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ЧИСЛЕННЫЙ АНАЛИЗ ПРОЦЕССА РАСШИРЕНИЯ
В ДВУХСТУПЕНЧАТОЙ ОСЕВОЙ ТУРБИНЕ,

РАБОТАЮщЕЙ С MDM СИЛОКСАНОМ

Theмproblemмofмdecreasingмofм fossilм fuelм consumptionмandмenergyмeiciencyм isмoneмofм todayօsмmajorм
conceptionsмinмtheмieldмofмenergyмeconomicsъмWasteмheatмrecoveryмisмoneмofмtheмpromisingмsolutionsмforм
thisмproblemъмOneмofмtheмwaysмtoмincreaseмeiciencyмofмtheмwasteмheatмrecoveryмprocessмisмusingмsiloxanesм
asмworkingмluidsмforмorganicмRankineмcyclesмфORCхъ
SPbPUмscientistsмhaveмanalyzedмpeculiaritiesмofмtheмsteadyщstateмexpansionмprocessмinмtheмtwoщstageмMDMм
siloxane turbine. The turbine is based on the principle of a classic velocity stage. First stage of the turbine 

wasмdesignedмusingмtheмSPbPUмhighмpitchщchordмratioмsupersonicмdesignъмTheмairfoilsмofмtheмsecondмstageм
areмsubsonicъмAмpressureмratioмofмtheмturbineмisмя7ъюъмProgressiveмstepsмofмtheмinitialмtemperatureшмpressureм
ratioмandмrotationalмvelocityмwereмusedмtoмobtainмconvergenceмofмtheмsolutionмprocessъмTheмmainмfactorsшм
leadingмtoмtheмeiciencyмdecreasingшмwereмestablishedмandмdescribedъ
Theмeiciencyмandмpowerмoutputмofмtheмinvestigatedмturbineмstageмwereмestimatedмasм67мտм68смandм544мkWм
respectively.

ORGANICмRANKINEмCYCLEшмAXIALмTURBINESшмMDMмSILOXANEшмCOMPUTATIONALмFLUIDм
DYNAMIC
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Introduction

Theмproblemмofмwasteмheatмrecoveryмisмoneмofмupщ
toщdateмproblemsмinмtheмenergyмeiciencyмieldмфLarщ
jolaм [э]шмVescovoм [ю]хъмAnalysisм ofм theмKeyмWorldм
EnergyмStatisticsм[я]мshowsшмthatмtheмhighestмvolumesм
ofмwasteмheatмresourcesмtakeмplaceмatмdiferentмthermalм
powerмplantsшм cementшмmetallurgicalм andмchemicalм

productions. In Russia it is also the gas transport inщ
dustryъмTheмthermalмpowerмofмwasteмheatмatмtheмallмgasм
compressorмstationsмofмֈGazprom։мisм87ъ9мGWмbyмtheм
estimationмofмLykovмetмalъм[4]ъмRoughмestimationsмofм
wasteмheatмthermalмpowerмatмdiferentмproductionsмinм
RussiaшмmadeмonмtheмbaseмofмKeyмWorldмEnergyмStaщ
tisticsм[я]шмare:
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яш9мGWмinмtheмcementмindustry;
юш8мGWмinмtheмmetallurgicalмindustry;
эш9мGWмinмtheмchemicalмindustryъ
TheмtotalмwasteмheatмthermalмpowerмinмRussiaмisм

equalмtoмюьмGWмofмelectricalмpowerмbyмtheмmostмconщ
servativeмestimateъ
Nowadaysмinмmostмcasesмtheмplantsмforмwasteмheatм

recovery are based on Organic Rankine Cycle (ORC) 

becauseмofмhigherмcycleмeiciencyмфLarjolaм[э]шмHungм
etмalъм[5]шмVescovoм[ю]хъмHoweverшмtypicallyмtheмeiщ
ciencyмofмORCмrecoveryмplantsмisмlessмthanмюьсмandм
stronglyм dependsм onм theм workingм luidм selectionм
фLecompteмetмalъм[6]хъмModernмrequirementsмforмenщ
vironmentмsafetyмdetermineмozoneмdepletionмpotentialм
фODPхмandмglobalмwarmingмpotentialмфGWPхмasмmainм
criteria for the selection process. It was shown that 

inмthisмcaseмtheмmostмpromisingмalternativesмtoмdiferщ
entмhydrocarbonsшмfreonsмandмalcoholsмareмzeotropicм
mixturesмandмsiloxanesмфHeberleмetмalъм[7]шмChysмetмalъм
[8]шмWeithмetмalъм [9]хм фigъмэхъмUsingмofм siloxanesм inм
ORCмallowsмincreasingмeiciencyмofмtheмrecoveryмunitsм
upм toмюямտмю5съмTheмaspectsмofм siloxanesмusingм inм
ORCмwereмinvestigatedмbyмLaiмetмalъм[эь]шмFernandezм
etмalъм[ээ]шмUusitaloмetмalъм[эю]ъ
Theмturbinesмforмorganicмworkingмluidsмhaveмesщ

sentialмdiferencesмinмdetailsмofмtheмexpansionмprocessм
inмcomparisonмwithмtypicalмgasмandмsteamмturbinesъ

The special supersonic design is required for such 

turbinesмdueмtoмlowмspeedмofмsoundмofмdiferentмorщ
ganicмworkingмluidsъмSupersonicм velocitiesм inм theм
turbineмlowмpathмandмdenseщgasмefectsмhaveмaмsigщ
niicantмinluenceмonмtheмturbineмeiciencyмфCondegoм
etм alъм [эя]шмGuardoneм etм alъм [э4]хъмTheм analysisм ofм
availableм experimentalм dataм showsм thatм inм caseм ofм
axialмturbinesмwithмmeanмdiameterмupмtoм5ььмmmмtheм
eiciencyмcanмdramaticallyмdropмdownмtoм55смwhenм
theмeiciencyмofмtraditionalмsteamмturbinesмisмinмtheм
rangeм85щ9ьсмфseeмtableмэхъ

FigъмэъмComparisonмofмODPмandмGWPмofмdiferent
workingмluids

Theмdesignмandмperformanceмofмtheмsiloxaneмaxiщ
alмturbinesмwereмinvestigatedмbyмKlonowiczмetмalъм[юю]ш
Sebelevмetмalъм [юя]ъмHoweverшмrelativelyм lowмlevelмofм
eiciencyмofмORCмaxialмturbinesмshowsмthatмdetailsмofмм
theмexpansionмprocessмhaveмtoмbeмinvestigatedмmoreм
clearlyшмespeciallyмinмcaseмofмsuchмaмnewмclassмofмworkщ
ingмluidsмasмsiloxanesъмThusшмtheмscopeмofмtheмpresentм
paper is to investigate the peculiarities of the MDM 

siloxaneмexpansionмprocessмinмtheмlowмpathмofмtwoщ
stage axial turbine.

Investigation object

Initial parameters of the expansion process. MDM 

siloxaneмwasмchosenмasмworkingмluidмforмtheмexpanщ
sion process. The initial pressure pьмwasмsetмasмьш75м
MPaъмTheмinitialмtemperatureмTь was set as a vapor 

saturationм temperatureм atм chosenм initialм pressureъм
Theмturbineмpressureмratioмhasмbeenмchosenмasмя7шюм
to provide the required turbine enthalpy drop upon 

theмconditionмofм5ььмkWмpowerмoutputмofмtheмturbineъм
Transщмandмsupercriticalмinitialмparametersмwereмnotм
considered. Positive slope of MDM vapor saturation 

curve provides inability of intersection between exщ
pansionмprocessмcurveмandмtwoщphaseмregionъ

GWP ODP

Tableмэ

Some available experimental data of ORC turbines eiciency

Authors Workingмluid Turbine type Turbineмeiciency
Kangм[э5]
Peiмetмalъм[э6]

Rщю45fa
Rщэюя

Radialщinlowмturbine ьш8юю
ьш6ю5

Yamamotoмetмalъм[э7] Rщэюя Centripetal turbine ьш5ьь

Fuмetмalъм[э8]
Klonowiczмetмalъм[э9]
Liмetмalъм[юь]
Ngyenмetмalъм[юэ]

Rщю45fa
Rщюю7ea
Rщэюя

Pentane

Axial turbine ьш6я7
ьш5яь
ьш585
ьш498
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The turbine. Aмtwoщstageмaxialмturbineмwasмchosenм
asмtheмinvestigationмobjectъмThisмturbineмisмbasedмonм
theмprincipleмofм aм classicм velocityм stageшмwhereм theм
mainмpartмofмtheмenthalpyмdropмfallsмatмtheмirstмstageм
asмshownмinмigъмюъ

Figъм юъм Expansionм processм inм aм classicм velocityм stageм
фLapshinм[ю4]х

TheмirstмstageмwasмdesignedмusingмtheмSPbPUмhighм
pitchщchordмratioмsupersonicмdesignмфRassokhinм[ю5]хъм
Theмdesignмofм theмюnd stage is subsonic. The blade 

wheels of the turbine are shrouded. The nozzles and 

bladeмwheelsмdesignмisмshownмinмigureмяъмTheмmainм
geometricмparametersмofмtheмturbineмareмpresentedмinм
tableмюъ

Fig. 3. The nozzles and blade wheels design

Tableмюм

The main geometric parameters of the turbine

Parameter Dimensions
Value

эst stage юnd stage

D
m

mm 55ь

n revыmin яььь

Hь
kJ/kg 6юьшя

u/C
ax

щ ьш4ь ьш59

ʛ щ ьш89 эшьь

Zэ щ ю9 эь7

lэ mm яьш4 8юш5

ʗэ grad. 5шь юьшь

∆L
ax

mm 4шь 6шь

∆L
tc

mm эшь эшь

ʘэ grad. эюшь 56шь

Zю щ 53 9ю

lю mm 6ьш4 88ш5

ʘю
* grad. эюшь яьшь

Numerical simulation method

TheмSPbPUмmethodмforмnumericalмsimulationмofм
processesмinмsupersonicмturbinesшмdescribedмbyмZabeщ
linмetмalъм [ю6]шмwasмusedъмANSYSмCFXмwasмusedмtoм
provideмtheмnumericalмsimulationъ
Theмoriginalмrelationмbetweenмtheмnumberмofмnozщ

zlesмandмnumberмofмworkingмbladesмisмю9ы5ямforмtheм
irstмstageмandмэь7ы9юмforмtheмsecondмstageъмTheмrelaщ
tionмэыюы4ыямandмperiodicмboundaryмconditionsмwereм
usedмinмtheмcomputationalмmodelъмThisмassumptionмisм
correct to be used with Frozen Rotor interface between 

the nozzles and blade wheels areas because the relaщ
tionsмbetweenмconnectingмareasмinмthisмcaseмareмэ:эшь94шм
э:ьш99эмandмэ:ьш87юм respectivelyъмTheмmodelingмofм
blade wheel tip shroud was also considered in nuщ
mericalмmodelмinмassumptionмofмrotatingмmotionмofмtipм
shroudмdomainъмTheмcomputationalмmodelмofмtheмinщ
vestigatedмturbineмisмpresentedмinмigъм4ъ
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Figъм4ъмComputationalмmodelмofмtheмinvestigatedмturbine

HighщReynoldsмversionмofмtheмkщʮмSSTмturbulenceм
modelмwasмusedъмSteadyщstateмFrozenмrotorмinterfaceм
between the nozzles and blade wheels areas was used 

toмmodelмrotorщstatorмinteractionsъмFlowмparametersм
of the turbine were obtained by averaging of their 

values for 4 positions of the rotor relatively to the 

statorмinмtheмrangeмofмtheмэst stage blade wheel pitch 

angle.

Aungier Redlich Kwong real gas equation of state 

wasм usedм toмmodelм thermodynamicм propertiesм ofм
MDMмduringмtheмexpansionмprocessъмTheмmainмpaщ
rametersмhaveмtoмbeмspeciiedмare:мmolarмmassшмcriticalм
temperatureмandмpressureшмacentricмfactorмandмboilingм
temperatureъмZeroмpressureмpolynomialмcoeicientsм
were obtained with using REFPROP databases to 

evaluateм speciicмheatм capacityм ofмMDMъмKineticм
Theoryмmodelsмwereмusedмtoмmodelмtransportмproperщ
tiesмofмMDMъмRigidмNonмInteractingмSphereмmodelм
wasмusedмtoмmodelмMDMмdynamicмviscosityмbehaviorъ
Totalм parametersм atм theм inletм фpм =м ьш75мMPaш 

Tм =м 5юяшэ5м Kхм andм staticм pressureм atм theм outlet 
(pм=мьъьюмMPaхмwereмspeciiedмasмboundaryмconditionsм
inмtheмcomputationalмmodelъмProgressiveмstepsмofмtheм
boundary conditions were used to obtain convergence 

of the solution process. The iteration steps between 

theмchangingsмofмboundaryмconditionsмwereмdiferentм
toмdecreaseмtheirмnegativeмinluenceмonмtheмconverщ
genceмprocessъмMonitoringмofм theмRMSм residualsшм
imbalancesмandмturbineмeiciencyмandмpowerмoutputм
were used to control convergence of the solution 

process. The criteria of the convergent solution in the 

present research were:

dropмofмtheмRMSмresidualsмmoreмthanмэью;
imbalancesмlessмthanмьш5с;
luctuationмofм theм turbineмeiciencyмandмpowerм

outputмlessмthanм5съ

Theмparametersмofм theм computationalмdomainsм
discretization were chosen on the base of the grid 

independencyмstudyшмpresentedмbyмSebelevмetмalъм[юя]ъ

Discussion of the results

Theмvaluesмofмtheмcalculatedмthermodynamicмandм
transportмpropertiesмwereмcomparedмwithмtheмvaluesм
obtainedмwithмusingмREFPROPмdatabasesмtoмestimateм
toleranceмofмtheмcalculatedмresultsъмMaximumмdeviaщ
tion between CFX and REFPROP results was less 

thanм5смforмspeciicмheatмcapacityмandмdynamicмvisщ
cosity.

Theмturbineмeiciencyмwasмestimatedмwithмconsidщ
erationмofмtheмlossesмdueмtoмunsteadyмrotorщstatorмinщ
teraction with respect to equation:

      

0

(1 ).
30

BW
t s r s

M n

G H
− −

π
η = − ζ ммммммммммммммфэх 

TeмtheseмlossesмwereмestimatedмasмьъэямфNatalevichм
[э9]хъмThurbineмpowerмoutputмwasм calculatedмwithм
respect to equation:

         (1 ).
30

BW
r s

M n
N −

π
= − ζ               фюх 

Calculatedм turbineмparametersм areмpresentedм inм
table 3.

Table 3

Calculated turbine parameters

Parameter Dimensions эst stage юnd stage Turbine

pь
* MPa ьш77ю5 ьшь7ь9 –

Tь
* K 5юяш77 498ш5я –

G kg/s эяш9э5 –

cэ mыs юэ9ш75 эю7ш68 –

ʗэ deg. э8шя7 щ –

pэ MPa ьшэь7я ьшья67 –

wэ mыs э47шья 6эшь6 –

wю mыs юь6ш5я э5яшюя –

cю mыs эю8ш75 97шь9 –

pю MPa ьшь4ю5 ьшьэ99 –

Tю K щ 488ш87 –

H
N

kJ/kg яьшьь ээшь9 –

Hь
kJ/kg 45ш58 юэшя8 58шя4

ʥ щ э8шэ6 яш57 я8ш9э
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Parameter Dimensions эst stage юnd stage Turbine

d
G

tsh
G

u/C
ax

ʦ
t

ʫ
M

BW

F
ax

ηtщs
ηtщt

N

с

с

–

–

–

N·m
kN

–

–

kW

–

яш9ь

ьш4ь
ьшя4ю
ьш897
994ш4
эьш5ю

–

–

–

ьш5ю

эшь5

ьш59
ьш48э
ьш857
7я8ш9ю
юшя9

–

–

–

–

–

ьшя6
–

–

э7яяшяя
эюш9ю

ьш67э

ьш7яь

544ш54

Itм isмnoteworthyмthatмэstм stageмhasмaмsigniicantм
valueмofмreactionмфьъя4хмdespiteмitsмimpulseмdesignъм
Concurrently its u/C

ax
м valueм isм ьш4м andм velocity

ratioмʫмisмlessмthanмьш9ъмTheseмphenomenaмcanмtake
placeмdueмtoмtheмlowмoverщexpandingмinмtheмэst stage 

nozzle when the u/C
ax
мvalueмisмnotмoptimalмфRasщ

sokhinм[ю5]хъмItмisмimportantмtoмemphasizeмthatмhighм
value of the MDM density leads to the high value 

ofмtheмaxialмforceмactingмtoмtheмrotorъмMoreмthanм8ьс
ofмtheмtotalмaxialмforceмфэьш5юмkNхмaccrueмtoмtheмэst 

stage.

Theмюndм stageм fullyмperformsм itsм functionъмItмdeщ
creasesмtheмlowмvelocityмfromмэю9мmыsмtoм97мmыsмwhenм
theмreactionмvalueмisмьш48мandмpressureмratioмisмяш57ъм
Itмisмimportantмtoмemphasizeмthatмmoreмthanм4юсмofм
theмtotalмrotorмtorqueмaccrueмtoмtheмюnd stage whereas 

itsмcontributionмtoмtheмtotalмaxialмforceмisмonlyмэ8ш5съ
Analysisм ofм theм lowм structureм inм theм эst stage 

showsмnegativeмinluenceмofмhighмvaluesмofмhubмandм
shroudмoverlapsмonмtheмlowмcharacteristicsмdueмtoм
spuriousмvorticesм formationъмThisмprocessм isм illusщ
tratedмinмigъм5ъмTheмinluenceмofмtheмhubмandмshroudм
overlapsмonмtheмeiciencyмofмsmallщscaledмturbinesм
wasмinvestigatedмbyмNatalevichм[ю7]мandмdescribedм
inмdetailsмbyмZabelinмetмalъм[ю6]ъмInмcaseмofмtheмinvesщ
tigatedмturbineмtheмnegativeмinluenceмofмtheмhubмandм
shroudмoverlapsмisмminimizedмbyмhighмspeedмofмtheм
MDMмspeciicмvolumeмincreasingмafterмtheмnozzleъм
Thisм leadsм toм theм stifм localizationмofм theм spuriousм
vorticesмasмshownмinмigъм5ъ
Itмisмalsoмhasмtoмbeмemphasizedмthatмintensityмofмtheм

obliqueмshockмwavesмhasмitsмmaximumмatмtheмnozzleм
hub and decreases towards to the shroud as illusщ
tratedмinмigъм6ъмAnotherмsideмofмthisмphenomenonмisм
thatм theм massщlowм averagedм nozzleм outletм angleм
stronglyм difersм fromм itsм geometricalм valueъмTheseм
phenomenaмareмtheмconsequencesмofмtheмlowмlinearм
motionмinмtheмaxialмclearanceмareaмasмestablishedмbyм
Kirillovм[ю8]мandмTraupelм[ю9]ъ

  

Figъм5ъмFlowмstructureмinмtheмэst stage

hub spurious vortex shroud spurious vortex

Ending table 3
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Figъм6ъмMachмnumberмieldsмonмtheмcylindricalмsectionsмфleftщtoщright:мьшь5lэшмьш5lэшмьш95lэ)

Analysisмofм theмlowмstructureм inм theмaxialмcrossм
sectionмshowsмthatмlowмtendsмtoмincreaseмitsмֈmeanм
diameter։мdueм toмextremeм increasingмofм itsм speciicм
volumeъмThisмprocessмisмrepresentedмinмigъм7ъ
Theмoccurrenceмofмtheмnormalмshockмwaveмafterмaм

turbine blade wheel was also described by Sebelev et 

alъм[юя]ъмNonsuicientмmeridianмfanningмofмtheмlowм
path leads to occurrence of additional losses on acщ
countмofмlowмimpingentмonмtheмtipмshroudмofмtheмюnd 

stageъмThisмphenomenonм leadsм toм formationмofм theм
shroudмvortexмinмюnd stage nozzle. Hub overlap beщ
tweenмэstмstageмbladeмwheelмandмюnd stage nozzle leads 

toмformationмofмtheмhubмvortexмinмtheмюnd stage nozzle. 

Theseмvorticesмoccupyмupмtoм5ьсмofмtheмnozzleмcrossм
sectionalм areaъмThisм situationм isмdramatizedмbyм theм
interactionмofмtheseмvorticesмwithмsecondaryмlowsмinм
the blade wheel. Filling of the cross sectional area by 

theмpassiveмworkingмluidмleadsмtoмlocalмincreasingмofм
lowмvelocitiesмupмtoмsupersonicмvaluesъмConverselyшм
thisмleadsмtoмincreasingмofмtheмproileмlossesмbecauseм
ofмtheirмsubsonicмdesignъмThusшмitмcanмbeмassumedмthatм
neglectмofмextremeмradialмexpansionмofмtheмlowмisмtheм
mainмsourceмofмlossesмinмtheмinvestigatedмcaseъ
Toмsumмupшмtheмdescribedмphenomenaмleadмtoмdeщ

creasingмofмtheмturbineмeiciencyмdownмtoм67տ68см
whenмitsмpowerмoutputмisм544мkWъмTakingмintoмaccountм
thatмotherмauthorsмhaveмdescribedмtheмsameмphenomщ
ena for the ORC axial turbines it is reasonably safe 

toмsuggestмthatмtheмmainмfactorшмwhichмleadsмtoмtheмlowм
eiciencyмofмaxialмORCмturbinesшм isм extremeм radialм
expansionмofмtheмworkingмluidъмInмthisмcaseмitмbecomesм
signiicantмtoмtakeмintoмaccountмstrongмradialмexpanщ
sionмofмtheмorganicмworkingмluidsмinмtheмturbineмdeщ
sign process.

Figъм7ъмFlowмstructureмinмtheмюnd stage

tendency to increasing 

theмiowмоmeanмdiameterо
shroudмvortexмinмtheмюnd stade nozzie

formationмofмtheмhubмvortex
inмtheмюnd stade nozzie

low
direction

shroudмvortexмinмtheмюnd stade nozzie
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Conclusions

The expansion process in the MDM siloxane turщ
bineмwasмmodeledъмTheмpeculiaritiesмofмhisмprocessм
were outlined. Most of the outlined peculiarities are 

typical for the supersonic axial turbines because of 

subcriticalм initialмparametersмofмtheмsiloxaneмvaporъм
Howeverшмtheмstrongмrelationмofмtheмsiloxaneмproperщ
tiesмtoмtheмthermodynamicмparametersмdeterminesмitsм
nonconventional behavior during the expansion in 

the blade wheel. It was shown that in case of the 

axial turbines strong radial expansion of the siloxane 

isмtheмmainмfactorшмwhichмleadsмtoмdramaticмdecreasingм
ofмtheмturbineмeiciencyъмAsмaмresultшмcalculatedмeiщ
ciencyмofмtheмinvestigatedмturbineмisмьш67տьш68мwhenм
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ORC – Organic Rankine Cycle

SPbPU  – Peter the Great St. Petersburg Polyщ
technic University

c
 
–

 
velocityмinмstationaryмframeшмmыs

Dmмտмmeanмdiameterшмm
FмտмforceшмN
Gмտмmassмlowмrateшмkgыs

G  – relative leakage (leakage value divided by 

theмmassмlowмrateх
HмտмenthalpyмdropшмkJыkg
lмտмheightшмmm
MмտмtorqueшмN·m

NмտмpowerмoutputшмW
nмտмrotationalмspeedшмrevыmin
p

 
–

 
pressureшмMPa

TмտмtemperatureшмK
u/C

ax
мտмstageмloadмcoeicient

w – velocityмinмrelativeмframeшмmыs
Z

 
 –

 
numberмofмnozzlesмфbladesх

ʗэ 
տмoutletмangleмinмstationaryмframeшмdegъ

ʘэ 
տмbladeмwheelмinletмangleмinмrelativeмframeшмdegъ

ʘю
*мտмbladeмwheelмoutletмangleмinмrelativeмframeшм

deg.

∆Lмտмclearanceмvalueшмmm
ʛмտмpartialмadmissionмratio
ʥмտмpressureмratio
ηмտмeiciency
ʦ

t
мտмthermodynamicмreaction

ʫмտмnozzleмvelocityмratio
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BW – blade wheel

N – nozzle

ax – axial

dмտмdiaphragm
r-sмտмrotorщstator
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t-sмտмtotalщtoщstatic
t-tммտмtotalщtoщtotal
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