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1. Introduction

In the last years a considerable improvement of
High Speed Direct Injection (HSDI) Diesel Engine tech-
nology has occurred, with a strong increase of fuel econo-
my and a remarkable reduction of emissions and combus-
tion noise [1]. However, more stringent regulations are
forcing manufactures of automotives and power plants to
reduce pollutant emissions, for the sake of our environ-
ment. Turbulent two-phase flow in diesel engine is far
from being fully understood; it is probably the most signif-
icant unsolved problem in classical physics. Since the flow
is turbulent in nearly all engineering applications, the ur-
gent need to resolve engineering problems has led to pre-
liminary solutions based on the Navier-Stokes equations up
to a certain point, but then they introduce closure hypothe-
sis that rely on dimensional arguments and require empiri-
cal input [2]. This semiempirical nature of turbulence
models puts them into the category of an art rather than a
science. In the standard KIVA-code, the Taylor Analogy
Breakup (TAB) model, originally proposed by Amsden is
used to describe droplet breakup. The TAB-model is based
on an analogy between a droplet and an oscillating spring-
mass system [3]. The external force, the restoring force and
the damping forces are analogous to the droplet aerody-
namic drag, the liquid surface tension and the liquid vis-
cous forces, respectively. A novel feature of the model is
claimed to be its absence of a critical Weber number, for
which breakup occurs. Instead, breakup is governed by the
droplet oscillation history. A second advantage is that the
spray angle is automatically determined, since the product
droplets have velocities normal to the respective paths of
the parent droplets [4]. However, in applying the model to
the spray produced by a high-pressure common-rail system
breakup was seen to occur extremely rapidly, which led to
a significant under prediction of the liquid and vapor pene-
tration lengths. The TAB-model was found to be appropri-
ate for injection pressure up to around 400 bar, which was
also observed by Tanner et al.

In the paper, the governing equations for the tur-
bulent reacting two-phase flow solved in the KIVA-3V
fluid dynamics code are presented. An Extended TAB-
model (TP) model is proposed and used to calculate cylin-
der pressure and corresponding heat release rates. One of
the features of this model is to equip droplets at the exit
nozzle with a deformation velocity such that their lifetime
is extended to match experimentally observed jet breakup
lengths.

2. Gas phase equations

Applying Favre-averaging and some assumptions
to be discussed later, the governing equations for the gas
phase can be cast in the following form.
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Reynolds-averaged density and v, is the i-th component of

the volume-averaged velocity. P is the pressure, which, for
the cases considered in this thesis, is assumed to be spatial-

ly uniform according to the low Mach-number limit. k , &,
E, J, are the Favre-average of the turbulent kinetic ener-

gy, its dissipation, the specific internal energy and the i-th
component of the heat flux vector, respectively. 7; has

been defined above, and u is the dynamic viscosity, which
has two contributions
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u,, is the laminar contribution and is calculated according
to a Sutherland formula

u, = AiT%
air — A2+T
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where A =1.457x10"° and A, =111. The second term in

the expression for the viscosity is the turbulent eddy vis-
cosity, which is calculated from equations (5) and (6). In
flows with high Reynolds number u,, is very small com-

pared to the eddy viscosity. C;, C,, Cs, Pry, Pr, are con-
stants resulting from a combination of theoretical consider-
ations and empiricism. Their values for the k-¢ turbulence
model employed in this work are given in Table 1. In addi-

tion, the constant Cs is set equal to 1.5. The term Q in the

energy equation is the source term due to chemical heat
release. For the cases studies here, buoyancy effect can be
neglected, so no terms containing the gravity have been
retained in the equations.

Table 1
k-¢ turbulence model constants
Cl C2 C3 Prk F)r8
1.44 1.92 -1.0 1.0 1.3

Egs. (1) and (2) result from the Favre-averaging
of the Navier-Stokes equations, which fully describe the
fluid flow. As a result of the averaging, unclosed terms
appear which require modeling. In order to close the turbu-
lent Reynolds stress tensor in the momentum equations, the
so-called Boussinesque-approximation, which is based on
an analogy between molecular diffusion and diffusion tur-
bulent eddies, has been employed. It reads
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where u, is the turbulent eddy viscosity as given by the

second term on the right-hand side of Eq. (7). An im-
portant implication of introducing a turbulent viscosity of
the kind describes here is that the model is incapable of
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accounting for anisotropy of turbulence. Regarding the
small scales, this is not a serious limitation, since they tend
to dissipate energy without any directional preference.
Large turbulent structures, on the other hand, are clearly
anisotropic, which poses a significant constraint for the
applied turbulence model.

3. Treatment of the liquid phase

In addition to the solution of the fluid dynamics of
the gas phase, modeling the physical processes occurring
in a DI diesel engine also requires an adequate treatment of
the liquid phase. Current approaches are generally based
on a statistical description of the spray. The spray equation
[5] describes the evolution of the droplet probability densi-
ty function (PDF). This PDF has a number of independent
variables in addition to time, defined by the amount of
statistical information needed. The spray equation has two
source terms, one due to droplet breakup (increases the
number of droplets) and the other due to droplet coales-
cence (decreases the number of droplets). The breakup
model, which is the subject of the current discussion,
should ideally be able to describe primary (atomization) as
well as secondary breakup. In the standard KIVA-code, the
Taylor Analogy Breakup (TAB) model, originally pro-
posed by Amsden [6] is used to describe secondary droplet
breakup. The TAB- model is based on an analogy between
a droplet and an oscillating spring-mass system. A novel
feature of the model is claimed to be its absence of a criti-
cal Weber number, for which breakup occurs. Instead,
breakup is governed by the droplet oscillation history. A
second advantage is that the spray angle is automatically
determined, since the product droplets have velocities
normal to the respective paths of the parent droplets. How-
ever, in applying the model to the spray produced by a
high-pressure common-rail system breakup was seen to
occur extremely rapidly, which led to a significant under
prediction of the liquid and vapor penetration lengths. The
TAB-model was found to be appropriate for injection pres-
sure up to around 400 bar, which was also observed by
Tanner et al [7, 8]. An Extended TAB-model (TP) model is
proposed and used to calculate cylinder pressure and corre-
sponding heat release rates. One of the features of this
model is to equip droplets at the exit nozzle with a defor-
mation velocity such that their lifetime is extended to
match experimentally observed jet breakup lengths. Being
somewhat related to the TAB-model, the wave-breakup
model assumed that breakup is caused by instabilities on
the droplet surface. A major advantage of the approach is
that the model treats atomization and secondary breakup as
indistinguishable processes. Hence, no information of the
droplet size distribution at the nozzle exit is needed. Cylin-
drical blobs with a diameter equal to that of the nozzle exit
are injected into the computational domains.

4. Experiment set-up

In the process of engine bench tests, the cylinder
pressure must be strictly monitored for the various tanks,
therefore, the cylinder head design needs to be modified
with the four warm-plugs and the cylinder pressure sensor
is installed on the transition casing. Fig. 1 is the cylinder
pressure sensor design and structure. The in-cylinder pres-
sure was measured using a flush mounted quartz sensor
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Fig. 2 Cylinder pressure and heat release rate: a - cylinder pressure at 2200 r/min, 64 Nm; b - heat release rates at
2200 r/min, 64 Nm; c - cylinder pressure at 2200 r/min, 135 Nm; d - heat release rates at 2200 r/min, 135 Nm;
e - cylinder pressure at 2200 r/min, 211 Nm; f - heat release rates at 2200 r/min, 211 Nm



from Kistler (type 6061B) order to assess the performance
of the model in terms of predicting cylinder pressure, heat
release over a wide range of part load conditions an exten-
sive parameter study varying injection timing, EGR (ex-
haust gas recirculation)-rate and rail pressure, has bee con-
ducted. First, boundary conditions required for the calcula-
tions as well as the operating points investigated are dis-
cussed. Next, the basis for the numerical analysis is out-
lined. Thereafter, the results of the simulations and the
measured data are compared. Following this, the results
obtained are reflected upon qualitatively in order to assem-
ble a picture of how combustion in a small bore DI diesel
engine featuring relatively high swirl proceeds.

The pressure transducer is very accurate on a rela-
tive basis but does not directly yield absolute values. In
this measurement, the reference was taken to be atmos-
pheric pressure and it had to be corrected for the applied
boost pressure. The peak motored cylinder pressure is ex-
tremely sensitive to small changes in the pressure at intake
valve closing (IVC).

In Table 2 some data on the engine is summa-
rized. The multicylinder equivalent of the investigated sin-
gle-cylinder test engine is the four cylinders. The injection
system is a first generation Bosch Common-Rail featuring
a maximum injection pressure of 1350 bar.

Table 2
k-¢ turbulence model constants
Displacement 300 cc
Bore 70.0 mm
Stroke 78.0
Connecting tod 132.6 mm
Combustion chamber Omega-shape bowl
Injector nozzle 6-hole
Nozzle hole diameter 0.124 mm
Injector protrusion 1mm

5. Results and discussions

For each of the simulations cylinder pressure and
heat release rate are compared with measured values.
Fig. 2 shows the cylinder pressure traces and correspond-
ing heat release rates for the measured and simulated pa-
rameter study varying the work conditions. As can be seen
in Fig. 2, the overall agreement in both ignition delay and
peak cylinder pressure are excellent. For 2200 r/min
64 Nm, the cylinder pressure is changed quickly when it is
20°CA (Crank angle) BTDC (before top dead center). So
the ignition delay time is 12°CA. The biggest experimental
pressure is 5800 kPa, which is near to TP model
(5820 kPa) and far from KIVA original model (6020 kPa).
The heat release rates are similar between TP model
(45 JI°CA) and experiment (42 J/°CA), but in the original
KIVA model it is 55 J/°CA. This is due to fact the TP
model is a multistep chemistry model and KIVA is a one
step model. But the difference between the original model
and the improved model decreases with the fuel injection
quantity, because as the fuel injection quantity increases,
power increases, the cylinder temperature and pressure
increase and the difference between the multistep and one
step models decreases. The cylinder pressures are well
fitted between simulation and experiment for all otherwork
conditions. The simulation heat release rates are higher

than the experiments because of different calculation steps,
but the errors are small and the TP model can be used for
simulating a real diesel engine.

6. Conclusion

1. The Navier-Stokes equations are closed if tur-
bulent kinetic energy k equation and turbulent dissipation ¢
equation are added.

2. The calculation applying PDF and experiments
of cylinder pressure and the corresponding heat release
rates in DI diesel engine are fitted well.
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Y. Liu, J. Yang, J. Qin, A. Zhu

TURBULENTINIO DVIEJU FAZIU SRIAUTO
TIESIOGINIO JPURSKIMO VARIKLYJE
SVARBIAUSIUJU LYGYBIU TYRIMAS

Reziumé

Turbulentinio dviejy faziy srauto svarbiausio-
sioms lygybéms spresti yra pateiktas iSpléstinis TAB (TB)
modelis, pritaikytas dujy ir skys¢io fazéms. Dujinéje fazéje
Favre suvidurkinimas yra panaudotas nenutrukstamumo
momentinei lygybei. D¢l suvidurkinimo atsirado atviry
periody, kuriuos reikia modeliuoti. Siekiant panaikinti tur-
bulentinj Reinoldso jtempiy tenzoriy momentingje lygtyje
buvo pritaikytas vadinamasis Businesko supaprastinimas,
kuris remiasi molekuliy ir turbulentiniy srauty difuzijy
tarpusavio analogija. Navier-Stake lygtis papildyta turbu-
lentine kinetinés energijos k ir turbulentine disipacijos e
lygtimis. Diferencijavimo pagal laika schema kompiuteri-
néje skysCiy dinamikoje (KIVA-3V kodas) jprastai ne-
reikSminga. Lagranzo fazéje, galutinis diferencijavimas
taikomas visiems difuzijos dydziams ir dydziams, turin-
tiems ry$iy su slégio bangy plitimu. Metodas panasus i
pusiau baigtinj metoda, taikoma su slégiu turin¢ioms ry§j
lygybéms (SIMPLE algoritmas) spresti jungtiniy galutiniy
lygybiy sistemoje. Skystojoje fazéje tikimybinio tankio
funkcijos metodas taikomas laSeliy iSpurSkimo lygtims
spresti. Teiloro suirimo analogijos modelis, naudojamas
standartiniame KIVA kode, yra iSpléstas naudojant defor-
macijos greitj, kad ji bty galima pritaikyti eksperimentis-
kai nustatytam srovés suirimui. Be to, yra aptarti kiti mo-
deliai, kaip antai Rayleigh-Taylor (R-T) modelis, pavieniy
laseliy modelis ir kt. Apskaiéiuotas ir palygintas eksperi-
mentiniu cilindro slégis ir atitinkamas $ilumos atidavimo
greitis tiesioginio jpurS$kimo variklyje. Sukurta teorija ir
metodika turbulentiSkumui tiksliai apskai¢iuoti tiesioginio
ipurskimo dyzeliniame variklyje.
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RESEARCH FOR THE TURBULENT TWO-PHASE
FLOW GOVERNING EQUATIONS IN DIRECT-
INJECTION ENGINE

Summary

To calculate the governing equations for the tur-
bulent two-phase flow an Extended TAB-model (TP) mod-
el is presented to fit for the gas phase and the liquid phase.
In the gas phase, Favre-averaging is used for continuity
equation, momentum equation. As a result of the averaging,
unclosed terms appear which require modeling. In order to
close the turbulent Reynolds stress tensor in the momen-
tum equation, the so-called Boussinesque-approximation,
which is based on an analogy between molecular diffusion
and diffusion turbulent eddies, has been employed. Turbu-
lent Kkinetic energy k equation and turbulent dissipation ¢
equation are added to close the Navier-Stokes equations.
The temporal differencing scheme in CFD(computational
fluid dynamics) code (KIVA-3V) is largely implicit. In the
Lagragian phase, implicit differencing is used for all diffu-
sion terms and terms associated with pressure wave propa-
gation. A method similar to the Semi-Implicit Method for
Pressure Linked Equations (SIMPLE)-algorithm is used to
solve the couple implicit set of equations. In the liquid
phase, probability density function (PDF) method is used
for solving droplet spray equation. Taylor Analogy
Breakup (TAB) model used in the standard KIVA-code is
extended with a deformation velocity such that their life-
time is extended to match experimentally observed jet
breakup lengths. Furthermore, other models such as Ray-
leigh-Taylor (R-T) model, Discrete Droplet Models (DDM)
etc are discussed. Finally, cylinder pressure and corre-
sponding heat release rates in a directed-injection diesel
engine are calculated and compared with the experiments.
It gives the theory and method about calculating turbulence
exactly in directed-injection diesel engine.

Keywords: turbulent two-phase flow, direct-injection en-
gine.
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