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Abstract

Downstream Inflow Turbulent Boundary Conditions (DITurBC) are presented for
the Eulerian-Eulerian Large Eddy Simulation (LES) or Reynolds Average Navier-
Stokes (RANS) Simulation of Diesel sprays. These boundary conditions initiate the
spray physics close to the nozzle exit, which avoids the difficulties linked to the 3D
simulation of cavitation, primary break-up and turbulence in the near-nozzle region.
An injector model is combined with mass and axial momentum conservation equa-
tions to obtain mean profiles of velocity, volume fraction and droplet diameter at a
given distance downstream from the nozzle exit. In order to take into account the
unsteadiness of the flow, velocity fluctuations are added to the mean profile. These
boundary conditions are assessed by comparison with data on injection velocity,

spray angle and velocity profiles from numerous experiments.
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1 Introduction

Car manufacturers are facing increasingly severe regulations on pollutant emis-
sions and fuel consumption. To respect these regulations, new combustion con-
cepts in Internal Combustion (IC) Engines are being developed. The HCCI
(Homogeneous Charge Compression Ignition) combustion [1, 2] represents one
of these concepts. Although it has shown a great potential, it still requires a
comprehensive work to allow a better understanding, especially with respect
to cyclic variabilities which can appear in some operating conditions. These
variabilities can have a strong effect on fuel consumption and pollutants as
shown by Ozdor et al [3]. The non-deterministic character of the turbulence
is one of the phenomena leading to the cyclic variability. It corresponds to
the microscopic events that can influence the instantaneous velocity field and
the local mixture leading to different heat release, pollutant levels and engine

work from cycle to cycle.

Computational Fluid Dynamics (CFD) is a helpful tool for studying such is-
sues. The RANS (Reynolds Averaged Navier-Stokes) approach [4] is commonly
used in CFD to perform 3D simulations [5]. However, although it is charac-
terised by reasonable computational costs, it does not allow the study of the
origins of cyclic variabilities: RANS calculation of a given engine operation

point represents the statistical average of many cycles at this point.

Large Eddy Simulation (LES) seems to be better adapted for such studies,
as one LES of a given engine operation point corresponds to one individual

engine cycle, computing local and instantaneous filtered properties [6]. LES
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has demonstrated its capabilities in many configurations [7, 8] and in particular
in multi-cycle simulation of IC engine [9, 10]. Moreover, due to its potential to
resolve large scale vortices and so to predict the interaction between drops and
air (carrier phase), LES is also of great interest for spray simulations. Indeed,
knowing the level of turbulence intensity generated by the spray as well as the
composition of the gas mixture is of great importance for understanding and

modelling combustion in IC engines.

In this work, an Eulerian method is used for the liquid phase and preferred
to the Lagrangian approaches which are commonly used in CFD. Among all
limitations [11, 12, 13|, one of the main drawback of Lagrangian methods
is that a high particle number density is needed to achieve a satisfactory
accuracy for LES. This leads to a high computational cost that is not relevant
in industrial applications. This may be overcome by parallelisation but this is
still delicate today, mainly due to load imbalance when particles concentrate

in some Processors.

The main difficulty in the simulation of a Diesel spray is the complexity of
the physics at the nozzle exit for both the liquid and gas phases.This com-
plexity leads to important difficulties for the modeling and the experimental

validation.

For example, the physics at the nozzle exit is strongly linked to the behavior
of the liquid flow inside the injector. Cavitation may occur, depending on the
injector geometry [14] and the flow, and has strong influence on the spray
velocity, angle and atomisation [15, 16, 17]. Furthermore, due to the high
speed and high density of the liquid jet, traditional optical methods show

limitations for the measurements in the dense liquid spray region. Therefore



the primary break-up is difficult to observe experimentally and corresponding
models are not easy to validate. In addition, numerical issues arise linked to
the high liquid volume fraction and the high velocities (between 400m.s~! and
600m.s~!) emphasised by the very small scales of the physics at the nozzle exit.
For instance, typical Diesel injectors have diameters (D) between 100um
and 200pum. Consequently, when using LES solvers to compute the turbulent
mixing layer at the nozzle exit, one has to increase the spatial resolution. The

resulting simulation cost is then prohibitive for industrial applications.

As a result of these difficulties, a methodology is proposed for injection bound-
ary conditions to initiate the spray physics at a given distance, downstream
from the nozzle exit. This new Downstream Inflow Turbulent Boundary Con-
ditions (DITurBC) model is presented in the following sections. It has been

developed in the context of LES but could be used for RANS simulations.

The paper is organised as follows Section 2 explains the methodology devel-
oped for the initialization of Diesel sprays in IC engines. The injector model is
presented in Section 3 and the resulting profiles from the DITurBC model are

depicted in Section 4. The model validation is described in the last Section.

2 Methodology for the initialisation of sprays in IC engines

2.1 Methodology

In order to initiate the spray physics downstream from the nozzle exit, an
injector model is first used to estimate the properties of the flow at the nozzle

exit such as the liquid velocity, the effective exit section and the spray angle.



Then based on these results and using conservation equations, the velocities of
gas and liquid, the volume fraction and the droplet size profiles are deduced on
a 2D plane located at a distance Dist downstream from the nozzle exit, called
the DITurBC plane (see Fig. 1). These profiles represent the Downstream
Inflow Turbulent Boundary Conditions (DITurBC) that will be used to initiate

Eulerian-Eulerian LES of spray injection.

2.2 Distance to nozzle exit

A review of experimental results concerning the spray structure and break up

mechanisms has been conducted by Smallwood et al. [18] for Diesel injection.

The first observation is that the spray is completely atomised very closed to
the nozzle tip. This analysis is confirmed by Ueki et al. [19] who concluded that
the jet disintegration was complete at 7.5D,.;;. This means that downstream of
this distance, there is no more primary break-up and the jet is fully dispersed.
Secondary break-up is nevertheless still present. This early disintegration is
mainly due to turbulence effects, cavitation and secondary flow inside the
injector nozzle [20]. It is important as it contributes to the spray opening.
Furthermore, at this distance, liquid velocity, volume fraction or droplet size

mean profiles are Gaussian [21, 22, 19)].

Based on this studies, it is proposed to apply boundary conditions at a distance
of 10 nozzle diameters from the injector tip. At this distance and considering
the typical near spray angles of Diesel injectors (5 — 15 degrees), the spray
width is between 0.8mm and 1.6mm. With about ten nodes of the computa-

tional grid at the inlet, this lead to a minimum edge length between 80um



and 160um which represents a good compromise between accuracy and com-

putational cost for a LES of spray in IC engines.

3 Injector model for Diesel like injection

3.1 Principle

Knowing geometrical data of the nozzle, injection conditions and conditions
in the combustion chamber, a model is built to predict first the spray velocity
at the nozzle exit as well as the spray angle. Then the velocity, volume frac-
tion and droplet size mean profiles are constructed at Dist = 10D,,;; on the

DITurBC plane (see Section 4).

3.2 Determination of the velocity at the nozzle exit and the effective section

area

The velocity of the liquid jet at the nozzle exit, U.,;;, depends on whether the
flow inside the injector is cavitating or merely turbulent. To determine the

flow regime, the model of Sarre et al. [23] is used.

It is assumed that only two types of flow regimes can occur inside the nozzle

(see Fig. 2 ):

e If the pressure in the vena contracta, P,e,,, is larger than the saturation
vapor pressure, Py, then the flow is merely turbulent ;

e Otherwise, the flow is turbulent and cavitating.



The decrease of pressure in the vena contracta is due to the contraction of
streamlines that creates a negative pressure gradient. The pressure decreases
in some areas and locally falls below the saturation vapor pressure. In this case
cavitating bubbles appear inside the nozzle and contribute to the unsteadiness
of the flow. Cavitation leads to a decrease of the effective area at the nozzle

exit.

The conditions of transition to a cavitating flow are strongly linked to the
geometrical parameters of the nozzle such as the curvature radius R, the nozzle

length L, the geometrical diameter of the nozzle hole D,,;; (see Fig. 2 ).

In the case of a cavitating flow the Bernoulli’s equation between the region

upstream from the nozzle and the vena contracta gives:

Pl
Pvena = Pm] - gUgena (1)
where Pj,; is the injection pressure, p; the liquid density and Uye,, the ve-
locity at the smallest flow area. Following the expression of Nurick [24] for

the contraction coefficient C, and assuming a flat velocity profile, one obtains

2
Upena = % and C, = ((%) — 11.4R/Dm-t> where U,,ean 1S the mean

velocity corresponding to the mean mass flow rate at the nozzle exit.

Then:
Pl UTQnean
Pvena = Pinj - 5? (2)

Because of the discharge loss involving a discharge coefficient C; , the mean

velocity at the nozzle exit is not the velocity predicted by Bernoulli’s equation :



2 (Pm] - Pch)
P
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Bernoulli’s velocity

Umean = CYd

where

1

Ce= T L
\/ inlet + f Degit +

(4)

in the case of a turbulent flow. K, is the inlet loss coefficient and f the Bla-
sius’ coefficient for the laminar equation for wall friction: f = maz(0.316 R, %%, 64/R,)

and K is tabulated according to Benedict [25].

Then:

Ci

Prena = Pini —
vena mj 2
C:

(Pinj — Pen) (5)

If Pyenoa > Phap, there is no transition to cavitating flow. In this case the
effective area is the geometrical area of the nozzle hole (D.sf = Deyit)

The exit velocity U,y is then:

2 (Pm] - Pch)
Pl

erit = Umean = C1d (6)
If Pyena < Puap, the flow is fully cavitating and cavitation bubbles escape from
the nozzle exit. In this case, the effective section area is not the geometrical
area of the nozzle hole (D.ff < Dezit). A new discharge coefficient is calculated
as:

I)inj - Pvap

Cd - CC Pm] - Pch (7)

The velocity in the vena contracta becomes:



2 Pm - L wa
Uvena = \/ ( ! F p) (8)
P

Finally, Uz and the effective exit section A.¢; are obtained by application of
the conservation equations of mass and momentum between the vena contracta

and the nozzle exit:

(P ch — P, vap)
Uem’ = U'uena - 9
! pl-Umean ( )
U
Agpr= Appiy—=21 10
I ’ Uemit ( )

with Aeyy = wD2,,, /4

Once the exit velocity and the effective exit section have been determined, it

is necessary to calculate the spray angle. This is done below.

3.8 Spray angle at nozzle exit

The determination of the spray angle is done by assuming that the spray angle
at the nozzle exit is due to the atomisation produced by the turbulence and
the cavitation inside the nozzle. The atomisation model used in this work is
inspired by the primary break-up model of Nishimura et al. [26]. The liquid
jet atomisation produces droplets with a radial velocity that is due to the
turbulent and cavitation energies which have to be determined. Then, the
combination of the axial and radial components of these velocities gives the

spray angle.



3.3.1 Turbulent kinetic energy due to high velocities

The turbulent kinetic energy ki, of the flow inside the nozzle is given by the

following empirical formula from Huh et al. [27]:

b o Ve (1 (11)
flow — 8L/Dezz’t Cg inlet

This energy is generated by the high velocities inside the nozzle and the for-
mula is obtained using simple overall mass, momentum, and energy balances.

It is only valid for quasi-steady injection conditions.

3.3.2  Cavitation energy

Cavitation energy is defined as the energy created by the collapse of bubbles
or cavitation pockets inside the nozzle. This provides an increase of turbulent

energy of the liquid.

When a cavitation pocket of volume V), collapses, the energy E.,, given to the

surrounding flow at static pressure P is then:

Vp
B ~ / Pdv (12)
0

Assuming that the liquid pressure in the nozzle is homogeneous and close to

the pressure in the chamber, one gets:

Vo Vo
Eaw® [ PAV = [ PydV = V,Puy (13)
0 0
For a liquid column or ligament of total mass m;, mass density p; = p; and total
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volume V; with n, pockets, the kinetic energy k.,, provided by the cavitation
is:
P P, ch th

1 e ch e P, ch Zzzo ‘/;)
Keawy = — Vy P = — V, = == Tk — 14
my ,cz;; Pt el my ,62;; P Pu Vi p Vi (14)

The gas volume fraction, V,/V;, can be determined from the effective section

area previously calculated, assuming;:

Vy _ Cavitation area  Aegit — Aeyy

29 o = 15
Vi Total area Azt (15)
Using Eq. (15) in Eq. (14), one obtains:
Pch Aewit - Aeff
= 2 (et = et 1
Pi Aewit ( )

The main advantage of this method is that it does not require the calculation
of the pocket or bubble size, nor the bubble number, which are difficult to

evaluate.

3.3.8 Determination of the spray angle at nozzle exit

The total fluctuating kinetic energy k;,; is the sum of the turbulent kinetic

energy ko, and the energy provided by the cavitation kegy:

ktat = kflaw + kcav (17)
This fluctuating kinetic energy provides a fluctuating velocity u', assumed to

be equal to the radial velocity U,.q of the liquid flow at the nozzle exit . The

turbulence is considered isotropic so that:

11



2
Urad =u' = gktot (18)

The spray angle ¢ at the nozzle exit (see Fig. 3) is then:

Urad

tan (¢ewit/2) - U )

(19)

The injector model presented here permits to obtain the effective section
(Eq. (10)), the velocity (Eq. (6) and Eq. (9)), and the spray angle (Eq. (19))

at the nozzle exit.

4 Modelling for the DITurBC

From the spray characteristics at the nozzle exit, determined in the previ-
ous section, the mean profiles imposed downstream on the injection plane
(DITurBC) are now computed. For this purpose, mass and momentum con-
servation equations have to be used. A velocity fluctuation is then added to

the mean profile in order to take into account the unsteadiness of the flow.

4.1 Spray angle at 10D, from nozzle exit

The angle ¢.;;; calculated by the injector model differs from the spray angle
Gaero far from the nozzle exit (see Fig 3). Indeed, @ezir is mainly due to the
injection condition and the shape of the nozzle whereas ¢, is controlled by
aerodynamics (gas density and turbulence) and depends on conditions in the
chamber [23]. To estimate if aerodynamic effects have sufficient time to affect

the spray angle of the DIturBC, the characteristic aerodynamic time 7yer, is

12



compared to the convective time Toopy = Dist/Ueyis:

Following [23], the aerodynamic spray angle, based on empirical considera-

tions, is:

A7

tan (uero/2) = 1 L2 (T) (20)

where A and 7" are parameters set to A =4.4 and T = (%)22—-‘; and f(T) =

(\/3/6 (1 —exp (—10T))) and We is the weber number. According to [23], this

equation predicts spray angles very close to measured values.

The aerodynamic time is linked to the density ratio and evaluated with the

nozzle diameter and the exit velocity:

Dea:i 2
Taero = C ﬂ t/ (21)
Pg erit

C is an additional constant empirically fixed by [28] at the value C' = 1.73.

If Teonv < Taero, aerodynamic effects are negligible and the spray angle ¢ of the

DITurBC is ¢ = ¢egis-

If Teonw > Taero, ¢ is calculated with a simple geometrical law (see Fig. 3):

tan (6/2) = 2 tan (depir/2) + (1 _ T—> tan (Gaero/2) (22)

TCOTI.’U TCO’I'L’U

4.2 Radial Distributions Profiles

In this section, the radial profiles of liquid volume fraction ¢y, axial velocity
Uazial, radial velocity U,.q and droplet size d are determined. Experimental

measurements from [21] using X-ray absorption in the near-nozzle region have

13



shown that radial distributions of liquid volume fraction are well described by
a Gaussian distribution. Furthermore, according to Chaves et al. [29] , radial
distributions of mean axial velocity are near Gaussian. Lastly, according to
Ueki et al. [19], who measured droplet sizes and velocities near the injector exit,
the radial distributions of axial velocity and droplet diameter are correlated
and Gaussian. Based on these experiments, the radial distribution of liquid

volume fraction, axial droplet velocity and droplet sizes are assumed to be

Gaussian:
_ 2
0 = O maz-€ 203 (23)
2
anial = (]rruzav-6 20% (24)
2
d=dpmaz.e > (25)

where o maz, Unaz and dpq, are the values on the spray axis on the DITurBC
plane, r is the radial coordinate and o2, o7, o5 are the Gaussian width pa-

rameters.

Because of the correlation between the distribution of axial velocity and droplet
size, the same Gaussian width are assumed for these two profiles: 03 = o7.
Furthermore, due to the high density of liquid near the nozzle, measurements
of droplet sizes are not reliable and there exists no experimental correlation for
dmaz- According to Smallwood et al. [18], the droplet size for Diesel injection is
between 5um and 15um. Taking into account that the spray is initialised close
to the nozzle exit and that larger diameter may still be present, an arbitrary

maximum droplet size of 20um is supposed.

The unknown parameters Upaz, 0%, Qimaz, 02 are determined later in Sec-

tion 4.3 .
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The radial distribution of radial velocity is taken from Eq. (19) and assuming
linear increase with the radial coordinate. Indeed, the larger droplets remain
on the spray axis due to their higher inertia while smaller droplets are more
easily entrained by the gas towards the periphery of the spray and therefore

gain radial velocity. The formulation is then:

2

U’rad = Uamial tan (¢/2)T/W = Umam-e_ﬁ tan (d)/?)’f‘/W (26)
where IV is the half width of the spray.
4.8 Determination of Gaussian parameters

The radial distribution of velocity, liquid volume fraction and droplet diame-
ters presented above require to determine the four unknown parameters o 4z,

Unnaz, 0o and oyg.

4.83.1 Gaussian width of the liquid volume fraction profile on the DITurBC

plane

The Gaussian width o, represents the spray angle and can be expressed as
Full Width at Half Maximum (FWHM) which corresponds to the width of half
the spray angle 2rg,,. This formulation is traditionally used in experiments

[30]. This gives from Eq. (23):

Hmaz _ ¢ 20k (27)
with 7 = tan (¢/4).Dist + Deyi /2, where Dist = 10D,y is the distance to

15



the nozzle exit. The Gaussian width is then:

THM tan (¢/4).Dist + Degit/2
Oq = =
v2In2 21n(2)

(28)

4.3.2  Velocity on the DITurBC plane

In order to calculate the maximum axial velocity on the DITurBC plane, the

empirical formula of Chaves et al. [29] is used:

1 x p 0.72
U mar — U ist — Uezi i = 29
b Dist g (exp ( 3 Demit pl)) ( )

with /Dy = 10.
Concerning the gas axial velocity, two choices may be considered:

e No gas entrainment: the axial gas velocity is zero on the DITurBC plane.
This hypothesis may prove interesting because it avoids a gas inflow bound-
ary condition. As demonstrated below, this case is not physically acceptable
but its analysis allows a better understanding of the influence of some phys-
ical phenomena on the radial distributions.

e Gas entrainment: the idea is to calculate the axial gas velocity by considering

the conservation of liquid axial momentum.
These two possibilities are addressed below.

By conservation of the mass flow rate ) between the nozzle exit and the
DITurBC plane and given the spray half-width W = tan (¢/2).Dist+ Dy /2,

we get:

16



210 W
Q = erit-Aeff-pl / / ,Oldeﬁ (30)
0 0

Because of the conservation of axial liquid velocity and in the case of no

entrainment, (no drag force) one gets Upnar = Uegis:
w w 2 e
Q =2l1p, /roz(r)U(T)dr = Qsz/TOtl,mazUmt exp 24 exp 27 dr (31)
0 0

2
Simplifying with the parameters o7 = 20470 and integrating by parts gives:

2+ 2
_w?
Q :plal,maerzitHO-% (1 — €xp G% > (32)
Thus:
A
Ol max = o] 2 (33)
[lo? <1 —exp 1 )
If the gas velocity is zero, the liquid axial momentum is conserved:
2l W
UiActroi= | [ ra(n)U(r)pdrds (34)
00
Integrating by parts gives:
W2
T
UZpir-Aerr-=TUZ .0t man0s (1 —exp “2 > (35)
. 20202
with o2 = 502 T ;éU

Using Eq. (33) gives:

17



_w? _w?
o2 <1 —exp 2 ) =07 (1 —exp i ) (36)

This equality is verified only if 1/0% = 0, that means that the hypothesis
of a Gaussian profile on the velocity is wrong. This is in contradiction with
what is found experimentally [29]. In conclusion, the Gaussian shape of the
liquid axial velocity, observed experimentally, is due to the exchange of axial

momentum via drag force between the liquid and the gas.

Furthermore, the mass and axial momentum conservation do not constrain the
parameter 2. The Gaussian shape of the liquid volume fraction is due solely
to the spray opening by atomisation. For practical purposes, the hypothesis of
a zero axial gas velocity is not compatible with the hypothesis of a Gaussian

distribution of axial liquid velocity.

For these reasons, the case of no entrainment is discarded and for the remain-
der of the paper, the gas velocity has a Gaussian shape supposed similar to

that of the liquid radial distribution:

_7'2

Uy =Uymaz-e >0 (37)

As discussed previously, the gas velocity is the result of drag and so depends on
the liquid velocity. Therefore, this hypothesis seems to be valid. This implies

that the gas phase and the liquid phase are rapidly in equilibrium.

Taking into account the decrease of axial liquid velocity by exchange with
the gas phase (Upae < Uerit) and using the mass conservation equation, one

obtains:

18



Uea:itAe ff

Almaz = w2
-
Ulmaz1lo? (1 —exp 1 >

The conservation of axial momentum of the system ’gas+liquid’ between the

nozzle exit and the DITurBC plane yields:

2 W 211

W
Uz Aesr-p= //roq rUZ(r pldrdﬁ-i-//rozg (r)pgdrdB  (39)
00

Using the equality a4(r) = 1 — oy(r), one obtains after integration:

Usiv-Aes-01 =

exit®
w?
HUlQ,mazal,mamplo-g (1 — €exXp U% )
w2
HTIUZ 0y <1 — exp GU>

_w?
—HU;mawal,mawpgag (1 —exp 2 ) (40)

2 2

. 2 2050
with o5 = 24
2 202407,

Using Eq. (38) one gets:

_ Ue:m'tAe ff 2 ‘Z—;
Uemt Aeff-,ol - Ul,ma;c ~ w2 P10y 1-— exp "2
<1 —exp >

o2
1

_w?
AU} 100Pe Ot <1 — exp "%>
UemitAeff

U2
Ul’mazaf (1 — exp_?

g,mazx

02 can be expressed in terms of o7 by using the parameter K defined by

2 9
E+1%-

— K2 2 _ 2
= Kop. Thus, 05 = 55550, 2 and 0? =

19



_ E+1)W?
1—ex 204
(K +1) ( P )

Uezit = Ul masz 2K +1) (1 B (K;rl%vw)
—exp a
_+_H-ng,maz-‘7¢2v/)g (1 B exp_Kavg2>
KUexit-Aeff-pl

_(2K+12)W2
1 —exp 20 )
_ (K + 1) Ug?,ma:cpg ( (42)
(2K + 1) Ul,mawpl ( '(K+1;W2>

l—exp 2a

The remaining unknown parameters are K and Uy maq-

In order to determine Uy pqz, it is assumed that the liquid-gas equilibrium is
rapidly achieved. In this case Uy ;42 = Ul maz- Let us consider the characteristic
time At, which is the time for the gas to accelerate from zero to the liquid
velocity. This time is determined using the axial momentum equation of the

gas phase, considering only the drag force:

Ug mazx Ul max
) ~ 2 43

The time for the gas to accelerate from zero to the liquid velocity is then:

Qgp
At = 259, 44
o p; P ( )

with 7, the relaxation time defined for a droplet of diameter d defined as:

d*py
18

(45)

Tp =

For the worst case, with droplets of diameter d = 20um, one obtains:

At = 1.3107%s

20



with p, = 2.1075Pa/s, p, = 30kg/m?, a; = 0.8, oy = 0.2 and p; = 800kg/m?.
These numerical values correspond to the experiment of Chaves et al. [29]

described in section 5.3.

This time is shorter that the needle opening time (= 0.2ms). Consequently,
it is assumed that the gas velocity reaches the liquid velocity before the nee-
dle has completely opened. In addition, during this period, the flow is fully
unsteady with a spray angle varying in time and the model presented here
does not aim to be predictive. The hypothesis Ug maz = Ujmaz is then valid.
Furthermore, a turbulent field will be imposed on the boundary condition so
that the precision on Ug . s not crucial. The important idea is to ensure the

conservation of the mass and momentum fluxes.

Finally, in order to find K it is assumed that:

_(K+2w?
(1 —exp 2K )
~1 (46)

_ (K+nw?2
1 —exp (7

In the same way it is presumed that :

_w?
(1 — exp K‘f%) ~1 (47)

This is the same as integrating mass and axial momentum fluxes between 0

and oo instead of 0 and W. Eq. (42) then becomes a second order equation in

K:
CLQK2 + CLlK + agp =0 (48)

with:
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Ul,max Py

a9 =2Uzit — Ul,maw —+ ) (49)
4
2II.l]2 Ny .02 [h P
ar=U... — U _ gmaz- g~ a + ;mazPg 50
1 o hmas erit-Aeff-pl Pl ( )
ap=— H'UgQ,maw'o-i'pg (51)

Uemit-Aeff-pl

The two solutions of Eq. (48) are: K; = —21V 24000 ynd K, = —amY G Tled

2a2 2a2

Because as; > 0 and ay < 0, the only positive solution is /K. The negative so-
lution K3 is discarded because it leads to a non Gaussian shape on the velocity
distribution. Finally, knowing K; and o2 and using the expression o2 = Ko7,

one obtains o and then oy ., with Eq. (38).

To resume, the four Gaussian parameters are obtained using Eq. (27) for o2,

Eq. (29) for U, maz, Eq. (48) for o and Eq. (38) for o maz-

4.4 Turbulent boundary conditions

The profiles we have obtained for the boundary conditions are mean profiles.
A drawback of the boundary conditions is that the history of the gas and
liquid flows between the injector exit and the DITurBC plane is lost. For this
purpose, we use unsteady boundary conditions that allow us to reproduce the
unsteadiness of the flow due to the flow inside the nozzle and the turbulence
generated between the nozzle exit and the DITurBC plane. It is assumed that

the flow on the DITurBC plane is a consequence of these two phenomena.

In order to create a turbulence field with a given statistical profile, a non-
dimensional homogeneous fluctuating velocity field is generated. This field is
then rescaled and added to the mean velocity profile on the DITurBC for both

liquid and gas phases. The method is based on the work of Kraichnan [31] and
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a similar method is used by Smirnov et al.[32].

The use of these turbulent boundary conditions as well as their influence on

the spray formation will be described in a future paper.

5 Validation

The model for the DITurBC is validated in two steps. First, by checking the
nozzle exit velocity and spray angle, the injector model presented in Section 3
is validated. Then by comparing the modelled radial distributions profiles of
velocities with experimental results the construction of the Gaussian profiles

in Section 4 are assessed.

5.1 Ingection velocity

The validation of the turbulence-cavitation model is achieved by comparison
with the experimental measurements of Leick et al. [33] obtained for two dif-
ferent pressures in the chamber (see Table 1). The velocity measurements are
made at 1.9mm from the nozzle exit at an injection pressure of 22 MPa with

a nozzle diameter of 154um.

As shown in Table 1, the predicted exit velocities are very close to the exper-
imental measurements. The relative difference is 3.6% which is of the same

order as the experimental precision, 3% according to Leick et al. [33].
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5.2 Spray angles at nozzle exit

The sub-models for the spray angle are validated by comparison with the
experimental data of Blessing et al. [14], who measured spray angles for three
nozzles denoted 1,2 and 3 in Table 2. The nozzles used have different conical
shape factors leading to different spray angles due to cavitation. The spray

angles are measured at the nozzle exit.

Other spray angle measurements may be found in Saliba et al. [34], at 2mm
from the nozzle exit and for different backpressures. Results are depicted on

Fig. 4.

Here again, the accuracy of the model predictions is good, especially for the
cases of Blessing et al. [14]. Model results are less accurate for the cases of
Saliba et al. [34] but the increase of the angle with the backpressure, an effect
described by the aerodynamical spray angle (see Section 4.1), is reproduced.
The maximum difference is about 1 degree which is of the same order of

magnitude as the variation of the spray angle during injection.

5.3  Axial velocity profile at 10D, from nozzle exit

Chaves et al. [29] have measured the radial distribution of the spray axial
velocity at 2/ Dy = 10 from the nozzle exit (see Table 3 ). This corresponds to
a Diesel like liquid injection without cavitation at a moderate pressure (AP =
10M Pa) into a quiescent dense air (3M Pa). The injector nozzle diameter is
D = 200um. The measurements are made after the injection reaches a quasi-

steady state. The Bernoulli velocity is 154.7m/s for this case.
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A first interesting observation is that the absence of cavitation is in agreement
with the prediction of the injector model (Eq. (5)). The second interesting
observation (see Table 3) is that the discharge coefficient measured by [29] is

also well predicted by Eq. (4).

From the shadowgraphy provided by [29], the spray angle is measured and
compared to the value obtained with the model. Again, the agreement is very

good (see Table 3).

Furthermore, Eq. (47) is a good hypothesis as, for this case, the parameter
provided by the model are : 02 = 7.7107%, K = 0.48, W = 7.10~* and then
<1 — exp_%) ~ 0.999. The parameter K = 0.48 means that the Gaussian
on the liquid volume fraction is about two times larger than the Gaussian on
the axial liquid velocity. Therefore, high velocites droplets are concentrated
near the spray axis. In addition, the model gives o 4 = 0.2 what confirms
that the spray is fully dispersed (no liquid core) at ten nozzle diameters from

the nozzle exit.

Finally, the radial distributions of mean axial spray velocity are reported in

Fig 5 and confirms the good predictivity of the model for the mean profiles.

6 Concluding remarks

In this paper, a model for liquid injection boundary conditions, called DI-
TurBC, has been presented. The model uses characteristic features of the in-
jection to build an algebraic description of all spray characteristics and profiles

near the nozzle exit.
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These profiles can be used as boundary conditions for the Eulerian-Eulerian
simulation of Diesel Sprays especially in Large Eddy Simulation. By initialising
the spray slightly downstream from the nozzle exit, the DITurBC model allows
3D simulation without solving the complex spray physics at the nozzle exit.
Furthermore, this methodology avoids to mesh the nozzle exit, a zone requiring

very small mesh size, resulting in a decrease of the computational cost.

The boundary conditions are based on an injector model that determines
whether the flow inside the nozzle is cavitating. Knowing the flow regime and
the intensity of turbulence and cavitation, the velocity and the spray angle
at the nozzle exit are deduced. Then, by the application of conservation laws,
velocity, liquid volume fraction, and droplet size profiles are calculated at a
given distance downstream from the nozzle exit, which represent the boundary
condition DITurBC. These mean profiles are assumed to be Gaussian. The
Gaussian widths of velocity and liquid volume fraction are found to be different
and the conservation laws of mass and axial momentum permit us to exhibit

a relation between them.

The model has been validated against numerous experiments guarantying re-

liable boundary conditions.

The implementation of DITurBC in the AVBP CFD code [35] has been done.
LES of Diesel Sprays using these DITurBC is under preparation and will be

published in a future paper.
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Figure 1. A schematic representation of the location of boundary conditions provided

by the DITurBC model.
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Figure 2. Nomenclature of the injector geometry.
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Case I II

Injection pressure P;,; (MPa) 22 22

Chamber pressure P, (MPa) 0.1 2

Spray exit velocity (m/s): experiment | 210-220 | 185-205

Spray exit velocity (m/s): model 228 187

Table 1

Comparison of spray exit velocity with experimental data of [33]
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Number of the nozzle | Spray angle (degrees) | Spray angle (degrees)
Experiment DITurBC
1 5.5 6
2 10 9.6
3 13 13.5

Table 2
Comparison of the spray angle predicted by the model with the experiment of [14]

for three different nozzles.
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Figure 4. Comparison of the spray angle predicted by the model with the experi-

ments of [34] at x = 2mm for different injection pressures.
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Pinj 130

Py 30

Discharge coefficient via experiment | 0.88

Discharge coefficient via model 0.88

Spray angle via experiment (degrees) | 8.5

Spray angle via model (degrees) 7.7

Table 3
Comparison of discharge coefficient and spray angle provided by the model with

experimental data of [29]
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Figure 5. Comparison of radial distribution of spray axial velocity with experimental

data of [29] at x/Dezir = 10
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