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The development of direct injection (DI) Diesel arag over the last 20 years has been quite remlarkab
The trend in technology is towards diesel fuel pueisation in the excess of 250 to 300 MPa thudiheato
simultaneous reduction of soot and NOx emissionsigh diesel fuel pressures, the excessively kigbcity
values occurring during the discharge of the ligtiicough the fuel injector nozzles (up to 660 mithva
maximum Reynolds number of 2B observed in this study) induce high wall frictiavhich in turn leads to
significant fuel heating with Brinkman number vaueanging from 20 to 60. The combination of sigraifit
pressure reduction within the sac volume (during leeedle lifts) and the nozzles, together with higél
injector wall temperatures occurring by both heatduction from the cylinder head and heat convacdtiom
the hot gases within the engine cylinder, may paty lead to heterogeneous flow boiling of theskl liquid
close to the fuel injector walls. In this paper @anfisothermal study of diesel flow within a fuefaator is
carried out. The extensive engine cylinder datalabvie from both test results and combustion sirtioites are
characterized to set up the appropriate thermahday conditions for the conjugate heat transfedTL
simulations carried out in this study. The therhalindary conditions for the fuel injector simulatoare
affected by both the thermal state within the eagiylinder (which in turn is primarily affected lspmbustion)
and hence the temperature within the cylinder hdage to the transient nature of the engine cylinder
temperature and heat transfer variations, a seitgitinalysis is performed in order to better ursteend the
effects of such variations on the nozzle wall terapge. The steady state CHT simulations of thé ifijector
are carried out, using ANSYS Fluent®, based onassumption of single phase flow and constant physic
properties of the diesel liquid. From the resultsCHiT simulations, a comparison between the walktzte
temperature and the saturation temperature of igseldliquid inside the nozzle, are presented. 3é¢wond set
of simulations presented here use a typical conhstafi temperature of 180C for the fuel injector the
boundary conditions for the non-isothermal two gheavitating flow simulations based on the assunpaf
variable properties of diesel liquid with respecthoth temperature and pressure. These simulati@ne
carried out using City University’'s CFD code (GFSyerall, the simulations reveal that at certaications
within the fuel injector geometry (mainly closette fuel injector walls), the diesel liquid temptera reaches
values well above the saturation temperature offliwveing diesel liquid, thus implying the occurrenof
heterogeneous flow boiling regions within the fugéctor used for this study.
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Introduction

The development of direct injection (DI) Diesel argg over the last 20 years has been quite rematkébe
trend in technology is towards fuel pressurisatiothe excess of 250 to 300 MPa, thus leadingrtmi$aneous
reduction of soot and NOx emissions and hence dessand on the performance and the cost of the-after
treatment systems. Typical CFD simulations of Isitigle phase and two-phase cavitating flow ususdume
isothermal flow conditions, justified on the basliat the residence time of the diesel liquid witthie injection
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holes is so short that heat transfer to or fromsimeounding could be neglected. However, at higét ifuel
pressures, the excessively high velocity valuesioog during the discharge of the diesel liquidotigh the
fuel injector nozzles can induce wall friction. $hin turn leads to such significant viscous heatiivag could not
possibly be neglected. This together with significdepressurisation occurring within the fuel inggcnozzles
(or across the injector needle gap at very low)liftnay potentially lead to heterogeneous boilifithe diesel
liquid near the wall surface. Additionally the teemgture rise of the bulk of the liquid above théusation
temperature may also lead to conditions for homogsiboiling within the flow field. In the literatey Caira et
al present the results of their pool boiling expenits at pressure values of up to 70 bar [1]. Adrigressure
was achieved by Sakashita and Ono [2] who propasaxrelation for the heat transfer coefficientlioiling at
pressures up to 90 bar. However, no data are dlyrrawailable for higher pressure values, suchhasé
occurring in fuel injection systems, and thereftirere is currently no appropriate flow boiling mbdeailable
for simulating diesel flow under such high pressuatues commonly seen in fuel injection systemsthis
paper a non-isothermal study of the early developinphase of a fuel injector design is carried dihe
geometry was provided by the industrial partnertfids project [3]. The present paper starts frodescription
of the thermal conditions within the engine cylindesing the data available from previous experitmi@md/or
combustion simulations. The boundary conditions tfer CHT simulations of the fuel injector are defin
mainly by the temperature and the heat transfefficamat inside the engine cylinder and hence #maperature
within the cylinder head. Due to the transient rataf the engine cylinder temperature and heatstean
variations, a sensitivity analysis is performedider to better understand the effects of suchatiaris on the
nozzle wall temperature. The steady state conjubase transfer (CHT) simulation of the fuel injecteas
carried out, using ANSYS Fluent®.

Applied Boundary and Initial Conditions

The diesel fuel injector is in contact with varioparts of a diesel engine. All these parts, infagerthe
temperature distribution of the diesel injector Ivalrfaces and hence the diesel liquid. As itepicted in
Figure 1a, the fuel injector lies within the cylerdhead, with the injector tip (the end of the @tge) being in
direct contact with the combustion chamber (engiyiender). Additionally, the cylinder head incorpdes a
cooling system, which is designed to cool it dowd aeduce its temperature. The heat transfer mehahat

is encountered between the above components s¢ridted schematically in Figure 1b. Heat is trametefrom
the hot gasses inside the combustion chamber,thatoylinder head and the injector tip by conveti{®cy,
HTCcy). After the initial warm up period for the engirtbe cylinder head reaches a steady-state temperatu
condition, due to the balance between the heasfearfrom the combustion chamberc(j HTCc) and the
cooling provided by the cooling systemc{disys HTCcooisyd. Therefore, in the steady state CHT simulations
presented here, the cylinder head is treated amstant temperature solid body.ifead. The cylinder head
temperature d,ne.aq@nd the convective heat transfer from inside thratmgstion chamber ¢f, HTCgy) provide
the main necessary boundary conditions for theugaig heat transfer simulations (CHT) presented. her

Tcoolsys
HTCcoolsys

Cooling System Cylinder Head

Figure 1.a) Schematic of the system b) Heat transfer betwhee various parts of the engine.
The thermophysical properties of two solid compaseri the fuel injector (i.e. the injector tip atite needle)
that are involved in th€HT simulations are assumed to be constant as sunedarisErrore. L'origine
riferimento non é stata trovata.

Table 1. Thermophysical properties for the injector tip anedle.

Part Material K [W/mK] Cp [J/kgC] p [kg/m?
Needle AlSI 52100 46.6 475 7810
Injector tip AISI tool steel H10 42.7 A77 7810

However, the thermo physical properties of thealibquid vary considerably as functions of botlegsure and
temperaturg4]. As previously mentioned, before conducting mdeberate CFD simulations with variable
fluid properties, the preliminary steady state Csihulations are performed with the properties & tlesel
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liquid kept constant with respect to both the terapee and pressure. For these simulations, tHegpfoperties
were evaluated at fuel injector inlet pressure gE=P40 MPa and T=400 K. The influence of variablel fue
properties on the flow field results is explainadhe next section of this paper.

Table 2. Thermophysical properties of the diesel liquid@tstant temperature (T=400 K)

Fluid k [W/mK] Cp [J/KgC] p [Kg/m3] n [Kg/m-s]

Diesel 0.137 2426 820.3 1.55E-3

Conjugate heat transfer simulation set-up

The computational domain that is utilized for theasly state CHT simulation is extracted from a dhre
dimensional geometry of the early development phafsa diesel fuel injector. In order to minimiseeth
computational time while preserving the accuracsiafulations, a 72° section of the actual multiehdlesel
injector encompassing only one of the five injecgtoezles, is used for the numerical simulationsiedrout in
this research study. As it can be observed froguréi 2a, the computational domain consists of tigtintt
parts; a solid part representing the injector &éipd a fluid part that represents the diesel liduétween the
injector tip and the needle (the needle lift iefbat 10Qum).
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Figure 2. a) The computational domain b) The locations eftibundary conditions

The boundary conditions applied to various locatidapicted in Figure 2ire summarised below:

C1: The heat transfer between the combustion chamixbirgector tip is due to the convection and radiat
from the hot gases inside the engine cylinder. tRe purpose, a convective/radiative heat transtemdary
condition is applied on the proposed surface, hpgua typical mean hot gas temperature gf=I700K, a
typical heat transfer coefficient of HEG=1000 W/niK, and the C1 surface emissivity &f0.8[3].

C2: For this surface a fixed temperature value gfinl.~400K is prescribed, representing the temperatiire o
the cylinder head [3].

C3: The temperature of the needle wall is fixed g J=353K. The needle, surrounded by the flowing diesel
fluid, has been assumed to readjust to the temperaf the fluid Tyt

Inlet: The pressure and temperature of the diesel liquithe inlet are assumed to have constant valfies o
Pinj=240 MPa and if,=353K, respectively [3].

Outlet: The pressure and temperature of the diesel liqutteaoutlet are assumed to have constant valiues o
Pou=12 MPa and J=700K [3].

The constructed computational mesh consists of tatvaa million tetrahedral cells within both the ifluand
solid parts of the model. In the fluid part the miom computational cell size is g while in the solid part
the minimum cell size is 1@@n. An inflation region consisting of parallel lageof prismatic cells is also
inserted on the surface of the fluid part thahisentact with the solid part.

Effect of boundary conditions variation on the injector nozzle wall temperature

Before starting the steady state conjugate heasfea CFD simulation, a parametric analysis is grankd, in
order to evaluate the sensitivity of the assumeaghtary conditions on the simulation results. Thislg was
carried out by conducting a Finite Element Metheditttransfer simulation on the solid part onlydatpr tip).
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The parametric analysis examines the parametemrsimoTable 3. Each of the examined parameters is varied
within the prescribed range shown below.

Table 3. The range of variations of the parameters uséldrsensitivity analysis

Parameter Name Minimum | Base case| Maximum
TcH Chamber (engine cylinder) temperature [K] 490 700 910
HTCcH Heat transfer coefficient of the chamber [Vi#h 700 1000 1300
TeyiHead Temperature of the cylinder head [K] 370 400 430
€ Emissivity of the TIP surface 0.56 0.8 1
Tintet Temperature of the fuel at the injector inlet [K] 23 353 383

The output of the parametric analysis is the valfug, defined as:

w w
g = Tbase~Trest (1)
= s

base

V.. —TY., is the wall temperature difference between theebzmse and the test case (showrEirore.
L'origine riferimento non & stata trovata.). To normalize the results the above differencaliisded by
TY . THV.. andTY,, are the average temperatures of the solid pangaline 1 shown irErrore. L'origine
riferimento non é stata trovata. Figure 3 shows the impacts of the variations afheboundary condition
parameter (within the range specified in TablerB}h® value ob.
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Figure 3. Results of the sensitivity analysis. The dark ldaes refer to the minimum values of the
parameter ranges, while the light blue bars reféhé maximum values of the parameter ranges.

The results of the parametric analysis reveal th@tTcy, Tcyinead @Nd Tinier are the most influential boundary
condition parameters on the value of the nozzlé weaiperature ¥.

Results of conjugate heat transfer simulation

This section of the paper is devoted to the remflthe steady state CHT simulations assuming eonhstiesel
liquid properties with respect to both the pressamd temperature variations. The proposed simulatiom at
predicting the temperature variation along the fogctor nozzle wall (). TV is evaluated again along line 1
(solid) as illustrated irErrore. L'origine riferimento non & stata trovata.a. These wall temperatures are
compared with the corresponding saturation tempegatthat are evaluated along line 2 (liquid), laaws in
Errore. L'origine riferimento non e stata trovata.b, in order to highlight the locations in the vigynof the
nozzle wall that could be subjected to heterogesdlmw boiling. Heterogeneous flow boiling occufghe
temperature of the walll{") is greater than or at least equal to the satmagmperatureT(,,) of the liquid
near the wall, plus a so-called superhédi):

™ = Tsat +ATsh (2)
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Figure 4.a) A vertical cross-section across the computatidomain illustrating the temperature contours
through the solid part of the injector tip. b) Aoroed in view of the fuel injector nozzle wall temgieires; The
solid wall temperature ¥ is evaluated along line 1, representing the teatpe values in the first layer of solid

cells, while the corresponding values of the ditigeid saturation temperatures are evaluated dioeg.

The value of the superheaT s, (defined in equation 2) needed for the flow bgjlio actually occur, could vary
significantly, from only a few degrees to tens efjckes, depending on the roughness and the stirfizte of
the internal walls [6], [7].

The saturation temperature values along lineE@&ofe. L'origine riferimento non é stata trovata.b) are
evaluated as function of the locally predicted iigpressure values [4]. The experimental variatiohshe
saturation temperature of the diesel liquid areilabke for diesel pressure values within the range to
3000kPa as shown iBrrore. L'origine riferimento non & stata trovata.. Equation (3) below, provides the

mathematical correlation between the saturatiorpggature and the diesel liquid pressure withinagppelicable
range shown in Figure 5.

Tsqe = 156.9[K] 4+ 17.57[K/Pa] - (Prpia(x,y, 2))%%24° 3)
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Figure 5. Variations of the saturation temperature of dibgaid with respect to pressure. The red points
are the experimental data [4]. The blue line regmtssthe fitted correlation (equation 3) to theesipental
data.

The range of the experimental saturation tempezataues for diesel liquid is from 293 to 657K. The
corresponding range of the saturation pressureegaiifrom 9 to 3000kPa. According to Kolev[4] tré@ical
temperature and pressure of the diesel fuel (basethe corresponding known values for n-heptan @nd
octane) are 658K and 3000kPa respectively [4]. t Timans although the fuel injector inlet pressuréwio
orders of magnitude higher than the diesel criaksure of 3000kPa, within this device, any ckasfgphase
from liquid to vapour form would only occur at pseses less than 3000kPa. Furthermore at the otiteofethe
above experimental range, the diesel liquid tentpezainside a typical fuel injector is likely to beell above
293K under normal engine operating conditions. &foee if the diesel liquid pressure falls below akBy
extrapolating equation (3) to pressure values dosdbsolute zero, the value &T g, (superheat) would be quite
high and therefore the occurrence of flow boilisghought to be quite likely. The grey dashed askasvn in

Figure 5 highlight the regions outside the expentakrange of the saturation temperature and presst
diesel liquid.

The simulation results for two different fuel infjecinlet pressures (240 and 300 MPa) are showHriare.
L'origine riferimento non é stata trovata.. The dotted lines represent the temperature dinadl on the solid
part of the nozzleHrrore. L'origine riferimento non & stata trovata.b). The continuous lines represent the
saturation temperature along line 2 on the liquad pf the nozzleErrore. L'origine riferimento non & stata
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trovata.b). The comparison between the two lines (for ezade) could indicate if there are zones where the
temperature of the solid wall (dotted line) is geedhan the saturation temperature of the diégeid adjacent

to the solid wall (continuous line). In such siioas equation (2) could become true and these zooels!
therefore be subjected to potential heterogendoustoiling. From the results obtained in this @®d study,

it is evident that at least two zones could potdiytbe at risk of heterogeneous flow boiling:

e Zone a: close to the entry into the nozzle.
e Zone b: close to the exit from the nozzle.
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Figure 6 a) Comparison of the nozzle wall temperatut&along line 1 (dotted line) and the saturation
temperature of the diesel liquid along line 2 (emmus line) for two inlet fuel pressures of k) B240 MPa
and c) R; = 300 MPa.

Errore. L'origine riferimento non ¢ stata trovata.b andErrore. L'origine riferimento non € stata trovata.c
show the diesel liquid velocity contours for theotacenarios considered;{P 240 MPa and R = 300 MPa).
The lower saturation temperatures expected in zenasd b Errore. L'origine riferimento non € stata
trovata.) are due to very low pressure values in those zames. The simulation results in fact highlight the
following:

e A significant increase in velocity values togetheéth a significant pressure drop occurring at the
sharp entry into the nozzle (zone a).

« A flow recirculation being present close to nozebdgt. This flow recirculation also leads to a
pressure reduction in zone b.
Errore. L'origine riferimento non & stata trovata.a and 7b show the effects of the variations ofghgine
cylinder temperature Jf and the fuel inlet temperature,& on the nozzle wall temperature. As it can be

observed the variations of these boundary conditidon't have any significant influence on the ideed
positions of the potential flow boiling regions.
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Figure 7 Comparison of the nozzle wall temperatut&along line 1 (dotted line) and the saturation
temperature of the diesel liquid along line 2 (emmbus line) based on a) two different engine agin
temperatures of 33=700K and £4=600K and b) two different fuel inlet temperatucds;,=353K and
Tinlet:373K

Transient non-isothermal flow simulation

Using City Univercity’'s CFD code (GFS), three setgransient non isothermal cavitating flow simidat are
performed, within the fluid region, in order to @stigate the possibility of the occurrence of tlesvfboiling
within the flow field under three different sets lmfundary conditions. Three sets of boundary cantditare
considered:

* rl: By(t) varies as shown in Figure 8 ang,P 10 MPa (i.e. a constant value). All walls areuassd
to be adiabatic.

*  12: Ry(t) and By(t) are varied as shown in Figure 8. A constantpemature of 453K is applied to the
external walls of the injector including the nozhlele, but the needle surface is still assumedeto b
adiabatic.

* r3: R,;=300MPa (i.e. a constant value) ang{B varies as shown in Figure 8. A constant temipega
of 453K is applied to the external walls of thesittpr including the nozzle hole, but the need|éesear
is once again assumed to be adiabatic.
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Figure 8 The fuel injector inlet pressure;(ft)) and the engine cylinder pressurg,(B) as functions of the
injection time [3].

Figure 9Results of the velocity field and potential flowilpmy regions obtained from non-isotherneavitating
two phasédlow simulations using City University's CFD cod&KS), under three sets of boundary conditions
(r1, r2 and r3) at both the maximum and the mininaxial needle lift positions of 311 angrs.

shows the velocity field for the three scenaridsrg and r3) at two different axial needle liftgitmns (i.e. at
the maximum and minimum needle lifts of @bl and fum). From these results, it is quite evident that th
needle axial lift position considerably influendbe velocity field. Figure Results of the velocity field and
potential flow boiling regions obtained from nomtisermalcavitating two phaséiow simulations using City
University’s CFD code (GFS), under three sets afrtaary conditions (r1, r2 and r3) at both the maximand
the minimum axial needle lift positions of 311 &an.
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also shows the potential flow boiling regions,dzasn the positive values 4,4 defined as the difference
between the local temperature of the diesel liguid its saturation temperature (with the lattecdated as a
function of the local fluid pressure as definedelgyation 3):

ATpoiting = Tria (6 Y, 2) — Tsar (Prria (x,¥,2))  (4)

In regions wheredTy,;n, > 0 there is a possibility of flow boiling to occur.n& probability of such
phenomena obviously increases with increasing gatfi@T),;,;,, . Figure 9Results of the velocity field and
potential flow boiling regions obtained from nomtisermalcavitating two phaséow simulations using City
University’s CFD code (GFS), under three sets afrtalary conditions (r1, r2 and r3) at both the maximand
the minimum axial needle lift positions of 311 dsan.

shows strong possibility of the occurrence of tlosv boiling within the 5 pm minimum gap betweereth
needle and it seat and some further possibilitthefsame phenomena occurring within the fuel iojenbzzle
when the needle is both at its maximum and minimiftmpositions. Furthermore with the needle at its
minimum lift position, there are potential flow king regions within the sac volume.

rla r2a r3a rlb b 3b

: : AR NEAN

Figure 9 Results of the velocity field and potential flowilbwy regions obtained from non-isothermal
cavitating two phasfiow simulations using City University’s CFD cod&KS), under three sets of boundary
conditions (r1, r2 and r3) at both the maximum #reminimum axial needle lift positions of 311 dsan.

Velocity field

Potential flow boiling regions

Conclusions

This paper presents the results of a steady statpigate heat transfer thermal simulation for aseliguel
injector. After a brief introduction, the boundamynditions used for the CHT simulations are desctithn order
to estimate the relative influence of each boundamndition on the nozzle wall temperature, a pateamstudy
was performed. This analysis shows thgj (Eylinder gas temperature);§; (temperature of the diesel liquid at
the inlet) and Tyneaq (temperature of the cylinder head) are the md$tential parameters on the predicted
values of the nozzle wall temperatur® &s shown in Figure 3. Finally the results of thejogate heat transfer
simulation (with constant thermophysical propejt® analysed and discussed in detail. It is showrzones
within the fuel injector nozzle could potentialle subjected to heterogeneous flow boiling; bothhat top
surface of the nozzle with one zone close to thezleoinlet (within the first 4% of the nozzle lehgrom the
entry) and one close to the nozzle outlet (withie kast 10% of the nozzle length from the entrygs&l on the
boundary condition values used in this study, terage temperature of the nozzle vl is estimated to be
about 460 K. This value could be used as thermahlary condition in future multiphase CFD simulatoof
the fuel injector. Additionally the results of t&ent non-isothermal cavitating flow simulationattidentify the
potential flow boiling regions within the fuel irgtor are presented. All simulations show poterftead boiling
regions at or near the entry to the fuel injectuzaie while at the same time highlight the stramftuence of the
flow boundary conditions and the axial needlefdisition on the size and location of these regions.

Nomenclature

CHT Conjugate heat transfer

Cp Thermal capacity

AT poling Potential flow boiling condition

K Thermal conductivity

HTCcx Heat transfer coefficient between chamber ajetiar tip

HTC coolsys Heat transfer coefficient between cylinder head @wling system
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p
Pinj

TCH
TCooISys
TCyIHead

Tneedle
Tsat

w
Tb ase
w
Ttest

Density

Injection pressure

Average temperature of the combustion chamber fengylinder)
Average temperature of the cooling system

Average temperature of the cylinder head

Average temperature of the needle

Saturate temperature of the fluid

Wall temperature on the base case

Wall temperature on the test case
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