we neededto resetthe valves
with transducerscoupledto both endsof the cylindersto monitor the effects
simultaneouslyandthencarryout a secondtest.Meanwhile,theblastnozzles
on No.9wereincreasedby approximately7%in areato their full designvalue
asthedraughtinghadbeenshown in serviceto beheavier thanneededandthe
damperswerenearlyclosedmuchof the time.The revisednozzlesproduced
adequatedraughtto ensurefreesteamingin traf®candwill have reducedthe
backpressurefurtherfrom thevaluerecordedin the®rsttest.

Thesecondtestwasundertakensomeweekslaterto enablethevalvesto beset
accuratelyfrom oscilloscopetracesof the simultaneouspressurereadingsof
bothendsof thecylinders.This enabledaccuratevalve settingto beachieved
andshowedclearlytheactionof theKordinain loweringtheexhaustbackpres-
sureon thereturnstroke.Thencametheopportunityfor No.9 to show what it
coulddoandsodespitesub-optimalrail conditions,which limited traction,we
madeanexcellent20mphclimbwith only35%indicatedcut-off. Wehadinsuf-
®cientdatarecordingequipmentavailableandsowecouldnotusethedrawbar
with thestraingaugeduringthistest.Howeverassumingthat,despitethehigher
speed,thedrawbarpull registeredin the®rsttestwasnot exceededthenNo.9
developedanestimated90dhpor morethandoublethemaximumpoweroutput
whencomparedwith thealreadyimprovedNos.7 & 8,whichachieved35and
40.1dhprespectively.

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 seen in the results fromtest
2 while the higher smokebox vacuum
with reducedtotalbackpressuremea-
sured at the cylinder which results
from the improved draughting can be
seen in 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.

Reading No.7 No.8 No.9 Test 1 No.9 Test 2

Boiler pressure, bar 10.2 10.5 11.0 -

Cut-off, % 55-60 55 45 35

Average back pressure mea-
sured at the cylinder, bar

4.5 3.0 1.65 -

Smokebox vacuum, average
mm Hg

-11 -7 -15 -

Steady speed, mph 11.9 13.4 14.1 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 35.6 40.1 63.5 90

Thevalve adjustmentswerefelt by thedrivers,subsequentto thetest,to have
madethe locomotive even livelier andfrom experiencewe know that thereis
morepoweravailable.In idealconditionscut-offsaslongas50-55%havebeen
achievedwhenacceleratingwith heavy trainsof upto 16carriagesin aclimbat
20mph.Althoughwehaveasyetbeenunableto practicallycheckit by testing,
our designcalculationssuggestaprobablemaximumpoweroutputof 113dhp
andwe anticipatethat if we canrepeatthetestswith betterrail conditionswe
will beableto show furtherimprovement.
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Table 4. Coal used per day for steam
raisingand 54 miles of running for No.
7 with the originalBVR valve improve-
ments and for the rebuilt No. 9. The
weight in Kg is based on 11.8 Kg per
bucket.

Locomotive Buc kets Weight in Kg % reduction

No. 7 27 319

No. 9 20 236 25.8

Much to everyone'sdelightfuel economyis alsodramaticallyimprovedwhich
is reducingoperatingcostsand the physical work load on the crew. Typical
consumptionfor a daysoperationof 54milespluslighting up is 20bucketsof
coalor 236Kg or a25%saving comparedto No.7.

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

No. 9 cloc ks up 9,000 miles and No. 6 enter s service
With thesuccessfultrialsbehindusandtypeapproval from theRailwayInspec-
torate,No.9hasnow beenin revenueearningservicefor overayear. It hassuc-
cessfullyclockedupmorethan9,000milesandBobKing'swishtohavetwoim-
provedZBshasalsocometruewith No.6 enteringservicein February2005.

Oneinterestingeffect of having theextra power availableis that for thedriver
and®remanit changesthenatureof thechallenge.It is no longeraquestionof
canthetrip becompletedon time,but insteadhow little fuel cana skilful crew
usein a locomotivewhich canbedrivenin a text bookmanneranddoesmost
of thework requiredof it between10 - 30%cut-off. Justin casethis sounds
toorestfulit hasto besaidthatat timeswhenrail conditionsareslipperyextra
vigilancehastobeexercisedaslossof adhesionwith alocothatcanbreathewell
is a teethrattlingexperienceif youdon't intervenequickly.

Fromtherailway'soperatingperspective,having two locomotivesthatcancope
with whatever thetraf®cdepartmentthrows at themis reassuring,andcutting
thefuel bill hasmadetheChairman,Andy Barnes,smile.However, whatwill
really delighteveryoneis if the lower ®retemperaturesthatarenow required
reducetheboilerrepaircostsandworkshopwork load.Timewill tell but it looks
veryhopeful.
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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 locomotives in that
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

The potential for fur ther impr ovement of the ZBs
Locomotive owner Alan Richardsonwas so ®redwith enthusiasmby the
successof themodi®cationstoNo.9thatherequestedadesignstudyfrom Alan
KeefLtd andmyselftoassesswhatimprovementscouldbemadefrom avisual,
functionalandperformanceperspectiveto theotherZB locomotivethathethen
owned,BVR No.8.

No. 8, a 2-6-2T, enteredservicein 1997and is styled to resemblea Vale of
Rheidoltank.However,evenat®rstsightit doesn't lookquiteright.Theoriginal
Vale of Rheidol locomotiveshave a chunky charmand look asthoughthey
meanseriousbusinesswhile No.8 justmanagesto look slabsidedandplain.

EngineerAlice Keef investigatedfurtherandaftervisiting theshedsatAberys-
twith andcarefullymeasuringtherealthingsheprepareddrawingsof bothlo-
comotivesandoverlaidthem.It becameapparentthatNo.8wasseriouslyoutof
proportionbeingtoo long,muchnarrower anda bit shortof height.Theextra
width isde®nitelyoutsidetheloadinggaugeandwouldcausethelocomotiveto
seriouslyoverhangtheplatformedgessothiswasade®nitenogozone.Thead-
ditionallengthwasalsoaproblem.Theboilercouldn't bemovedforwardasthe
®reboxwasalreadyhardupagainstthereardriving wheelsandthecabhadal-
readybeenlengthenedby additionof acrankedbackplateasenginecrew were
having to sit `sidesaddle'to avoid toastedkneeson theboiler backhead.The
needfor additionalheightwastheonebit of goodnews.However, to complete-
ly avoid thecurrenthuncheddriving stance,thecabneededto beraisedfurther
thanwasprototypicalto thelimit of theloadinggaugeestablishedby No.9.

Alice cameto theconclusionthatin any eventtheexistingtanksandcabswould
requirereplacementbut,becauseof theconstraintsimposedby theBVR load-
ing gauge,thenon-scaleenginecrew andthecurrentboilerandframes,it could
never bemadeto bea goodlikeness.Alan wasconsultedaboutthis dilemma
andit wasdecidedthatthebestwayforwardwastoadoptthedesignphilosophy
of allowingform to follow function.In thiswaywecouldresolvethefunctional
andperformanceissuesandthenconsiderhow to makethelocomotivevisually
attractive.As a DesignEngineerI preferthis approachasotherwisethe need
to createa copy of a particularlocomotiveor typecanaddanadditionalsetof
constraintswhichmayhamperachievementof thebesttechnicaloutcome.

The ZB chassisand boiler arrangementis known to be rear end heavy and
with thelargeoverhangcreatedby the®reboxwhich is situatedbehindtherear
driverswe knew that the weight distribution would requirecorrectionby ad-
dition of ballastat thefront of thelocomotive.Theridequalitiesof No.8 were
acceptablewhenrunningforward,which is almostalwaysthecase,but theride
in reversewaslesscomfortableandthiswasseenasanopportunityfor improve-
ment.Modi®cationof thespringingto includecompensationandimprovement
of sidecontrolwouldnotonly improvetheridein bothdirectionsbut alsoadhe-
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sionasthelocomotivewouldbeabletomaintaintractionbetterevenonslightly
uneventrack.Weknew fromtheexperiencewith No.9thattheadditionalpower
availablemeantthatsandinggearwasreally essentialandthereforeit wasde-
cidedto includeair sandinggearfor forwardrunning.

Figure 25. Front and side views of a
Vale of Rheidol tank locomotive with
the outline of No.8 overlaid in 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

Thelocomotivewasconstructedwith oil ®ringbecauseit wasthoughtusefulto
have a locomotiveavailablewhich would not presenta ®rehazardin thehigh
summer. Originally it wassuppliedwith a weir burnerwhich createsa fan jet
®lmof oil closelyparallelto a similar thin but broadjet of steamwhich then
entrainsandatomisestheoil. Theburnerwasneversatisfactoryandaftermany
sleeper®reswith unburnt fuel ¯ooding from the®repantheBVR developedits
own designwith technologysimilar to thatusedfor industrialpaintspraysys-
tems.In thisarrangementtheoil is atomisedby steamasit passesthroughfour
identicalnozzleswhicheachincorporateswirl chambers.Thesecreaterotating
hollow conicaljetsof oil which atomiseasthe®lmspreadsandthinsandare
®nallyrupturedinto a massof tiny droplets.Thissystemhasprovedexcellent
in servicebut isprobablylimiting themaximumpoweroutputof thelocomotive
aswhenit is climbing hardit tendsto loosepressureandcanbecomewinded
evenwith all four burnersat maximum.In thissituationthecombustionis still
verycleanwithout a hint of grey andthissuggeststhat it is runninglean.Like
all steamatomisedsystems,whentheburnersareat a high setting,thesystem
generatesa largequantityof very low frequency soundin theform of acontin-
uousrumble.Thishasprovedfatiguingfor crew andcanalsodetractfrom the
passengers'experiencein the®rstfew coachesif soundisre¯ectedbackintothe
train in cuttings.

For thesereasonsa changein thecurrent®ringarrangementswasconsidered
desirableto make the locomotive capableof dual fuel operation,with theop-
tionsof eitherconventionalcoal®ringor oil ®ringusinga surfacecombustion
vapourisingburner. Sucha burnerwould have a ®rebedof refractory`coals'
supportedon a systemof vapourisingtubes.Thegasoil is vapourisedwithin
thetubesutilisingheatabsorbedfrom thehotrefractory.Therefractoryactsasa
catalystathigh temperaturesandis heatedto incandescenceby thecombustion
of thegasoil vapouron its surface.Theburnercouldbeeasilyinstalledin the
samepositionas®rebarswith anoil tankprovidedin thebunkerspace.Suchan
arrangementwouldoffer anoil ®ringsystemwhichwouldbekind to theboiler,
bymimickingtheslowerthermalresponsecharacteristicsof acoal®rewith high
radiantheatoutput,andprovide quietcleancombustionwhich would beideal
for onemanoperation.Changeover between®ringmethodscouldbemadein
justa few hoursandwouldoffer ¯exibility to usewhichever fuel suitedtheop-
eratingor commercialsituation.

Reductionof themaintenanceburdenanddaily crew workloadwasconsidered
important.Measuresto achievethiswould includethe®ttingof roller bearings
in thosemotionitemswith plainbearings,suchascouplingrodsandlittle ends,
andimproving hornguidelubricationto reducewear.

No. 8 hasnever beena very comfortableor ergonomicenvironmentfor the
enginecrew. It is hot, cramped,noisy andcontrol positioningis sub-optimal.

18



In additionit hasa numberof irritating quirksthatcandriveyoucrazylike the
non-existentreverserscale,thelackof lockerspaceandtherainwaterblowing
off thetopof thesidetanksinto theyour lap!

Puttingthoughtinto cablayout and designreally paysoff and No. 8 would
needsomeseriousdesigninput to bring it up to standard.No. 9 shows the
way forwardandis a tributeto Alice'sdesignskills, in factwhentheRailway
Inspectorrodewith measpartof thetypeapproval processhecommentedon
theexcellentcontrol layoutwhich minimisedunnecessarymovementandthe
superbvisibility.

Last,but not least,wastheneedto improve power outputandreducefuel and
waterconsumption.The®rststepneededwouldbeto changethecylindersand
draughtingaswehaddonefor No.9but thecylinderdiameterwouldbereduced
slightly to maintainthe tractive effort of 12.7KN (2855lbs) with a small in-
creasein boiler pressure.However, giventhepotentialscaleof therebuild we
alsoinvestigatedadditionalimprovements.Moderatesuperheatingwasalogical
next stepandmodellingof theboiler showedthata ®ve¯ue superheatercould
provideamodestaveragesuperheatof 88°Covertheoperatingrange.Ideallyit
wouldhavebeengoodtoincreasethisfurtherbut therestricted®reboxtubeplate
areaavailablefor thetubebundlepreventedthis.While workingsoextensively
ontheboiler theopportunityto raisetheboilerpressurefrom 180psito 200psi
seemedworthwhile,offering a slight increasein ef®ciency for little effort ex-
ceptpaperwork with theinsurers.Similarly, doublingthethicknessof theboil-
er insulationto 50mmandchangingfrom ®breglassto ceramicmaterialwould
costvery little but savefuel everyhourthelocomotivewasin steam.

Table 5.Comparisonof thenew boiler
for No. 8 with the ZB original as used
on No. 9.

It was proposed to improve the ther-
mal ef®ciency of No. 8 by a small in-
crease inboiler pressurecoupledwith
moderatesuperheat as part of a com-
plete redesign package.

Note: [1] This is an estimated ®gure
for No. 8.

Item Description No. 9 No. 8

Grate area, m� 0.37 0.37

Firebox heating surface, m� 2.105 2.105

Tube/ˆue heating surface, m� 13.064 9.15

Superheater heating surface, m� N/A 3.45

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)

Feedwaterheatingwasalsoinvestigated.If the locomotive hadbeenworking
continuouslywith an injector on, a straightforward option would have been
to consideran exhauststeaminjector. However, theswitchbacknatureof the
line meansthat to smoothout thedemandon theboiler, mostfeedwateris fed
whencoastingdown hill andsofor simplicity an`open'typefeedwaterheater
with ahotwell accumulationarrangementwasconsideredthebestoption.With
thissystemagraduallyincreasingreservoir of upto 16gallonsof waterwould
be heatedto 90° C while climbing.The heatrequiredwould be provided by
condensing14%of theexhauststeamfrom thecylindersin cold waterdrawn
from thetanks.Theresultanthotwatercouldthenbefedby anelectricpumpto
theboilerunderthecontrolof thedriver.

Useof thePortaTreatmentsystemfor boilerfeedwater,whichenablestheloco-
motiveto operatewithoutblowdownsandveryinfrequentboilerwashouts,was
consideredin detail.Thisprocesscreateslargequantitiesof suspendedsolidsin
theboiler waterasa directresultof preventingscaleformation.Normally this
would resultin foamingof theboiler waterwhich coulddamagethecylinders
andsothechemicaltreatmentalsoincludespowerfulantifoamingagentstopre-
ventwatercarryover. This treatmentregimemakessavingsthroughextending
boiler andtubelife, reduceslabourassociatedwith washoutsandreducesthe
heatlossescausedby waterdischargefrom theboiler.
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Comparedto No. 9 this combinationof improvementswould producefurther
energy savingsof 25%whichequatesto 60Kg of coalor 46 litres(10gallons)
of gasoil andareductionin waterconsumptionof 46%or922Kg (203gallons),
brokendown asshown in thecharts.

Figure 26.Energy savingsNo.8 com-
pared to No. 9. Total energy saving
25%.

Consideringthe25%energy savings®rst,thebig win is theprovision of a su-
perheaterwhich saves12.3%andgraphicallydemonstrateswhatwe all know,
thatthis is a musthave item.Thenext largestcontribution is from thefeedwa-
ter heaterat 7.2%.All theotheritemsarerelatively small.Avoidanceof blow-
downsor draindownssaves2.2%,improvedinsulationa further1.8%,there-
ductionin unburnt fuel lossesfrom reducingthecarryover of fuel particlesin
thedraughtonthe®resaves1.3%andthesavingfromraisingtheboilerpressure
is just0.06%.

Figure 27. Water savings No. 8 com-
pared to No. 9. Total saving 46%.

The possiblewatersavingsof 46%arelarge andonceagain the superheater
contributesmostat 21.3%,followedby avoidanceof blowdownsby usingthe
PortaTreatmentat 14.3%andthe feedwaterheaterat 7.5%.Therearesmall
savingsfromraisingtheboilerpressureof 2.4%andreduceduseof theinjectors
andthereforewaterwastageof 0.9%.

Thestudymadeit clearthatto bringthelocomotiveupto thesamestandardas
No.9 would requirevery extensive rebuilding andthat to improve thethermal
ef®ciency further would at leastinvolve addingsuperheatingto a boiler not
ideallysuitedfor thispurpose.Thelimitedareaatthe®reboxtubeplateavailable
for thetubebundleincludingthesuperheater̄ues,would restrictthepotential
superheattemperaturebut still necessitatecompletereplacementof both the
®reboxandsmokeboxtubeplates.Thisreallyrepresentsanoverdevelopmentof
theoriginaldesignandtheold adagè if you wantto go there,don't startfrom
here'summedupthesituation.

Theproblemswith the furtherdevelopmentof No. 8 werediscussedin detail
with locomotive owner Alan Richardson.He felt that a moresatisfactoryap-
proachwould beto leaveNo.8 asa working locomotiveandto producea new
designtailoredto thecurrentandfutureoperatingneedsof theBVR. Hethere-
foreaskAlan KeefLtd andI tocarryoutadesignstudyfor thenew locomotive
andthisis describedbelow.
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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 in the adverse rail
conditions which accompany winter
`SantaSpecials' the locomotive is ide-
ally suited to the future needs of the
Bure Valley Railway.

The new design takes shape
Taking the performanceof No. 9 asa baselinefor reference,the philosophy
behindthisnew designis to provideimprovementsin theoperatingcharacteris-
ticsto meettheBVR'scurrentandfutureneedsat thelowesttotalcostof own-
ership.

A numberof areaswerespeci®callytargetedaspriorities.Firstly, wewantedto
provide a small increasein availablepower to facilitatethehandlingof heavy
trainsor therecoveryof lost timeby quickaccelerationandalsoto increasethe
adhesionsothat theextra power could beusefullyappliedto therail. In con-
junctionwith thiswealsowantedto improvethethermalef®ciency andreduce
operatingcostsby furtherreductionsin fuel andwaterconsumptionin service.
Secondly, thetasksof locomotivepreparation,operationanddisposalcouldbe
reducedbymakingitemssuchasinspection,lubricationandcleaningasstraight-
forwardandeasyaspossiblefor theenginecrew.Similarlyavailability couldbe
increasedandcostsreducedby makingroutinemaintenanceandservicingas
convenientaspossiblefor theengineeringstaff andbyusingproprietaryorstock
itemsfor consumablepartswherever possible.Lastly, we designedfor easeof
manufacture,to minimisetheinitial costof construction,but without compro-
misingtherequiredoperatingcharacteristics.

A tank locomotive typewaschosenasit is ideal for shorthaulwork. Thereis
suf®cientspaceonthelocomotivetocarrytherequiredfuelandwaterandthese
contributetotheavailableadhesiveweightandavoidanceof atendermaximises
thepower to weight ratio.For exampleNo. 9, which is a tank locomotive,has
a power to weightratioof 11.3drawbarhp/tonnebut No.6 which is identical,
apartfromhavingatender,hasapowertoweightratioof 9.41drawbarhp/tonne.
Thenew designwill achieveastill higherpowertoweightratioof 13.3drawbar
hp/tonne.Additionally, thecapitalcostof thelocomotive is minimisedasthere
isnotendertobuild andmaintenancecostsandoverallavailability areimproved
asthereis lessto maintain.

The2-8-0wheelarrangementwasselectedto enablea fourthdriving axleto be
used.Thismeansthatthemaximumaxleloadof No.9 is not exceeded,which
will bekind to thetrack,while theadhesionfactorin full operatingconditionis
still improvedfrom 4.1for No.9 to5.8despiteanincreasein power.Additional-
ly, theabsenceof trailingnon-coupledwheelsavoidsthetransferof weightfrom
thedrivingwheelsthatoccurswhenpullinghardthusensuringthatthelocomo-
tive is lesslikely to slip. Lastly, the longerwheelbasecomparedto theoverall
lengthof thelocomotivewill give goodlongitudinalstability in thetransverse
planewhichwill bekind to thepermanentway.
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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.

Drawing Steam Loco Design

Despitethe stalwart efforts of the BVR permanentway department,the se-
lectionof roundshingleratherthancrushedgraniteasballastby theoriginal
buildersof theline makesit dif®cultto maintainalignmentandlevels.Sleepers
sitting on `ball bearingballast'soonmove with temperaturechangesandthe
passageof trainsandthereforethedesignwill featurefully compensatedsus-
pensionto improveadhesionof thelocomotiveon areasof uneventrack.Elas-
tomericspringsmadefrom mouldedrubberwill beutilisedthroughouttoavoid
thepossibilityof fatiguefailuresassociatedwith theuseof morevulnerableleaf
springsandelastomericbumpstopswill alsobeusedto controlthemaximum
travelof axleboxes.Asanadditionalaidtostabilityandimprovedridethelead-
ing pony truck is alsocoupledto thecompensatedsuspension.In thisarrange-
ment,notonlydoesthetruckself-centreusingroller followersactingoninclined
planes,but astheaxleisdisplacedlaterallythelocomotivewill leanslightly into
abend.

Air operatedsandinggearwill beprovided with thedry sandbeingstoredin
a box formedaspartof theframesin theareaof theapronplate.Thisposition
shouldensurethat,providing any spillsaresweptoff, noneshouldblow or fall
into themotion.Thesandwill beappliedaheadof theleadingdriving axleand
provision will be madeto ensurethe sanderscanbe easilyunblocked by the
enginecrew if thesandbecomesdamp.

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 deˆector plate. The ful-
ly compensatedsuspensionwithelas-
tomeric springs can also be clear-
ly seen.

Drawing Steam Loco Design

Theboilerdesignwill differ from theZB arrangementin thatthebarrelwill be
200mmlargerin diameterat800mmandhaveasix ¯ue superheater.Although
thegrateareawill bethesameat0.37sqmthe®reboxisof anarrow designwith
a slopinggrateover thereardriving wheels.Thiswill ensurethat theboiler is
well supportedandtheoverhangat therearof theengineis minimisedgiving
goodweightdistributionandreducingthetendency to yaw laterallywhererail
joint alignmentis poor.

The®reboxarchwill bemadein two partsfrom stainlesssteelasit canbethin-
ner thana castrefractoryarchandthis will provide additionalheightfor coal
onthegrateat thefront of the®rebox.A stainlesssteelde¯ectorplateandhori-
zontallyhingedmild steel®redoorwill optimisetheadmissionof secondaryair
to aidgoodcombustion.Thelocomotivewill havea singlechimney anda four
nozzleLemporexhaustsystem,similar to thatusedon No. 9, to keepexhaust
backpressureto aminimum.
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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 level track at 32.2 Km/hr
(20 mph).

Item Description No. 9 No. 2

Grate area, m� 0.37 0.37

Firebox heating surface, m� 2.105 2.7

Tube/ˆue 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
(lbs)

12.7 (2855) 15.7 (3519)

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,
Tonnes

10.0 10.5

Water capacity, litres 1710 950

Coal capacity, Kg 400 141

Rigid wheelbase max, mm 1524 2600

Coal ®ringwaschosenfor reasonsof lower capital and operatingcost and
with the reducedtendency to createsparksdemonstratedby No. 9 it wasfelt
unnecessaryto consideroil ®ring.Thecoalbunker is integral with therearof
thewatertankon the®reman'sside,with a shovel plateat footplatelevel.The
topof thebunker hasa sealedlid to preventdustbeingblown into thecabdue
to air ¯ow throughthe fuel whenrunningforwardandthe total coalcapacity
is approximately140 Kg. Despitethe slightly asymmetrictransverseloading
whichoccurswith thisarrangementthiswaspreferableto theoverhungweight
at therearof theenginewhichoccurswith abunkerof thetype®ttedto No.9.

The high running plate was chosento make accessto the motion easyfor
maintenanceand operatingpurposes.Optionally a rocking grateand hopper
bottomedsmokeboxcould be includedto make preparationanddisposalless
labourintensive.All themotionandaxleboxbearingsareto beroller bearings
asthisnot only makeslubricationa simpleoncea dayactivity but alsoreduces
theinternalresistanceof thelocomotive.

All rotatingmassesof themotionwill befully counterbalancedandreciprocat-
ingmasseswill bepartiallycounterbalancedtoapproximately33%of theirmass
to minimiselongitudinaloscillationsat thedrawbar which currentlycanbea
problemwith theZBs.

Thermalef®ciency andpower outputwill be increasedby the useof thicker
ceramicboiler insulation,moderatesuperheatingto anaverageof 100� C over
theoperatingrange,a small increasein boiler pressureto 200psi anda slight
reductionin driving wheel diameterfrom 610 mm to 550 mm to increase
pistonspeed.
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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 ®rebox
corners, included to eliminate stress
cracking in service, and the six ele-
ment twin pass superheater.

Drawing Steam Loco Design

Thecylinderswill betheprovendesignusedon No. 9 with somesmalldetail
designchangesto accommodatethe increasedpower and superheating.The
transferportsin thevalvelinerswill belengthenedto increasetheareato allow
for additionalpower outputwhenusinglong cut-offs at maximumline speed
andtherewill beasmallincreasein theleadsteamto helpcylinder®llingat the
slightly highermaximumrevsrequiredby thesmallerdriving wheels.

Ourestimatesindicatethatthepoweroutputwill beincreasedbyapproximately
24%comparedwith No.9 for anequivalentquantityof fuel consumedandthat
themaximumdrawbarhorsepower availablewill bearound140hp at 20 mph
whichshouldmakefor someexcitingtraction!Alternatively,if thepoweroutput
is controlledin serviceto matchthat typically provided by No. 9, savingsof
approximately20.4%in fuel and23.5%in waterwill bemade.

Computermodellinghasbeenusedto assessthe key parametersand design
layout drawings of both the locomotive and boiler have beenpreparedto
ensurethat reality will re¯ect our theories!The resultingdesignis a visually
attractivemodernlocomotive,readilyappreciatedfrom thewonderfulpainting
by transportartist,JonathanClay, preparedfrom theengineeringdrawingsand
reproducedabove.

Thedesignstudyhasshown thatthisprojectfor anattractivehighperformance
15" gaugelocomotive is feasibleandwe arelooking forwardto therealisation
of theproposalin thefuture.
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