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ABSTRACT

The paper proposesnamerical modelor the investigatiomf a piston water pump
under different operating conditions. In particutAe lubricating systens analysed
and modelledThestudyaccounts for théubrication and frictiorphenomenaheat
transfer, multiphase fluid approach and motion simulation.

A computationaltiermo fluid dynamics approatias beemdopted to develop a
numerical toolble to simulat¢he behaviour othe oil during the machine working
phasesThe CFD approach simulates theving metal componentsy means of
moving meshetechniques; thé&iction phenomenors estimated on the baof
formulationsavailable in literatureThe numerical model evaluatdee heat transfer
between moving metal parts aoil during theoperating phases the system
Furthermorethe heat transfer between oil and environment is calculatedunting for
corduction through the metal crardsewalls. A multiphase fluidapproachs usedor
the simulation of the oil and air mixing duritige crankrotation.

Theheat transfer coefficient predicted by the CFD approach are employed in a lumped

and distributed numerical model; theliability andaccuracyof the proposechumerical

approachs addressed and validatagainstexperimentatesults Experimental data

have been collected by meansadhermographic cameeandthermocouples-inally,

the tool s predictive c apddfdrantworkinpes ar e addr
conditions.

KEYWORDS: heat transfefriction, pistonwater pump CFD, lumped parameter,
moving mesh

1.INTRODUCTION

Water piston pumps are largely employed in many industrial applicationsepate
mainly usedin the urban sector, fitted on drain @heng trucks, waste bin washers and
road sweeper8igger size pumps are used for ship keels cleamngto the macime
versatility, the pump caoperatecontinuously or not; in additiofit, can be used in cold
country as well as in hgtlaces Thus, it is fundamental to project the machine in order
to ensure the necessary heat trarfsten theinternal moving partto theexternal
environmentTherefore overheatingnustbe avoided to guarantee the performance and
the lifetime of the pump itsefor eachworking condition A key role isplayed by

lubricant ol which is the transfer fluithat transmithe heafrom cranks, rods, pistons
and crankhaft to the crardase walls.

A great support can be offered to engineers by numerical simulations, in order to predict
heat transfer for different working conditiookmany systems and componerts
particular,computational fluid dynamicsnodels are largely employéd describehe

thermo fluid dynamics behaviour wériousmachinesBhutta et al. [1] presented a

complete review o€FD analysis of heat exchangeBifferent turbulence modeknd
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velocity-pressure aapling schemes have beeampared, for avide variety of heat
exchanger architecturds thisregard H. Mroue et al. [2] investigated the performance
of a heat exchanger equipped with tsigrmosyphonby means of a CFD approach
without simulating the te-phase change that occurs inside the thermosyphans;
overview of numerical models used to investigate the condensation, evaporation and
boiling in these systems can be found in [3].

Within the context of centrifugal pumjes critical review ofifferent CFD models has
been presented by Shah et 4].if order to outline the most interesting arefs
researcho improve the pump performanaavitation analysis, diffuser pump analysis
volute flow study and impellerolute interaction.

In orderto simulate the thermo fluid dynamics behawiof the oil inside the crachse,
different phenomenmustbe accounted foFirstly, attentiorshould be devoted the
movement description of cranks, rogstons,and crankhaftthat caused the edir
mixing (splash lubricationMoving meshegive the possibility to the usés include
movingparts,based orequations well known in literaturg,[6]. This numerical
techniquds expensive in terms of computatiomasourceshutit ensures good
accuracy in modelling moving parts and solid fluid moving interfadesnéndez
Blanco and-ernandez Or§7], for instanceused this numerical approach tastructa
model of amair-operated piston pump for lubricating greasashsequentlyit is
necessaryo calculate the thermal energy introduced into the system by friction.
Different approachesan be found in literatur®][6, 8, 9, 10, 11], referredto analysisof
engine pistondndeed pistonwaterpumps and engines pressirhilar architectures of
pistons,crank mechanismjrings. In particular, detailed descriptienf the friction
between the piston rings and the cylinder wall have been outlined by Civoand6]
and byLivanos andKyrtatos[8], while Tateishi[9] propo®d an empirical
approximationOne of the mosappliedequation in numerical motang is the Chen
and Flynncorrelation[10], used also byHooperet al. [L1] to successfully simulata
stepped piston engine using one dimensi@#D approachOnce calculated the heat
released by friction, fluid properties and heat transfer maodestbe defined. The fluid
is described as a two phases mixture of air andhaik,the volume of fluid (VOF)
approach is use&everal examples of VOF simulatoare available in literature
applied to different contextdouhareet al. [12] simulatedflow and heat transfer in a
thermosyphonby means oV OF techniqueevaporation and condensatiwere
accounted for as well dseinteraction betweegas and liquidLickmannet al. [13]
applied the numerical method to resoikie freesurface oil flowin alubricant oil
pumping system of a reciprocatingmpressar

In [14] a numerical approach has been used to predict the transient behaviour of a
lubrication in a wet clutch of a hydromechanical variable transmission; the volume of
fluid approach has been employed in the numerical model in order to determine the oil
distribution in the clutch region under different rotating velocidesimilar study was
conducted by Terzi et al [15] where a VOF approach has been used to determine the
lubrification flow within a multiplate wet clutch.

Air and oil physical properties need to be updated on the basis of the temperature field:
while air property cordations are included in the library of the software, oil dmege

to be providedHabchiet al. [16] developedand validateanodels of pressure and
temperature dependencies of standard oil propeHee transfer problems have been
widely simulated by mans of numerical models, especially for heat exchangers [1].
Also heat transfer in cylindevalls has been largely studieBakopoulost al. [17]



93 compared differenteat transfer formulationtn this paper, dimensionleasimbes [18,
94  19] areinvolvedin correlatiors [20, 21] able todescribedhe heat transfecoefficientin
95 averysimpleway.Brucker andMajdalani[20] presented a comprehensive table of
96 Nusselt number expressions for different geometries, flow conditions and ranges of
97 validity. In particular, the equation proposed@yurchill and Gu[2]] is used to
98 calculate the Nusselt number that characterized the heat transfer between the crankcase
99 walls and the environmeni similar approacthas beersuccessfully used by Bottazzi
100 etal.[22] to construct and to develop a numerical model able to simulate the thermo
101 dynamics behaviour & coffee roasting machine amd particularthe heatransfer
102 from a hotair flow to coffeebeansduring toasting phases.

103 Theaimof thisstudyis thedevelopmenbf anumericaltool that can be used for the
104 investigationof lubricating systenfior piston water pumin orderto design new
105 crankcasandto improveexistingcomponers.

106 Thus, he models intendedo predictthe influence othe variaus parameters that
107 characterizehe heat transfer between oil and metal pasteh asurface geometry
108 temperature andil mixing. The maingoalof the numerical tool it predictthe
109 evolution of theemperaturenap in order to define the steaeBlue for different
110 working conditions

111  Finally, theaccuracy of th@umericalresults of the proposed modek validated

112 against experimental datBhe experimentaheasurementsare collected by means of
113 thermocouples and a thermographic camera appliagdtemdargoump tested for

114 different working conditions

115 2.CFD MODEL

116  Piston water pump are generally composed of three alternative pistons, with 120° of
117 angular displacement betweeach one. A complete numerical model of the pump can
118 be obtained joining three single modedpresentingne piston. Thus, initiallya single

119 modelregardinga crank, a rod and a piston is develogexce prepaed the geometry,
120 the mesh igonstructedAs previously said, moving mesh technique is applied in order
121 to simulate the splash lubrication effects. Motion of each moving part need to be

122 modelled.Thus, energy dissipated due to the friction is estimated and introduced into
123 the systemkor fluid madelling, aii Vo | u me approaéhliswsed, in order to

124  describe the two phases mixture of oil and air. Oil properties are expesss&dction
125 of the temperature. Finally, heat transfer from metal moving part to the environment is
126  defined by meansfaimensionless formulation¥he implementation adll these

127 featureds necessary in order to ens@argood accuracy of the model, butgtermines

128 ahighcomputationakffort. In addition the heat transfer phenomenoa gow

129 mechanism that requires a long computatidina. Thus,a 2D model is used in order
130 to obtain a model that can be usefully adopteguoppdesignersindeed, the model

131 accuracy is important as well as the possibility to oldtaérresultsn a reasonableme.

132 Once all the featusaare properly configured in the 3D single piston model, it is

133 possible to automaticallycale from the 3D to a 2D model using a section plane that
134 includes the axis of the central piston and that is perpendicular to the puenp bas

135
136 2.1 Motion model

137 The single piston model accounts for two moving parts: the rod and the gistbithe
138 motions of theod andthe piston arsimulated by means of moving mesh technique. In



139 the first case, two blocks are construciefixed ong thatis the void of the crardase,
140 andamovingonethat accounts for the rothdeed this last one is a box thiamcludes

141 the rod and that moves inside the fixed blddkis movement is the rod motion and it is
142  possible to define it with geometrical analysi$]. Referring to the layout of Fig. 1,
143  rod position ora planeXY is described by Ed. and Eq2:

144 Xg =T, @owd- p) (D)
145  Yp =T, C"Sin(W(']')- ,0)
146 (2)

147 wherex andy are the position coordinate§the pointB referred to the fixed system
148 shown in Fig. 1y is theeccentricity, i.e.the crank length) is the rotational velocityt,
149 isthe time;A is summed because the simulation starts when the piston isbatttibe
150 dead centréBDC). A roto-translation of rigid body is defined whéme motion of a
151 genericpointJ (Eq. 3)is known. Considerinthe generigoint J, its movementespect
152 the fixedcoordinate systeman be described as thectoralsum of the translation

153  velocity of amoving systemand the rotational velocity referredttmatsystem The

154 movingcoordinate system is constructedh axes parallel to the ones of the fixed
155 systemand origin inB. The rotational axis coincides to tWeaxis of themovingsystem.

d -8 458l 3)

VtotJ transB

156

157 The components of the translational velocity ofrtimving system are expressed by Eq.
158 4 and Eq. 5, while the angular velocity is calculated with Eq. 6.

159 ¥ =-wQ, Gin(wd- p) 4)
160 Y = w0, Godwd- p) (5

161 b'B:/('ch'se codwd) 3§

ge\/l- /2 Gin?(w@) 9

(6)

162 Deriving Eq. 1 and Eq. 2 respect time, it is possible obtain Eq. 3 and B&kfhdsimple
163 mathematical steps (see Appendix A) it is possible to determirt ®herel is the ratio
164 between crank and rod lengifhe softwareutomaticallyapdies Eq. 3 toall thecellsof
165 themovingmesh, once introduced Eg. 4 and Eq. 5 and Eq. 6.

166 Once the rod movement is detailed, piston mas@imulated. To do thag second
167 overset mesh isonfigured As done forthe rod, the void of the craoése is used as
168 fixed block, while amovingblock accounts for the pistomhe motionis a translation of
169 arigid bodyand itcan be describeoh the basisf themotionequationof thesmallend
170 connecting rod (point A in Bi 1)obtainedrom theanalysisof a generic crankod

171 mechanism (see Appendix A)

. 8 ‘3 o]
172 %, =r, Ov@sina + / @in2a S (7)

- - u
é 2Q/1- /°@Bin*ay

173  The two moving blocks aheoverset mesh zones are overliageach otherthus,a
174  third overset interfackas to be configured in order to assign the colrebtviourto
175 each cell that arpositionedn the overlaping regionbetween rod and piston blocks

176
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Fig. 1. Crankrod mechanism, reference syst2ra Friction model

Friction analysis has a key role to assbsslissipatecenergy.lt is very useful tassess
ateach contact surface the amount of energy that is released ddrfegtinately,no
studies are available in literatufeat investigatdriction evaluatioron a piston water
pump.On the contrarythere aresome nterestingvorks accounting for friction on an
internal combustion enging,[6, 8, 9, 10, 11]. Water piston pumps and engines
presented a quite similar architecture, in terms of ecamiecting rod mechanism,
piston and ringsDissipated rergy due tdriction in an engineis frequentlycalculated
as a whole, on the basi§energy balance, but a few cases it is possible to found
approximated correlatioregardingthe various contact surfaces.

According toHeywood ], Eq. 8can be usetb calculate the friction forces rve
referred tothe contact between the cowetiag rod big end and therankshaft, under the
hypothesis otontinuousoil film between the surfaces:

o e Ap G, WD m, D2, 2, Oy
|:f_rbe ° (IUQ‘rbe d)rbe)onil % Eb 8: nZI (p c : . (8)
o -

rbe rbe

Wherede is the internal diameter of the connecting rod big &pgs the contact

length (thickness of connecting rod big eri@),is the oil dynamics viscosityC,,is

the mean radial clearand@nce obtained the friction force by means of this
approximated approach, it is possible to determineeia¢ed friction torqud/s e (EQ.
9) and the dissipated powef e (Eq. 10):

M f _rbe = Ff_rbe ("mrbe/2 (9)
I:)f_rbe = M f_rbeCIM/ (10)

The sameapproach can be applied to assess the dissipateerPs (se referred tothe
contact surface betwedme connecting rodmallend andhe pin. This contact, in fact,
presents a similar geometry configuration (cylinder vs. cylinder costigietce) and an
analogous lubrication conditioAnother importantontribution to theenergy
dissipation ighe friction between the crashkaft and the two needle bearings. An
approximatednethodto choosesize the component is provided by producEech
needle bearing supports a fofeew:
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Fr o= Do Qo @ 2 14)001 12 (11)

wherepmaxis the water marum pressureg, the piston diameten, the number b
pistors. Obviously, the force is divided by two because there are two needle bearing
The related friction torqukls np can be calculated by means of Eq.12:

My = 05, @, CFf_nb (12)

whereC;s is the constant friction coefficient, value characteristic of the bearing
architecture and tabulated by the produaddysis the internatliameterof the

component (where the crastkaft is connectedY hus, the related dissipated power can
be assessed I&qg. 10.

In order to complete the friction evaluation, two additiatiasipated poweermshave
to be accounted for: the first onedse to thecontact surfacbetween thesealplaced in
the cylinder walland theceramic pistorpart(Ps ring) andthesecond onés referredto
the friction between the journal box and the pigtemny). To calculate these two terms
several approaasreferredto engine pistonare available in literature, 9] but in this
case to consider the pistamter pump as an engineapoor approximationgue to the
different ring kind and number feachpistonand due to the different pressure curve
during the cycleA different approaclcan bebased orefficiency aralysis.The ratio
between hydraulicRhyd) and mechanicaPnecy power is the total efficiency of the

pumpdot.

— Phyd - QCmeax B psuc) =h
“tp w

mech

h @ (13)

vol
max

whereQ is theflow rate psucthe pressure at the pump suction dhghxthe maximum
torque referred tahe maximum pressumnax The total efficiencydwot is equal to the
product of volumetric efficiencgyvo and hydromechanical efficiencln:

B = QIBOVE2G, ) i 7/ 4) (14)

while dvol is defined as the ratio between the flow rate and the ideal geometrical flow
rate,dhm can be obtainedn the basis oéxperimental data combining Eq. 14 wib.

13. The total dissipated powe®¥ it can be calculated as:

P ot = By C@-' hhm) = ZCPf_nb +3( t e TP e TP pt Pf_ring) (15)

f_rse

afterwards subtracting the previously calculated terms of dissipated power, it is
possibleto estimate the sum of the tvilovestigated term$ased orp r 0 d ukooswr 6 s
how, the ratio between the terms is fixed: thRsing andPs jp can beseparately

assessed

The total friction losses on the piston is calculated by bwlpbposedapproach and
the Chen and Flynoorrelation[10] and the results are compared as a ch€bls
empiricalcorrelation is one of most used technique to estithatotal dissipated
power due to the frictiom combustion chamber simulation. Both Hygproacks
provide results of the same order.

In the canstructed model, the dissipated power terms are included as thermal flux from
the contactsurface to the fluidThe rod is made of aluminium, that is a good conductor
thus the hypothesis of uniforranergydistributioncan be assumed and b&thwe and

Pt rseare addressed to the external rod surfAagniform energydistribution isalso
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supposedassigningPs j» to the part of thecylinderinternalwall that is immersein oil.
Pt ring IS referredto the cylinder and the piston parisose workin contact with water
and do not influencthe oil behaviour: thu$ ring is not included in the numerical
model.Ps_nb,insteadmustbe accounted for in the overall numerical modehefpump
but not in the singleiston model.

2.3 Fluid model

The fluid inside the crardase is modelleds a multiphase naeactingmixture by

means otheVolumeof Fluid approachThe spatial distribution of each phase at a

given time is defined in terms of volume fractidie Segregated Flow modil used

to sdve the conservation equations separated for each phase, except for the pressure
field which is commoniln this study, alsothetemperature field ts&to beaccounted fgr

the model used is tifeegregated MukPhase Temperature

The two phases considered are air and lubricant oil. While the air physical properties are
included in the software data basetemperaturand pressurdependantthe oil ones

mustbe providedby the userThe temperaturmfluence ordensity and viscosy at
atmospheric pressure candigtained fronthe oil data sheeln order to definghe heat
transfer, also oil thermal properties have been detailed. Bruckédaddlani[20]

proposed empiricatorrelatiors pressure and temperature dependant to ledécu

specific heatpoi and thermal conductivitigi of an oil similar to the one used in the

piston water pump

koiI = CO + Cl . Voil /Voiliref )C&" 0101 oil /Toiliref) . oil /Voiliref )3B " (16)
Cpon = |_C2 +C3 - oil /Toil_ref) . oil /Voil_ref )_4]/ roil (17)

The oil volume and temperature at actual condition¥arandToi while Voi_rer and
Toil_ret are related to reference valu€s; Ci1, C> andCs are empirical coefficients and
il is the oil density. During the working conditiontbe pump, the oih the crankase
is constantly at atmospheric pressuheis the two equation can be simplified because

the V,; /Von_ref ratio is equal to 1n fact, the pump has a briat plug and the model

accounts for it by means an air inlet at the atmospheric presdisee Fig. 2)Thus,

only air carenter thecrankcase but both oil and air can exit. In particular, a very small
amount ofoil can exit from the breather plud it is thrown to theplug by the moving
rodAl'l the other sur f a@ensassdaransfes alloweshythe r e d
boundaries between internal craalse andhe environment)

as
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Fig. 2. Lumped parameter model, layout of the whole pump

2.4 Heat transfer model

Once calculateche dissipated power due to frictiand modelled the twphases fluid
mixture, heat transfemustbe definedFrom the surfaces interested by power
dissipation, the heat is transferred to the fluid. Heat transfer betive¢wo phases are
automaticallyincluded as well as convection betwettre fluid andthe crankcase
internal walk. In order to account fahethermalpower transferre{Wcond through the
walls due to theconductionphenomenoyEg. 18 is usedTwai int and Twail_extare
respectively, the internal and external wall temperathig,int is the heat transfer
surface andRwai the wall thermal resistance.

chond = (Twall_int - TwaII_ext)CENall_int / I%/vall = (Twall_int - Twall_ext)CSNall_int /(S\Nall /kwall)(ls)

The wall thermal resistané&.ai hasbeenevaluatedased orthe wall thicknessyai
and the thermal conductiviai of the metal Afterwards, the thermal pow&Yconvis
dissipated towards the environmématuralconvection) andt can be calculatedsa
proposedn Eqg. 19.

\Nconv = (Twall_ext - Tenv)CSNaII_ext leall_ext (19)
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The environmenis at atmospheric pressuaed itstemperature iJeny the transfer
surface is the external ar&aa exiof the crankaseandhwai_extis the heat transfer
coefficient.In order to define this pameter, a nowlimensional approach is used. It is
possible to evaluatie Nusselt numbeNuwai_extas a function ofhe Reynolds number
Revai_extandof theenvironment Prantl numbé&reny (seeApeendixB). Once obtained
Nuwai_ext the heat transfer coefficient can be calculatecbrding tdeqg. 2Q where
lwail_extiS @ characteristic length of the transfer surfacekaqds the thermal
conductivity of the environment

Nl’lNaIl_ext = (hwall_ext ®Wall_em)/ kenv = f (Rewall_ext’ I:)renv) (20)

The connecting functiomustbe chosetbased ornhe transfer surfacghape, the flow
conditions the validity range of the nedimensional number8rucker andviajdalani
[20] showna comprehensive table of Nusselt numtmrelationdor all these
parametersEquation21 had beemproposed byChurchilland Ghu[21] and it was
developedor natural convection from planar surfacend for 16<Ra<10°.

0.670RaY4
NuNaII_ext =0.68+ ( aWall_ext

1+0.670Pr, '

env

)4/ 9 (21)

whereRavai_extis the Rayleigh number, obtained by multiplying the Grashof number,
Grwal_exs referred tothe externatrankcase surface and the Prandtl numPes,, of the
external ambienfsee ApendixB). In order to calculate the Grashof number, the
volumetric thermal expansion coefficient of thekair, hasto be taken into account:

1 8 6 1 .p 1
b =-_——_ enva — O tew -
. I env C Tenv §p r Rg c]-eznv T (22)

env env

As proposedby Incropera and DeWittLB], the air can be considered as an ideal fluid
for the evaluation of the volumetric thermal expansion coefficient; thus, it can be
assumed to be equal to approximatily, whereT is the absolute temperature of the
gas (see E®2).

3. LUMPED PARAMETER MODEL

In order to obtain a complete analysis of the overall machine, a lumped and distributed
parameter model is constructdadeed thedevelopedD CFD model designed to
describe the thermftuid dynamic behaviour of the lubricating system isutot

applicabk for adetailed study of the pungue to the higtkomputational effortin

other words, an overall CFD model that includes both lutanigaystem and pumping
zone, will cause an high computational resouecpiest antbng-time simulations;

thus, a lumped and distributed parameter approach is the best compromise between
computational effort and e s @dcuraxyin order todevelopa model that can be able

to showthe results iran admissibléime and ensuring goodpredictivecapability.

As depicted by Fig. 2he model of the pump is constructed connecting tampars:
the pumping side, where theespting fluid, water, is addremgby the piston chamber
evolution from the suction to the delivery, and the mechanical\sitee the
lubricating system is place@he model accounts for thieernmo-dynamics behaviour of
bothsides in particular, theneat transfebetweerthe pump cylinder headnd the
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water,the crankase and thpump cylinder headhelubricating fluid and the
crankcase, ar@ncluded.There ae parameters that can notfbeedon the basis of
geometricabr physical information: in order tbtainthese data,such as the
convective heat transfer coefficient of each wiak 2D CFD simlation is
fundamentalOn the other hand, the lubricating system simulation regjtaréx the

heat transferred from the crardse to theump cylinder headl'hus, the CFD
lubricating system model and the lumped parameter model of the pump are deeply
dependant each other andeyneed to be simultaneously developed.

3.1 Pumping side model

The piston chamber evolution e&ch otthe three pistas) properly phaseds accounted

for by this part of the modePRarticular care is devoted tiee modelling othe opening
characteristiof thesuction and delivergutomaticvalves by means of an accurate
geometrical denition; in addition to thisthe spring displacemenforce relationship

and the moving parts maarealso includedTo complete the layout, thedion and

delivery line areconsideredas well as the tank at the atmospheric pressure value and an
orifice used as pump load.

The hydraulic behavioysredicted by thenodel is tailored by means of exjppeental

data, in terms of load pressure and flow rate and volumetraezf@ly. The heat transfer
between the pumping side and the mechanical sigermitted by means of the
crankcasel pump cylinder head contact interface and by the ceramic psioh metal
pistonpartcontact interface; these contact interfaces accounted for conduction, as well
as convectiophenomenaln fact, while the pump cylinder head and the ceramic piston
partarecooled by the water flow, the crac&se and the metal pistpartare in contact

with the oil and they arkootedby the power dissipation due to the friction, as
explained abovdn addition, theres anamount of energy that is released as heat due to
the friction between the ceramic mstpart and the seahis thermal poweP ring iS
included in the model and it is calculated by means of the approach described in the
Paragraph 2.2.

In order to define the thermal powteansferred byhe pump cylinder headwards the
environmentthe heat transfer coefficiemhustbe calculated. The numerical approach
employeds the same used for the craake in the CFD model, based on the Nusselt
number correlation of Eq. 2As said above, the pump cylinder head is cooled by the
water flow. The intrnal geometry of the component is really complex, but, as an
approximation, it is possible talculate the hydraulic diametdyand toconsiderthe
convection phenomenon esferred toa turbulent flow in circular tubes; in other words,
the Nusselt numbeuneadint is Simulatedoy means oftte DittusBoelter equation (as
shownby Incropera and DeWittLB]):

N l‘lhead_int = O'Ozgmeﬁéid_intcpmgter (23)

WhereRa@aeadint IS the Reynolds number of the internal duct of the pump cylinder head,
usingthe hydraulic diametet, as characteristic lengti{seeAppendix B, Prenvis the
waterPrantl number andcis a exponent equal to 0.4 for fldveatingand 0.3 for flow
cooling. Eqg. 23is normallyusedfor small temperature difference afud the range of
conditions:0 . Br@1 6ReQ 0%, | / Als®@theédceramic pistopartis cooled by



384  water: the contact surfaceagircular area that is movedsidethe piston chambelt is

385 very difficult to define the flow condition. On the basis of the Reynolds nuR&et p,

386 it is not possible to recognize a fully developed turbulent flow; thesyrelation

387 validated formixed conditionon a flat plateand for0 . Br@0, 5*10°<Re<10?,

388 (Incropera and DeWittl[g]), can be used in order to obtain an average value of Nusselt
389 numberNuwer p, and, consequently, an averageueadf heat transfer coefficient:

300 Nuoer p = (0.087CRe"® - 871) i3 (24)

cer_p water

391 Inthe model, the conduction between two components is automatically calthdaszt
392 onthe material properties and the geometrical characteoistie contact surface. In
393 addtion, it is possible to set a contact thermal resistance for cases whsuveftive

394 roughnessnustbe considered.

395

396 3.2Mechanical side model

397 This part of the moddbcuses on thheat transferred between lubricating fluid and

398 mechanical components by means of convection; the model inclsddke

399 conduction between the partsdontact. Aanentionedabove, each conduction interface
400 requires the geometrical parametansl the involved material propertidhe

401 dissipation oimechanicapower due to friction is considered by means of the approach
402 described in the Paragraph #12the CFD model; more in detailB; rve andPs rseare

403 addressed to the rod as wellRag, is referred to the metal piston part dich,, regards

404  the needle bearings.

405 The lubricating fluid is composed of air and oil. The lumped parameter approach
406 normally does not let the user to model a multiphase; fthigs, two different virtual
407 volumes (one of air and one of oil) are emplayEde sum of the two volume is equal
408 to the internal volume of the crackse Each volumecantransfer heat witlall the

409 components that are in contact with the lubricating fluid, by meavarimfusinterfaces
410 of areaSr.

411 Sy =nd(B, (29

412 WhereSyeois the geometrical area andis a coefficient of covered area, obtained from
413 the CFD simulatiorand equal tahe surface average of the oil mass fractiodi( and

414 the air mass fractiom¢kir). Thus,each contact interface is dividedtwo surfaces, one
415 of areaSe oiireferredto the oil and onef areaSet air referredto the air.

416 The thermal power transferredfn the crankase to the environment is described by

417 means of the same approach (Eq. 21) used in the CFD model, while the heat transferred
418 between the lubricating fluiboth air and oil) and each crazdse wall is mdelled by

419 means of the Eq. 2&ach wdl of the crankase is considered as a flat plat &nd

420 characterized by different geometry and oil/air distributtbe;flow is described by a

421 Reynolds number too low for a fultleveloped turbulent conditipthus,the Nusselt

422  number correlation (Eq. 24) proposed seems to be a good approach to obtain the related
423 heat transfer coefficienin fact, air and oil are comiually mixedinside the crantase

424 by the moving partdyut the fluid does not reach an average velocity sufficiently high to
425 Dbe in turbulent conditior-or the same reason, also the Nusselt nungberred tahe



426  contact surface between the bearings &etlibricatingfluid is calculated with the

427 same approach (Eg. 24). The surface is the area between the bearing external

428 circumferencend the shaft externaircumferenceThe heat transferred from the shaft
429 to thelubricatingfluid is accounted for by nams of an approach validated for rotating
430 cylinderin a cross flow (Incropera and DeWittd]):

431 NUsh_oi = 0.1930Re%%*8 Gprl/? (26)

sh_oil oil

432  WhereRen oi is the rotational Reynolds number of the oil dragged by that shaft (see
433  Appendix B) andProi is the Prandtl number of the oil. This correlation is used for the
434  rangeof conditions 0.TPr, 410%CReO 410* andit can be employed for both oil and

435 air. For the contact surface between the rod and the lubricating fluid, the heat transfer
436 coefficient is obtained by the 2D CFD simulation, as well as theei@eedthe

437 interface between the metal piston part and the lubricating flhiel 2D CFD model is

438 also usd, as said abovep calculate the coefficients of covered area for both oil and air,
439 regardingall theconsidered contact surfaces.

440 4.CFDMODEL RESULTS

441 The results of the CFD model of the lubricating system in terms of heat transfer
442  coefficient and oil and air distribution are then employed in the lumped and distributed
443  numerical model.

444 In the CFD model,he rotational speed used is one thousand rpnthenemployed time

445  step is 0.1 millisecondhus,angular timestepis smaller than one degre& breather plug

446 is included in the geometry in order to maintain the atmospheric pressure of the fluid
447  volume inside the crankcaséfterwards the initial tenperature value iset equal to the

448 ambient temperatuyevhile the initial oil and air distribution is shown in Fig. 3a. The oil
449 mass fraction is equal to the 50% of tloduvne.

450 On theright side of the picture, a rectangular shap@ be noticedhat is a fictitious
451 volumeseparatedrom the main volume by the pistomhis volume is requested by the
452  overset mesh technique in order to correctly describe the pisteamentput it is not
453 referred tahe real cylinder. In fact, in the real machiog,this side of the piston there is
454  water, that is to say, the pumped flufthis fictitious volume has the same initial pressure,
455 temperature and aoil distributionof the main volume but it is physically separated from
456 the crankcase volume, thus, thie and oil in this region do not influence the fluid
457 dynamic behaviour of the crankcase volurmeorder to highlight this point, an open
458 boundaryis included in the simulation at the lsitle of the fictitious volume: after few
459 crankshaftrevolutions thevolumeis almost full of air athe environment conditions.

460 While the rod andhe piston position at the BDC (bottom dead centre) are shown in the
461 Fig. 3a and in the Fig. 3d, Fig. 3c depittts machine in the TDC configuration (top
462 dead centre) and an arbitramggular position is chosen in Fig. 3b.
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464  Figure 3 Volume fraction of oil in the crankcase, referred to a) initial condition; b) after
465 3.41 s c) after 6.03 s; d) after 210 s.



466 Fig. 3bdisplaysthe air-oil volumefractionafter3.4 secondsthe oil and air are mixed

467 but a separation between the fluids can be still identifiesimilar phenomenon can be

468 noticed also in Fig. 3c, i.e. simulation time equal to 6 seconds which ponesto 100

469 revolutions. The last picture, Fig. 3d, shows the oil volume fraction distribution when
470 the system has reached a steady state condition, i.e. simulation time 210 s; the air and
471 the oil are completely mixed.

472 In all the presented picturagbgere is a no recirculating zone where oil is almost fpad

473 the rightlower side, under the cylindek.good oil recirculation is one of the most

474  important goal for lubricating system design, so, if this behaviour will be confirmed also
475 by thethreedimensonalsimulations, the cramase geometry should be modified in

476  order to avoid itDuring the transient period, a small amount of oil can esttaippagh

477 the breather plug, as confirmed by experimental test, but after a few seconds these oll
478 losses are no more observafle oil amountn the fictitious volume, starting from the
479 initial value, in a few revolutions decreased rapi@wly a thin oil layers still

480 observablen the steadstate phase. As saadbove this fictitious volume has no

481 relation with the real cylinder, because the pumped fluid is water.

482  The results obtained from this 2D CFD model are compared to experimental
483 measurements arajoodagreemenis obtainedrom a qualitatively point of view.

484 In fact,it is not possible tatrictly compare the numerical data achieved from the 2D
485 CFD model to the experimental dat@nverting from 3D to 2D, the crankcase walls

486 parallel to the model planareneglectedin other words, the crénase area able to

487 transfer heat form the fluid inside to the environment is différent the one othe

488 real geometry. The thermal power introduced in the model due to friction is reduced to
489 account 6r this congleration.In fact, the time duration of theumerical thermal

490 transient is minor that the real one, butlienerical mean value of tlodl temperature

491 in steadystate condition igjuiteclose to the experimental value.

492  Thus, the 2D model can not be usegredict exactly thpunctual temperature

493 evolutionof the lubricating system but the qualitatively good agreement between

494  numerical results and measurements lets the user to usefully employ the model to

495 estimate the heat transfer coeffidi@nd the atoil distributionof each surface. These

496 data are introduced in the lumped and distributed parameter model to obtain a predictive
497 modelof the pump. This approach, based on the use of a 2D CFD model and a lumped
498 parameter model, hascamputational effort minor than a complete 3D CFD mpdel

499 thus, the combined approach demonstrated to be a reliabte tmlievethe numerical

500 resultswith goodaccuracy

500 5.LUMPED PARAMETER MODELRESULTS

502 The lumped and distributed numerical moaélthe wtole pump is tailored in two steps
503 Firstly, the pumping sides accounted in the analysasid themeasurementare

504 compared with the numerical resultsterms of load pressure and flow ratore in

505 details,the discharge coefficient and the friction paeder of each valve ametroduced
506 and regulateth order to obtain a gl agreement betweemmerical and experimental
507 data Particular care is devoted to the angular phasing of the three pistéitg. 4a the
508 volume evolution of the three pistchambers are showhigs. 4b and 4c depicts the
509 instantaneous and the mean valuel®ad pressure and florate The curves are very
510 close to the measurementsus,the modeis able to describe the fluid dynamics

511 behaviour of the pumping side aids possibleto calculate the volumetric efficiency,
512 that isequalto the experimental valuend higher than 90%
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Figs. 4. Pumping side analysis: a) Phasing of piston chamber volume; b) load flow rate;
c) load pressure

Once the pumping side is tailored aralidated, the mechanical side of the pump model
can becompleted. In particulathe heat transfer coefficient and theaiirdistribution

of eachsurface otheinternal geometry of the crankcase are achieve from the 2D CFD
model and they aremployedn the lumped parameter modelorde to enhance the
accuracy.

The validation of the whole pump modekishieved comparing the numerical results
with the measurementsarried out by means tfiermocouples type Kilaced in
different position®of the crankcase, aheexternalwalls and in the internal oil volume.
The experimental oil temperature curve has been obtained as a mean of the
measurements carried out and i li@en used to tailor the numerical moti¢hter and
air temperature anmonitored,andtheambient temperature is recorded too. Both
transient and steadyate operations are considered.
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Afterwards,a thermographic camera is adopted in order to obtanmplete
temperature distribution of the external walls of the macfihedevice used is a
Optris Pl 60Ghermocameraharacterized by spectral range of 783 pm, a
temperature range fror20°C to 900°Candan optical resolution of 160x130xel; the
frequencyis 120 Hz.

Fig. 5 shows the thermal images in different positions: the temperature reported at the
top of each imagée.g.,34.6°C in Fig. 4ajs relative to the average value of all the pixel
that compose the T1 probe bdx.the case shown in Figsa andsb, the camera is
positioned in front of the crankcase cover, the opposite part of the uimgerhead

side. By monitang the heating transient, it is possible to observe how the hottest parts,
the needle bearings and the shaft, progressively transfer thermal power from the middle
plane to the upper and the lower side, until the wall is almost at the same temperature
(in steadystate condition, see Figb). This consideration about the uniforgniaf the
temperature confirmthat the lumped parameter approach can be used to describe the
systemwith a good accuracyndeed if the temperature distribution on eaabmponent

is uniform, the error due to the description of each g&en numerical element
characterized by a single temperature valueeig limited Fig. 5¢c shovws thewhole
crankcase from differentview in the steady state conditioim particularthe cooling

effect of the pumpylinderhead (where the water flows) can be observed on the left
side.The effect is restricted to a narrow zone but it can not be neglected: for this reason,
the lumped and distributed parameter model is referred to thie whmp andt

account for both thermal power dissipation between the crankcase and the environment
and between the crankcase and the poyfipderhead.
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553 Figs. & Thermographic analysig) crankcase covefter a few seconds) crankcase
554 cover in steadystate conditiong) whole pump in steadgtate condition
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As mentionedabove, the experimental campaign is carried out to tailor and validate the
numerical model of the pump. Figshows the comparison between the measured oil
temperature and the numericale as well as the numeal air temperature. More in
details, the model can not consider a multipiase; thus, two separated fluscre

included and so, two numerical temperasuaee obtainedEach phase is able to

exchame thermal power with the surfaces which are in contact, on the basis of the
air/oil distribution obtained from the 2D CFD model. Two volumes are used, one for the
air and the othemnefor the oil. Each volume is equal to the 50% of the internal volume
of the crankcase. NeverthelessFig. 6 it is possible to observe that le two numerical
temperature are perfectly overlappgeds a consequence of the model reliabilityfact,

even if air and oil havaeo direct interfacgin the model, they are in comtawith the

same surfaces and it seems physically correct that the two curves are equal. In
particular, due to the strongly different thermo physical properties of the two fluids, the
thermal equilibrium ignainly influencedy the oil. Thus, the comparison is based on

the oil temperature: the agreement is excellent for the stgaty condition (the error is
aroundthe 2%) but the numerical curve increases faster than the experimentatiome
transient phase. This is due the onénand, to tle 3D effect of the heat transfer
phenomenorthat the lumped model can not consider, and on the other hand, to the
employed data logger. In fact, in order to remove the noise from the signal, the data
logger automatically applies a moving avexag the raw data. This increases the

quality of thesignal,but it introduces a delafoth the 3D effect and the signal

treatment influence are more significant during the transient phase than thessatady
phase. In order to enhance the lifetimeh&f pumpjt is very importanto avoid too

high temperature when the machoperats continuously thus, it is possible to accept
aquite poor agreement between numerical and experimental data in the transient phase
because, in the steady state conditiba,agreement igery good.The overheating risk
regards only the mechanical side of the pump. In féstewing Figs. 4 and 6, the
hydraulictransient of the pumping side strongly minor than the thermal transient of
themechanical sideafter a few sconds, the load flow rate and pressure are in steady
state condition, while the oil temperature of the lubricating system requires more than
4000 s to be stable. Thus, the lubricating system temperature does not influence directly
the operating pointfahe pump: the pumping side temperature is fixethieyvater

flow.
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Figure 6. Comparison between measured and calculated oil temperature
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6. CONCLUSIONS

This paperhas presentea numericabpproacHor the prediction of théhermo fluid
dynamicsbehaviour of a piston water punfarticular care has been devotethi®
lubricating system modaind to theheat transferred from the internal crankcase to the
environment. A 2D CFD model of the system has been constructed, acgdonthe
thermal power released by friction, the mixing of the two fluids (oil and air) in the
crankcase volume, the moving E(rod and piston) described by means of the overset
mesh technique.

The outputs of the 2D CFD model, in terms of heat tearsdefficient and air/oil

distribution of each surfaces, have been passed to a lumped and distributed parameter
model of the whole pump, properly designed to describe both the operating point of the
pumping side and the theaincondition of the mechanicside. Conduction and

convection phenomena between the pump cylinder head andhttkease, and between
the crankase and the environmdmve beemcluded. The model has been tailored and
validated using experimental data carried out by means of tfesatif measurements
technique: thermocouples analysis and thermography. The employed thermocamera has
highlighted that the temperature of each componena bagorm distribution,

confirmingthe most importarftypothesidor the use of the lumped parameter

approach.

The numerical results, in terms of oil temperature, have been compared with the
acquired data and a good agreement has been found, especially in thetstieady
condition. Simulation ancheasurements have domed thatthe waterflow hasa

cooling effect on the pumping side and the temperature in this zone is fixed by the
water. In fact, the operating point of the pump is not influenced by the thermal transient
of the lubricating systenOn the other han@wven ifthe crankcase is partially cooled by
the conduction between the componieself andthe pump cylinder head, this

phenomenon is not sufficient toaintain the mechanical side temperature under the
overheating limit without adopting a lubricating /st

Combing he 2D CFD lubricating sfem model and the lumpedrpaneter model of the
whole pump, the user cachieveall the information needed to properly design the
machine and in particular the lubricating system. The approach is aisure ajood
accuracy in an acceptalilme: both the operating point and the thermo fluid dynamics
behaviour of the pumare describednd the computational effort is minor than the one
referred to a complete 3D CFD model.
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632 LIST OF NOTATIONS

nc
nd
Nu

Per
Pr

Ra

Thermal diffusivity

Cross section area

Volumetric thermal expansiaroefficient
Mean radial clearance
Coefficient

First coefficient ofkoii correlation
Second coefficient dfi correlation
First coefficient ofcpoil correlation
Second coefficient afpoi correlation
Specific heat

Diameter

Force

Gravitational constant

Grashof number

Heat transfer coefficient

Thermal conductivity

Length

Torque

Number of

Convection exponent

Coefficient of covered area
Nusselt number

Pressure

Power

Perimeter

Prandtl number

Flow rate

Radius

Thermal resistance between the internal anexternal

case wall
Rayleigh number

0.053W(m*K)
0.026/N/(m*K)
1.17*1G3/(mP*K)
0.39¢108J/(m**K)
J/(kg*K)

m

N
m/s

W/(m?*K)
W/(m*K)
m

N*m

m/s

K*m%/wW



Re
Rg

Wcond
Weonv

oz 9 a

Reynolds number

Perfect gas law constant

Wall thickness

Surfacearea

Time

Temperature

Velocity

Volume

Thermal power transferratirough the wall

Thermal power transferred between el and the
environment
Position referred to th¥ axis

Velocity referred to th axis

Position referred to th¥ axis

Velocity referred to th& axis

Angle between crank and piston axis
Angle between rod and piston axis
Rod rotational speed

Efficiency

Ratio between crank and rod length
Density

Dynamic viscosity

Cranlkshaft rotational speed

633  Subscripts

A
air

cer
eff
env
ext
geo

Point A- connecting rodmallend
Air

Point B- connecting rod big end
Crank

Ceramic

Effective

Environment

External

Geometrical

Friction

J/(mol*K)

m/s

m/s
rad
rad

rad/s

Kg/m®
Pa*s

rad/s
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635

636
637
638

639
640
641

642
643
644
645

646
647

648
649

hydraulic

head Pump cylinder head

hm
hyd
int
jb

Hydro-mechanical
Hydraulic

Internal

Journal box

PointJi generic rod point

max Maximum value
mech Mechanical

nb
oil
p

r
ref
ring
rbe
rse
suc
sh
tot
vol
wall

Needle bearing
Qil

Piston
Connecting rod
Reference value
Seal placed in the cylinder wall
Rod big end
Rod small end
Suction

Shaft

Total
Volumetric
Crankcase wall

water Water
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